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Abstract

Drug research and development is a costly and lengthy process and involves a high risk of
product failure. The consequences of insufficient understanding and poor control of pharmaceutical
physicochemical properties and stability during drug development can delay new drug approvals and
increase the cost of developing new drugs. Salts, which are estimated to account for >50% of active
pharmaceutical ingredient formulations, are susceptible to drug degradation, which can lead to a
phase transformation of the drug from a more soluble salt form to the less soluble free form, also
known as salt disproportionation. Salt disproportionation has severe implications on final product
stability and performance, such as slow dissolution and reduced bioavailability. As a result,
determination of salt disproportionation reactions in the later stages of drug development can
significantly increase the cost of development due to changes in the final product formulation.
Although salt forms are widely utilised in the pharmaceutical industry, salt disproportionation in the
presence of relative humidity and excipients is yet to be fully understood.

Therefore, the research detailed in this thesis aims to apply simple, fast and in-situ analytical
techniques to investigate the effects of relative humidity and formulation excipients on salt
disproportionation in multi-component solid dosage forms during storage and dissolution. The
application of advanced analytical technologies will provide a fundamental understanding of salt
disproportionation in the presence of formulation excipients and thus assist formulators in predicting
the instability of the drug salt and identifying formulation strategies to mitigate salt
disproportionation at early stages of drug development.

The experimental work in this thesis is split into three sections: 1) exploring the capabilities
and limitations of advanced analytical techniques in a model complex system; 2) investigating salt

disproportionation in the presence of excipients during storage at high relative humidity using in-situ



optical screening techniques and 3) the application of in-situ Raman spectroscopy to study salt
disproportionation in multicomponent tablets during dissolution.

A wide range of state-of-the-art advanced analytical techniques was explored using
nanoparticles in electrospun fibre hybrids as a challenging, complex multi-component system
(Chapter 3). The particle-fibre hybrid morphology was found to be influenced by the encapsulated
particle size and nanoparticle concentration. Transmission electron microscopy (TEM) was found to
be more efficient than scanning electron microscopy (SEM) in investigating the particle-fibre hybrid
morphology due to the transmission capability. Energy dispersive X-ray (EDX) analysis, Raman
spectroscopy and time-of-flight secondary ion mass spectroscopy (ToF-SIMS) were utilised to provide
valuable elemental, chemical and surface information of the particle-fibre hybrids, respectively. The
feasibility of using particle-fibre hybrids containing fluorescent nanoparticles as a new tool for super-
resolution fluorescence microscopy calibration was examined. The results showed that fluorescent
particle-fibre hybrids served as an effective validating and testing tool.

The salt stability of two salt model systems, Pioglitazone HCl and Ibuprofen sodium, was
investigated as a function of different formulation excipients during storage and dissolution in
Chapters 4 and 5, respectively.

In-situ optical microscopy equipped with a controlled humidity chamber was used to monitor
salt disproportionation in drug-excipient binary mixtures (Chapter 4). This was achieved by tracking
the changes in the salt crystal morphology due to phase transformation in real-time. Salt
disproportionation to the free-form led to a change in the crystal shape from block-like crystals into
needle-like crystal structures in both salt model systems. The effect of acidic and alkaline excipients
on the microenvironment pH has a significant role in facilitating or preventing salt disproportionation

during storage.
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Salt disproportionation does not only occur in solid-state as described previously but can also
take place in the solution. A bespoke set-up combining Raman confocal microscopy and an ultraviolet-
visible (UV-Vis) spectroscopy flow cell was used to understand the effect of excipients on salt stability
in tablets during dissolution (Chapter 5). Raman spectroscopy was employed to detect chemical
changes associated with the formation of the undesirable free form of the drug in the solid tablet
matrix. In-line UV-vis spectroscopy was used to monitor the concentration of the drug in solution
during dissolution. The results showed the vital role of pH both in the dissolution media and the
microenvironment (controlled by the formulation excipients) in inducing or preventing salt
disproportionation. Raman mapping and cross-sectioning, using a microtome, were performed after
dissolution for tablets that exhibited salt conversion. The Raman maps of the cross-sectioned tablets
revealed the formation of a shell consisting of the free drug around the edge of the tablet. This shell
decreased the rate of penetration of the dissolution medium into the tablet, which had significant
implications on the release of the API into the surrounding solution as shown by the UV-Vis drug
release data.

Overall, the research in this thesis has demonstrated that the properties of the salt
(specifically pHmax), excipient properties (such as pKa, solubility, hydrophobicity), as well as the
dissolution medium pH, played essential roles in influencing the disproportionation during storage
and dissolution. Analytical techniques such as optical screening and Raman spectroscopy, which can
be employed in-line and online, were demonstrated to be effective approaches to investigate salt
disproportionation. Results were obtained in real-time and did not require large amounts of solid or
extensive sample preparation indicating that these analytical techniques can address the challenges
of studying a range of pharmaceutical drug delivery systems, which can ultimately lead to the

development of more efficient pharmaceutical formulations.
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Chapterl.General Introduction

1.1. Pharmaceutical Drug Development

The pharmaceutical drug development is a several steps process that involves taking a
new drug from concept to the clinic and eventually to commercialisation [1]. The average cost of
the drug development process from drug discovery to the market through preclinical testing,
formulation and manufacturing evaluations, and the extensive clinical programme is estimated
to exceed £1.2 billion per one compound [2]. The average time span for this process is 10-15
years, and the success rate is one in five thousand compounds reaching the market [3]. Given
these alarming statistics, the pharmaceutical industry is actively seeking to streamline the drug
development process [4], [5]. Without efficient strategies to screen, identify and optimise new
compounds for development, the pharmaceutical industry cannot sustain innovation and drug
development especially with the recent spate of successful drug patent expirations and
subsequent generic competition for blockbuster drugs [6]—-[10]. The key to tackle this problem is
to significantly increase the number and quality of cost-effective, innovative new medicines in
development and managing them through the high-risk drug development process while
controlling the research and development (R&D) costs [11].

In order to reduce the risk of the drug development process, pharmaceutical companies
set strict criteria for progressing drugs through the development process with a clear ‘go’ or ‘stop’
decision point for each drug as it completes each development milestone. A stop decision on
progressing drugs can be based on a few reasons such as discouraging results from preclinical

studies, an intolerable clinical safety profile, low bioavailability and manufacturing and

1



formulation problems [12]-[14]. According to Jean-Paul Garnier, CEO of GlaxoSmithKline (GSK),
more than 50% of the compounds that enter clinical trials fizzle due to efficacy and safety
concerns; the other 40% fail due to patent concerns and physiochemical characteristic issues such
as solubility and drug interactions [15]. In fact, the consequences of poor physical and chemical
properties on drug discovery are merely the tip of the iceberg. Inadequate understanding and
poor control over pharmaceutical properties are at the root of dropping pharmaceutical industry
productivity that delays new drug approvals by regulatory agencies and thus, increasing the cost
of developing new drugs [15], [16]. These issues support the claim that the pharmaceutical
industry is years behind other industries in developing novel technologies in its manufacturing

sites [17], [18].

1.2. Form and Formulation

The efficacy of an active pharmaceutical ingredient (API) is determined by its chemical
structure and how it interacts with its targets such as receptors or enzymes. However, the
physicochemical properties of the compound in the solid state largely controls the ability to
deliver the drug to the patient in a safe, efficacious and cost-effective manner. The API can exist
in different solid forms depending on the functional groups in its chemical structure and the
three-dimensional structure of the molecule. The APl can be produced in different crystalline
states, some of which are polymorphic forms of the parent moiety. Other drugs are
multicomponent crystalline forms of complexes of the drug and ions or molecules such as salts,
hydrates, solvates or co-crystals [19]. Some drugs are difficult to crystallise and thus invariably
exist as amorphous solids such as peptides and proteins [19]. A summary of the different types of

form of APl is illustrated in Figure 1.1.
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Figure 1.1: Schematic representation of different types of drug form of active pharmaceutical ingredients [15].

These various forms of API can have different physical and chemical properties that result
in a different performance regarding chemical and physical stability, as well as solubility and
dissolution rate. These critical characteristics can significantly influence how a drug molecule
should be stored, formulated and delivered to the patient. Some well-known case studies can
demonstrate the influence of the pharmaceutical form on final drug product stability and
performance. The oral statin drug, Atorvastatin, developed by Pfizer (Lipitor ™) was formulated
as an amorphous drug during the development stage. During Phase lll clinical studies, it was
reported that the amorphous drug re-crystallised and some properties have changed. Additional
studies were conducted to show that the performance and stability of the new form were relative
to that used in the development phase. Conversion of the amorphous form to the crystalline form

results typically in decreased solubility that negatively impacts the dissolution performance of the
3



drug [15]. In another case study, the crystalline free base form of indinavir, HIV protease inhibitor,
was initially studied in human. The drug showed good performance with patients exhibiting
normal gastric acidity, however, due to the pH-dependent solubility of the drug, poor oral
bioavailability was noticed in patients with “Achlorhydria” or lack of hydrochloric acid in the
stomach, a condition widely seen in HIV/AIDS patients. The preparation of stable sulphate
salt/ethanolate allowed the progress of product development, which is now marked by Merck as
Crixivan™ [20]. Lastly, another HIV protease inhibitor was developed and launched by Abbott in
1996 with only one crystalline form of the APl known to exist. After two years, the drug failed the
food and drug administration (FDA) approved dissolution specification [21]. Abbott investigations
demonstrated that the drug crystallised into two polymorphs, one of which is more stable
however less soluble. Abbott decided to re-develop and re-launch the drug product in a new
formulation of the more thermodynamically stable polymorph [21]. The previous cases
demonstrated the consequences of incomplete physical form evaluation and the importance of
that information to develop more stable and effective pharmaceutical products.

Formulation of a drug candidate is another crucial aspect of drug discovery. The current
process of formulation, illustrated in Figure 1.2, aims to deliver the APl in a formulation that has
to meet specific criteria according to the stage at which the drug is evaluated. For example, in the
early stages, it is essential to ensure drug exposure in preclinical studies and toxicology
evaluation. Therefore, the drug bioavailability at this stage outweighs long-term stability
properties. If the drug advances to a later stage, like phase Il clinical trials, the processability and
stability become more important.

At present, pharmaceutical companies invested insufficient efforts in assessing

physicochemical properties of the drug and its formulation possibilities and limitations in early
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stages of drug development. This could lead to fatal flaws in the drug candidate discovered at a

later stage.
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Figure 1.2: Schematic representation of the process of formulating a drug through proof-of-concept studies (including toxicology evaluation) to
the marketed formulation [15].

The ability to optimise and consider collectively all criteria for developability at an early
stage prevents or at least minimises downstream complications such as inadequate stability, low
solubility or slow dissolution rate resulting in poor in-vivo performance. Therefore, getting the
maximum amount of information about the physicochemical properties of the drug and its
stability in the multicomponent formulation in the early discovery stage can help accelerate drug

discovery and development processes and accordingly, an increased success rate.

1.3. Drug Stability in Pharmaceutical Dosage Forms

Drug stability is one of the critical quality and performance attributes that needs to be
precisely evaluated during pharmaceutical development and controlled during clinical studies and
marketing. Stability of pharmaceutical products refers to the capacity of the product or a given
APl to be maintained within established specifications of identity, performance, and purity during

a specified time period under controlled conditions of temperature and relative humidity (RH)



[22]. Therefore, the stability testing investigates the impact of the environmental factors on the
quality and performance of the API or a formulated product, predicates the product’s shelf life
and determines the proper storage conditions [23].

Even though temperature and humidity are the two main factors that usually affect the
stability of the pharmaceutical product, other factors can also influence the stability of a
pharmaceutical product and therefore increases the complexity of the stability testing. These
factors include the stability of the active ingredient(s); interaction between the drugs and
excipients, manufacturing process followed and environmental conditions (e.g. light,
temperature and moisture) encountered during manufacturing, packaging, shipment, storage
and handling [22].

Physical instability refers to changes in the characteristics of a drug product that do not
involve chemical bond formation or breakage in the drug molecule’s structure such as changes in
appearance, taste, odour or polymorphic form; or phenomena such as crystallisation in
amorphous systems [24]. Chemical instability, on the other hand, refers to changes in the
chemical structure of the drug molecule in the dosage form [24]. Chemical degradation reactions
like oxidation, reduction or hydrolysis, can play a critical role in the stability of a pharmaceutical
product. These chemical reactions may lead to the formation of toxic degradation products, loss
of activity of the API, poor performance of the final product and loss of excipient activity like
preservative action and antioxidants [25].

Drug chemical degradation in crystalline solids is mostly mediated by moisture whereby
water molecules involve directly in the reaction such as hydrolysis. In addition, the humidity may
form a thin layer of solution on the solid crystal surface [26], leading to an increase in molecular

mobility and reactivity that consequently enhances drug degradation [27]. Furthermore, drug
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degradation complexity increases in multicomponent heterogeneous systems. Some commonly-
used excipients are known to interact directly with some drug molecules such as Maillard reaction
which is a reaction between a primary or secondary amine and a reducing sugar like lactose. In
addition, excipients present in the formulation that possess acidic and basic functionalities may
change the microenvironment pH around the solid drug particle and thus, increase the drug
degradation. Drug oxidation has been linked to various impurities such as peroxide and metal ions
that exist in some excipients [27].

Drug degradation, whether it is chemical or physical, usually leads to a phase
transformation of the drug from a less stable state to a more stable state influenced by specific
environmental conditions such as temperature, humidity and pH [28]. Solution-mediated phase
transformation (SMPT) is a very common phase transformation, which involves the initial
dissolution of the highly soluble metastable form creating a supersaturated solution. At this stage,
nucleation and growth of the stable form are expected to occur [28]. Common examples of phase
transformations include polymorphic conversion, amorphous-crystalline conversion and salt-to-
parent form conversion. The solid phase transformation can potentially alter the quality
attributes and performance behaviour of a drug product due to the difference in the physical and
chemical properties among different solid forms [27].

The salt form of APIs may disproportionate, i.e. revert back to the less soluble unionised
free form due to harsh manufacturing process conditions coupled with a possible reaction with
formulation excipients [29]. Salt disproportionation can adversely affect the final product stability
and performance such as loss of activity, slow dissolution and reduced bioavailability [30]—[32].
Disproportionation reactions are mainly observed during dissolution studies, where the salt

endures phase transformation in the dissolution medium and then crystallise back to the less
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soluble free form. However, salt disproportionation can also be observed in the solid state where
the moisture (i.e. water layer) present at the APl excipient interface facilitates the intermolecular
interactions and consequently leads to salt disproportionation. Salt conversion to less soluble
unionised free drug form has severe implications on final product stability and performance.

The impact of salt disproportionation on final product performance and drug
bioavailability can be demonstrated in the following representative example. Prasugrel HCl, a
platelet aggregation inhibitor, was approved by the FDA in 2009. The HCI salt was found to
disproportionate back to the free base up to the extent of ~ 70% in the final product tablets [33].
FDA raised the following two concerns during the product review process-(i) the techniques used
for manufacturing, processing and packaging were insufficient to preserve the drug identity,
quality, stability, purity and bioavailability, (ii) the difference in the relative bioavailability of three
batches have 5%, 58%, and 70% of conversion to the free base of the 60 mg loading dose, when
co-administrated with proton pump inhibitor (PPI; lansoprazole). The co-administration with PPI
resulted in a statistically significant reduction in platelet aggregation inhibition activity in the
batch containing 70% conversion to the free base compared to the other two, within one hour of
administration. The difference in activity was due to the inequivalent maximum drug
concentration (Cmax) in the circulation, which led to the delay in reaching the maximal effects with
the batches subjected to more substantial salt conversion to the free form. The consequence of
this finding was that the inequivalent Cmax might require a change of the loading dose. The FDA
approved the drug after the manufacturer had implemented a control strategy to keep the free
base content below 25% [29], [33].

Detecting salt disproportionation reaction in later stages of drug development can

significantly increase the cost of development by requiring the change in final product
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formulation. The new formulation will need repeating many of the biological, toxicological and
formulation stability tests, which result in significant and undesirable delays in drug launching
[29]. Salt disproportionation due to drug-excipients interactions is still not well understood.
Therefore, understanding the salt disproportionation mechanistic would be beneficial to predict
the instability of the drug salt, which would help in identifying formulation strategies to minimise
the salt conversion at early stages of drug development. The development of advanced analytical
technologies, which would evaluate the drug and its formulation properties before the selection
of development drug candidate can provide a solution to mitigate inadequate stability and poor

drug product performance issues.

1.4. Advanced Analytical Techniques

A solid dosage form formulation, such as tablet and capsule, is a complex mixture of
multiple solid components consisting of one APl or more mixed with various excipients, which
have different roles. During formulation development, it is important to aim at achieving
predefined product quality attributes. In addition, the influence of selected components on
product quality, stability and performance should be fully understood and anticipated. Further,
variability in the chosen materials must be effectively monitored and controlled such that
formulation can reliably yield desired quality attributes during drug product lifecycle [27].

The analytical investigation of bulk drug materials, intermediates, drug formulations,
impurities and degradation products, and biological samples containing the drugs and their
metabolites plays a vital role in the field of pharmaceutical research [34]. The primary objective
of the pharmaceutical analysis is to ensure the quality, physical and chemical stability and efficacy

of the pharmaceutical formulation. In addition, the pharmaceutical analysis investigates the
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performance of the final products obtained and ensure that they meet the required
specifications. A combination of techniques is generally necessary to gain an in-depth
understanding of the properties of the pharmaceutical materials. The most commonly used
methods for solid-state characterisation have been X-ray powder diffraction (XRPD), infrared
spectroscopy (IR), Raman spectroscopy and solid-state nuclear magnetic resonance (SS-NMR).
Some commonly used thermal techniques involve differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA). The microscopic analysis involves examining the optical and
morphological properties of the drug by techniques such as light microscopy (LM) and electron
microscopy (EM). The instrumental pharmaceutical analysis includes different state-of-the-art
advanced analytical techniques are listed in Table 1.1, categorised based on the investigated

properties [35]—[37].

Table 1.1: Characterisation techniques commonly used for solid-state analysis of pharmaceuticals. Adapted from the References [28], [35]-[39].

Spectroscopic Techniques

Molecular vibrations
Infrared (IR) Spectroscopy (Dipole moment changes)
Chemical structure and functional group analysis
Molecular vibrations
Raman Spectroscopy (Polarizability changes)
Chemical structure and functional group analysis
Magnetic resonance
Nuclei and chemical environment within a molecule

Solid-State Nuclear Magnetic Resonance

(ss-NMR) Molecular dynamics Interactions: drug-drug or drug-excipients
Mass to charge ratio
Mass Spectrometry (MS) Molecular mass-chemical structure
Surface properties (Secondary ion MS)
Energy Dispersive Spectroscopy X-ray emission
(EDS) Elemental analysis

The electronic transition from the excited state to the grounded
state (Emission)
Drug content and localisation
In vitro drug targeting
The electronic transition from the ground state to the excited state
Ultraviolet-Visible Spectroscopy (UV-Vis) (Absorption)
Quantitative determination of different analytes

Fluorescence Spectroscopy
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X-ray Diffraction

X-ray powder diffractometer Structural information
(XRPD) Crystal form identification
Single Crystal XRD Quantification of the degree of crystallinity
Thermal and Gravimetric Analysis
Thermal events: glass transition, crystallisation, melting point and
Differential Scanning Calorimetry (DSC) heat capacity
Interactions: drug-drug, drug-excipient
Thermal Gravimetric Analysis Transitions involving a change
(TGA) in mass (mass vs temperature)
Microscopy
. . Size and morphology
tical M
Optical Microscopy Crystallinity (Polarized Light Microscopy (PLM))
Electron Mlcros.copy (EM) Size and Shape (High resolution)
Scanning Electron Microscopy (SEM) Elemental analysis (with EDS)
Transmission Electron Microscopy (TEM) y

The continuous development of advanced analytical techniques and methods are of the
highest importance to sustain, innovate and improve the efficiency of drug discovery and
development process. However, most of the analytical techniques are offline techniques that
required sampling, and in most cases, sample preparation before the final measurement can be
taken. The limitation of offline analytical techniques is the sample manipulation, which may have
drastic effects on phase transformation analysis, especially with metastable samples transforming
to stable forms. Therefore, offline analytical techniques are not suitable to investigate metastable
systems that undergo a transition between two different forms [40].

In-situ analytical techniques offer the potential for better and faster understanding of the
drug phase transformation in solid dosage forms as compared to traditional offline analysis. The
ability to monitor in-situ and in real-time can be highly valuable during product development. In-
situ Raman spectroscopy and in-situ optical imaging have great potential in this area.

Raman spectroscopy is widely used in the pharmaceutical industry for characterising
complex pharmaceutical formulation [40]. It is based on the detection of changes in the Raman
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shift, which is associated with inelastic scattering of incident photons. The different Raman shift
is indicative of changes in the intermolecular bonding, which produce differences in electron
distribution in the molecular and lattice environment[40]. Therefore, different Raman spectra for
the salt and the free form can be detected as they both have different chemical structure [40].

Another in-situ tool commonly used for crystal analysis during crystallisation and, more
recently, for monitoring phase transitions is in-situ optical microscopy also known as particle
vision and measurement (PVM) [40], [41]. The in-situ optical imaging is a high-resolution video
microscope [42], which is typically employed for in-process high-resolution imaging of solid
crystals within the crystallisation process or storage environment. In situ optical imaging
microscopy is a well-established online technique for characterising and tracking changes in
material phase transformation, which is associated with the dissolution of the metastable form
and the nucleation and subsequent growth of the stable form [43]. This phase transformation is
often accompanied by a change in the crystal habit (although not always), which can cause
dramatic changes to the shape of the material crystal. Crystal habit changes can be successfully
monitored using the in-situ optical imaging system and quantified using advanced image analysis
software. Conversion of the salt to the free phase can cause a change in the drug crystal shape,
which can be tracked in real-time using in-situ optical imaging microscopy.

Therefore, in-situ Raman spectroscopy and in-situ optical imaging microscopy can be
utilised to investigate salt stability and in-vitro performance in multicomponent solid dosage
forms during storage and dissolution. Both techniques can provide an in-depth insight into the

fundamentals and mechanistic of salt disproportionation and drug phase transitions.
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1.5. Thesis Outline and Structure

As described in this introduction, salt disproportionation is an undesirable process
whereby the salt form of a drug is converted into the free form in both solid and solution state.
The resultant free form may exhibit undesirable physical properties, which have an effect on the
final product stability and performance. The detection of salt disproportionation reaction in later
stages of drug development can significantly increase the cost of development. Currently, there
is a limited understanding of the mechanisms of the salt disproportionation in solid dosage form
due to the application of traditional and offline analytical techniques.

Therefore, the overall aim of this work is to employ fast and in-situ advanced analytical
techniques to investigate salt disproportionation in multi-component solid dosage forms during
storage and dissolution.

In Chapter 3, the capabilities and limitations of selected advanced analytical techniques
were explored by investigating challenging, multi-component structures. Nanoparticles in
electrospun fibre hybrids were fabricated and characterised using transmission electron
microscopy (TEM), scanning electron microscopy (SEM), energy-dispersive X-ray (EDX)
spectroscopy, Raman spectroscopy, time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
and super-resolution fluorescence microscopy. The principle and theory of these analytical
techniques are discussed in Chapter 2.

In Chapter 4, salt disproportionation in drug-excipient binary mixtures stored at high
relative humidity are investigated using in-situ optical imaging. The novelty of this method derived
from tracking the change in salt crystal morphology in-situ as a result of salt disproportionation

during storage using a simple and fast analytical technique that requires a small sample size.

13



In Chapter 5, Raman spectroscopy was employed to investigate salt disproportionation in
binary drug-excipient tablets in real-time during the course of dissolution experiment using a
flow-cell system. The dissolution medium pumped through the flow cell had pH conditions to
mimic the stomach and small intestine condition. Integrated in-line UV-Vis spectroscopy was
employed to directly relate the changes in dissolution performance to the physicochemical
changes that occurred to the drug salt during dissolution.

The thesis then concludes in Chapter 6 with a summary of the research and discussion of

possible opportunities for continuation of this work in the future.
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Chapter2: Instrumentation

This chapter aims to provide an overview of the analytical techniques employed in this
thesis to analyse the particle-fibre hybrids and salt formulations under investigation. In this
chapter, the theory behind the techniques as well as the reasons for their use will be briefly
discussed.

The full sample preparation and experimental details are presented in the respective

“Materials and Methods" sections of Chapters 3, 4 and 5.

2.1. Dynamic Light Scattering (DLS)

DLS is a non-invasive, reliable and rapid characterisation tool used to measure the
hydrodynamic diameter, size distribution and detect dispersity of particles within
nanosuspensions [44].

Particles in suspension are moving in a random motion known as, Brownian motion. The
speed of the particle movements is dependent on the particle shape, hydrodynamic diameter,
concentration of the solution, viscosity of the solvent and temperature [45]. The relationship
between the translational diffusion coefficient and the particle size can be obtained from the

famous Stokes-Einstein equation [46]:

_ kT
r= 6mnD

(2.1)

Where kis Boltzmann’s constant, T is the temperature, n is viscosity; r is the radius of the

spherical particle and D is the diffusion coefficient
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In dynamic light scattering, the speed at which the particles are diffusing due to Brownian
motion is measured. The surface of the particles is illuminated with a laser beam, which induces
particle polarisation (dipoles). The polarised particles scatter light at the same frequency of the
incident light and spread in all directions (Rayleigh or Mie light scattering). The intensity of the
scattered light fluctuates by a small portion that is proportional to the speed of the particle (i.e.

particle diameter) as shown in Figure 2.1 [47].
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Figure 2.1: Fluctuations in the intensity of scattered light due to the motion of dispersed particles.
The brackets <.> denote an intensity average [44].

The dynamic light scattering was used to measure the mean particle size and the

polydispersity index of the size tuneable silica nanoparticles prepared in Chapter 3

2.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a morphology analysis method whereby a beam of
accelerated electrons, usually emitted from a heated tungsten filament, is scanned over the
surface of the sample placed in a vacuumed chamber. As the electron beam reaches the surface,
a complex set of signals in the form of secondary electrons, backscattered electrons and

characteristic X-ray is emitted as shown in Figure 2.2. These signals contain information about the
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samples surface topography and composition. Secondary electrons are low energy electrons that
originate from the interaction of the beam electrons with the valence shell electrons in the outer
shell of the sample atoms. Since the energy of the secondary electrons is very low, they are only
emitted from a thin layer of the specimen surface. Therefore, detecting these signals is suitable
for investigating the topography and surface variation of the sample. The secondary electron
signal is recorded and transferred to a scanner, which converts it into pixels to create the image
of the sample surface [48].

SEM was used to image the electrospun fibres and particle-fibre hybrids produced in
Chapter 3. In addition, SEM was employed to investigate the crystal shape difference between

the salt and the free-form.

Incident Electron Beam

X-rays Backscattered Electron

Inelastically Scattered Elastically Scattered
Electrons Electrons

Transmitted Electrons

Figure 2.2: Diagram illustrating the possible interactions of electrons with the sample.
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2.3. Transmission Electron Microscopy (TEM)

As with SEM, electrons produced at the source in the TEM are accelerated by a high
potential, typically from 100 kV to 300 kV. The electron beam is focused on a thin sample film,
mounted onto a conductive mesh. The elastically scattered electrons and transmitted electrons
provide the contrast in TEM images, known as diffraction contrast (Figure 2.2). The transmitted
electrons proceed towards the objective aperture; where electrons that are deviated from the
optical axis (i.e. scattered electrons) are effectively blocked out. The transmitted electrons are
then used to form bright field images of the sample [49].

Scanning transmission electron microscopy (STEM) is a special type of TEM that can scan
the finely focused beam of electrons across the sample in a raster pattern. The transmitted
electron beam may be elastically scattered by the core of sample atoms and then detected using
a high angle annular dark field (HAADF) detector (Figure 2.2). The scattered electrons are then
used to produce black-field images of the sample [50].

TEM was used to image the silica nanoparticles and particle-fibre hybrids produced in
Chapter 3. STEM was utilised in combination with energy- dispersive X-ray spectroscopy (Section

2.4) for the elemental analysis of the particle-fibre hybrids prepared in Chapter 3.

2.4. Energy- Dispersive X-ray Spectroscopy (EDX)

Energy- dispersive X-ray spectroscopy (EDX) is an analytical technique that is combined
with electron microscopes, such as SEM and STEM, to analyse the elemental composition of a
sample. While energy- dispersive X-ray spectroscopy operates similarly to SEM or STEM, it allows
observation of the emitted X-ray properties. X-rays are produced when an electron from the

beam strikes out an inner shell electron in the sample, creating a hole. An electron from the
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valence shell within the respective atoms drops down to fill this hole. As a result of the movement
of electrons between energy levels, an X-ray is emitted with energy equal to the difference
between those two electron energy levels, in order to conserve energy (Figure 2.3) [51], [52].
The emitted X-rays have distinctive energies, which are all collected and recorded by the
solid-state X-ray detector. The energy of the X-rays emitted is unique to each element, which

allows the elemental composition of the sample to be measured [51], [52].

Atomic Nucleus

Ejected electron

v\ v Radiation Energy

Incident electron (X-Ray)

Figure 2.3: Diagram showing the principle of EDX. The process through which X-rays are emitted when an electron shell is bombarded by in
incident electrons.

STEM combined with EDX was used to investigate the elemental composition of the
particle-fibre hybrids prepared in Chapter 3. Images are created for every element present in the
particle-fibre hybrid samples examined. The element is shown as the coloured part of the image

while the rest of the picture is dark.
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2.5. Time of Flight Secondary lon Mass Spectroscopy (ToF-SIMS)

Time of flight secondary ion mass spectroscopy (ToF-SIMS) is a highly sensitive surface
characterisation technique that can be used for investigating the first two nanometres of the
material’s surfaces. ToF-SIMS allows to assess, qualitatively, the composition of sample surfaces
and visualise the distribution of chemical entities on these surfaces. The principle behind the ToF-
SIMS operation is represented in Figure 2.4.

ToF-SIMS utilised a variety of primary ions such as Gallium (Ga*), Cesium (Cs*), Fullerene
(Cs0) and Bismuth (Bis*) as excitation sources [53]. The primary ions are generated in short pulses,
which are then accelerated and focused onto the surface of the sample. The energy of the primary
ion beam is transferred to the surface layer of the sample, resulting in binary collisions and
ejection (sputtering) of secondary ions and neutral species. Charged secondary ions are drawn
into the time-of-flight tube, where they are accelerated via the high potential between the mass
analyser and sample surface. The secondary ions enter the tube with velocities according to their
masses. Therefore, the secondary ions of different masses arrive at the mass analyser at different
times. The arrival times are measured for each secondary ion and used to generate spectra using
ToF-SIMS software [54]. The precise control of the primary ion beam enables deriving chemical
spectra for each pixel of the sample scanned surface through a raster scanning approach [55],

[56]. This can be transformed into a chemical image via ToF-SIMS software.
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Figure 2.4: Schematic representation of a ToF-SIMS instrument [44].

ToF-SIMS was employed to explore the surface properties of the particle-fibre hybrids
prepared in Chapter 3.

2.6. Fluorescence Spectroscopy

Fluorescence spectroscopy deals with excitation and emission in molecules. Molecules
can transit from the ground state to an electronically excited state when exposed to the light of
a wavelength (energy level) equal to the energy gap between the ground state and excited state.
This is known as molecular absorbance of light. The fluorescence process involves a light emission
by a fluorescent substance (i.e. Fluorophore) during relaxation from the excited to the ground
state [57], [58]. Fluorophores are typically substances with delocalised electrons, as in systems
containing aromatic rings and conjugated double bonds [58], [59].
The fluorescence mechanism in the molecule can be illustrated through the Jablonski
diagram seen in Figure 2.5 [57]. Depending on the energy of the light, the molecule absorbs

photons energy and uses the absorbed energy to excite an electron to different electronic singlet
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states S1, S2... etc. Molecule relaxation through emission of light will always occur from the
lowest energy excited electronic state of a molecule (S1) (Kashas rule) [60]. Therefore, molecules
excited to a higher energy electronic state (S2 or S3) will go through internal conversion before
emission. As emission almost always occurs at the lowest excited state, thus maximum emission
wavelength is constant for each particular substance, independent of the wavelength of the
excitation light [57], [61]. Light emission involves loss of energy and thus emitted light is always
shifted towards longer wavelength relative to the excitation light [57], [61]. The difference

between excitation and emission wavelength is called the Stokes shift, which relates to energy

loss.
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Figure 2.5: The Jablonski energy diagram shows the process of light absorption and emission [57].
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Fluorescence spectroscopy consists mainly of four basic units: a light source,
monochromator, sample compartment and detector. The light source is usually a laser, a xenon
lamp, or LED, which is utilised to excite the fluorescent molecules. The monochromator or filter
controls the excitation/emission intensity and the light wavelength range that crosses through
the sample to finally strike the detector. The detector converts the collected signals into
measurable signals. The data acquired from fluorescence measurement can be represented as
fluorescent images.

Fluorescence microscopy has become a vital, non-invasive tool for biological research,
particularly in investigating morphological structures and interactions of biological molecules
inside living cells, tissues, and whole organisms [62]. However, the spatial resolution of
fluorescence microscopy is typically limited to about 200 nm which limits the ability of this
technique to resolve too small subcellular structure (< 200 nm). In recent years, super-resolution
fluorescence microscopy imaging techniques have been invented, which yield an order of
magnitude improvement in the spatial resolution [62]. Stochastic optical reconstruction
microscopy (STORM) is one of the most commonly used super-resolution fluorescence
microscopy imaging techniques [63], [64].

In Chapter 3, fluorescent particle-fibre hybrids were investigated as possible calibration

and performance test kit for super-resolution fluorescence microscopy.

2.7. Raman Spectroscopy

2.7.1.Principles of Raman Spectroscopy

Raman and Krishnan first reported the Raman effect in 1928, which can be described as

the inelastic scattering of radiation from a sample [65]. The frequency and energy of photons of
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monochromatic light altered upon interaction with a sample in inelastic scattering. When the
sample is irradiated with monochromatic light (usually using a laser in the visible (532 nm) or
near-infrared (785 nm) regions of the spectrum), molecules are promoted to a virtual state (Figure
2.6) [66]. When molecules relax, they return to the ground state emitting light mostly with the
same frequency as the excitation source (Rayleigh scattering) [67]. Only a small proportion of light
(10°%) is emitted with a different wavelength (Raman scattering). Raman scattering can be either
stokes (i.e. molecules are initially in the ground state) or anti-stokes (i.e. molecules are initially in
the excited state) scattering. In stokes scattering, some of the photon energy is transferred to the
molecular vibration, leading to a reduction in the resulting frequency of the scattered light. In
anti-stokes scattering, the extra energy of the excited molecular vibration is released leading to
an increase in the frequency of the scattered light. Since most molecules exist in the ground state

at ambient temperature [68], stokes scattering is dominant over the anti-stokes scattering.
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Figure 2.6: Schematic representation of the energy levels changes in Infrared (IR), near-IR, Rayleigh scattering, Raman scattering and fluorescence
[69].
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The shift in frequency (Stokes and anti-stocks scattering) is directly related to vibration
energy levels transition [67]. Therefore, Raman spectroscopy measures the vibrational energies
of the molecules in a sample, which are associated with the type of chemical bonds.

Infrared (IR) spectroscopy investigates the same range of energies as Raman. However, it
is based on light absorption instead of scattering. The frequencies of the molecular vibrations in
vibrational spectra (IR and Raman) relay on the strength of the atom’s chemical bonds and their
masses. Furthermore, the IR transitions follow different selection rules from Raman. A vibration
is Raman active when molecules showed a change in polarisability [66] and is IR active when there
is a change in dipole moment. This means that strong IR vibrations could be weak in Raman
spectra and vice versa. For instance, water molecules exhibit an intense IR spectrum as it has a
strong dipole moment, whereas the electrons are not easily polarised and therefore the Raman
scattering is weak. In addition, most drugs contain 1 electrons, which are easily polarised, and
consequently, they exhibit strong Raman scattering. In contrast, excipients show weak Raman
scattering as they are mainly o bonded molecules. This can be highly beneficial when detecting

low levels of the drug in multicomponent pharmaceutical products such as tablet [70].

2.7.2.Raman Microscopy

In order to analyse a microscopic area with Raman spectroscopy, Raman spectroscopy is
combined with a microscope as shown in Figure 2.7. In Raman microscopy, the laser beam is
focused on the sample using the objective lens, and the scattered light is collected using the same
objective lens (180° back-scattered configuration). The Raman light is then directed into a
spectrograph and diffracted across a charge-coupled device (CCD) detector. The use of pinhole

apertures positioned between the objective lens and the CCD detector in confocal microscopy
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permits the depth of field to be controlled, by allowing only the scattered light from the confocal

plane of the sample to reach the detector.
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Figure 2.7: Standard configuration of a confocal Raman microscopy [71].

The Raman microscopy spatial resolution is primarily controlled by the laser wavelength
and the microscope’s objective lens being used. The following equation can define the diameter
of the laser spot:

A (2.2)

d=3Na

in which d is the laser spot diameter, A is the laser wavelength, and NA is the objective

numerical aperture.
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2.7.3.Raman Mapping

Raman mapping involves collecting Raman spectral and spatial information from the
sample’s surface [72]-[74]. This technique offers the ability to obtain components distribution
and their concentration in multi-component samples [73]. Generally, the laser point is focused,
and the sample under test is translated using motor-driven x—y stages past the laser focus. This

method is called point-by-point mapping.

2.7.4.Data Analysis

Hundreds of thousands of Raman spectra can be generated using Raman
spectroscopy/microscopy, which can be rather large. Therefore, in order to extract unambiguous
and meaningful outputs, statistical analysis of data is performed. Data analysis can be divided into
two main steps: data pre-processing and processing.

Pre-processing: Data pre-processing step is responsible for removing any spectral and
spatial artefacts. In multivariate data analysis, it is essential to perform adequate data pre-
processing to avoid having models containing variances related to the experimental set-up (such
as sample focus) rather than changes in chemical composition. Data variance-scaling is a simple
method to minimise the effect of variations in Raman scattering efficiency [75]. In addition,
subatomic particles can be detected by the CCD detectors, which can give a higher intensity signal
than Raman scattering (cosmic events). Commercial software can be used to remove these very
sharp narrow spikes automatically.

Data Processing: Data processing using multivariate analysis can be used to produce the
false-colour images, which are based on the entire Raman spectrum and not on one single band

like univariate analysis. Classical least square (CLS) [76], [77] and multivariate curve resolution-
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alternating least squares (MCR-ALS) [78]—[80] are established multivariate analysis techniques
used to deconvolute Raman data from pharmaceutical samples. CLS operates by modelling the
spectra found in each pixel as the linear combination (the weighted average) of the pure
component spectra. These weight factors can be easily computed when the reference spectra are
known [81]. The MCR-ALS method attempts to deconvolute the data into the individual spectral
components and their concentration. The number of components contributing to the data matrix
resolved by MCR can be estimated based on prior knowledge of the system or by using other
multivariate techniques. Subsequently, the iterative optimisation of the spectral and
concentration matrices using the ALS algorithm is performed [82]-[84]. Constraints of non-
negativity, unimodality and closure are often employed during ALS to help guide solutions to the
true value and reduce the complexity of MCR. Commonly used constraints are schematically
presented in Figure 2.8 [85]. Non-negativity compels concentration or response profiles to be
positive. Unimodality forces profiles to have only one maximum (e.g. chromatographic peaks).
Finally, closure or mass balance allows concentration profiles to add up to a specific constant

value.
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Figure 2.8: Examples of common constraints used in MCR. (A) non-negativity, (B) unimodality, (C) closure. Bold black profiles on the left plots are
unconstrained. Red profiles on the right are profiles that have been constrained [85].

Raman Spectroscopy was used to probe the chemical structure of the particle-fibre
hybrids in Chapter 3. In addition, Raman spectroscopy was employed to investigate salt
disproportionation in multicomponent solid dosage forms during storage and dissolution in
Chapter 4 and Chapter 5, respectively. CLS and MCR-ALS are both used in Chapter 5 to analyse

Raman data.
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Chapter3 : Fabrication and Characterisation of

Electrospun Particle-Fibre Hybrid Structures

This chapter of the thesis deals with exploring the capability and limitations of a wide
range of in-house advanced analytical techniques. Silica nanoparticle (SNP) and polyvinyl chloride
(PVC) nanofibre hybrids fabricated using the colloidal electrospinning process were investigated
as a complex, multicomponent model system. In this chapter, particle-fibre hybrid morphologies
were altered by varying the particle to fibre size ratio and the concentration of the particle in the
electrospinning polymer solution. A combination of advanced analytical techniques was used to
characterise the particle-fibre hybrids. A potential application of the particle-fibre hybrids as a
calibration device for super-resolution fluorescence microscopy was also investigated at the end

of the chapter.

3.1.Introduction

3.1.1. Electrospinning Process

Electrospinning is a unique and simple technique that has received considerable attention
in the production of non-woven fibrous structures with fibre diameters ranging from nanometers
to microns in width [86]. The electrospinning process was first introduced and patented in 1934
by Formhals [87]. The process involved the production of artificial filaments by applying an
electrical field on liquids containing solid material. After four decades (1971), Baumgarten
executed systematic experiments to rediscover and employ the electrospinning process to
polymeric solutions dissolved in dimethylformamide (DMF) to fabricate fine fibres ranged from

50 to 1000 nm in diameter [88]. Generally, the electrospinning system consists mainly of three
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parts; 1) a source of high voltage power, 2) a spinneret and 3) a grounded collector plate as

illustrated in Figure 3.1.

Collector

Polymer Solution

Scaffold

b Tip to
: Collector
1
1

Figure 3.1: Experimental set-up of the electrospinning technique.

The fundamental principle of the electrospinning process is that the polymer solution is
pumped through the spinneret forming a droplet at the tip of the needle. A high voltage
connected to the tip of the needle is used to electrify the polymer droplet. The electrified droplet
deforms as the electrostatic repulsion forces overcome the surface tension forces of the droplet,
creating a conical shape known as Taylor cone [89]. As the voltage increases, the Taylor cone
continues to stretch towards the grounded plate. Once a critical point is reached, a charged jet
will be extruded and collected on the ground collector plate. During the flight time to the plate,
the charges in the fibres are being rearranged, which leads to a bending instability [90]. As a result
of the bending instability, the fibre undergoes a whipping motion that causes further elongation
and thinning of the fibre [91], [92].

The fibre diameter and morphology produced by electrospinning can be changed by
controlling specific parameters such as the polymer solution concentration, molecular weight of

the polymer, tip-to-collection plate distance, electrostatic field strength applied to the polymer
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solution, polymer solution feed rate and the geometry of the grounded collecting plate [86], [88].
For example, larger diameters of fibres are usually associated with a higher concentration of
polymer solution while low concentration solutions result in thinner fibres, which have the
tendency to form beads [93]-[96].

Numerous polymers have been successfully utilised for electrospinning, which can be
roughly divided into natural polymers (e.g. collagen, gelatin, elastin, chitosan, etc.), synthetic
polymer (polyesters, polyamides, polysulfones, polycarbonates, etc.) and synthetic
biodegradable polymers (Polycaprolactone (PCL), polylactic acid (PLA), polylactide-co-glycolide
(PLGA) etc..).

The simplicity, low cost and flexibility of electrospinning technology provide it with wide
access to many areas. Major applications have included tissue engineering [97]-[100], wound
dressings [101]—-[103], drug delivery [104]-[108], chemical and biological sensing [109]-[113] and

mechanical engineering applications [114].

3.1.2. Silica Nanoparticles

Silica nanoparticles (SNPs), also known as silicon dioxide nanoparticles, have drawn
widespread attention due to their applications in many emerging nanotechnology areas [115].
More specifically, silica nanoparticles are mainly considered for pharmaceutical applications
because of their biocompatibility, low toxicity, scalability and tailorable morphology and size
[115], [116]. SNPs are produced from a rigid silica matrix that can resist solvent swelling and
maintain their structural properties [117]. Furthermore, the surface of silica nanoparticles can be
modified with several functional groups that allow precise control of surface chemistry and

facilitate attachment of other biomaterial or ligands to the SNP surface [116], [118]—-[120].
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In 1968, Stober reported a pioneering and effective method for the preparation of
monodisperse silica spheres nanoparticles illustrated in Figure 3.2 [121]. The synthesis of these
nanoparticles was performed by the hydrolysis and condensation of tetraethyl orthosilicate
(TEOS) as a silica source, in a mixture of absolute ethanol and water as a solvent with the presence
of ammonia as a catalyst to initiate the reaction [121]. After this work, there have been many
investigations regarding the silica nanoparticles generated from Stober process in an attempt to
precisely control the nanoparticles size and uniformity. Changing reaction parameters such as
the amount of TEOS, ammonium hydroxide concentration or the rate of addition of TEOS has

generated different sizes of silica nanoparticles ranging from 50 nm to 1.0 um [122]-[129].

N
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Figure 3.2: Synthesis of silica nanoparticles by the Stéber method.

Fluorescent silica nanoparticles are produced via covalent binding of the fluorophore to
the silica particle matrix. The covalent linking is performed via conjugation of a silane coupling
agent, such as 3-aminopropyltriethoxysilane (APTES), with the succinimidyl ester derivative of the
fluorophore to produce APTES-fluorophore conjugates. The primary amines that existed in the
APTES structure have positively charged nucleophilic groups at neutral pH. Therefore, the primary
amine groups are readily accessible to conjugation reagents introduced into the medium. The N-

hydroxysuccinimide (NHS) ester moiety in the fluorophore structure will react with the primary
33



amine to form a conjugate linked by a very stable aliphatic amide bond. The reaction is illustrated
in Figure 3.3-A. The resulting conjugate is susceptible for hydrolysis and condensation, like the
silica precursor (TEOS), leading to the incorporation of the fluorophore into the silica particle

matrix forming fluorescent silica nanoparticles (Figure 3.3-B) [130].
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Figure 3.3: Chemical reaction scheme for (A) the conjugation of amino-silane precursor (APTES) to succinimidyl ester derivative of a fluorophore
() to produce fluorophore-APTES conjugate (B) The synthesis of fluorescent silica nanoparticles.

Silica particle can be functionalised with various fluorophores for different applications.
Figure 3.4 shows examples of fluorophores chemical structures including Oregon Green® 488

(0G), 5-(and-6)-carboxyfluorescein (FAM), 5-(and-6)-carboxytetramethylrhodamine (TAMRA)

and Alexa 647 that will be used in this chapter.
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Figure 3.4: Chemical structure of Oregon Green® 488 (OG), 5-(and-6)-carboxyfluorescein (FAM), 5-(and-6)- carboxytetramethylrhodamine
(TAMRA) and Alexa 647.

3.1.3. Fabrication of Nanoparticle-Electrospun Fibre Hybrids

In recent years, hybrid nanocomposite systems have attracted the interest of researchers
due to their synergistic and hybrid characteristics derived from several components [131]. The
incorporation of functional materials such as bioactive materials [132], drug molecules [133],
[134] and nano to micro-sized particles [135]-[139] enhance the hybrid nanocomposites with
improved performance and broader applications [140].

Colloidal electrospinning technique is a widespread technique to fabricate fibre-
nanoparticle hybrid systems. It is implemented by electrospinning the polymer solution, which
has been mixed with colloidal particles [141]-[143]. Colloidal electrospinning can provide several
advantages including a broad selection of components and high productivity with a simple one-

step process at ambient conditions. The hybridisation of nano-to micro-sized particles with
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electrospun fibres has attracted attention from the medical research community as a result of
many advantages including higher drug loading efficiency [144], enhanced release pattern,
controlled drug release and improved drug safety and stability [140], [145].

The nanoparticle- fibre hybrid systems can provide better performance (e.g. high sensing
sensitivity) due to the large surface, the capability to imitate complicated structure while
maintaining the nanoparticles properties and enhanced physical properties including mechanical,
optical and electrical properties [140]. More importantly, the fact that particles can be
immobilised and isolated in fibre matrices is of high interest for fundamental science [144]. Pure
nanoparticles exhibit high surface area that makes them very difficult to isolate and manipulate.
The ability to isolate and immobilise nanoparticles can be highly advantageous for some advanced
analytical techniques including super-resolution fluorescence microscopy. This unique application
will be discussed in more detail in the next section.

Several studies [146]-[154] have reported attempts of electrospinning polymer and
colloidal particles. However, the effect of incorporating particles with different sizes and
concentration in the electrospun fibres on the physical properties of the hybrid structure was
scarcely reported. Lim and co-workers used electrospun fibres as confining geometries for
fabricating silica particle-fibre hybrids [155]. The effect of different polymer solutions and
different silica particles size on hybrid configuration were examined. Furthermore, Jin and co-
workers investigated how different process parameters, such as the diameter of silica particles or
applied voltage, influenced the electrospun fibres morphology [156].

Both attempts successfully reported that particle-fibre hybrid system morphology could
be altered when changing several parameters generating some distinct morphology such as pearl-

necklace structure. However, there are gaps in the understanding of the mechanism by which the
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hybrid systems fabrication process can be controlled. These gaps are a potential cause of failure

in the precise control of the hybrid structures.

3.1.4. Super-Resolution Fluorescence Microscopy: Potential Application

of Particle-Fibre Hybrid Structure

Fluorescence microscopy is mainly used to image samples with the highest detail possible.
However, the optical diffraction limit of conventional light microscope controls the detail that can
be resolved. The diffraction limit will blur out any small point of light to a certain minimal size and
shape known as the point spread function (PSF) [157]. Therefore, the PSFs of two objects that are
closer together than the PSF width will show a large overlap, making it hard to distinguish them
from one another. Abbe [158] and Rayleigh [159], estimated the resolution limit in the focal plane

as:

Limit of Resoluti _ J614 (3.1)
imit of Resolution = NA .

whereas A being the wavelength of light and NA the numerical aperture of the
microscope’s objective lens. Therefore, for an optical microscope using visible light (A = 550 nm)
and a high-NA objective lens (NA = 1.4), the attainable resolution is fundamentally limited to
around 200-300 nm.

In recent years, super-resolution fluorescence microscopy imaging methods have
emerged to overcome the optical diffraction, thus gaining optical microscopy images with a
higher resolution [160]. This innovation was awarded the Nobel Prize for chemistry in 2014 [161].
Super-resolution fluorescence microscopy images methods such as, stochastic optical

reconstruction microscopy (STORM) [162], achieve sub-diffraction-limit resolution by
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consecutively imaging and localising single fluorophores that are located in the target structure
[163]. This involves using fluorescent probes that can switch between a fluorescent and a dark
state, which can be activated/deactivated (i.e. blinking) at different time points so they can be
individually localised. For example, the STORM technique can be employed to experimentally
determine the distance between two photoswitchable fluorescence molecules (Such as Alexa
647). STORM exploits the fact that in the presence of an imaging buffer containing primary thiol
compounds such as B-mercaptoethanol or mercaptoethylamine, the fluorescence of Alexa 647,
for example, can be reversibly switched off to a dark state by forming a thiol-adduct after
excitation by high wavenumber laser (~ 650 nm) as shown in Figure 3.5 [164], [165]. The
coordinates of different fluorophores can be mapped, and super-resolution images consequently

reconstructed [160], [163].

Fluorescent Dark

Figure 3.5: Representative photo switching mechanisms of fluorescent Alexa 647 molecule [163], [166].

For many super-resolution microscopy techniques, the resolution requires to be assessed
experimentally [167]. The high quality of super-resolution microscopy images can be achieved by
running a series of tests to ensure that the microscope is functioning correctly. Currently,
microscopists prepare performance test sample slides via different methods including,

fluorescent conjugates coating of glass, fluorescent actin filaments on the glass and fluorescent
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microsphere mounted on glass coverslips. A common problem when imaging any of these
samples is the high labelling density, which may cause the images to overlap and compromise
high precision localisation. In addition, the presence of diffusing entities moving within and out
of the focal plane can interfere with the image clarity and the calibration process [168].

In order to design a better performance test sample slide, specific properties and
specifications are required. ldeally, the specimen would have a simple and well-understood
morphology; would be immobilised to a single, defined optical plane; and would have many
isolated single fluorophores across the sample. Furthermore, this sample should be easily
created, prepared and handled [169]. Electrospinning can fulfil these requirements and can be
utilised as a suitable preparative method for the test sample slide. Colloidal electrospinning can
be used to prepare fluorescent particle-fibre hybrids. These hybrids have the advantages of
immobilising and isolating fluorescence nanoparticles in fibres and can be handled easily to

calibrate and test the performance of super-resolution fluorescence microscopes.
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3.2. Motivation and Aim

Particle—electrospun fibre hybrids exhibit a huge variety of potential applications.
Fabrication process parameters have major roles in controlling the structure of the hybrid
systems. Different hybrid structures have been reported, however, there are gaps in the current
knowledge of the mechanism by which the hybrid systems fabrication can be controlled. This
ambiguity could be arisen from using basic and conventional imaging and characterisation
techniques in investigating particle-fibre hybrid systems. Therefore, the first aim of this chapter
is to apply a range of advanced analytical techniques to investigate how different fabrication
parameters such as particle size and particle concentration, influence the hybrid structure. The
geometrical, chemical and surface properties of the fabricated particle-fibre hybrids were
characterised using scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy-dispersive X-ray (EDX) spectroscopy, Raman Spectroscopy and time of flight
secondary ion mass spectroscopy (ToF-SIMS).

In addition, these particle-fibre hybrid systems have potential applications in various fields
due to their unique properties as described previously. Immobilising functional particles into
confined geometry nanofibres could be highly beneficial for easier and more efficient
nanoparticles characterisation using various analytical techniques. Therefore, the second aim of
this chapter is to demonstrate a potential application of immobilised fluorescent silica
nanoparticles in electrospun fibres for instrument performance testing and calibration tool for
super-resolution fluorescence microscopy.

Size-tunable silica nanoparticles have been selected as a model example of nanoparticles
to be incorporated into electrospun fibres due to their robust fabrication method, narrow size

distribution and stability under harsh conditions [127], [170], [171]. Electrospun fibres were
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prepared from polyvinyl chloride (PVC). PVC is a widely used polymer due to its superior

properties such as safety, biocompatibility, chemical stability, transparency and durability [172].

The specific objectives of this chapter are to:

Produce and characterise size-tuneable silica nanoparticles manufactured by changing
ammonium hydroxide volume, TEOS volume and using seed growth technique. In
addition, Fluorescent silica particles covalently linked to fluorophore molecules, such
as Oregon green (0G), 5-(6)-carboxyfluorescein  (FAM), 5-(and-6)-
carboxytetramethylrhodamine (TAMRA) and Alexa Fluor 647, were prepared for
super-resolution fluorescence microscopy performance test slide application.
Optimise polyvinyl chloride (PVC) electrospinning process parameters to produce
beads-free smooth electrospun fibres.

Prepare silica nanoparticle-fibore hybrids using a colloidal electrospinning
manufacturing process.

Apply advanced analytical techniques to characterise the different physiochemical
properties of the silica-PVC hybrid systems.

Examine the feasibility of using fluorescent silica particle-PVC fibre hybrid systems as

a product to test the performance for super-resolution fluorescence spectroscopy.
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3.3.Materials and Methods

3.3.1. Materials

Reagents: Tetraethylorthosilicate (TEOS, > 99%), 3-aminopropyl-triethoxysilane (APTES,
98%), ammonium hydroxide solution (NH4OH, 28-30 %) and polyvinyl chloride (PVC, My =
233,000) were purchased from Sigma-Aldrich, UK. Tetrahydrofuran (THF, HPLC grade) and
ethanol absolute (99.5%) were obtained from Fisher Scientific.

Fluorophores: The succinimidyl ester derivatives of Oregon Green 488 (OG), 5-(and-6)-
carboxyfluorescein (FAM), 5-(and-6)-carboxytetramethylrhodamine (TAMRA) and Alexa 647 were
obtained from Invitrogen, USA.

Instruments used for particles washing and drying: Centrifuge (Hermle Z300), Rotary
evaporator (Buchi Rotavapor R-200).

Electrospinning apparatus: 10 ml syringes and 18G blunt needles were obtained from BD
Falcon (UK), a syringe pump (Harvard Apparatus PHD 200), voltage supply box (Genvolt model
71320), alligator electrical clips purchased from RS Components (UK), 10x15 cm stainless steel

collector plate.

3.3.2. Plain Silica Particles Preparation: Changing NH:OH and TEOS

Concentration

Plain silica particles were prepared according to the Stober method [121]. Solutions of
absolute ethanol (16.75 ml) and ammonium hydroxide (30% w/v, 0.3-5.0 ml) were mixed under
stirring for 15 minutes. The reactions were initiated through the addition of the monomer

tetraethyl orthosilicate (TEOS) (0.5-1.5 ml) at a controlled dropwise rate using the syringe pump.
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All reactions occurred at room temperature and were left under stirring for 24 hours (48 hours
for 0.3, 0.5 ml samples) before being washed and purified in absolute ethanol (30 ml) using
centrifugation (3 times, 6000 rpm, 15 minutes). Following the final wash, the particles were re-
suspended in 10 ml of absolute ethanol and dried using rotary evaporation. Dried particles were
stored at 4°C.

A seeded growth technique described by Bogush et al. [123] was used for the preparation
of larger particles. Primary seed suspensions were prepared as described above, using 1.5 ml of
tetraethyl orthosilicate (TEOS) with 2.0 ml, 3.0 ml, 4.0 ml and 5.0 ml of 30% ammonium hydroxide
solution. After the reaction completion (24 hr after the 1% addition of TEOS), another addition of
1.5 ml TEOS with 0.27 ml water (1:2 molar ratio) was performed, and the suspension was left to
stir for another 24 hours. Particle washing, purification and drying were performed as described

above. A summary of silica particle preparation methods is presented in Figure 3.6.

(1) 0.3 ml-5.0ml (2) 0.5 mlor 1.5 ml (3) Seed Growth
NH,OH TEOS 1.5 ml TEOS + 0.24 ml Water

-
@ @ Mixing Stlrrmg Seed .
15 30 min 24 hr Growth
16.75 ml 28-30%
Pure Ethanol NH,OH
Silica Particles Largel: Silica
Particles

Figure 3.6: Experimental set-up for silica particle preparation.

3.3.3. Fluorescent Silica Nanoparticle Preparation

Fluorescent silica nanoparticles were produced by incorporating APTES-fluorescent
conjugates into the silica particle matrix via covalent bonds. Fluorophore conjugation to APTES, a

chemically active silane compound, was first performed by separately dissolving 10 mg of the
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succinimidyl ester derivatives of OG, FAM, TAMRA and Alexa 647 into 1.0 mL of absolute ethanol.
APTES was then added to each dye solution at a dye: APTES molar ratio of 1:2 (Volume= 18 ul).
The mixture was left stirring for 24 hours in the dark [173]. Fluorescence silica nanoparticles were
prepared by stirring 16.75ml ethanol with 0.75 ml of ammonium hydroxide (28-30%) for at least
15 -30 minutes. Then, 100 ul of fluorophore-APTES conjugates were added to the mixture and
stirred for 24 hours in the dark. Finally, 0.5 ml of TEOS was added drop-wise to the reaction
mixture and stirred for another 24 hours. Particle washing, purification and drying were

performed as described previously. Fluorescence silica nanoparticles were kept in the dark at 4°C.

3.3.4. Preparation of Silica-PVC Hybrids

Silica/PVC dispersions were prepared by dispersing 1.0-5.0 % w/v of silica particles in 2.0
ml HPLC grade tetrahydrofuran (THF). Hereafter, PVC was added gradually to the THF silica
nanoparticles to form a suspension with a final concentration of 10% w/v PVC. The suspension
was then stirred for a minimum of 5.0 hours at room temperature to ensure a homogenous
distribution of silica particles and complete dissolution of PVC.

The particle-fibre hybrids were prepared by a colloidal electrospinning method at ambient
conditions. The silica/PVC dispersions were loaded in a 10 ml syringe and dispensed through an
18-gauge blunt end needle tip at a flow rate (1.0 ml /hr) using a syringe pump (Harvard Apparatus,
PHD 2000) with a voltage of 15 kV. A distance of 15 cm was kept between the needle tip and a
grounded stainless-steel collector plate. The scaffolds were air-dried in a fume hood overnight to

allow the residual solvent to evaporate.
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3.3.5. Analytical Characterisations

3.3.5.1. Dynamic Light Scattering (DLS)

The mean particle diameter and polydispersity index (PDI) were measured by dynamic
light scattering (DLS) (Zetasizer Nano ZS, Malvern Instrument Ltd) equipped with a 5mW He-Ne
laser source (633nm). A non-invasive backscattering configuration (Detection angle 173° with
respect to the incident laser light) was used to collect measurements. Silica particles were

suspended to a concentration of 5 mg/ml in deionised water.

3.3.5.2. Transmission Electron Microscopy (TEM)

The morphology and the size of the particles were determined by transmission electron
microscopy (TEM) (FEI Technai 12, Biotwin). A drop of sufficiently concentrated re-suspended
silica nanoparticles in water (1 mg/ml) was deposited onto Formvar-coated Cu grids (EM
Resolutions LTD, United Kingdom). The suspension was allowed to settle on the grid for 10-15
minutes after which excess liquid was removed with filter paper. The median diameter and size
distribution of the silica particles were determined using ImagelJ (ImageJ 1.5i) software.

The TEM was used to investigate the morphology of the particles-fibres hybrid and to
image the encapsulated silica particle. Gold finder TEM grid (EM Resolutions LTD, UK) was placed
on the collector plate in order to electrospun directly on the grid. After 5.0 minutes, the grid was

removed, and the electrospinning run was continued.
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3.3.5.3. Scanning Electron Microscopy (SEM)

Morphology of electrospun fibres with incorporated silica particles was also imaged by
scanning electron microscopy (SEM) (JEOL 6060LV, UK). Small samples of scaffolds were placed
onto 12 mm carbon adhesive tabs and fixed onto aluminium SEM stubs (Agar Scientific, UK).
Samples were gold coated using sputter coater (Leica EM SCD005, Germany) at 25 mA, 1073
Vacuum for 300 seconds. Images were acquired using voltages between 20-30 kV and a working
distance of 10 mm. The average fibres diameter was calculated from three different experiments

using Imagel software.

3.3.5.4. Transmission Electron Microscopy/ Energy dispersive X-ray
(TEM/EDX) Analysis
Elemental mapping of the particle-fibre was performed using an Oxford Instruments XMax
80 T silicon drift detector with INCA Energy 250 Microanalysis system attached to a high-

resolution TEM (JEOL 2100F) operating at 200 kV. STEM images were acquired using the JEOL

digital STEM system.

3.3.5.5. Raman Spectroscopy

Raman spectra of pure bulk silica particles, plain PVC fibres and particle-fibre hybrids were
acquired using a Horiba LabRAM HR confocal microscopy/spectroscopy. A near-IR laser (785 nm)
of 250 mW power was employed. Spectra were acquired using a 50x objective lens and a 300 um
confocal hole. Raman spectra were obtained using a SYNAPSE CCD detector (1024 pixels). The

particle-fibre hybrids samples on TEM finder grids were placed on a quartz slide under the
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objective of the Raman microscopy. Single point Raman spectrum in the spectral range from 100
to 1500 cm™ was collected for at least 30 seconds and repeated once to remove any high-

intensity spikes.

3.3.5.6. Time of Flight Secondary lon Mass Spectroscopy (ToF-SIMS)

The particle-fibre hybrids electrospun directly on TEM finder grids were mounted on
double-sided adhesive tape to produce an immobilised surface suitable for ToF-SIMS analysis.
Prior to analysis, Zeta 20 true colour 3D optical profiler (Zeta Instruments, USA) was used to image
the sample after being mounted. The optical profiler was employed to select the analysis area
containing high-density silica-PVC hybrids. The surface characterisation of the particle-fibre
hybrids was acquired using a ToF-SIMS IV instrument (ION-TOF GmbH., Minster, Germany)
equipped with a bismuth liquid metal ion gun and a single-stage reflectron analyser. Operating
conditions utilised Biz* cluster ion source with primary ion energy of 25 kV and a pulsed target
current of approximately 1.0 pA at a pressure of 10" mbar. A flood gun producing low energy
electrons (20 eV) was used to compensate for surface charging caused by the positively charged
primary ion beam on the insulating sample surface. Areas ranging from 50 x 50 um to 500 x 500
pKm were raster scanned at a resolution of 256 x 256 pixels. The total primary ion beam dose for
each analysed area was kept below 1 x 10*? ions cm™, ensuring static conditions. Silica and PVC
were identified using SiO2” (m/z =59.96), and CI" (m/z = 34.95) respectively. Data in the negative
secondary ion polarities were collected and analysed using Surfacelab 6 (IONTOF GmbH)

software.

47



3.3.5.7. Super-Resolution Fluorescence Microscopy

Particle-fibre hybrids were electrospun directly on high precision microscope coverslips
with thickness No. 1.5H (Thickness of 170 um = 5 um). Polyvinyl alcohol (PVA) and glycerol
mounting medium or water was added to the surface of the coverslip and placed on a microscope
slide for analysis.

Super-resolution fluorescence spectroscopy STORM imaging has been done on a Zeiss
Elyra PS.1 microscope equipped with Zen 2012 acquisition and processing software. Acquisition
parameters: microscope objective alpha Plan-Apochromat 100x/1.46 Qil DIC M27 Elyra;
excitation lasers were 642 nm at 50.0 %, 405 nm at 0.0700 %, detection filter set LP 655, imaging
frequency was 50Hz at camera gain of 200.

Image processing has been done in Zen 2012 Black using the PALM module. The 10000
images were processed where single molecule events were identified with a peak intensity to
noise value set to 6. Drift correction was applied using model-based automatic, eight segments
settings. To avoid oversampling the same molecule Group filter was set to max on time 5, off gap
10, capture radius 2, equiv. of 20 nm. Other filters applied include localisation precision 2-40 nm,

number of photons 350-5000.
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3.4.Results and Discussion

Fabrication and characterisation of silica nanoparticles (SNPs) and polyvinyl chloride (PVC)
nanofibre hybrids using the colloidal electrospinning process were performed for designing
calibration standards for super-resolution fluorescence microscopy. This was done in four stages;
firstly, a method for preparation of silica nanoparticles with different sizes was optimised. In
addition, fluorescent silica particles covalently linked to different fluorophore molecules were
also prepared. Secondly, particle-fibre hybrid systems were fabricated in different morphologies
using colloidal electrospinning. Thirdly, a combination of advanced analytical techniques was
applied to characterise the hybrid systems obtained. Finally, calibration standard design for
super-resolution fluorescence microscopy based on incorporating fluorescent silica nanoparticles

into electrospun fibres was evaluated.

3.4.1. Synthesis and Characterisation of Size-Tuneable Plain Silica

Nanoparticles

To determine the amenability to load nanoparticles within electrospun fibres and to
identify the limitation towards imaging and spectroscopic analysis, silica nanoparticles were
produced in a variety of sizes.

The production of silica nanoparticles via the Stober method [121] is highly influenced by
the volumes of catalyst (ammonium hydroxide), and silica monomer (TEOS) added during
synthesis. Therefore, to enhance the understanding of the particle production method and to
determine the effect of individual parameters on the resultant particle size, each parameter was
modified in turn, while maintaining the volume and concentration of all other parameters at

constant values.
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3.4.1.1. Effect of Ammonium Hydroxide (NH4OH) Volume on

Nanoparticle Size

Through controlled addition of different volumes of ammonium hydroxide alone, silica
nanoparticles with hydrodynamic diameters ranging from 22 + 1.2 nm to 210 + 18 nm (mean
particle size £SED) were produced, such that addition of ammonium hydroxide above 2.0 ml did
not cause a significant increase in nanoparticle diameter (Figure 3.7-A). The polydispersity index
(PDI) of all batches were <0.1 measured by DLS technique. Generally, polydisperse nanoparticles
are considered to have PDI values > 0.7, while the PDI values obtained for polystyrene latex
standards used to calibrate instruments are ~ 0.05 [174]. Therefore, the silica nanoparticles
produced by modifying the ammonium hydroxide volume are considered to have a relatively
narrow size distribution [44]. The standard error value (error bars) measured from at least three
individual batches of silica nanoparticles demonstrated the reliability and reproducibility of the
production method. However, there was a tendency toward wide size difference across batches
with the higher ammonium hydroxide volumes, which has been reported in other studies [121],
[123].

Silica nanoparticle imaging using TEM was performed to confirm the DLS data and study
the morphology of the nanoparticles. Silica nanoparticle size, when imaged using TEM showed
that particle size increased at a greater degree during the addition of 0.3 — 1.0 ml of ammonium
hydroxide, when compared to the addition of ammonium hydroxide > 1.0 ml, which correlated
reasonably well with DLS data (Figure 3.7-B).

However, TEM indicated a smaller size than that determined by DLS as illustrated in Figure
3.8-A. The size of nanoparticles measured using DLS is typically larger than that determined using

electron microscopy. The difference in the particle size values is attributed to the fact that DLS
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and TEM measure totally different aspects of the particulate systems. DLS produces an intensity-
based distribution, which is obtained from the intensity of the light scattered by the measured
particles. This intensity size distribution is proportional to the particle size to the power six.
Therefore, the presence of larger particles may contribute to an increase in light scattering,
shifting the average particles size towards larger values. On the other hand, TEM probes the
electron rich area of a particle and produces a number-based distribution. In addition, DLS
measures hydrodynamic diameters, which are the size of a hypothetical hard sphere that diffuses
in the same fashion as that of the particle being measured, whereas TEM measures the actual

physical dimensions of the dried particle [129], [170], [175].
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Figure 3.7: The effect of ammonium hydroxide volumes on mean particle diameter measured by (A) DLS and (B) TEM; n=3.
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Figure 3.8: (A) Comparison of mean particle size for silica nanoparticles measured by DLS (Green line) and TEM (Blue line). (B): A picture of
nanoparticle suspension vials with different ammonium hydroxide volumes.
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Furthermore, the particles produced with ammonium hydroxide volumes of less than 0.5

ml were irregularly shaped spheres (Figure 3.9).
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o
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Figure 3.9: TEM images of size-controllable silica particles produced using different amounts of NHsOH.
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The catalytic ability of ammonium hydroxide can explain the steady increase in particle
size and irregularly shaped spheres. Ammonium hydroxide accelerates the hydrolysis and
condensation rate of TEOS [126], [128]. At low volumes of ammonium hydroxide reaction rates
are slow, which produces small particles, whereas, at higher volumes, reaction rates are
accelerated and produce large particles [121].

As the experiment proceeds, the available TEOS supply is exhausted, and the particle
growth is limited (Figure 3.9). Figure 3.9 also shows the particle size has not maximised, although
the degree of particle growth upon addition of ammonium hydroxide >1.0 mL has deceased, such

that larger volumes of TEOS would be required to produce nanoparticles greater than 200 nm.

3.4.1.2. Effect of TEOS Volume and Seed Growth Technique on

Nanoparticle Size

Another approach that could augment nanoparticle size is by increasing the volume of
TEOS in the reaction mixture. This can be achieved by either increasing the initial volume TEOS at
the start of the reaction or by adding extra TEQOS, after the primary phase of the reaction reaches
the point where all the available monomers have been used (Seed growth).

To study the effect of increasing TEOS amount on the silica particle size, 0.5 ml and 1.5 ml|
of TEOS were used at 2.0ml, 3.0ml, 4.0ml and 5.0ml of NH4OH volume. Increasing the initial
volume of TEQOS from 0.5 ml to 1.5 ml increased the particle size from 200 + 18 nm to 380 + 12
nm (Figure 3.10). These results were in agreement with previous studies that have shown an
increase in particle size upon increasing the initial amount of TEOS [128]. All batches have a low

polydispersity index (<0.1), which indicates a relatively narrow size distribution for all samples.

53



The standard error deviation values in the mean value of particle size (error bars) indicate the

reliability and reproducibility of the fabrication method.
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Figure 3.10: The effect of increasing TEOS amount on silica mean particle size measured by DLS; n=3.

The seed growth technique was first described by Bogush and co-workers [123]. Extra
TEOS and water were added after 24 hours of the primary seed suspension preparation prepared
in the previous section (Section 3.4.1.1). The seed growth technique resulted in increasing the
particle size to around 500 nm when 4.0ml of NH4OH was used. (Figure 3.11-C). The images also
show some particle clusters (Orange arrows in Figure 3.11-B&C) that indicate the possibility of
aggregation when using larger amounts of ammonium hydroxide and TEOS and explain the high
value of PDI in the DLS data (not shown). Further increase in the NH4OH volume (volume = 5.0ml)
resulted in the growth of a second population of silica particles in both the primary seed and the
seed growth suspension (Figure 3.11-D). Similar findings have been reported in previous works

[123].
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Figure 3.11: Particle size distribution (Left column) and TEM images (Right column) of silica particles prepared by seed growth technique: (A)
NH4OH volume = 2.0 ml (B) NH4OH volume = 3.0 ml (C) NH4OH volume = 4.0 ml (D) NH4OH volume = 5.0 ml. Particle size distribution and median
particle diameter obtained from TEM images using Imagel. White Scale Bar= 1000 nm/ Red Scale Bar= 2000 nm

The previous findings can be explained by understanding how nanoparticles are normally
formed and the role of fabrication process parameters in controlling the rate of nucleation
(Hydrolysis) and the rate of growth (Condensation). Von Weimarn and Ostwald ripening theories
are widely used to elucidate how colloidally stable particles are formed [176], [177]. As stated by
Von Weimarn, a supersaturated solution of the monomers/molecules is required to induce
nucleation and form primary unstable small nuclei to reach equilibrium [177]. Ostwald ripening
theory explained how these nuclei combined to form more thermodynamically stable secondary

larger nuclei in order to minimise the surface to area ratio [176]. As a result, the synthesis of size-
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tuned silica particles can be controlled by the supersaturation level of silica source (i.e.TEOS) and
the nucleation rate, controlled by the amount of NH4OH [121]. These two parameters will affect
the final particle size and the batch monodispersity.

During the synthesis of silica particles, changing the ammonium hydroxide volume with a
limited amount of TEOS (Volume=0.5 ml or 1.5 ml), the supersaturation rate generated from the
hydrolysis of the TEOS was thoroughly exhausted in the growth of primary particles.
Consequently, the primary particles grow proportionately as a function of NH2OH amount
resulting in monodisperse particles. However, further addition of TEQOS in the seed growth
technique at high NH4OH concentration led to an increase in the solution monomers
supersaturation beyond the critical level. Therefore, the rate of hydrolysis was higher than the
rate of consumption for particle growth, resulting in the generation of secondary particles to
reach equilibrium and the formation of polydisperse batches.

In summary, silica particles of relatively acceptable size distribution for our application can

be reproducibly manufactured over a size range of 20-650 nm diameter.

3.4.2. Synthesis and Characterisation of Fluorescent Silica Nanoparticles

Silica fluorescent nanoparticles were produced to be later incorporated into the
electrospun fibre and characterised using super-resolution fluorescence microscopy.

Fluorescent particles were synthesised by incorporating APTES-fluorophore conjugates
into a nanoparticle matrix via covalent bonds. This preparation method offers the possibility of
incorporating different types of fluorophores into silica particles for different applications.
Commercially available fluorophores, such as Oregon Green® (0OG), 5(6)carboxyfluorescein (FAM),

5(6) carboxytetramethylrhodamine (TAMRA) and Alexa 647 have been selected to be
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incorporated in silica matrix due to their wide analytical and biological applications [178]-[180].
In addition, Alexa 647 fluorophore has photoswitchable or photoactivatable properties that can
be highly advantageous for super-resolution imaging methods such as stochastic optical
reconstruction microscopy (STORM) [160], [163]. As a result, Alexa647-silica nanoparticles with a
diameter below 100 nm (Below the optical diffraction limit) can be individually localised by
switching between a fluorescent and a dark state at different time points using STORM method.

In order to obtain particle size below the optical diffraction limit (<100nm), 0.75mI| NH4OH
and 0.5 ml TEQOS were used to obtain < 100 nm silica nanoparticles based on previous section
findings (Section 3.4.1.1). The hydrodynamic diameter of OG, FAM, TAMRA and Alexa 647 silica
nanoparticles were 76.5 £ 2.5 nm, 81.3 £+ 5.8 nm, 85.2 £ 6.0 nm and 78.7 £ 1.1 nm, respectively

(Figure 3.12-A).
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Figure 3.12: (A) The mean particle diameter (error bar= SED) of different fluorophore silica nanoparticles measured by DLS; n=3
(B): A picture of particle suspension vials with different fluorophore dye.
(C): Representative TEM image of Alexa 647 silica nanoparticles (Scale bar=1000nm).

TEM images show monodispersity and well-spherical shape morphology (Figure 3.12-C).

The polydispersity index (PDI) of all batches were <0.1. The standard error value (error bars)
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measured from at least three individual batches of silica nanoparticles demonstrated the

reliability and reproducibility of the production method.

3.4.3. Fabrication of Particle-Fibre Hybrid using Colloidal Electrospinning

Technique

Four different plain silica particle diameters (< 100 nm, 200 nm, 400 nm and 650 nm), as
well as fluorescence silica particles (diameter < 100 nm), were taken forward to be incorporated

into the electrospun nanofibres to obtain the particle-fibre hybrids amenable to analysis.

3.4.3.1. Optimising PVC Electrospun Fibres

Initially, the optimisation of the electrospinning process was performed by tuning multiple
parameters. The electrospinning process optimisation is necessary to obtain smooth and beads
free fibres to ensure that the change in fibres morphology is due to particles addition only.

Electrospinning parameters, such as polymer concentration, electrospinning solvent,
working distance, voltage and flow rate were optimised to obtain smooth, uniform and nanosized
fibres in the scaffolds. The starting parameters for PVC were obtained from the literature where
PVC has been electrospun previously [181]-[183]. Then multiple trials were conducted to

optimise the process and obtain the desired fibre size and morphology.
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Unoptimised Electrospinning Parameters Optimised Electrospinning Parameters
Polymer Concentration 4% wiv Polymer Concentration 10% wiv
Solvent THF Solvent THF
Voltage 15 kV Voltage 15 kV
Tip to collector distance 10 cm Tip to collector distance 15cm
Flow rate 0.5 ml/hr Flow rate 1.0 ml/hr
Needle Type Blunt needle 18G Needle Type Blunt needle 18G

Figure 3.13: Effect of electrospinning parameters on PVC fibre morphology and diameter. Representative SEM image of PVC fibres electrospun
under (A) unoptimised and (B) optimised electrospinning conditions. Scale bar = 10 um

The initial investigation into the electrospinning parameters focussed on the PVC
concentration, the distance between the tip and the collector and the flow rate. When attempting
to spin PVC fibres at low polymer concentration (4% w/v), 10 cm distance and 0.5 ml/hr flow rate,
highly beaded fibres with wide fibre size distribution were produced (Figure 3.13-A). Increasing
the polymer concentration to 10% w/v caused a visible morphological improvement of the
resultant fibres. Figure 3.13-B shows smooth and beads-free fibres across the scaffold. Doubling
the flow rate to 1.0 ml/hr was necessary to prevent the solution from drying and blocking the
syringe needle when electrospinning 10% w/v PVC solution.

The optimised electrospinning parameters selected to manufacture uniform, beads-free
PVC fibres are listed in Figure 3.13-D. The fibre diameter was 271 + 12.4 nm (median * SED) with

a relatively narrow range of 124 nm to 400 nm as shown in Figure 3.14.
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Figure 3.14: The fibre size distribution of PVC scaffolds obtained from SEM images using Image). (100 measurements)

The beads-free fibre morphology and the narrow mean fibre diameter obtained using the
optimised electrospinning conditions is suitable for investigating any change in fibre morphology
induced by adding different sizes and concentration of silica nanoparticle prepared in section
3.4.1.

3.4.3.2. Incorporation of Silica Nanoparticles into Electrospun PVC

Fibres

Four different silica particle diameters (< 100 nm (+fluorescence dye), ~ 200 nm, ~ 400 nm
and ~700 nm) were incorporated into the electrospun nanofibres to obtain the particle-fibre
hybrids required. The selection of the particle diameter was based on having silica particle sizes
of smaller (<100 nm), comparable (200 nm) and larger (400 nm and 700 nm) than the mean fibre
diameters. In addition, the effect of the particle concentration on hybrid morphology was
investigated where silica particles were loaded at low (1% w/v) and high (5% w/v) concentration.
The hybrid structures morphologies were imaged using both SEM and TEM.

Figure 3.15 demonstrated the encapsulation of silica nanoparticles < 100 nm in
electrospun PVC fibres. There was no sign of beading or any change in fibre morphology due to

the nanoparticle addition found under SEM analysis as seen in Figure 3.15-B. However, TEM
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analysis was able to resolve and locate nanoparticles incorporated into electrospun fibres (Figure
3.15-A). The absence of beading or any change in the fibre morphology due to the relatively small
particle size compared to the fibre size reduced the ability of the SEM to characterise the samples
(Figure 3.15-B). Inversely, the transmission capability of the TEM combined with the significant
difference in electron density between particles and fibres lead to successfully resolve the
encapsulated particles inside the fibres. As shown in Figure 3.15-C&D, small particles tended to
aggregate into clusters of particles, especially at a high concentration of silica nanoparticles. This
close packing of particles was reduced by decreasing the silica particles concentration to 1% w/v,
where separated particles can be seen across the samples. Particle aggregation can be explained
by the relatively large surface energy of the small particle and the relatively larger diameter of
fibres that lead to packing the particles together. These results agree with similar work reported

previously by Jin et al. [156].
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Figure 3.15: The influence of < 100 nm silica particle concentration on the morphology of silica-PVC hybrids: Top: (A) TEM (B) SEM images of
particle-fibre hybrids at silica particle concentration = 1% w/v- Bottom: (C) TEM (D) SEM images of particle-fibre hybrids at silica particle
concentration= 5% w/v
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Increasing the particle diameter, to become comparable to or larger than the diameter of
the fibres, led to an altered morphology of fibres. In the SEM images, it was noticed that an area
of bulging or swelling of the fibres was formed near the particle’s locations, which was not the
case in smaller particles (<100 nm).

The 200 nm silica particles at high concentration tended to aggregate to form blackberry-
like structures, which can be observed by SEM and TEM (Figure 3.16-C&D). However, after
decreasing silica particles concentrations, necklace-like structures were formed with a distinctive

separation distance between individual particles (Figure 3.16-A&B).
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Figure 3.16: The influence of ~200 nm silica particle concentration on the morphology of silica-PVC hybrids: Top: (A) TEM (B) SEM images of
particle-fibre hybrids at silica particle concentration = 1% w/v- Bottom: (C) TEM (D) SEM images of particle-fibre hybrids at silica particle
concentration = 5% w/v- The insets are magnified SEM images

Similarly, for ~ 400 nm and ~700 nm particles (Figure 3.17), the morphology of fibres and
the separation distance between particles were affected by the concentration of silica particles.
At low silica concentration, the distance between particles was relatively large (2.0-5.0 um) and

the structure resembled beading (i.e. necklace shape) as shown in Figure 3.17-A & E.
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Increasing the silica particles concentration led to a shrinkage in the distance between
particles (Figure 3.17-C & G). Few blackberry-like structures were formed using ~700 nm particles
at high concentration, which could be due to the aggregation formed during the particle

preparation via seed growth technique in section 3.4.1.2.
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Figure 3.17: The influence of silica nanoparticle size and concentration on the morphology of silica-PVC hybrids: At silica particle concentration =
1% w/v: TEM and SEM images of particle-fibre hybrids prepared using ~ 400 nm (A&B) and ~700 nm (E&F) silica nanoparticles. At silica particle
concentration = 5% w/v: TEM and SEM images of particle-fibre hybrids prepared using ~ 400 nm (C&D) and ~700 nm (G&H). The insets are
magnified TEM images.
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3.4.4. Advanced Characterisation of Particle-Fibre Hybrids

Characterisation of the hybrid systems is essential to understand and analyse various
facets of particle-fibre hybrids such as the chemical interaction between the hybrid components
and the effect of process parameters on the morphology and properties. In addition, analysis of
a wide spectrum of properties is essential to ascertain the application potential of the hybrid
systems.

In section 3.4.3.2, the effect of process parameters on the morphology was investigated
using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). In this
section, further characterisation of the different particle-fibre hybrids structures fabricated in
section 3.4.3.2 will be described. A wide range of advanced analytical techniques was applied to
obtain elemental (EDX analysis), vibrational (Raman spectroscopy) and surface (ToF-SIMS)
information of the hybrid systems. In addition, super-resolution fluorescence microscopy
characterisation of the Alexa 647 silica-fibre hybrids was performed to explore the potential of
this hybrid structure to be used as a calibration standard and a test sample to evaluate the

performance of super-resolution microscopes.

3.4.4.1. Transmission Electron Microscopy/Energy Dispersive X-ray

Spectroscopy

Hybrid elemental composition and distribution were investigated using EDX combined
with TEM. Scanning TEM (STEM) and EDX elemental mappings confirmed the composition of
different particle-fibre hybrid structures with carbon, chlorine, oxygen and silicon as the principal

elemental components (Figure 3.20). The silicon (Si) and oxygen (O) maps characterise the silica
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particle surface, revealing that the entire particle’s surface consists of Si and O. The carbon (C)

and chlorine (Cl) maps support the composition of the PVC fibre.
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Figure 3.18: STEM-EDX elemental mapping of particle-fibre hybrid. (A) High-angle annular dark-field imaging (HAADF) STEM image; (B) Silicon map
(Blue); (C) Oxygen map (Red), (D) Carbon map (Green); (E) Chlorine map (Purple)

The combination of TEM and EDX as complementary characterisation techniques has been
proven to be a powerful strategy for comprehensive morphological and elemental
characterisations of particle-fibre hybrid systems. The data facilitate the transition into

investigating multi-elemental hybrid systems with complex geometric structures.
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3.4.4.2. Raman Spectroscopy

Raman scattering is molecular spectroscopy widely used to obtain information on hybrid
systems from their vibrational properties. Figure 3.19 depicts the Raman spectra of the pure bulk
silica particles, plain PVC fibres and particle-fibre hybrids. Silica particles exhibit a strong and
distinct peak at 490 cm™ corresponding to the breathing mode of 4-membered rings and a peak
at 980 cm™, which represents the vibration of the (OH)-group with respect to silicone (Si) [184].
Polyvinyl chloride exhibits two main peaks between 600 to 750 cm™, which correlates to the C-Cl
stretching vibration [185]. It is important to note that the electrospun PVC fibres are Raman
inactive in 490 cm™ region, which can be used to discriminate the presence of silica particles
inside the PVC fibres.

A single point Raman spectrum was recorded on the blackberry-like structure and the
single particle (necklace-like structure) to obtain spectra for both particle-fibre hybrids
morphologies and compare them with the reference spectra. The single particle spectrum
showed no distinctive peak compared to the baseline at the same wavelength. It is likely that the
very low concentration of the silica particles in the necklace hybrid structures reduced the
intensity of the Raman signal, which led to a weak signal to noise spectra. In addition, the spatial
resolution limit is dictated by the diffraction limit, which is estimated to be around 1.0 um when
a visible laser is employed. Therefore, the Raman spectrum of the necklace-like hybrid structure
did not show any significant peak correlation to the single silica particles, which are smaller than
the spatial resolution limit of Raman spectroscopy.

On the other hand, a small peak was observed at 490 cm™ in the blackberry-like structure
hybrids along multiple peaks corresponds to the PVC fibres. The 490 cm™ peak indicated the

existence of silica particles inside the electrospun fibres. It is likely that the closely packed silica
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nanoparticles in the blackberry-like structure increased the density of the particles in the area of

analysis by several order of magnitude providing enough concentration for Raman detection.
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Figure 3.19: Raman spectra of pure silica particles, plain PVC fibres and silica-PVC hybrids over the range of 100 cm™ to 3400 cm™.

3.4.4.3. Time of Flight Secondary lon Mass Spectroscopy

ToF-SIMS analysis was conducted to elucidate surface chemistry and spatial distribution
of the various components within the particle-fibre hybrid at the micron-scale. The silica-PVC
colloidal suspension was electrospun directly onto a TEM gold grid. The resulting particle-fibre
hybrids were imaged optically using a profilometer and analysed using ToF-SIMS.

Chemical maps were retrospectively reconstructed from the ToF-SIMS data by employing
an understanding of the specific chemistry of the particle and the fibre materials. In addition,
reference materials of the PVC only fibres and silica nanoparticles were analysed using ToF-SIMS

to confirm the characteristic fragment ions. The silica particles exclusively contained silicone
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while PVC contained chlorine thereby allowing the SiO2 and Cl- secondary ions to be used as
characteristic markers for particle and fibre, respectively.

The first sample was analysed over an area of 150 x 150 um. The optical image for particle-
fibre hybrids (Figure 3.20-A) shows several beaded fibres suggesting the presence of encapsulated
silica particles in the scanned area. The Cl" secondary ions, indicative of the PVC fibres, were
distributed across the hybrid, suggesting a complete and continuous coverage of the fibre
polymer (PVC) over the particle-fibre surface (Figure 3.20-C). However, the intensity of the Cl-ions
was varied across the fibres, which is due to the fact that the analysed sample is not flat [186].
This topography-induced intensity differences between the individual spectra can be reduced by
data normalisation [187]. No secondary ions diagnostic of the silica particles was detected in the
fibre area, although the presence of silica particles was confirmed using the optical profilometer.

SiOy ions were uniformly distributed across the gold frame of the TEM grid, which could
be related to poly-dimethyl-siloxane (PDMS) contamination (Figure 3.20-D). The source of the
PDMS can be traced to various materials such as the latex gloves that used to handle the sample
or the adhesives that used to hold the TEM gird during electrospinning [54]. The significant PDMS
transfer onto the TEM grid gold surfaces is due to the high affinity of lower free-energy molecules
such as PDMS to cover the gold high free-energy surface [188]. Similar results were found when
the second sample was scanned in a smaller area (50 x 50 um) as shown in Figure 3.21.

These findings can be explained by the ability of ToF-SIMS to provide a qualitative
assessment of the chemical composition of the uppermost 1 - 2 nm of the outer surface [189].
Therefore, it is likely that the thickness of the PVC fibre cover layer was larger than 2 nm, which

prevented the dissemination of secondary ions from the underlying silica particles.
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Figure 3.20: (A) Optical image of the particle-fibre hybrids deposited on TEM finder grids. (B-D) ToF-SIMS intensity maps for the surface of particle-
fibre hybrids, PVC only fibres and silica nanoparticles. Row (B) shows the results of the total intensity signal. Rows (C) and (D) show negative
polarity images of Cl- and SiOz, respectively. Row (E) shows the negative polarity image of Au- characterising the frame of the TEM gold grid.

Scanned area= 150 x150 pum.
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Figure 3.21: (A) Optical image of the particle-fibre hybrids deposited on TEM finder grids. (B-D) ToF-SIMS intensity maps for the surface of particle-
fibre hybrids, PVC only fibres and silica nanoparticles. Row (B) shows the results of the total intensity signal. Rows (C) and (D) show negative
polarity images of Cl- and SiOz, respectively. Row (E) shows the negative polarity image of Au- characterising the frame of the TEM gold grid.

Scanned area= 50 x 50 um.
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3.4.4.4. Super-Resolution Fluorescence Microscopy

Validating and testing a super-resolution microscopy method requires defined samples
that can be used as standards. Fluorescent silica particles (containing Alexa 647 fluorophore)
encapsulated into the electrospun fibre can exhibit a defined separation. Therefore, particle-fibre
hybrids can provide a versatile calibration standard for super-resolution fluorescence microscopy
based on subsequent localisation techniques, such as stochastic optical reconstruction
microscopy (STORM). As a proof of concept, photoswitchable Alexa 647 silica nanoparticles with
a diameter below 100 nm were encapsulated into PVC fibres, which is well below the optical
diffraction limit.

Figure 3.22-B and E shows a wide field image of the particle-fibre hybrid mounted with
PVA/glycerol medium. The glycerol-based medium has a high optical index, which makes it
convenient for high numerical aperture (NA) imaging. It is also a non-hardening medium that can
maintain samples for up to several weeks at low temperature [190]. The image appears as blurred
intensity spots for multiple Alexa 647 silica particles (Diameter <100 nm) with no discernible
morphological details. It is likely that the distance between the individual particle was smaller
than the diffraction limit. Therefore, the position of the single nanoparticles cannot be
determined because of their overlapping point spread function (PSF- Section 3.1.4).

The STORM technique was used to experimentally detect the size of the fluorescent silica
nanoparticles incorporated into the electrospun fibre. The ON/OFF blinking indicating the
fluorescent transient of Alexa 647-functionalised silica nanoparticles was induced by
simultaneous excitation at 405 and 642 nm. The subsequent localisation of all Alexa 647
molecules in silica nanoparticles enables reconstruction of super-resolution image as depicted in

Figure 3.22-C and F. Single Alexa 647 silica nanoparticle positions are clearly resolved. The
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circumference of a single nanoparticle (Figure 3.22-G) was determined from the STORM image,
which yielded a particle diameter of 87.5 £ 20 nm (Mean + SED). The mean nanoparticle diameter
is in good agreement with the Alexa 647 silica nanoparticle mean diameter of 76.5 + 2.5 nm
measured using DLS before incorporating into the electrospun fibre (Section 3.4.2).

Another mounting medium, such as water, was also compared (Figure 3.23), as it may be
important to use the particle-fibre hybrids under different conditions. Mounting particle-fibre
hybrids with water resulted in very similar results to the PVC/glycerol mounted medium. The silica
nanoparticle size obtained from the super-resolution image was around 100 + 13 nm (Mean %

SED) as shown in Figure 3.23-G.
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* Scale bar = 2.0 um
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* Scale bar = 500 nm

D.01 pm x pm

Figure 3.22: (A&D) Bright field image, (B&E) wide field image and (C&F) super-resolution image of the same region of particle-fibre hybrid systems
mounted with PVC/glycerol medium. (G) The measured circumferences of a single nanoparticle
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Figure 3.23: (A&D) Bright field image, (B&E) wide field image and (C&F) super-resolution image of the same region of particle-fibre hybrid systems
mounted with water. (G) The measured circumferences of a single nanoparticle
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3.4.5. Summary of the Results and Discussion

In this chapter, fabrication and characterisation of silica nanoparticles (SNPs) and polyvinyl
chloride (PVC) nanofibre hybrids using colloidal electrospinning process were performed for
designing calibration standards for super-resolution fluorescence microscopy.

Initially, size tuneable silica nanoparticles were prepared over a range of 20-650 nm by
varying the amount of the NH4OH, TEOS and by using the seed growth techniques. Figure 3.24
summarised the range of silica particle size prepared in section 3.4.1. In addition, below 100 nm

fluorescent silica particles covalently linked to different fluorophore molecules were prepared.
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Figure 3.24: Size distribution histogram of the resulting silica particles batches (Size range 20-650 nm)

Subsequently, the effect of the silica particle size and concentration on the particle-fibre
hybrid morphologies were investigated. Based on section 3.4.3.2 results, the formation
mechanism of different morphologies of the particle-fibre hybrids prepared via colloidal
electrospinning can be summarised in Figure 3.25. At low particle concentration, silica particles
were evenly distributed in the polymer solution and confined into electrospun fibres. Similar
structures were found for different silica particle sizes when used at low concentrations. At high
particle concentration, silica particles tend to form aggregates (i.e. blackberry-like structures) of
particles during the electrospinning process. Poor particle dispersity in the polymer solution is a
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possible explanation for these aggregates. Another explanation involves the formation of a thin
polymer shell on the surface of the silica particles. This shell acts as a binder to generate an
adhesive force between silica particles, causing them to aggregate in the electrospun fibres [191].

The results confirm that the nanoparticle size, concentration and particle dispersibility in
the polymer solution are essential parameters that can significantly influence the morphology of

the particle-fibre hybrids.

Particle/ Fibre Size Ratio : Particle-Fibre Hybrids Morphologies
ST T :_ _____ Low Particle Concentration
Particle size < Fibre Diameter : : S :‘ L) :
| High Particle Concentration
__________________ R - S

Low Particle Concentration/ Good Dispersion

= & & @

Particle size ~ Fibre Diameter High Particle Concentration/ Poor Dispersion

Particle size > Fibre Diameter

Figure 3.25: Morphologies obtained under different particle sizes and concentrations via colloidal electrospinning of particles and polymer
solutions.

The application of advanced analytical strategies demonstrated both an effective and
systemic analysis of the structure and composition of the particle-fibre hybrid systems. TEM
shows high functionality in observing silica nanoparticles in electrospun fibres at the nano level.
Both results coming from TEM-EDX and Raman spectroscopy are demonstrating the ability of
both techniques to confirm the presence of particles inside electrospun fibres elementally and

chemically.
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EDX is a sensitive, fast and practical qualitative technique for the characterisation of the
main elements of particle-fibre hybrids. Raman spectroscopy was able to detect silica
nanoparticles in the blackberry hybrid structures. However, due to the limited spatial resolution,
precise characterisation of individual silica nanoparticles in the necklace hybrid structure was not
possible using the conventional Raman spectroscopy.

ToF-SIMS was used to probe the surface of the particle-fibre hybrids. Time-of-flight
secondary ion mass spectrometry analysis of the hybrids revealed a thick continuous film of
polyvinyl chloride (PVC) fibre polymer at the surface of the hybrids. Figure 3.26 summarises the
detection capability of the advanced analytical techniques used to investigate the particle-fibre
hybrid systems.

Finally, calibration standard design for super-resolution fluorescence microscopy based
on incorporating fluorescent silica nanoparticles into electrospun fibres was evaluated. The
findings reported in section 3.4.4.4 indicate that particle-fibre hybrid structure represents an
excellent, easy and robust tool to precisely assess the performance of advanced imaging

techniques such as STORM as well as used as a calibration standard for fluorescence microscopy.
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Figure 3.26: Summary (A) diagram and (B) table of the detection capabilities of the advanced analytical techniques used to investigate the particle-

fibre hybrid systems.

* Spatial resolution data were obtained from the following references [192]-[195].
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3.5.Conclusion

Size-tunable silica particles were prepared, with diameters ranging from 20 to 650 nm.
This was achieved by optimising the amount of each reactant and catalyst required for particle
synthesis. In addition, fluorescent SNPs covalently linked to fluorescent dye molecules were
produced to be used for potential super-resolution fluorescence microscopy application.

Electrospinning process optimisation was carried out to fabricate smooth, beads-free
fibres with relatively narrow fibre diameter (271 £ 12.4 nm). Fabrication of particle-fibre hybrids
can be successfully achieved by utilising co-electrospinning. The particle size and concentration
influenced the morphology of the hybrids forming necklace-like and blackberry-like structures.
TEM was found to be a particularly efficient method to investigate the particle-fibre hybrid’s
morphology and image the encapsulated particles in electrospun fibres. To further characterise
the particle-fibre hybrids, EDX analysis, Raman spectroscopy and ToF-SIMS were also utilised to
provide valuable information on such complicated systems. EDX was able to define the main
elements of particle-fibre hybrids, while Raman spectroscopy provided the chemical composition
of the blackberry hybrid structures. ToF-SIMS analysis of the hybrids indicated the complete
coverage of the polyvinyl chloride (PVC) fibre polymer of the surface of the hybrids.

These new hybrid systems have potential applications in various fields. The feasibility of
using fluorescent particle-fibre hybrids as a new tool for validating and testing super-resolution
fluorescence microscopy was examined. The results suggested that fluorescent particle-fibre
hybrids have the potential to be used as a convenient and effective calibration tool by
incorporating fluorescent nanoparticles into a confined geometry. The versatility and flexibility in
the design of particle-fibre hybrids microscopy standards make them suitable for the broad

variety of emerging super-resolution microscopy methods.
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Chapter4: Investigation of Salt Disproportionation using

In-Situ Optical Imaging

In this Chapter, the use of in-situ optical imaging microscopy equipped with a controlled
humidity chamber was investigated for exploring the stability of the pharmaceutical salt stored
at high relative humidity when formulated with a range of commonly used excipients. The
inspiration for this chapter arises from the fact that the drug salt can convert back to the free
form during solid dosage form storage. In this Chapter, a series of binary mixtures were prepared
from Pioglitazone HCl (Weak base model drug), and lbuprofen sodium (Weak acid model drug)
mixed with a range of acidic and basic excipients. These mixtures were examined at high relative
humidity. In-situ optical microscopy was used to monitor changes in the salt crystal morphology

as an indication of the salt disproportionation.

4.1.Introduction

4.1.1. Pharmaceutical Salts

Oral solid dosage forms, such as tablets and capsules, are one of the most commonly used
and popular methods to administer drugs. They are simple to manufacture and design; cost-
effective and have high patient compliance [196]. However, a large fraction of pharmaceutical
drug candidates are poorly soluble in aqueous media and thus have low bioavailability [197]-
[201]. According to an FDA recent analysis, there has been a continuous rise in lipophilicity and a
decrease in aqueous solubility of approved drugs in the past 30 years [202]. As a result, the

bioavailability of these compounds is expected to be limited by the drug solubility.
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Strategies aimed at enhancing the bioavailability of such drug substances have thus been
extensively used and explored [203]-[209]. Examples of these strategies include, but are not
limited to, prodrugs [210], [211], salts [212]—[214], particle size reduction [214], co-crystal [215],
[216] and amorphous solid dispersions [217]. One of the simplest means to improve the
dissolution properties is to formulate the active pharmaceutical ingredient (API) as salt [201],
[214], [218]. It is estimated that at least 50-70% of the APls are manufactured and formulated as
salts [201], [219], [220]. Generally, ionisable drug substances can form salts by pairing with an
appropriate counterion. Salts exhibits higher solubility than the corresponding free, unionised
form. The solubility of salts significantly depends on the selection of counter-ion, or salt former.
For acidic drugs, sodium (Na*) is the most common counter-ion, while hydrochloride (CI") is the
most popular counter-ions for basic drugs [218].

For a drug molecule to exist as a stable salt and be able to form ionised species under
specific environmental conditions, it must be either a weak acid or weak base [221]. As most APIs
contain either an acidic or basic functional group (sometimes both) within their chemical
structure, this should, in theory, allow salt to be formed with counterions. According to Brgnsted—
Lowry theory, acids are compounds that can donate protons and bases are compounds that can
accept protons [222]. The equilibrium for the dissociation of a weak acid drug (HA) may be

expressed by:

Kaq
HA+ H,0 & A~ + H;07
Ky
Where HA is the free acid, (A") is the deprotonated acid, and the acid dissociation constant

Ka can be given by:

[A7][H30"] (4.1)

Ka = "THa
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Analogously, for a weak base drug (BH*), the proton transfer can be expressed by the
following equilibrium:
Ky

BH* + H,0 2 B+ Hy0%
K,

where BH" is the protonated base, (B) is the free base, and the acid dissociation constant

Ka can be given by:

_ 1BI[H;07] (4.2)
“ [BH]

The acid dissociation constant for both the weak acid and the weak base drug can also be
expressed by pKa:

PK, = —logK, (4.3)

For an acidic drug, strong acids indicate a higher concentration of the ionised species [AT],
which means a larger numerical value of K, (Equation 4.1). Because of the way the log function
works, a larger Ka means smaller pKa. Whereas for the basic drug, the high concentration of the
ionised species [BH*] will result in a small numerical value of K, (Equation 4.2) and larger pKa. The

relation of the pK,value and the strength of the acid and base is summarised in Table 4.1 [218].

Table 4.1: Classification of acids and bases according to their pKa.

Very Strong <0 14
Strong 0-4.5 9.5-14
Weak 4.5-9.5 4.5-9.5

Very Weak 9.5-14 0-4.5

Extremely Weak 14 <0

4.1.2. pH-Solubility Profile and pHmax

The solubility of an acidic or basic drug in an aqueous environment as a function of pH

provides some critical information such as the propensity of drugs to form salts and the best
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counter-ions to choose [214], [223]. In addition, it dictates how easily the salts may convert back
into their free forms and their dissolution performance under different gastrointestinal (Gl) pH
conditions [223].

In general, the total solubility (S7) of salts can be derived by the sum of the intrinsic
solubility of the free form (Unionised species) and the concentration of the salt (lonised species)
[224].

St = [Ionised] + [Unionised] (4.4)

Bearing this in mind, the total solubility of salts varies significantly over the range of
physiological pH due to the different degrees of ionisation at different pH. When the salt of an
acidic drug is dissolved in water, the equilibrium constant (K,) can be given by Equation 4.1. The
pH solubility profile may be expressed by two regions as shown in Figure 4.1: one where the free
acid is at saturation or equilibrium and the other where the solution is saturated with respect to
the ionised salt species. The pH point at which the two regions intersect is termed pHmax, the pH
of maximum solubility. At the pHmax, an equilibrium is formed between the ionised and neutral
species in solution. Solids of both salt and the free form are considered to co-exist [220], [225],
[226].

The total solubility of the salt of acidic drug (Sracia) at pH higher than pHmax, where the salt
(ionised) is the dominating species is expressed as follows:

STacid(pH > pHmax) = [A_]s + [HA]

rA— [A7]s[H307]
= (a7, + U0
4.5
[H30%] 3l

= [47] (1 + 22

Kq

Stacia(PH > pHpay) = [A7]s(1 + 10PKa—PH)
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Where the subscript “s” represents the saturation species. On the other hand, when the
free acid is the saturation species (i.e. the pH is less than the pHmax), the total solubility is:

STacid(pH < pHmax) = [HA]S + [A_]

[HA]sKq

= [HA]S + [H30+]

(4.6)

= [HAL (1 +—22)

[H307]
Stacia(PH < PHumax) = [HA]5(1 + 10PH~PKa)

Figure 4.1 demonstrates the pH-solubility profile of an acidic drug. When the pH is lower
than the pHmax, the solid phase contains only the free acid form, whereas the solid phase consists
only of the salt when the pH is higher than the pHmax. Increasing the pH of the saturated solution
with the free acid solid phase from below the pHmax up to above the pHmax facilitate the conversion
of the free acid to the salt. The opposite is true for the transformation of the salt to the free acid;
the free acid will precipitate out when the pH is lowered below the pHmax. As a result, maintaining

the pH higher than the pHmax helps the salt formation of the acidic drugs.

-
A 4

(PH < pHpqy) (PH > pHpay)

1 Stacta = [A7]s + [HA]
= [A7]s (1 + 10PKa~PH)

Stacta = [HA]s +[A7]
= [HA]; (1 + 10PH-PKa)

Solubility

Solid Phase: Free Acid | Solid Phase: Salt

v

pH

Figure 4.1: Schematic representation of the pH-solubility profile of an acidic drug presenting the pHmax point and indicating that the solubility may
be expressed by two independent regions[29].
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Figure 4.2 illustrates the pH-solubility profile of a free base and its salt form. The free base
would be the equilibrium species at a pH above pHmax, and it would transform into salt only if it is
equilibrated with a solution at a pH below pHmax by adding an adequate quantity of acid. On the
other hand, to convert the solid phase from the salt to base, the addition of base is needed to
increase the pH more than the pHmax. Therefore, in order to preserve the salt forms of basic drugs,
pH must be kept lower than the pHmax. The total solubility at pH greater or less than pHmax are as

follows:

(4.7)

STbase (pH > pHmax) = [B]s(l + 10pKa—pH)

SThase (pH < pHmax) = [BH+]S + [B]

[BH*]s [H30]

= [BH"]; + K.

(4.8)

= [BH*; (1 + e

Stacia @H < PHpmayx) = [BH];(1 + 10PH-PKa)
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Figure 4.2: Schematic representation of the pH-solubility profile of a basic drug presenting the pHmax point and indicating that the solubility may
be expressed by two independent regions[29].

The pHmax is a critical concept in the physical chemistry of salts [214]. It is apparent from
Figure 4.1 and Figure 4.2 that pHmax plays a crucial role in determining whether the salt will remain
stable or would convert back to the corresponding free form. As mentioned previously, salt and
free forms coexist at pHmax. Therefore, the total solubility at pHmax calculated from Equation 4.5
and 4.6 for acid drug and Equation 4.7 and 4.8 for the basic drug is the same. Bogardus and
Blackwood [227] suggested that, for the basic drug, the pHmax can be derived from a combination

of Equation 4.7 and 4.8 to give the following relationship as shown in Equation 4.9:

[B]s
N

PHpmax = pKq + lOg (4.9)

The equivalent relationship for an acid is:

v Ksp (4.10)

[AH]s

PHpmax = PK, + log

Where Ksp represents the solubility product of the salt form and /K, is therefore the salt
solubility. According to the pHmax equations, there are three parameters that influence the pHmax

value: The dissociation constant (pKa), the solubility of the free form (denoted as So for acid and
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base drugs) and the solubility of the salt form (\/K_Sp ). Figure 4.3 demonstrates the relationship
between the three factors and the pHmax [228]. pHmax Will increase by one unit if the pKa increases
one unit. An increase in the intrinsic solubility (So) of the free form by one order of magnitude
increases the pHmax by one unit. Furthermore, a decrease in the salt solubility product (Ksp) by one
order of magnitude also increases the pHmax by one unit. In summary, for a basic drug, lower salt
solubility with higher pKa and free base intrinsic solubility values will lead to higher pHmax values,
which in turn favour the formation of the salt and increase the pH range where the salt is the
stable form. In contrast, for an acidic drug, higher intrinsic solubility and lower pKa and salt
solubility values will yield lower pHmax and favour acidic salt formation with also a wider range of

pH where the salt will be stable.
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Figure 4.3: Effects of (A) pKa, (B) So and (C) Ksp on pHmax (Adapted from Ref [220]).

The pHmax, controlled by different factors, has a significant impact on salt solubility and

the physicochemical stability of drug salts in the solution and solid state [225], [228].
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4.1.3. Salt Disproportionation

4.1.3.1. What is Salt Disproportionation?

Salt formation does not only modify a drug substances solubility and dissolution rate but
can also influence other important physicochemical properties such as chemical stability,
hygroscopicity, melting point and crystal morphology [201], [219], [220], [226]. However, there is
a significant risk associated with salts, which is related to long-term stability [201].

Selecting the best salt form for multicomponent solid dosage form is not a trivial task, and
many aspects must be considered during formulation development. It is essential to consider the
long-term physical, and chemical stability in multicomponent dosage forms as the salt will
potentially be exposed to different excipients and different conditions such as humidity or
temperature during manufacturing and storage [220].

Salt solid-state chemical instability in solid dosage forms can be a consequence of the
interaction between the salt and one or more of the excipients used in the formulation [220].
Excipients or impurities in excipients may react directly with the salt molecule, act as a catalyst
for drug degradation chemical reaction or change the pH of the microenvironment such that the
rate of chemical reaction is enhanced [24]. One of the potential risks of using salt formation is
that salt forms of APIs have a propensity to revert to the unionised free form, which often exhibits
lower solubility and dissolution rate properties [31], [201], [229]. This process is termed salt
disproportionation.

Salt disproportionation is an acid-base reaction involving proton exchange in the presence
of water [201], [229], [230]. The conversion of the salt to the free form is undesired since it has
detrimental effects on solid-state properties and pharmaceutical product performance such as

reduced dissolution rate and bioavailability [24], [219], [220], [225], [229], [231]—-[233].
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Salt disproportionation is largely influenced by a number of factors, which involve
physiochemical properties of the drug and the environmental conditions during storage and in-
vivo performance [29], [214], [219], [220], [226], [233]. Examples of the drug physiochemical
properties that mediate salt disproportionation include the pHmax and the solubility difference
between the salt form and the free form. The pHmax concept and role have been explained in the
previous section (Section 4.1.2). Thermodynamically, the salt disproportionation reaction is
driven by the low solubility of the free-form relative to the salt solubility. The high solubility
difference between the salt and the free-form lead to a high Gibbs free energy difference. As a
result, preparing salt with high solubility compared to the free form may significantly increase the
risk of disproportionation. Guerrieri and Taylor [219] investigated the disproportionation
propensity of the mesylate and napsylate salt of two different drugs stored with excipients at high
humidity. The aqueous solubility of mesylate salts was reported to be more than three orders of
magnitude greater than the napsylate salts for both drugs. The study found that the napsylate
salts were more resistant to disproportionation compare to the mesylate salt stored at the same
conditions [219]. In another study, the HCI, HBr, heminapadisylate salts and the adipic acid co-
crystal of a corticotropin-releasing hormone receptor-1 antagonist were investigated for their
disproportionation propensity in the presence of magnesium stearate [234]. The more soluble
HCl and HBr salts exhibited disproportionation during stability assessment, while the less soluble
heminapadisylate salt and the adipic acid co-crystals were stable [234]. Hence, salt selection
should be based on the desired solubility and salt stability, rather than very high aqueous
solubility.

Environmental conditions, such as the presence of water as a dissolution medium or as a

moisture layer adsorbed on the solid surface, have a significant role in enhancing the rates of
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disproportionation reactions [235], as water (moisture) presence provides the platform for the
solution-mediated reactions [31], [32], [219]. The presence of water during dissolution is normal;
however, in the solid state, it is less obvious to have water inside solid dosage forms. A
considerable amount of evidence exists, particularly in studies investigating the surfaces of
inorganic salts, to support the existence of thin-film surface water at ambient relative humidity
[219], [226], [236]. The formation of this microscopic aqueous layer on the solid surface is
unavoidable due to the presence of residual water from manufacturing or moisture sorption from
the atmosphere during storage. This microscopic water layer can mediate the salt
disproportionation reaction [214].

The solution mediated phase transformation (SMPT) is a thermodynamic theory that can
be used to understand the salt disproportionation mechanism [237]. Thermodynamically, a
certain level of supersaturation must precede precipitation at which point the solution becomes
unstable, causing the molecules to rearrange and recrystallise. It is suggested by multiple studies
[32], [201], [214], [219] that for the salt to revert back to the free-form, the drug must dissolve in
the microscopic layer around the solid drug salt crystal. When the drug salt is in its solution phase,
nucleation and crystal growth are two critical processes that are expected to happen after
reaching the supersaturation level [237]. When the microscopic water layer is highly
supersaturated with the ionised form (Salt), there is sufficient thermodynamic driving force for
molecules to rearrange and form stable nuclei of the free form.

After nucleation has been initiated, crystal growth ensues if the equilibrium between the
solid phase and solution phase has not been reached. The precipitation of the free-form has a
significant impact on the total solution concentration and therefore influences the dosage form

performance and drug bioavailability [217], [238]-[241].
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The microenvironment pH refers to the hydrogen ion activity (i.e. pH) in the microscopic
layer of water adsorbed at the solid surface [219], [225], [242], [243]. Microenvironment pH
commonly estimated using the slurry method due to its simplicity, in which a sample of the
formulation is placed in solution, and the pH of its saturated solution is measured [220], [226]. In
the case of solid dosage forms, the microenvironmental pH may be significantly impacted by the
excipients possessing acidic/basic functionalities that are in intimate contact with the salt drug in
a multi-component formulation. As a result, the salt propensity to disproportionate can be
anticipated based on an assessment of the microenvironment pH and knowledge of the salt pHmax
as illustrated previously in Figure 4.1 and 4.2.

For a salt of a weak base (Figure 4.2), when the microenvironment pH is lower than the
salt pHmax, the equilibrium is between the solid salt, and the ionised form in solution and
therefore, salt disproportionation cannot occur. On the other hand, disproportionation can
potentially occur when the microenvironment pH suppresses the pHmax of salt. In this case,
excipients that can elevate the microenvironment pH values above the drug salt can promote
disproportionation. For the salt of a weak acid (Figure 4.1), the salt disproportionation occurs only
when the microenvironment pH is below the pH of maximum solubility (pHmax). Therefore, a
problematic excipient is viewed as being able to decrease the microenvironment pH of the
microscopic water layers below the pHmax. Stephenson et al. reviewed four oral dosage forms in,
which the disproportionation detected was generally justified by higher estimated tablet pH

microenvironment values compared to the salt’s pHmax [220].
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4.1.3.2. Salt Disproportionation during Storage: Role of Excipients

Pharmaceutical excipients are crucial and essential components of pharmaceutical
formulations. Excipients have a wide range of functionalities that used to improve pharmaceutical
dosage form properties and performance, such as making up the bulk of the total dosage like
fillers and improve dissolution rate like disintegrant [244], [245]. However, excipient selection is
critical, as some excipients may impact the stability and interact with active pharmaceutical
ingredients in multicomponent formulations [246], [247].

The ability of some acidic or basic excipients to change the microenvironment pH that
influenced salt disproportionation in solid dosage forms is well documented [31], [32], [225],
[232], [243], [248]. For example, mixtures of delavirdine mesylate salt with different excipients
were prepared to determine which excipient participated in the salt conversion to the free form
in tablets stored at 60-75% relative humidity [31]. The study concluded that the presence of the
croscarmellose sodium disintegrant in the tablet matrix is essential for the salt disproportionation
[31]. Zannou et al. [32] reported disproportionation of maleate salt in multicomponent tablets
prepared for late-stage clinical trials. The microenvironment pH of the tablets measured by the
slurry method was found to be (4.3) which is higher than the pHmax of the salt (3.3-3.5) thus
favouring the salt to base conversion. The tablet stored at 40°C/ 75% RH showed a significant loss
of potency within six weeks [32].

In another study, physical mixtures of the mesylate salts of miconazole and benzocaine
with seven basic excipients (50/50 w/w) stored at 60% relative humidity for around 40 days [219].
The basic excipients investigated include magnesium stearate, anhydrous tribasic phosphates
(sodium and calcium) and croscarmellose sodium. The study concluded that excipient basicity,

solubility and surface area had substantial roles in the disproportionation of the mesylate salt of
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both drugs [219]. John et al. [201] studied the disproportionation of an HCl salt of a weakly basic
drug formulated with nine common excipients in binary mixture compacts. The compacts were
stressed at 40°C/ 75% RH and 40 °C/ 35% RH for 28 days. The salt disproportionation was detected
in compacts containing magnesium stearate, sodium croscarmellose, and sodium stearyl
fumarate. Magnesium stearate was the most deleterious excipient for HCl salts due to the
formation of the deliquescent salt magnesium chloride, which increased in the water uptake by
the compacts even at low relative humidity (RH= 35%) [201].

In another study, Hsieh et al. selected several basic excipients (croscarmellose sodium,
magnesium stearate, sodium bicarbonate, tribasic sodium phosphate dodecahydrate and sodium
starch glycolate) to study their ability to induce salt conversion of various sertraline salts in 1:1
w/w powder blends stored at 25°C 57% RH [230]. Sertraline salts mixed with tribasic sodium
phosphate dodecahydrate (TSPd) were found to undergo a significant extent of conversion from
salt to free form due to the strong basic properties of TSPd compared to the other excipients
investigated [230]. The same group investigated the extent of the salt disproportionation of four
sertraline salts and five miconazole salts blended individually with tribasic sodium phosphate
dodecahydrate (TSPd; 50:50 w/w) incubated at 25°C 57% RH [248]. The authors observed a strong
correlation between the pHmaxand moisture uptake of the binary mixture with the rate and extent
of disproportionation. Salts that had high weight gain due to moisture sorption and low pHmax

experienced a significant increase in the extent of disproportionation [248].
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4.1.4. Solid State Excipient Compatibility Testing

Pharmaceutical excipients have been previously viewed as “inert substances”; however,
this view has changed. Drug and excipient compatibility tests have gained increased attention as
they can influence the stability of the drug in a formulated drug product [224], [249]. Therefore,
excipient compatibility studies are essential in the drug development process to predict the
potential incompatibility between the drug and the excipients in the final dosage form. These
studies and tests are conducted mainly to provide valuable information that can be used to select
the suitable type and concentration of excipients, delineate stability profile of the drug and help
to adopt strategies to mitigate the instability of the drug in solid dosage forms [224].
Consequently, methodical, precise and simple planned compatibility tests can lead to savings
regarding resources and time delays related to stability issues arising during the late-stage
product development [29], [224].

Sample preparation, storage conditions and method of analysis are essential attributes of
drug-excipient compatibility studies [250]. Samples are prepared traditionally based on a one
factor at a time approach, in which binary blends of the API with excipients are prepared to be
used in compatibility screening [250]. High relative humidity is the most common storage
condition that has been used during drug-excipient compatibility studies [224], [249]. The drug
and excipient binary mixtures are incubated under controlled humidity condition using a humidity
chamber. The humidity chamber ensures stable maintenance of equilibrium moisture level in the
solid state; therefore, water-mediated drug-excipient reactions can be investigated in the solid
state.

Presence of water in the solid-state systems has a significant impact on the salt stability,

by participating as a reaction medium and by increasing the molecular mobility of the reactant
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species [224]. It is evident based on the previous section (Section 4.1.3.2) that excipients can
induce salt phase transformations in the presence of moisture. The pH of the microenvironment
controlled by the acidic or basic excipient can have a significant impact on the chemical stability
of the salt. Therefore, excipients can be included in or excluded from the final formulation based
on the excipient pH profiles, which can help in the design of the excipient compatibility study
[224]. However, the slurry measured pH value of excipients is insufficient on its own to describe
the role of excipient on disproportionation [30], [201], [226].

Other important excipient properties including aqueous solubility, physical state (e.g.
amorphous or crystalline), particle size, surface area and the formulation hygroscopicity were
found to increase the risk and extent of salt disproportionation significantly [219], [248]. All of
these factors are competing to induce or prevent salt disproportionation in solid dosage form
during storage which could dramatically increase the data interpretation complexity of excipient-
drug compatibility tests. Therefore, simple screening analytical techniques are generally

preferable in studying the effect of excipients on salt disproportionation [29].

4.1.5. Advanced Analytical Techniques

Several analytical methods can be utilised to fully characterise the physical transformation
of salt in excipient mixtures following preparation and accelerated stress testing at high relative
humidity. Examples of analytical techniques that are commonly used in drug-excipients
compatibility studies includes thermal analysis such as differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA) [251], [252], solid-state nuclear magnetic resonance
spectroscopy (SS-NMR) [31], X-ray powder diffractometer (XRPD) [201], [225], [226], [232], [233],

Fourier transform infrared (FTIR) spectroscopy [31], [201], [219], [225], [232], [253], [254], Raman
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spectroscopy [219], [226], [229], [232], [233], [248], [253], [254] and optical microscopy [224],
[249].

Thermal analysis techniques, such as DSC, were proven to be the most sensitive and
specific in assessing the compatibility [255]. However, the interaction reported at DSC operating
high temperature might not always be relevant at ambient drug storing condition [256], [257]. In
addition, conventional stability testing includes prolonged storage of the sample at elevated
humidity and temperatures to determine the undegraded or degraded fraction of drug as a
function of time. Moreover, most of these analytical techniques are time-consuming and offline
analytical techniques. Offline analytical techniques may provide misguiding information regarding
the drug phase transformation due to the non-representative sampling and system perturbations
introduced during post-sampling preparation [40]. Therefore, it would be desirable to have a
rapid, simple and online analytical method that can precisely define any drug conversion transit
in real time during drug-excipient compatibility studies [29], [40]. In-situ analytical techniques fit
the previous criteria typically.

In-situ analytical techniques provide key advantages over offline techniques in defining
the drug transformation transient through the collection of many data points rapidly without the
need of sampling [232]. Raman spectroscopy, for example, has been employed to investigate salt
disproportionation in solid dosage form during dissolution [253], [254]. Another example is the
in-situ optical microscopy, which can be used to monitor the drug transformation process from
one form to another in real-time. In-situ optical screening can be used to detect drug-excipient
incompatibility by studying the evolution of crystal morphology of the drug substance during the
transformation process [258]. Optical microscopy is one of the most widely used technique for

analysing crystal morphology in laboratory studies [259]. Scot et al. utilised an in-line camera for
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gualitative investigation of particle-particle interactions [255]. Multiple studies reported the use
of in-situ optical microscopy for monitoring the shapes of crystals during different crystallisation
processes [260]—[263]. The previous studies reported the advantages of using in-situ optical
microscopy; including the simple experimental set-up, the low cost and the intuitive
interpretation of the image data. These advantages present in-situ optical microscopy as an
appealing online analytical technique to study systems undergoing phase transformation.

It has been reported that the conversion of the salt to the free-form produce both change
in the internal structure and crystal habit (i.e. crystal morphology) [264], [265]. However, no
study, to the best of our knowledge, has used in-situ optical microscopy to investigate salt
disproportionation by monitoring the change in salt crystal morphology during transformation.
In-situ optical microscopy can be used to investigate the role of excipient properties in inducing
or preventing salt disproportionation at stressed condition (high relative humidity) as part of

drug-excipient compatibility investigation.
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4.2. Motivation and the Aim

Excipient compatibility studies were conducted with the main goal of selecting dosage
form components that are compatible with the drug. The ability of formulation components to
induce or prevent the conversion of the salt to the free form by influencing the
microenvironmental pH is well documented. Microenvironmental pH within moisture located at
surfaces of the salt crystals would be expected to be influenced by the excipient’s properties
including, but not limited to, acidity/basicity, aqueous solubility and hygroscopicity [225]. The pH
of excipients is usually assessed using the slurry method. However, these pH measurements are
considered poor surrogates for the exact microenvironmental pH conditions at a solid surface
[266]—-[270], especially for less soluble, hygroscopic excipients, and excipients that show unique
behaviour. This may make the correlation between the measured pH values and the effect of the
excipients in the solid state difficult [225]. Therefore, the ability to anticipate the
disproportionation propensity in the early stages of drug development by considering all the
excipient properties would be highly valuable. Currently, drug-excipient compatibility studies
anticipate salt disproportionation by storing the binary mixture of the salt and excipient in
stressed storage conditions, then applying offline analytical technigques to measure the amount
of salt converted into the free form. This experimental design can be time-consuming, costly and
generate complicated data.

Therefore, this chapter aimed to investigate the effect of excipients on salt
disproportionation in binary mixtures stored at high humidity as part of drug-excipient
compatibility study using a simple, fast and online analytical technique. In-situ optical screening
equipped with a controlled humidity chamber was used for monitoring salt disproportionation by

tracking the changes in the salt crystal morphology mixed with specific excipients at high relative
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humidity. Offline Raman spectroscopy was used in the screening studies in parallel with the online
optical imaging system for validation and benchmarking purposes.

Pioglitazone HCl and Ibuprofen sodium were used as two model systems in this chapter
(Figure 4.4). Pioglitazone is a weak base drug (pKa= 5.2) used for type Il diabetes treatment, while
Ibuprofen is a weak acid drug (pKa= 4.4) used as a non-steroidal anti-inflammatory drug. Twelve
common excipients (Table 4.2) that can provide a wide range of microenvironmental pH were
chosen for this study:

The specific objectives of this chapter are:

e To identify the difference between the salt and the free-form crystal morphology and

Raman spectra.

e To rationalise the stability of model salt drugs, Pioglitazone HCl and Ibuprofen sodium,
without any excipients at high relative humidity during in situ optical imaging
experiments. The salt disproportionation to the free form of the drug during storage
at 75-90% relative humidity was monitored.

e To investigate the influence of commonly used excipients in inducing or preventing
salt disproportionation during accelerated stability testing at high RH. Binary mixtures
of the drug salt with the excipients were tested at high RH by monitoring the salt

crystal morphology changes using in situ optical microscopy.
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Figure 4.4: Chemical structure of Pioglitazone HCl salt and Ibuprofen sodium salt.

Table 4.2: Summary of the selected excipients role and chemical structures.
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4.3. Materials and Methods

4.3.1. Materials

Active Pharmaceutical Ingredients (APIs): Pioglitazone hydrochloride (Salt >98.5) was
obtained from Kemprotec Limited (UK). Pioglitazone free base (98%), lbuprofen free acid (98%)
and Ibuprofen sodium (Salt 98%) were purchased from Sigma-Aldrich (UK). All APIs were used as
received, without any further purification.

Excipients: Citric acid monohydrate (2 99.0 %), ascorbic Acid (99.0 %) sodium phosphate
dibasic (Pharma grade), calcium phosphate dibasic (98.0-105 %), and magnesium stearate
(Technical grade) were purchased from Sigma-Aldrich (UK). Stearic acid (General grade) was
obtained from Fisher Scientific (UK). Lactose monohydrate (Inhalac™ 70-Pharma Grade) and
sodium croscarmellose (AC-DI-SOL™ SD-711) were supplied by Meggle Pharma - Excipients &
Technology (Germany). Hydroxypropyl methylcellulose (Metolose™- SM type) was obtained from
Shin-Etsu Chemical (Japan). Microcrystalline cellulose (Avicel™ PH-102-Pharma Grade) was
supplied by FMC Health and Nutrition (USA). Sodium stearyl fumarate (Pruv™) and sodium starch
glycolate were supplied by JRS Pharma (Germany). All excipients were used as received, without
any further purification.

Instruments:

Jenway™ 3510 pH meter (Cole-Parmer, UK) was used to measure the pH of the excipient’s
slurry in water.

Pestle and mortar, 50 um sieve (Endecotts Ltd, UK) and 3-dimensional shaker/mixer
(TURBULA T2F) used for preparing the APl and excipient binary mixtures.

Optical Screening Humidity System: EVOS™ Auto-FL inverted microscopy (Fisher

Scientific, UK) and ibidi™ gas incubation system for humidity control (ibidi, Germany).
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4.3.2. Formulation and Binary Mixture Preparation

All excipients were ground and screened through a 50 um sieve before mixing with the
APIs for three reasons. The first reason is that the grinding was performed so that the small
excipient’s particle will adsorb on the drug salt surface. This adsorption will bring the drug and
excipient particles into intimate physical contact, which resembles the type of contact in solid
dosage forms such as tablets. The second reason is to increase the surface area of the excipient
particles, which will enhance the interaction rate with the moisture and change the pH around
the drug salt particle rapidly. Finally, the size difference between the drug and excipient particle
size will ease the differentiation of the two solids during optical imaging.

A binary mixture of the drug salt and each excipient was prepared at 1:1 weight ratio
according to the ICH (International Conference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use) Q8 [271] and ANDA (Abbreviated New Drug
Application) guidelines [272]. The excipient selection was based on the acidic and basic strength
of the excipient, and their different functionalities (i.e. filler, disintegrant, lubricant). The
excipients name, role and chemical structures are detailed in Table 4.2. The binary mixtures were
thoroughly blended for 15 min using Turbula T2F ™ mixer. The blended powders were then

sprinkled on glass coverslip to be tested.

4.3.3. APIs and Excipients Characterisations

4.3.3.1. Measurement of the Microenvironment pH

A slurry of each excipient was prepared in glass vials. A known amount of solid,

approximately 10-20 % w/v (i.e. more than needed to saturate the medium), was added to
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deionised water and mixed for 24 hours. The pH of the saturated solution was measured by a

Jenway™ 3510 pH meter equipped with a Jenway™ glass electrode.

4.3.3.2. Scanning Electron Microscopy (SEM)

The crystal morphologies of the as-received drug salts and the free forms of both model
drugs (i.e. Pioglitazone and Ibuprofen) were investigated by scanning electron microscopy (JEOL™
6060LV, UK). Samples were mounted on aluminium stubs using a 12 mm carbon adhesive film
and were subsequently coated with gold employing a Leica EM™ sputter coater (SCDOO5,
Germany) at 25 mA, 103 vacuum for 300 seconds. The images were acquired at acceleration

voltages of 15-20 kV and a working distance of 10-15 mm.

4.3.3.3. Raman Spectroscopy

Both crystalline forms (i.e. salt and free form) for Pioglitazone HCl and Ibuprofen sodium
obtained by sampling before and after transition were subjected to off-line Raman spectroscopy
analysis to verify the solid form. Raman spectra were acquired using a Horiba LabRAM HR confocal
microscopy/spectroscopy. Sample excitation was performed using a near-IR laser (785 nm) of 250
mW power. Spectra were acquired using a 50x objective and a 300 um confocal pinhole. A 600
mm rotatable diffraction grating was used to scan a range of Raman shifts simultaneously. Raman
spectra were collected using a SYNAPSE CCD detector (1024 pixels). Data acquisition time was set
at 3 seconds, and two accumulations were averaged for all samples. GraphPad Prism™ was used

for spectra visual inspection in this section.
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4.3.4. Optical Screening Control Humidity System

Figure 4.5 illustrates the experimental set-up of the system. An inverted optical
microscopy equipped with a controlled humidity chamber was used to investigate the salt
conversion during storage at high humidity of binary drug/excipient mixtures via tracking the
change in the salt crystal morphology in real-time.

Time-lapse imaging was performed on an EVOS FL inverted microscopy with 20x/0.45 NA,
and 40x/0.65 NA objectives and a CCD camera (High-sensitivity monochrome, Sony ™ ICX285AL
CCD) mounted with a humidity control chamber (ibidi ™). The time-lapse parameters are
controlled to take one picture every 10 seconds for a maximum of 10-40 minute. A video for each
mixture was produced, which can be found on the USB attached to this thesis. The samples are
only illuminated during image acquisition. The binary mixture was sprinkled on a coverslip placed
into the stage of the humidity controlled chamber. The humidity of the chamber is maintained by
a feedback loop system using a humidity sensor located in the humidity chamber. The humidity
is increased by streaming the dry compressed air through the heated water column if the
humidity is too low. The relative humidity was kept around 75% + 10% for the duration of the
imaging period based on the guidance from the FDA entitled “Stability Testing of Drug Substances
and Drug Products.” [273]. The chamber temperature was maintained at 25°C +1.0 in all

measurements
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Figure 4.5: (A) Schematic diagram of the optical screening-controlled humidity system. (B) Front view of the humidity control unit and the stage-
top humidity chamber. (C) Humidity chamber.
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4.4.Results and Discussion

The effect of the excipient on the microenvironment pH to induce or prevent salt
disproportionation was investigated using an optical screening controlled- humidity system. The
in situ imaging system enables temporal crystal morphology information to be observed in real-
time throughout the stability test run. Pioglitazone HCl and Ibuprofen sodium were selected as a
weak base and weak acid drug salt model, respectively. Time-lapse optical imaging was used to
track the crystal morphology changes of the drug salts formulated with a range of commonly used

excipients in high relative humidity. Videos are included in the USB attached to this thesis.

4.4.1. Slurry pH Values of Excipients

For crystalline APIs subjected to pH-dependent degradation mechanisms such as
disproportionation, the pH of maximum solubility (pHmax) and the microenvironmental pH are
two pivotal parameters required to predict the likelihood of disproportionation occurring [214],
[220]. The pHmax values of the two salts being investigated in this chapter have been reported
previously in the literature [226], [274]. The microenvironment pH within the adsorbed moisture
located at surfaces of the salt would be expected to be influenced by excipients exhibiting
acidic/basic functionalities, which are in intimate contact [219]. For example, basic excipients
which can raise microenvironmental pH values above the weak base drug salt pHmax value can
promote disproportionation.

The pH of a slurry of a given excipient is most commonly used technique to measure the
pH due to its simplicity, in which a sample of the excipient is placed in deionised water, and the

pH of its saturated solution measured [220]. It is generally employed as an empirical approach to
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roughly estimate the microenvironmental pH and to provide an indication of the possible drug-
excipient compatibility [219], [269], [275].

Slurry pH values of excipients measured by a pH meter are listed in Table 4.3. The
excipients are ranked according to their pH values (From low pH to high pH). The excipients pH
values range from 1.6 for citric acid to around 9.6 for sodium stearyl fumarate. The data is in good
agreement with a previous study that measured the pH using a similar method [270]. In the
coming sections, the pHmax of the model salt drug will be compared to the measured pH values of

the excipient to explain the results.

Table 4.3: Excipients microenvironment pH measured by the slurry pH method.

Citric acid Acidic Buffering Agent 1.6
Ascorbic acid Antioxidant 2.1
Stearic acid Lubricant 3.4
Croscarmellose Sodium L
(AC-DI-SOL) Disintegrant 4.9
Sodium Starch Glycolate Disintegrant 6.1
Lactose monohydrate Binder Filler 6.3
Hydroxypropyl Methylcellulose Binder 6.8
(HPMC) Extended-release-matrix former '
Mlcrocrys;cs/lll(lzrg; Cellulose Binder Filler 71
Calcium Phosphate Dibasic Binder Filler 7.8
Magnesium Stearate Lubricant 8.5
Sodium Phosphate Dibasic Basic Buffering Agent 9.1
Sodium Stearyl Fumarate Lubricant 9.6

4.4.2. Salt Disproportionation in Solid-State during Storage

In this section, the salt disproportionation of the hydrochloride salt of Pioglitazone, a weak

base with a pKa of 5.2 and pHmax of 2.8 [226] and the sodium salt of Ibuprofen, a weak acid with
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a pKa of 4.4 [276] and pHmax6.9-7.0 [274], will be investigated. This investigation will improve the
fundamental understanding of the salt stability of the two model drugs during storage in high
relative humidity.

Pioglitazone HCl may disproportionate back to the free base at high pH (Basic
microenvironment) as shown in Figure 4.6. Whereas, Ibuprofen sodium may disproportionate

back to the free acid at low pH (Acidic environment) as shown in Figure 4.7.

Pioglitazone HCI

1 pH > pHmax
\/@‘VO\Q\ENH
| >=o
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Pioglitazone Free Base

Figure 4.6: Mechanism of the salt disproportionation reaction of Pioglitazone HCI at pH> pHmax.
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Figure 4.7: Mechanism of the salt disproportionation reaction of Ibuprofen sodium at pH< pHmax.

The effect of moisture and excipient acidity or basicity on salt disproportionation were
explored by monitoring any change in the salt crystals shape using in-situ optical microscopy

combined with humidity control chamber.
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4.4.2.1. I|dentification of the Salt and Free Form

A crystalline solid is described by a specific external and internal structure [277]. The
internal structure or polymorphic state represents the molecular arrangement within a crystal,
which is mainly controlled by the intermolecular and intramolecular interactions [278]. While
crystal habit (i.e. morphology) describes the overall external shape of a particular crystal [277].
Generally, differences in external crystal shape are not necessarily indicative of a change in the
internal structure. For examples, changes in several external parameters such as solvent,
supersaturation level, temperature, and impurities may lead to significant modifications in crystal
morphology [277], [279]. This could explain the crystal habit diversity of the same chemical entity
grown under various crystallisation conditions.

However, changes in internal packing usually (but not always) give an easily
distinguishable change in the crystal morphology [265]. Therefore, changes in the intermolecular
interactions, like the one observed in drug-excipient interactions, could have a tremendous
impact on the external crystal morphology [277]. The similar effect can be observed if an APl is
able to undergo a phase transformation, like salt disproportionation, resulting in a crystalline
form with different crystal habit.

Therefore, tracking crystal shape changes via video microscopy can be used to assess the
role of moisture and excipients in salt disproportionation reaction. The prerequisite is that the
salt and the free-form manifest a characteristic morphology that is sufficiently distinguished to
permit assignment of crystals to a specific form based on particle shape. Crystal shape
information was obtained through optical and electron microscopy. Both crystalline forms (i.e.

Salt and free form) were also subjected to Raman spectroscopy analysis to verify their forms.
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Pioglitazone HCI: The scanning electron microscopy (SEM) optical microscopy images of
Pioglitazone HCl and the free base are shown in Figure 4.8. Pioglitazone HCI (Salt) exhibits an
irregular plate-like morphology, whereas the free base presents a needle-like morphology. These
significant differences can be employed to differentiate between the two forms and monitor the

crystal transformation (i.e. salt disproportionation).

Figure 4.8: Microscopic images of Pioglitazone salt and free-form as received material: A & C: optical microscopic image of Pioglitazone HCl and
Pioglitazone free base, respectively; B & D: SEM images of Pioglitazone HCl and Pioglitazone free base, respectively.

Pioglitazone salt and free base form were also subjected to Raman spectroscopy analysis
to verify their forms. The Raman spectra of both forms, shown in Figure 4.9, exhibit several clear
differences. Specifically, Pioglitazone HCl salt demonstrated a doublet peak found at the region
1600 to 1650 cm™, whereas the free base displayed a unique single peak at 1610 cm™. This
spectral difference can be explained by the protonation of pioglitazone that changes the

vibrational modes of the pyridine ring and the carbonyl group [280]-[282].

111



4000 -

Intensity (Count)

2000 A

\\dFree Base

Salt

0

1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800

Raman Shift cm™)

Figure 4.9: Raman spectra of Pioglitazone HCl salt and Pioglitazone free base as received material over the range 1200 cm™ to 1800 cm™.

Ibuprofen Sodium: Figure 4.10 shows optical microscopy and SEM images of Ibuprofen
sodium and Ibuprofen free acid crystals. The crystal form of ibuprofen free acid (Figure 4.10-B&D)
appears as acicular (i.e. needle) shape crystals with round edges. On the other hand, Ibuprofen
sodium shows irregular block-like crystals with rough surfaces comprising of flat-shaped
ibuprofen crystals sticking together to make bigger particles (Figure 4.10- A&C). In general, the
Ibuprofen salt and free acid crystals are showing different crystal morphology that can be

differentiated under the microscope.
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Figure 4.10: Microscopic images of Ibuprofen salt and free-form as received material: A & C: optical microscopic image of Ibuprofen sodium and
Ibuprofen free acid, respectively; B & D: SEM images of Ibuprofen sodium and Ibuprofen free acid, respectively.

The Raman spectra (Spectral region 200 to 1500 cm™) of Ibuprofen sodium salt and
Ibuprofen free acid are presented in Figure 4.11. The two spectra are showing some clear spectral
differences between the salt and free acid forms. Specifically, lbuprofen sodium salt
demonstrates a small single peak located at 1250 cm™ due to the stretching of (OC), bending of
(HCC) and torsion of (HCCC) vibrational modes [283], while the free acid form demonstrated no
peaks at 1250 cm™. In addition, Ibuprofen sodium salt demonstrates a single broad peak located
at 800 to 850 cm™ region due to the (CC) stretching, whereas the free acid displays two sharp
peaks at the same region due to the (CH) bending and in-plane (CC) ring deformation [284]. All
the spectral difference can be elucidated by the protonation of Ibuprofen that changes the

vibrational modes of the phenyl ring and the carboxyl group.
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Figure 4.11: Raman spectra of Ibuprofen sodium salt and Ibuprofen free acid form over the range 200 cmto 1500 cm™2.

4.4.2.2. The Impact of Relative Humidity on Salt Disproportionation in

Solid State

Water itself may participate in a chemical reaction or may perform as a solvent to provide
a platform for chemical reactions [29]. During storage, the presence of an even small amount of
moisture in solid dosage forms may facilitate the salt disproportionation [243], [248]. Therefore,
the influence of moisture on the salt transformation process was investigated.

Pioglitazone HCI: Crystals of pure Pioglitazone HCl were incubated in high relative
humidity (75-90% RH), and in-situ monitoring of the crystal morphology changes was performed.
The single crystal of Pioglitazone salt form was, within minutes, covered by needle-like crystallites
as shown in Figure 4.12-B - D. The change in the crystal structure can be related to the phase
transition between the salt form and free base form. It is likely that a local increase in the
supersaturation level in the microscopic water layer surrounding the salt crystal may be occurred

due to the high pH of water (around 7) compared to the salt pHmax (2.8). This supersaturation
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would increase the probability of precipitation of the free base form in the vicinity of the salt

crystal.

(A) Start (B) 2.5 min

(C) 5.0 min (D) 10 min

Figure 4.12: In situ optical microscopy images of Pioglitazone HCI crystal morphological variation during salt disproportionation stored at 75-90%
RH: (A) Start (B) 2.5 min (C) 5.0 min (D) 10 min. Scale bar for images is 100 um.

To support this observation, Raman spectra of Pioglitazone HCl crystals before and after
the transformation was compared. The Raman spectrum of the needle crystals formed after the
transformation in the high humidity environment matched that of Pioglitazone free base
completely (Figure 4.13). It indicates that the formation of the needle crystals was due to the
transformation of the salt form to the free base. Therefore, optical screening can be used to
investigate salt disproportionation by monitoring the change in crystal shape from plate crystals

to needle crystals.
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Figure 4.13: Raman spectra (100 to 4000 cm?) of Pioglitazone HCI (Blue spectra), Pioglitazone free base (red spectra) and Pioglitazone HCl after
incubation in 75-90% RH. Y-axis offsets were applied for presentational purposes.

Ibuprofen Sodium: Similar to Pioglitazone, Ibuprofen sodium crystals were exposed to
high relative humidity (75-90% RH), and in-situ monitoring of the crystal morphology change was
performed. Ibuprofen sodium crystals were disintegrated rapidly after 1.0 min of storing at high
humidity followed by complete dissolution in the surrounding water layer at time = 1.5 min
(Figure 4.14). No re-crystallisation of the free acid (i.e. Disproportionation) was optically detected
after the crystal dissolution, which indicates the formation of a stable solution of ibuprofen
sodium in the water layer (i.e. moisture). It is likely that the compatibility of the water pH with
the pHmax of ibuprofen sodium (approximately 7) favours the salt dissolution over the free acid

precipitation.
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Figure 4.14: In situ optical microscopy images of Ibuprofen sodium crystal dissolution during the storage at 75-90% RH: (A) Start (B) 0.5 min (C)
1.0 min (D) 1.5 min. Scale bar for images is 100 um.

4.4.2.3. The Effect of Excipient on Salt Disproportionation in Solid

State

Salt disproportionation is thermodynamically controlled by the pH of the
microenvironment around the drug crystals relative to its pHmax [220]. Microenvironmental pH
within the moisture located at surfaces of the salt crystals is expected to be influenced by
excipient’s properties including, but not limited to, acidity/basicity, aqueous solubility and
hygroscopicity [225]. Therefore, the impact of different excipient properties on the
disproportionation of Pioglitazone HCI and Ibuprofen sodium was assessed. Binary blends were

prepared by mixing the salt with individual excipients at 1:1 ratio. In-situ optical screening with
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control humidity chamber (RH%= 75-90%) was used to investigate the salt disproportionation in

these binary mixtures by tracking the change in the salt crystal morphology.

4.4.2.3.1. Citric Acid Monohydrate

Citric acid is widely used pH modifiers in pharmaceutical formulations, primarily to adjust
the microenvironment pH of tablet matrices [244]. pH modifiers, such as citric acid, has been used
previously as an effective tool to modulate the microenvironment pH for stability purposes [32],
[285], [286]. Therefore, drug salts were mixed with citric acid to investigate the effect of citric
acid on Pioglitazone HCl and lbuprofen sodium stability during storage.

Pioglitazone HCI: Citric Acid: Pioglitazone pHmax is equal to (2.8) while the measured pH
of citric acid is around (1.6) (Table 4.3-Section 4.4.1), which is below the pHmax of the salt.
Therefore, the salt is expected to be the most stable species at high RH. Figure 4.15 shows optical
microscopy images of Pioglitazone HCl covered with citric acid acquired at 75-90% RH. No
significant difference in the crystal shape can be observed after 10 min incubation in high RH. The
difference is that the salt crystal was getting smaller in size with time. This indicates the
dissolution of the salt crystal in the water layer, which can be clearly seen in the video (attached
USB). This observation was significantly different from the one reported early when the drug salt
was stored in high RH without any additives (Section 4.4.2.2). It is evident that citric acid plays a
significant role in lowering the microenvironment pH below the pHmaxof the drug and prevent the
formation of the needle crystals (i.e. salt disproportionation). Similar findings were reported
previously on the role of citric acid in minimising weak basic salt disproportionation in solid

dosage forms [287]—-[290].
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(A) Start (B) 10 min

Figure 4.15: In situ optical microscopy images of Pioglitazone HCI crystal mixed with citric acid during storage at 75-90% RH: (A) Start (B) 10 min.
Scale bar for images is 100 um.

Ibuprofen Sodium: Citric Acid: In contrast to Pioglitazone HCl, it is expected that the low
pH values of citric acid would induce disproportionation of Ibuprofen sodium in the solid state.
The crystal shape transformation images obtained at high RH of Ibuprofen sodium and citric acid
binary mixture are shown in Figure 4.16. Figure 4.16-A shows few lbuprofen sodium crystals
covered with milled citric acid at the start of the test. The image in Figure 4.16-B was taken after
2.5 min incubation in high RH and showed the initial dissolution of block Ibuprofen crystals. After
5 min (Figure 4.16-C), the formation of small needle-shaped crystals, which enlarge in a dendritic
fashion over several tens of microns (Orange arrows), was observed. At t=10 min, a new darker
contrast appeared near the previously formed dendrites (red arrows, Figure 4.16-D).

Christensen et al. [225] hypothesised the existence of a solution-mediated phase
transformation (SMPT) mechanism for salt disproportionation of free acid salts, like Ibuprofen
sodium, in the presence of acidic excipient. Figure 4.16 supports the SMPT mechanism that
suggested the initial dissolution of the salt (Figure 4.16-B) followed by subsequent nucleation and

growth of the free acid form (Figure 4.16- C&D).

119



Water Phase

Figure 4.16: In situ optical microscopy images of Ibuprofen crystals mixed with citric acid during storage at 75-90% RH: (A) Start (B) 2.5 min (C) 5.0
min (D) 10 min. Scale bar for images is 100 pm

To support this observation, Raman spectra of the lbuprofen dendritic needle crystals
were obtained and compared to the Ibuprofen salt and free acid spectra (Figure 4.17). The Raman
spectrum of the needle crystals formed after the transformation in the high humidity
environment matched that of Ibuprofen free acid. These results indicate that citric acid can induce
Ibuprofen sodium salt disproportionation, which resulted in a change in crystal shape from block

crystal to needle-like crystals.
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Figure 4.17: Raman spectra (200 to 1500 cm™) of Ibuprofen sodium (Blue spectra), lbuprofen free acid (red spectra) and Ibuprofen sodium after
incubation in 75-90% RH with citric acid monohydrate. Y-axis offsets were applied for presentational purposes.

4.4.2.3.2. Ascorbic Acid

Ascorbic Acid is a water-soluble organic acid, also called Vitamin C, used as an antioxidant
to improve the shelf-life of pharmaceuticals. Antioxidants retard or inhibit the oxidation of active
substances and excipients by free radicals in the finished product [244], [291]. Due to the acidity
of ascorbic acid in the presence of water (pKa 4.20) [244], it provides labile H* which will be
accepted by any free radical to terminate the oxidation reaction [291]. When salts formulated
with Ascorbic acid are exposed to relative humidity during storage, the ascorbic acid liberates free
H*ions in the microscopic water layer, which leads to lower the microenvironment pH.

Pioglitazone HCI: Ascorbic Acid: Like citric acid, Pioglitazone HCI crystal mixed with
ascorbic acid showed no crystal morphological changes (Figure 4.18). The salt crystal exhibited a
gradual dissolution behaviour on a microscopic scale with all the crystal surfaces retreated along

all directions. The optical screening images essentially showed that the ascorbic acid lowers the
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pH below the pHmax of the drug preventing the free base from being formed and keeping the drug
as the more soluble HCl salt. Sample involving a larger number of Pioglitazone HCI crystals mixed

with ascorbic acid showed similar results (Figure A.1 - Appendix A).

v 1

Pio HCI Salt Crystal

Pio HCI Salt Crystal
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(A) Start (B) 2.5 min
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(C) 3.0 min (D) 3.5 min

Figure 4.18: In situ optical microscopy images of Pioglitazone HCI crystal mixed with ascorbic acid during storage at 75-90% RH: (A) Start (B) 2.5
min (C) 3.0 min and (D) 3.5 min. Scale bar for images is 100 um.

Ibuprofen Sodium: Ascorbic Acid: In-situ optical imaging of Ibuprofen sodium mixed with
ascorbic acid under high RH showed a change in drug crystal morphology (Figure A.2 - Appendix
A). Needle shape crystals growing in a dendritic fashion were seen after 5 min. The data revealed
the role of ascorbic acid in reducing the microenvironment pH (around 2) below the pHmax of
Ibuprofen Sodium (approximately 7) facilitating the conversion of the salt drug to the free acid

which precipitated in the form of dendrites crystals.
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4.4.2.3.3. Stearic Acid

Stearic acid (SA) is a saturated fatty acid that is used as a lubricant in tablet manufacturing
to reduce the friction between the surfaces of the metal and that of formulation powders as well
as to ensure the continuation of the operation [244], [292], [293]. It is practically insoluble in
water, so only small concentrations are added generally to the formulation. The measured pH of
stearic acid is (3.4), which is higher than the pHmax of Pioglitazone (2.8) and lower than the pHmax
of lbuprofen sodium (7.0). Therefore, salt disproportionation is expected to occur in both drug
salts.

Pioglitazone HCI: Stearic Acid: Figure 4.19 illustrates the optical monitoring of
Pioglitazone HCl and stearic acid binary mixture at high RH. The image in Figure 4.19-A was taken
at the beginning of the experiment before increasing the RH to 75-90% RH. After 5 min, large
needle-like crystals were observed, which could potentially indicate the formation of the free

base form or the less-soluble Pioglitazone stearate salt (Figure 4.19-B).

(B) 5.0 min

Figure 4.19: In situ optical microscopy images of Pioglitazone HCl crystal (Orange arrow) mixed with stearic acid during storage at 75-90% RH: (A)
Start (B) 5 min. Scale bar for images is 100 um.

However, weak acids, that have a pKa greater than 1.5 such as stearic acid, often do not

yield Pioglitazone salt [294]. Therefore, it was reasonably believed that the needle-crystals
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formed were attributed to the precipitation of the free base. The results match the prediction
based on the measured pH of the excipient and the pHmax of the salt.

Ibuprofen Sodium: Stearic Acid: As shown earlier (Section 4.4.2.3.1), the salt
disproportionation process is mainly accompanied by the dissolution of the salt form and
subsequent nucleation and growth of free acid form. Figure 4.20 shows images of Ibuprofen
crystal mixed with stearic acid at different times during the optical screening experiment
conducted at 75-90% RH. The sodium salt crystal disappeared after 1.0 min (dissolution). After
about 2.0 min, a small number of fine, needle crystals were suspended in the solution, which
indicates the nucleation and growth of a new, less-soluble form. The successful formation of a
less-soluble Ibuprofen salt (i.e. Ibuprofen stearate) is linked to the difference in the pKa values of
Ibuprofen and stearate counterion. For the synthesis of salt forms of acidic drugs like Ibuprofen,
the pKa of the counterion should be at least two units higher than the pKa of the drug in order to
confirm that the proton transfer is energetically favourable [218]. The pKa value of stearic acid is
4.8 [295], which is just slightly higher than the pKa of Ibuprofen (pKa= 4.4). The significantly small
difference in pKa between Ibuprofen sodium and stearic acid reduces the probability of the salt
formation and confirm the precipitation of Ibuprofen free acid as small needle crystals.

The formation of Ibuprofen free acid is also supported with the incompatibility between
the measured pH of stearic acid and the pHmax of Ibuprofen sodium. It is important to note that
stearic acid is used as a lubricant in some lbuprofen sodium tablet formulation such as Advil®
[296], which could increase the risk of salt disproportionation during storage and affect the

product performance and bioavailability in vivo.
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Figure 4.20: In situ optical microscopy images of Ibuprofen crystals mixed with stearic acid during storage at 75-90% RH: (A) Start (B) 1.0 min (C)
2.0 min (D) 3.0 min. Scale bar for images is 100 um.

4.4.2.3.4. Croscarmellose Sodium (AC-DI-SOL)

Croscarmellose sodium (CCNa) is used as a super-disintegrant in oral pharmaceutical
formulations. Despite being water insoluble, croscarmellose sodium rapidly swells to 4-8 times
its original volume in the presence of water [244]. Therefore, it is expediting tablet disintegration
by increasing the internal pressure within the tablet matrix [297]. Due to the water insolubility,
the measured pH of croscarmellose sodium has lower predictive power of salt disproportionation
comparing to water-soluble excipients. Therefore, optical screening is suitable to investigate the
effect of CCNa on salt stability stressed at high relative humidity.

Pioglitazone HCI: Croscarmellose Sodium: As seen in Figure 4.21-A, the Pioglitazone HCI

plate crystal was surrounded by fibre, straw-like particles of CCNa before increasing the relative
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humidity. After increasing the relative humidity from ambient to 75-90%, the CCNa particles were
growing due to the swelling behaviour in the presence of water while the Pioglitazone HCl crystal
showed no significant difference in crystal shape after 10 min. Incubating the binary mixture for
a longer time (Figure 4.21-C to D) did not reveal any change in the salt crystal structure. It is likely
that a large part of the water consumed or bound with the excipient particle and thus unavailable
to dissolve the drug. As salt disproportionation is a solution mediated reaction, the drug
dissolution is an essential step for the transformation of the salt to the free base. These results
contradict the results reported previously; showing the effectiveness of croscarmellose sodium
at causing disproportionation of the weakly basic salt drug [30], [201], [229], [233]. However, the
salt disproportionation in these studies was investigated after several days of incubation in high
relative humidity, which is significantly different from the optical screening time frame (minutes).
Therefore, it is expected that salt disproportionation may occur after the saturation of the
disintegrant particle with water, which allows the excess water to facilitate the

disproportionation reaction.
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(C) 20 min (D) 40 min

Figure 4.21: In situ optical microscopy images of Pioglitazone HCI crystal (Orange arrow) mixed with croscarmellose sodium during storage at 75-
90% RH: (A) Start (B) 10 min (C) 20 min (D) 40 min. Scale bar for images is 200 um.

Ibuprofen Sodium: Croscarmellose Sodium: Snapshots of the Ibuprofen sodium
behaviour mixed with CCNa at high relative humidity using the in-situ optical microscopy are
illustrated in Figure A.3 (Appendix A). The size of the CCNa particles increased, but the shape of
the Ibuprofen sodium did not seem to change while stressed in high RH. Ibuprofen sodium crystals
started dissolving, when the disintegrant particle stopped growing (i.e. saturated with water) at
time = 3.0-4.0 min. The presence of the CCNa did not induce any salt disproportionation during

storage at 75-90% RH.
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4.4.2.3.5. Sodium Starch Glycolate

Sodium starch glycolate (SSG) is a widely used disintegrant in tablet formulations [244].
Similar to the croscarmellose sodium, disintegration occurs by the rapid uptake of water followed
by rapid and enormous swelling [298]—-[300]. In the presence of water, sodium starch glycolate
swells to up to 300 times its volume [244]. The in-situ optical screening was used to investigate
the stability of Pioglitazone HCl and Ibuprofen sodium mixtures with SSG.

Pioglitazone HCI: Sodium Starch Glycolate: The data showed a similar trend to the one
seen in croscarmellose sodium. The SSG oblong, semi-spherical particles showed an increase in
size due to the swelling behaviour in the presence of water while the Pioglitazone HCI crystal
showed no significant difference in crystal shape during the whole experiment (Figure A.4-
Appendix A). The absence of water around the drug crystals minimised the transformation of the
salt to the free base.

Ibuprofen Sodium: Sodium Starch Glycolate: The in-situ optical monitoring of ibuprofen
sodium crystals mixed with SSG showed Ibuprofen crystal dissolution once the disintegrant

particle saturated with water at time= 5.0 min (Figure A.5-Appendix A).

4.4.2.3.6. Lactose Monohydrate
Lactose monohydrate (LM) is a widely used filler in solid dosage forms [244]. Fillers are
commonly used to provide bulk for the active ingredient to be measured accurately and improve
the formulation properties such as cohesion. The measured pH value of lactose monohydrate is
around (6.3) (Section 4.4.1-Table 4.3), which is higher than the pHmax of Pioglitazone HCl and

bordering on the pHmax of Ibuprofen sodium.
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Pioglitazone HCl: Lactose Monohydrate: In situ, optical screening images indicate a
change in shape of the Pioglitazone HCI crystals, as shown in Figure 4.22. A rapid dissolution of
lactose monohydrate fine crystals followed by subsequent salt crystals conversion from irregular
plates to a needle-like shape after 5.0 min was observed (Figure 4.22-C). This change indicates
that lactose monohydrate contributed to the increase of the microenvironment pH above the
pHmax of the drug, which allowed the salt disproportionation in the shape of the observed
morphology change. It is important to note that, the FDA approved Pioglitazone HCI tablet,
Actos®, contains lactose monohydrate as a filler [301], which increases the risk of

disproportionation in solid dosage form during storage.

Water Phase

(C) 5.0 min (D) 7.5 min

Figure 4.22: In situ optical microscopy images of Pioglitazone HCl crystals (Orange arrows) mixed with lactose monohydrate during storage at 75-
90% RH: (A) Start (B) 2.5 min (C) 5.0 min (D) 7.5 min. Scale bar for images is 100 um.
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Ibuprofen Sodium: Lactose Monohydrate: Optical microscopy images of lbuprofen
sodium covered with lactose monohydrate acquired at 75-90% RH are shown in Figure A.6
(Appendix A). The Ibuprofen sodium salt crystal started disintegrating after 2.0 min and then
completely dissolved after 5.0 min leaving the lactose monohydrate particles suspended in the
water layer dissolving slowly. The results indicated the stability of Ibuprofen sodium when

formulated with lactose monohydrate

4.4.2.3.7. Hydroxypropyl Methylcellulose (HPMC)

Hydroxypropyl methylcellulose is a hydrophilic polymer that is primarily used in tablet
formulations as a binder [302] and as extended-release-matrix former [303]-[305]. In addition,
HPMC is commonly used as drug precipitation inhibitors in supersaturating drug delivery systems,
by interfering with the crystal nucleation and growth stages [306]. As salt disproportionation is a
solution mediated reaction that involves the dissolution of the salt and the nucleation and growth
of the free-form crystals[31], [32], the use of drug precipitation inhibitors such as HPMC can
minimise or prevent salt disproportionation during storage at high relative humidity. Therefore,
Pioglitazone HCl and Ibuprofen sodium were mixed with HPMC and the crystal morphology was
monitored using an in-situ optical microscopy at high relative humidity.

Pioglitazone HCI: Hydroxypropyl methylcellulose: Figure 4.23 shows images at different
times of Pioglitazone crystals mixed with HPMC at 75-90% RH. After 3.0 min (Figure 4.23-B), HPMC
particles dissolved, forming a water layer around the drug salt crystal. After 5.0 min, tiny fine
needle crystals were seen at the surface of the salt crystal. No major change on the crystal
structure was observed at time= 10 min. It is evident that adding HPMC delayed and prevented

the growth of larger needle crystals as seen in Pioglitazone HCl-only powder stressed at high
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humidity (Section 4.3.2.2), drug salt mixed with stearic acid (Section 4.4.2.3.3) and lactose
monohydrate (Section 4.4.2.3.6). The role of HPMC as a precipitation inhibitor might have
minimised the salt disproportionation by preventing the significant nucleation of the free base as
well as inhibiting the growth of the free base crystal. Several possible mechanisms of inhibition
of drug precipitation by HPMC might be responsible for preventing the salt disproportionation.
These mechanisms include the intermolecular interaction between the drug and polymer via
hydrogen bonding [307]-[309], steric hindrance of recrystallisation or a combination of both
[306], [308], [310], [311]. The hydroxyl groups (hydrogen bond donor) of HPMC are capable of
forming hydrogen bonding with drugs, which lead to an inhibition in drug nucleation and
subsequent crystal growth. The dissolution of HPMC in the microscopic water layer is expected
to increase water layer viscosity, which will result in a greater steric hindrance of recrystallisation.
The high viscosity in water layer will retard the diffusion rate of the drug in the surrounding

environment and inhibit nucleation and crystal growth [306].
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(C) 5.0 min (D) 10 min

Figure 4.23: In situ optical microscopy images of Pioglitazone HCI crystals (Orange arrows) mixed with hydroxypropyl methylcellulose (HPMC)
during storage at 75-90% RH: (A) Start (B) 3.5 min (C) 5.0 min (D) 10 min. Scale bar for images is 100 um.

Ibuprofen Sodium: Hydroxypropyl methylcellulose: Figure 4.24 demonstrates the change
of the lbuprofen crystal shape during the in-situ optical screening experiment against HPMC
conducted at high relative humidity. The crystals slowly disintegrated and decreased in size (i.e.
dissolution), but the crystal shape did not seem to change to a needle-like crystal during the whole
experiment (time= 10 min, Figure 4.24-D). The drug precipitation inhibition properties of the
HPMC and the compatibility of the HPMC measured pH (6.8) and pHmax of lbuprofen sodium (~

7.0), prevented the salt disproportionation at high relative humidity.
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Figure 4.24: In situ optical microscopy images of lbuprofen sodium crystals (Orange arrows) mixed with hydroxypropyl methylcellulose (HPMC)
during storage at 75-90% RH: (A) Start (B) 2.5 min (C) 5.0 min (D) 10 min. Scale bar for images is 100 um.

4.4.2.3.8. Microcrystalline Cellulose (MCC)

Microcrystalline cellulose (MCC) is mainly used as a binder/diluent in oral tablets prepared
by direct-compression [244].

Pioglitazone HCI: Microcrystalline Cellulose: The in-situ optical imagining (Figure A.7 -
Appendix A) shows an apparent transformation of the plate-like crystal into needle-like crystals
at time=5.0 min as shown in Figure A.7-C. The measured pH of MCC is significantly higher than
the pHmax of Pioglitazone HCI which favours the salt conversion to the free base.

Ibuprofen Sodium: Microcrystalline Cellulose: Figure 4.25 illustrates the stability of
Ibuprofen sodium crystals mixed with MCC at high relative humidity. The in-situ optical imagining

shows a complete dissolution of the ibuprofen sodium crystal in the water layer in less than 5.0
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min, leaving the water-insoluble MCC particles suspended in the medium. The microenvironment
pH affected by the MCC favoured the salt crystal dissolution over the free acid formation (i.e.

Disproportionation).

(C) 5.0 min (D) 10 min

Figure 4.25: In situ optical microscopy images of Ibuprofen sodium crystals (Orange arrows) mixed with microcrystalline cellulose (MCC) during
storage at 75-90% RH: (A) Start (B) 3.5 min (C) 5.0 min (D) 10 min. Scale bar for images is 100 um.

4.4.2.3.9. Calcium Phosphate Dibasic
Calcium phosphate dibasic (CPD) is a commonly used pharmaceutical excipient as binder
and filler in tablets [312]. CPD exhibits some good properties such as excellent flowability and
high compactibility, which is highly suitable for direct compression tabletting processes [244],
[312], [313]. Binary mixtures of CPD with Pioglitazone HCl and Ibuprofen sodium were prepared
to test the compatibility between the drug salt and the excipient at high relative humidity using

the in-situ optical microscopy system.
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Pioglitazone HCI: Calcium Phosphate Dibasic: Pioglitazone HCI crystals morphology
changes were monitored at high relative humidity by in-situ optical microscopy. The Pioglitazone
HCl crystal mixed with CPD particles were, with less than 5 minutes, covered by needle crystallites
as shown in Figure A.8 (Appendix A). The CPD measured pH (7.8) is higher than the pHmax of
Pioglitazone HCI, which might facilitate salt disproportionation to the needle-shape free base
crystals. The formation of Pioglitazone phosphate or Pioglitazone calcium salts is also possible,
however, there are no reports for the existence of these compounds in literature.

Ibuprofen Sodium: Calcium Phosphate Dibasic: Ibuprofen sodium crystals did not show
any crystal morphology change from the block-like structure to the needle shape when mixed
with CPD (Figure A.9 - Appendix A). lbuprofen sodium conversion to the free acid form was
inhibited due to the alternation of the microenvironment pH as a result of the presence of CPD.
Therefore, the dissolution of the Ibuprofen sodium crystals was noticed, leaving the insoluble CPD

particles suspended in the water layer.

4.4.2.3.10. Magnesium Stearate

Magnesium stearate (MgSt) is used widely as a lubricant in tablet manufacturing in order
to reduce the friction between the surfaces of the metal and that of formulation powders as well
as to ensure the continuation of the operation [244], [292], [293]. Magnesium stearate exhibits
hydrophobic nature as well as alkaline nature, which is ascribed to the presence of basic
impurities such as magnesium oxide [226]. Therefore, the measured pH was found to be around
8.5 (Table 4.3-Section 4.4.1).

Pioglitazone HCI: Magnesium Stearate: Figure 4.26 illustrates the optical monitoring of

Pioglitazone HCI crystals mixed with magnesium stearate (MgSt) stored at 75-90% RH. After
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increasing the relative humidity to 75-90% RH, the Pioglitazone HCl crystal covered with fine MgSt
particles maintained its crystal morphology for more than 5.0 min due to the low water
adsorption at the surface of the drug salt crystal. After 10 min (Figure 4.26-C), a rapid formation
of large needle crystals was observed indicating the salt conversion to another less soluble form.
The formation of Pioglitazone stearate salt is less probable because the pKa values of the drug
and the counterions are comparable, which make the reaction energetically unfavourable [218].
Therefore, it was more reasonable that the needle-crystals formed were attributed to the
precipitation of Pioglitazone free base. The results match the prediction based on the measured
pH of the excipient and the pHmax of the salt.

The hydrophobic nature of MgSt can explain the increase in the lag time between the time
of increasing the relative humidity and the induction time of salt disproportionation in
comparison to previous results. Magnesium stearate can decrease the wettability of the active
pharmaceutical ingredient crystals due to its pronounced hydrophobic nature. As a result, it can
cause delayed water ingress into the powder and prolonged dissolution of the drug salt.
Therefore, the presence and distribution of the hydrophobic lubricant, MgSt, in the blend would
alter the wetting behaviour of Pioglitazone HCl within the blend leading to a delay in the salt
dissolution in the water layer and a delay in the salt disproportionation.

The role of magnesium stearate in inducing salt disproportionation reaction when blended
with weak-base salts has been reported before [30], [201], [219], [226]. However, the FDA
approved Pioglitazone HCI, Actos ®; formulation contains magnesium stearate [301] as a

lubricant, which could increase the risk of salt disproportionation during storage.
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(C) 10 min (D) 15 min

Figure 4.26: In situ optical microscopy images of Pioglitazone HCI crystal (Orange arrow) mixed with magnesium stearate during storage at 75-
90% RH: (A) Start (B) 5.0min (C) 10 min (D) 15 min. Scale bar for images is 100 um.

Ibuprofen Sodium: Magnesium Stearate: The Ibuprofen sodium crystals mixed with MgSt
particles had, within less than 2.0 minutes, disintegrated then dissolved leaving the insoluble
MgSt particles suspended in the water layer (Figure A.10 - Appendix A). The MgSt measured pH

is higher than the pHmax Which prevented the salt conversion to the free form.

4.4.2.3.11. Sodium Phosphate Dibasic
Sodium phosphate dibasic (NPD) is a buffering agent that is used in pharmaceutical
formulations, primarily to control the microenvironment pH and to control the drug release from
the solid dosage forms [244], [314]. Sodium phosphate dibasic possess high alkalinity (pH= 9.1)

that can elevate the microenvironment pH to above the pHmax of the salt leading to induce salt
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disproportionation for Pioglitazone HCl or preserve the ibuprofen sodium salt from
disproportionation during storage at high relative humidity.

Pioglitazone HCI: Sodium Phosphate Dibasic: The stability of Pioglitazone HCI: NPD binary
mixture at 75-90% humidity was investigated. In-situ optical images of the salt crystal morphology
changes are presented in Figure 4.27. Real-time optical images showed rapid changes in the salt
crystal structure after 2.0 min (4.27-C). The formation of needle crystals indicates the formation

of the free base or Pioglitazone sodium.

Water Phase

(A) tart (B) 1.0 min

(C) 2.0 min (D) 5.0 min

Figure 4.27: In situ optical microscopy images of Pioglitazone HCI crystal (Orange arrow) mixed with sodium phosphate dibasic during storage at
75-90% RH: (A) Start (B) 1.0min (C) 2.0 min (D) 5.0 min. Scale bar for images is 100 um.

Pioglitazone may form salts with bases such as sodium. However, the water solutions of
such salts (if dissolved) are not completely stable and eventually precipitate into Pioglitazone base

[294]. Therefore, it is likely that the addition of sodium phosphate dibasic raised the
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microenvironment pH above the pHmax of the salt allowing the salt to disproportionate back to
the free base form.

Ibuprofen Sodium: Sodium Phosphate Dibasic: /n-situ optical images of Ibuprofen sodium
crystal mixed with NPD at high RH are shown the fast dissolution of the salt drug in the water
layer in less than 2.0 min (Figure A.11 - Appendix A). Needle crystals indicating salt
disproportionation were not optically detected throughout the experiment. It is likely that the
NPD raised the microenvironment pH above the pHmax of Ibuprofen sodium which reduced the

risk of the salt conversion to the free acid form.

4.4.2.3.12. Sodium Stearyl Fumarate

Sodium stearyl fumarate (SSF) is used as a lubricant in capsule and tablet formulations
[244]. SSF has been suggested as a suitable alternative to magnesium stearate due to its fewer
negative impacts on tablet strength and dissolution rate [315], [316].

Pioglitazone HCl: Sodium Stearyl Fumarate: /n situ optical images of Pioglitazone HCI: SSF
binary mixture reveal a change in the salt crystal morphology to the needle-like shape after 10
minutes of incubation in high RH (Figure 4.27). Needle-shaped crystals were formed after 10 min
indicating the formation of either the free base form, Pioglitazone stearyl fumarate or
Pioglitazone sodium. Pioglitazone stearyl fumarate formation is less energetically favourable as
the pKa difference between Pioglitazone and fumarate counterion is less than two [218]. In
addition, Pioglitazone sodium is not stable salt in aqueous solution and tend to precipitate
eventually to the free form [266]. Therefore, it was reasonably believed that the needle-crystals
formed were attributed to the precipitation of the free base. The results show high similarity in

the disproportionation kinetics to the magnesium stearate images (Section 4.3.2.3.10). The delay
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in the salt disproportionation induction time of Pioglitazone HCl crystal is due to the hydrophobic

nature of the excipients.

P
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Figure 4.28: In situ optical microscopy images of Pioglitazone HCI crystal (Orange arrow) mixed with sodium stearyl fumarate during storage at
75-90% RH: (A) Start (B) 5.0min (C) 10 min (D) 15 min. Scale bar for images is 100 um.

Ibuprofen Sodium: Sodium Stearyl Fumarate: Similar to magnesium stearate, |lbuprofen
sodium crystals mixed with SSF showed rapid disintegration and dissolution within 2.0min (Figure

A.12 - Appendix A). No formation of needle crystals was observed during the experiment.
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4.4.3. Results and Discussion Summary

In situ optical microscopy equipped with a controlled humidity chamber was used to
investigate the propensity of salt disproportionation during storing at high humidity. For the weak
base drug salt, Pioglitazone HCI, a change in the crystal morphology from plate-like crystal to
needle crystal was observed when stored at high humidity. This change in crystal morphology
represents the salt conversion to the free base, which was confirmed by offline Raman
spectroscopy analysis. On the other hand, lbuprofen sodium, a weakly acid drug salt, crystals
stored at high humidity showed crystal size reduction and dissolution, which indicates the stability
of Ibuprofen sodium at high humidity condition.

In the second part of this chapter, the role of excipients in inducing or preventing salt
disproportionation by changing the microenvironment pH was investigated. For Pioglitazone HCI,
acidic excipients such as citric acid and ascorbic acid reduced the microenvironmental pH below
the pHmax of the Pioglitazone HCI. The in-situ optical images showed the dissolution of the salt
crystal at high relative humidity, which indicates the stability of Pioglitazone HCl when formulated
with acidic pH excipients. Stearic acid, lactose monohydrate, calcium phosphate dibasic,
magnesium stearate, sodium phosphate dibasic and sodium stearyl fumarate all exhibited pH
higher than the pHmax of Pioglitazone HCI, which led to the conversion of the salt to the free base
form or to lower solubility salt. The salt crystals mixed with these excipients showed a change in
the crystal morphology from the plate-like structure to the needle structure. Excipient properties,
such as solubility and hydrophobicity controlled the extent and the onset of salt
disproportionation. In-situ optical screening successfully demonstrated the unique behaviour of
some excipients and their effect on Pioglitazone HCI stability at high RH. Disintegrant, such as

croscarmellose sodium and sodium starch glycolate, showed high absorption of water, which
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decreases the reactivity of water in the system. The reduction of water reactivity led to a delay in
the salt disproportionation of Pioglitazone HCI at high RH compared to the drug only powder.
Hydroxypropyl methylcellulose (HPMC) had the ability to inhibit the nucleation and growth of the
free base needle crystals, which results in small needle crystal formation. Due to the hydrophobic
nature of some excipients such as magnesium stearate, poor water wettability of the drug crystals
and delayed salt conversion was observed.

Ibuprofen sodium exhibited good stability in most of the salt-excipient binary mixtures.
However, the formation of small needle-shaped crystals, which enlarge in a dendritic fashion, was
seen in mixtures containing citric acid, ascorbic acid and stearic acid. These acidic excipients
protonated Ibuprofen sodium, which led to the precipitation of Ibuprofen free acid form at high
RH. Citric acid, ascorbic acid and stearic acid slurry pH values were well below the pHmax of
Ibuprofen sodium. The other binary mixtures tested reported the dissolution of the Ibuprofen

sodium crystals, which demonstrates the stability of Ibuprofen sodium in these mixtures.
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4.5.Conclusion

In this chapter, the salt disproportionation of two model drug salts, Pioglitazone HCl and
Ibuprofen sodium, mixed with different commonly used excipients were tested at high relative
humidity. In-situ optical screening with controlled humidity chamber was employed to monitor
any salt crystal morphology changes due to the conversion of the salt to the free form. Binary
mixtures of the drug salt and excipients that exhibited different measured pH and properties were
stored at high relative humidity to simulate accelerated stability test conditions.

Salt disproportionation to the free form can be detected by monitoring the change in the
crystal shape to the needle-like structure in real-time using in-situ optical microscopy system.
Offline Raman spectroscopy analysis obtained from the formed needle crystals confirmed the
formation of the free form. Lactose monohydrate, calcium phosphate dibasic, magnesium
stearate, sodium phosphate dibasic and sodium stearyl fumarate all have the potential to
facilitate disproportionation of Pioglitazone HCl due to their high alkalinity and capacity to accept
protons in the presence of moisture. Whereas, citric acid and ascorbic acid both show the ability
to lower the microenvironment pH below the pHmax of the salt and stabilise the salt at high
relative humidity.

In the case of Ibuprofen sodium, acidic excipients such as citric acid, ascorbic acid and
stearic acid all have the potential to induce disproportionation of Ibuprofen sodium due to their
high acidity and ability to donate protons in the presence of moisture. The conversion of
Ibuprofen sodium to the free acid resulted in the formation of needle-shaped crystals that were
imaged by the in-situ optical microscopy system. Whereas basic excipients such as lactose
monohydrate, microcrystalline cellulose, calcium phosphate dibasic and sodium phosphate

dibasic increased the microenvironment pH above the pHmax of Ibuprofen sodium, facilitating the
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salt dissolution rather than disproportionation. The optical microscopy imaging method
successfully showed the behaviour of some excipients such as disintegrant (swelling due to water
absorption), controlled release polymer (HPMC precipitation inhibitor) and lubricant
(hydrophobic nature) and their effect on salt stability and the onset of the salt disproportionation.

The results presented in this chapter suggest that the in-situ optical microscopy imaging
system equipped with a controlled humidity chamber has the potential to investigate the ability
of the different excipients to induce or prevent salt disproportionation. To the best of our
knowledge, this is the first time that monitoring change of salt crystal shape using optical
microscopy has been employed to study salt disproportionation in drug-excipient binary mixtures
stored at high RH. The success of applying optical microscopy as a qualitative analytical technique
to detect the ability of excipients to induce salt disproportionation will help formulation scientists
better understand drug-excipients compatibility. Hence, the findings of this chapter could

profoundly impact the formulation design of solid dosage forms containing pharmaceutical salts.
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Chapter5: The Effect of Excipients on Salt
Disproportionation during Dissolution: Novel Application

of In-Situ Raman Imaging

In this Chapter, In situ Raman UV-Vis flow system has been used to investigate the
behaviour of tablets containing salt drug when formulated with carefully selected excipients
during dissolution experiments. The flow cell system includes an in-line UV-Vis spectroscopy,
which enables changes in the amount of drug in solution (Tracked by UV-Vis) to be directly related
to physicochemical changes that occur in the solid-state to the tablet (monitored by Raman). The
motivation for this chapter arises from the fact that ionised drugs (salts) can revert back to their
thermodynamically favourable free forms during the formulation preparation or delivery stages.
This conversion has a significant impact on the dissolution performance of active pharmaceutical
ingredients (APIs). In this Chapter, a series of tablets were made from Pioglitazone HCl (Weak
base model drug), and Ibuprofen sodium (Weak acid model drug) formulated with acidic and basic

excipients were investigated in different aqueous pH environments.

5.1.Introduction

It is reported that 50-70 % of drugs are manufactured as salts, and the success of using
these ionised species in tablets significantly depends on their stability both before and during
drugrelease [254]. However, there is a tendency for the salt to convert back to its free (unionised)
form under certain conditions via a reaction known as disproportionation [220]. Salt
disproportionation can have a negative impact on the dissolution behaviour of the drug, which

can compromise the potency and reliability of the API [219].
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5.1.1. Salt Disproportionation during Dissolution

Salt disproportionation does not only occur in the solid state as described in Chapter 4
(Section 4.1.3.2) but may also happen in the solution during dissolution. Salts have pH-dependent
solubility due to the solubility difference between the ionised and unionised forms (Chapter4-
Section 4.1.2). The ionised forms generally have a significantly higher solubility than the unionised
forms. The conversion from the ionised state (Salt) to the unionised state (Free-form) during
dissolution could be induced by the incompatibility between the dissolution medium pH with the
pHmax Of the salt or pH changes, which is due to the transition of the drug through the Gl tract. In
order to understand the likelihood of salt disproportionation during dissolution, background on
the salt dissolution mechanism and the precipitation in solution thermodynamics must be
covered.

Based on Noyes—Whitney equation [317], the relationship between the dissolution rate
(J) and solubility (Cs) can be expressed by:

J=KA(C;—C) (5.1)

Where K is a constant, A is the surface area of the dissolving solid, and C is the
concentration in the medium. Equation 5.1 may be modified according to the Nernst—Brunner
diffusion layer model [237], which assumes that when the dissolution medium is introduced, the
outermost layer of the drug dissolves promptly into a thin film to form a saturated solution (Cs)
around the drug particle, known as the diffusion layer. The transfer of the dissolved drug to the
bulk solution occurs by diffusion of the drug molecule through the diffusion layer. If the diffusion
layer thickness may be represented by (h) and the diffusion coefficient of the solute in this layer

by D, then K in Equation (5.1) becomes equal to D/h, and the equation may then be rephrased as:
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J= % (Cs—0C) (5.2)
Figure 5.1 illustrates the diffusion layer model for drug dissolution. Salts have the ability
to enhance their dissolution rate by effectively acting as their own buffer. The self-buffering
allows the salts to alter and control the pH of the diffusion layer to favour the salt dissolution (i.e.

increase solubility) in the diffusion layer to reach the supersaturated state.

solid R Diffusion Layer
Salt \

Particle
———————— Bulk Solution

Figure 5.1: Diffusion layer model for drug dissolution.

Equation (5.2) works well when the pH is compatible with the pHmax of the salt (i.e. pH >
pHmax Of free acid salt or pH < pHmax of free base salt). However, when the pH is not compatible
with the pHmax of the salt, the dissolution medium would be considered reactive, and salt is
expected to convert to the free form (i.e. Salt disproportionation). In this case, because the
unionised form usually has lower solubility than the ionised form, local areas of supersaturated
concentrations of dissolved drug in the diffusion layer can initiate precipitation and
recrystallisation from the solution as free-form upon salt disproportionation.

Only a couple of examples of salt disproportionation during dissolution have been
reported in the literature. Binary mixture tablets of a new drug candidate HCI salt and Avicel

(50:50 w/w) were prepared to investigate the dissolution performance of the tablet in 0.1 M HCI
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medium and water [254]. The results revealed that the HCl salt underwent conversion to the free
base when the water was used as the dissolution medium. The conversion did not occur when
0.1 M HCI was used because the pH of the dissolution medium was well below the pHmax of the
salt. The data also confirmed that disproportionation follows solution mediated phase
transformation, where the HCl salt initially dissolved before starting to precipitate out as a free
base [254]. Ewing et al. [253] investigated the salt disproportionation of formulated tablets
containing an ionised free acid drug (Sodium salt) during dissolution in different aqueous pH
environments. A clear release of the sodium salt from the tablet was shown during dissolution in
neutral medium. Dissolution in acidic (0.1 M HCl) medium exhibited rapid disproportionation
upon contact with the medium, forming the free acid form. A shell of the free acid form was
detected around the tablet edges slowing the medium ingress into the tablet before the full

conversion of the APl in the main bulk of tablet [253].

5.1.2. Advanced Analytical Techniques & Mitigation Strategies:

Salt disproportionation can dramatically increase the cost of development and delay the
approval process if it is detected in the late stages of drug development. Therefore, it is crucial to
find a proper analytical technique to study the disproportionation propensity of newly developed
drug salt during early stages of drug development.

A number of analytical techniques have been employed to investigate and reveal the
factors responsible for salt disproportionation, including solid-state nuclear magnetic resonance
spectroscopy (NMR) [31], powder X-ray diffractometer (XRPD) [201], [225], [226], [232], [233],
Fourier transform infrared (FTIR) spectroscopy [31], [201], [219], [225], [232], [253], [254], and

Raman spectroscopy [219], [226], [229], [232], [233], [248], [253], [254]. Most of these techniques
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have been used to study salt disproportionation during storage by taking offline measurements.
However, vibrational spectroscopic approaches such as infrared and Raman spectroscopy can
also be used as online techniques to study chemical and physical changes during dissolution [232].
The ability to investigate salt disproportionation and its effects upon dissolution in situ would be
beneficial for understanding how it occurs and developing strategies to mitigate the issue. Ewing
et al. and Wray et al. employed Raman and FT-IR with flow-through dissolution cells to investigate
salt conversion to the free form during dissolution [253], [254]. Both studies showed the
advantage of using the two spectroscopic approaches to study the behaviour of the drug salt
tablet dissolving in different aqueous pH environment in real time. However, the studies did not
investigate the role of formulation components (i.e. excipients) in inducing or preventing the salt
disproportionation during dissolution.

Disproportionation can be prevented by selecting suitable salts or modifying the
formulation appropriately [29]. Formulation strategies have been used to reduce the risk of
disproportionation in pharmaceutical products. For example, pH modifiers are deliberately added
in the formulation to modulate the pH. Organic acids such as citric, tartaric, and succinic acid have
been used in solid dosage forms of weakly basic drugs to enhance their stability and dissolution
performance [287], [318]-[321]. Zannou et al. [32] used citric acid to acidify the
microenvironmental pH of a maleate salt of a basic drug formulation. The formulation
modification succeeded to stabilise the product for a shelf-life of 3 years [32]. Similarly,
incorporation of tartaric acid in the hydrochloride salt of a factor Xa inhibitor (Razaxaban) tablet
formulation increased the dissolved fraction of the drug at basic pH medium [287]. The study

suggested that tartaric acid increased the solubility of the drug in the microenvironment of the
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dissolving dosage form (i.e. the diffusion layer), leading to a lower degree of supersaturation in
the microenvironment, therefore, preventing the free base precipitation during dissolution [287].

Another approach using crystalline solid dispersion has been used by Nie et al. [233].
Pioglitazone HCl salt crystals were dispersed into a polymeric carrier. The solid dispersion acts as
a mean to protect the salt from interacting with problematic excipients. The solid dispersion

strategy showed effective ability in reducing the extent of disproportionation [233].
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5.2. Motivation and the Aim

Although salts represent one of the most common formulation platforms for improving
the dissolution properties of poorly water-soluble drugs, this approach often fails to achieve the
required bioavailability due to the salt disproportionation (salt conversion to the less soluble free
form). This form conversion can pose a potential risk to the desired dissolution behaviour of the
dosage form and the in vivo efficacy. The ability to investigate salt disproportionation and its
effects upon dissolution in situ would be very valuable for understanding how it occurs and
developing strategies to mitigate the issue. Real-time vibrational spectroscopy has been
employed before to investigate salt disproportionation during dissolution [253], [254]. However,
both studies investigated the effect of aqueous media with different pH on drug salt
disproportionation without exploring the role of the other formulation components (i.e.
excipients) in inducing or preventing salt disproportionation during dissolution.

Gaps in the current knowledge of salt disproportionation include the lack of the
mechanistic understanding of how the physiochemical properties of excipients lead to salt
disproportionation in tablets during dissolution. In addition, the effectiveness of formulation
strategies, such as pH modifiers, to reduce the risk of the salt conversion during dissolution is yet
to be confirmed directly in the tablet matrix in-situ using online analytical techniques.

Therefore, the primary aim of this chapter is to fill the gap related to the understanding
of the effect of excipients on salt conversion in the tablet matrix (solid-state) during dissolution.
This will be attempted by using Raman spectroscopic mapping in conjunction with a custom
designed flow-dissolution as the main analytical technique. The novelty of this system for
investigating the salt disproportionation during dissolution derived from collecting Raman data in

situ during the course of the dissolution experiment. Raman data were analysed using a different
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mathematical approach, which originates from the use of concatenated maps of the tablet to
explicitly track the changes as a function of time and space. In-line ultraviolet-visible (UV-Vis)
spectroscopy was used in parallel with Raman spectroscopy as a complementary analytical
technique that allows the changes in drug release from the tablet (monitored by the UV-Vis) to
be directly related to physicochemical changes that occur to the drug salt in the tablet matrix.
This combination provides a more global view of the effect of salt disproportionation on tablet
performance.

Two salts were employed in this chapter as model systems, Pioglitazone HCl and Ibuprofen
Sodium. Six common excipients (shown in Table 5.1) are chosen for this study: two diluent/fillers
(Lactose and Microcrystalline Cellulose (MCC)), two lubricants (Magnesium stearate and stearic
acid) and two pH modifiers (Citric Acid and sodium phosphate dibasic). The excipients have been
selected not only due to their common usage in the two salts formulations but also to specifically
provide a wide range of microenvironmental pH between 2.0 to 9.0.

The specific objectives of this chapter are:

e To rationalise the stability and dissolution behaviour of model salt drugs, Pioglitazone

HCl and Ibuprofen sodium, in drug only tablet during in situ tablet dissolution
experiments. The salt disproportionation to the free form of the drug during
dissolution in pH 1.2 (0.1 M HCI) and pH 6.8 (0.1 M sodium phosphate) media was
monitored to mimic the stomach and duodenum condition, respectively.

e To investigate the influence of commonly used excipients in inducing salt

disproportionation during dissolution in the tablet matrix. pH modifiers excipients
were investigated as an effective formulation approaches to minimise the salt

disproportionation during manufacturing and dissolution. Binary mixture tablets of
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the drug salt with the excipients were tested in acidic and basic media to probe the
effect of excipient on the microenvironment pH to induce or inhibit

disproportionation.

Table 5.1: Summary of excipients used in the binary mixture tablets.

HO, O. R
‘\\\‘\\\\oH
Lactose
.0-7.
Monohydrate 6.0-7.0
Binder-
Filler
Microcrystalline
Cellulose (MCC) 5.0-6.0
Magnesium
Stearate 8.5
Lubricant
Stearic Acid 3.0
Citric Acid 2.0
HO oH
OH
pH S .
Modifiers Na
Sodium
HO——P——O"
Phosphate 9.0 |
Dibasic -
O
Na*

* The slurry pH values of the excipients were reported in Chapter 4- Section 4.4.1.
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5.3.Materials and Methods

5.3.1. Materials

Active Pharmaceutical Ingredients (APIs): Pioglitazone hydrochloride (Salt 298.5%) was
obtained from Kemprotect Limited (UK). Pioglitazone free base (98%), Ibuprofen free acid (98%)
and Ibuprofen sodium (Salt 98%) were purchased from Sigma-Aldrich (UK). All APIs were used as
received, without any further purification. Infrared spectroscopy was used to confirm the identity
of the received salts and free forms.

Excipients: Citric acid monohydrate (= 99%), sodium phosphate dibasic (Pharma Grade)
and magnesium stearate (Technical Grade) were purchased from Sigma-Aldrich (UK). Stearic acid
(General Grade) was obtained from Fisher Scientific (UK). Lactose monohydrate (Inhalac® 70-
Pharma Grade) was supplied by Meggle Pharma - Excipients & Technology (Germany).
Microcrystalline cellulose (Avicel PH-102-Pharma Grade) was supplied by FMC Health and
Nutrition (USA). All excipients were used as received, without any further purification.

Buffers: Hydrochloric acid (12 M), sodium phosphate dibasic and sodium phosphate
monobasic were purchased from Sigma-Aldrich (UK).

Instruments used for preparing the formulations and tablets: 3-dimensional
shaker/mixer (TURBULA T2F) and Manual 15 Ton Hydraulic Press (Specac-Atlas).

Raman Ultraviolet-Visible Flow Cell System: The Raman 3D printed tablet flow-cell was
designed and manufactured by the medical engineering unit at the University of Nottingham. The
flow-cell consists of a rectangular section of poly(methyl methacrylate) (PMMA), with flow
channels drilled through it to allow the flow of dissolution medium. The cell dimensions are 75
mm in length, 40 mm in width, and 3.0 cm in height. The tablet is positioned within the flow cell

cavity, which has an internal diameter of 14 mm. The dissolution cell cover with a glass window
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is then bolted into place on top of the sample, which seals with the O-ring to create a chamber
for dissolution. The UV-Vis flow cell, deuterium light source and the CCD spectrometer were all
obtained from Ocean Optics (USA). The peristaltic pump was purchased from Ismatec
(Switzerland).

Post-Dissolution Sample Preparation Kit: PowerTome XL CR-X Ultramicrotome (RMC
Products, Broeckeler Instruments Inc., AZ, USA) was used to cross-section the tablet after the

dissolution experiment.

5.3.2. Formulation and Tablet Preparation

All excipients were ground and screened through a 50 um sieve before mixing with the
APIs. The grinding and sieving were performed to narrow the particle size distribution, prevent
segregation and ensure blend homogeneity [322].

A binary mixture of the drug salt and each excipient was prepared at a different weight
ratio. The selection of the excipients was mainly driven by the excipients used in the branded-
drug tablet formulation. Citric acid and sodium phosphate dibasic were used to investigate the
role of pH modifiers to prevent salt disproportionation during dissolution.

Pioglitazone HCI (Pio HCI) was combined with citric acid (CA), lactose monohydrate (LM),
and magnesium stearate (MgSt). The compositions of formulation A, formulation B and
formulation C are detailed in Table 5.2. The excipients were mixed with Pioglitazone HCI
according to the ratio used in the branded drug product (Actos ®)[301] or according to the

standard excipient ratio stated in the Handbook of pharmaceutical excipients [244].
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Table 5.2: Pioglitazone HCl formulations compositions, excipients role and the mixture weight ratio of each formulation.

Citric acid Acidic Buffering )
Fa Monohydrate Agent 16 70:30
Fs Lactose Binder- Filler 6.3 20:80
monohydrate
Fe Magnesium Lubricant 8.5 90:10
Stearate

Ibuprofen sodium (Ilbu Na*) was mixed with sodium phosphate dibasic (NPD),
microcrystalline cellulose (MCC) and stearic acid (SA). The compositions of formulation E,
formulation G and formulation H are detailed in Table 5.3. Similar to Pioglitazone HCI, the
excipients were mixed with Ibuprofen sodium according to the ratio used in the branded drug
product (Advil ®) [296] or according to the standard excipient ratio stated in the Handbook of

pharmaceutical excipients [244].

Table 5.3: Ibuprofen sodium formulations compositions, excipients role and the mixture weight ratio of each formulation.

Fe Sodlum.Phc?sphate Basic Buffering 91 70:30
Dibasic Agent
Fo Microcrystalline Binder- Filler 7.1 50:50
Cellulose
Fu Stearic Acid Lubricant 34 90:10

The formulations were thoroughly blended for 15 min using Turbula T2F mixer. The
blended powders were then gravimetrically dispensed (Approximately 50 mg for Pioglitazone
formulations and 100 mg for Ibuprofen formulations) into a 20 ml glass vial. Afterwards, the
mixture was compacted into tablets, 5 mm in diameter, using a manual hydraulic press (Specac).
A consistent compression force of ca. 20 kN was applied for all tablets for 15-20 seconds. Pure

Pioglitazone HCl and Ibuprofen sodium tablets were also prepared similarly, serving as a control
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such that the salt conversion to the free-form resulting from the pH of the dissolution buffer is
distinguished from those due to the excipients in the formulation. All tablets were stored in a
desiccator before the dissolution experiment for a maximum of 24 hours. A photographic image

of the 50 mg and 100 mg tablets is presented in Figure 5.2.

Figure 5.2: Photographic image of the 100 mg (Left) and 50 mg (Right) tablets.

5.3.3. Buffer Preparation:

Two different dissolution media were used in this investigation, 0.1 M hydrochloric acid
(HCl) buffer (pH=1.2) and 0.1M sodium phosphate buffer (pH=6.8). The 0.1 M HCI buffer solution
was prepared by diluting 8.30 mLof 12 M HCl in 1 L of deionised water. Whereas, the 0.1M sodium
phosphate buffer solution was prepared by mixing 245 ml of 0.2 M of sodium phosphate dibasic
and 255 ml of 0.2 M sodium phosphate monobasic then making up the volume to 1 L using

deionised water.

5.3.4. Raman Spectroscopy

Raman spectroscopy was used to acquire reference spectra of the salts and free forms of
both model drugs (i.e. Pioglitazone and Ibuprofen). Reference spectra for the excipients listed in
Table 5.2 and 5.3 were also obtained. Raman spectra were acquired using a Horiba LabRAM HR
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confocal microscopy/spectroscopy from 100 to 4000 cm™. Sample excitation was performed
using a near-IR laser (785 nm) of 250 mW power. Spectra were acquired using a 50x objective and
a 300 um confocal hole. A 600 mm rotatable diffraction grating was used to scan a range of Raman
shifts. Raman spectra were collected using a SYNAPSE CCD detector (1000 pixels). Data acquisition
time was set at 3 seconds, and two accumulation were averaged for all samples. GraphPad Prism

was used for spectra visual inspection in this section.

5.3.5. Raman Ultraviolet-Visible Flow Cell System

Raman Spectroscopy: The same Raman system described in section 5.2.4 equipped with
a 3D printed flow cell was used to investigate the salt conversion during the dissolution of
compressed drug/excipient formulations. Each formulation was performed in acidic (pH=1.2) and
basic (pH=6.8) buffer to resemble gastric and duodenal pH condition, respectively. In all
investigated cases, no change in the dissolution media pH (checked by pH meter) was noticed
after the termination of the dissolution experiment. Each experiment was run for 2.0 hours in
each buffer, which matches the mean residence time of tablet in the stomach and duodenum
[323]. The total buffer volume was 500 ml, and the flow rate was set at 5.0 ml/min. Figure 5.3
illustrated the experimental set-up of the system.

The flow cell was placed under the objective of the Raman microscopy fixed to a motorised
XYZ stage (Marzhauser) for mapping. The spectra were collected as a function of time (15 min
intervals) across a mapping area of 500 um x 500 um with 50 um step along the x and y-axes (121
spectra per map). The whole map required approximately 15 min as each spectrum was acquired

for 2 seconds and repeated once to remove the spikes. The z-axis was corrected between each
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map during the dissolution experiment. The spectral region was changed according to the drug,

and the excipient investigated to get the least interference between peaks.

B: Front View
Pump
Raman
Spectroscopy
UV Spectrometer
e
[ ]
—
Flow Cell

Buffer

Figure 5.3: (A) Schematic diagram of the Raman Ultraviolet-Visible Flow Cell System. (B) Front view of the flow-cell under the Raman spectroscopy
objective. (C) Top view of the tablet placed inside the flow-cell.

For Raman data analysis, spectra from each time-point map were averaged to generate a
single spectrum. Averaging produced spectra with good signal to noise ratio and facilitated the
determination of any spectral changes occurring to the salt during the dissolution test. False
colour maps were created using classical least square (CLS) and alternate least square multivariate
curve resolution (ALS-MCR). Prior to the CLS chemical mapping, all spectra were baseline
corrected and normalised to reduce the effect of variability in Raman spectra. In CLS analysis, the
distribution of the tablet components was identified using a computerised model function build
in the LabSpec software (Horiba). The algorithm is based on modelling the spectra found in each
pixel across the Raman map as the linear combination (the weighted average) of the pure
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component spectra (i.e. Reference spectra). This results in an overlay chemical image for each
time point, illustrating the distribution of each component across the map. In ALS-MCR, a single
data matrix, including all the spectra collected across the dissolution experiment at all time points,
was produced in order to probe any salt conversion as a function of both x-y position and time.
Numerical codes for statistical analyses were written in the “R" language (R software version
3.2.2), which is free open-source software [323]. All numerical routines were adapted from a
previous study [323].

Through this chapter, in MCR, colours from white/red to black/blue denoted the
component concentrations from high to low. In CLS, the blue colour represented the salt
spectrum, the red colour represented the free-form spectrum, and the yellow represented the
excipient (only in formulation tablets) spectra.

Ultraviolet-Visible (UV-Vis): Drug release data were collected using UV-Vis data were
collected using a combined miniature light source flow-cell UV-Vis spectrometer system. A Z-
shaped flow cell (FIAZ-SMA) with a 10 mm path length was simultaneously connected to a
deuterium light source (DT-MINI-2) through optical fibres and a CCD spectrometer (USB2000). A
peristaltic pump (IPS) pumped the dissolution buffer through the UV-Vis flow cell and the Raman
flow cell in a closed circle flow (Figure5.3). The dissolution profiles of Pioglitazone HCl [324] and
Ibuprofen Sodium [325], [326] were both acquired by measuring the absorbance at 270 nm every
10 seconds.

A calibration curve for each drug was performed to calculate the drug mass release and
the percentage release. Quantification was determined by dissolving a measured mass of

Pioglitazone HCl and Ibuprofen sodium in methanol and diluting the solution with further known
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aliguots of methanol to construct a calibration plot (Concentration vs Absorbance). The Beer-
Lambert law was used to relate the concentration to the UV absorbance (Equation 5.3):
A =¢ebC (5.3)

Whereas A is the absorbance, € is the molar absorptivity (ml mg* cm™), b is the path length
(cm) and, C is the concentration (mg/ml). The free form (unionised) has a negligible water
solubility in comparison with the salt form (ionised). Therefore, the molar absorptivity of the salt
is expected to be representable for both ionised (salt) and unionised form (free form) amount
released in the acidic and basic pH buffer. This equation will allow to measure the amount and
percentage of drug release and directly compare the different formulation performance. Tablets
total weight (50 mg for Pio HCl and 100 mg for Ibu Na) and the volume of the dissolution medium

(500 ml) were kept constant for all experiments to ensure the accuracy of the calculations.

5.3.6. Post-Dissolution Analysis:

Tablets that maintained their structural integrity (stayed intact) after dissolution were
cross-sectioned in order to be subjected to further analysis. Raman mapping of the cross-
sectioned tablet was performed to spatially identify the tablet’s surface components and the
inner core of the tablet after dissolution.

Ultramicrotome: Tablets were cross-sectioned using PT-X & PT-XL PowerTome
Ultramicrotomes. At the end of the experiment, the remaining tablet was removed from the flow-
cell and left to dry at room temperature. Each tablet was placed perpendicular to the surface of
the aluminium sample holder, embedded in an epoxy resin solution. The resin was left to dry at
room temperature. First, a thin section of about 1.0 mm thickness was cut from the top of the

sample with a razor. Then, each sample was placed in a die, which was subsequently levelled in
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the microtome (PowerTome XL CR-X Ultramicrotome) to permit smooth vertical cuts of the edge
of the tablet to expose the interior using glass and diamond knives. The cross-sectioned tablets
were stored in desiccators until the analysis was performed.

Raman Spectroscopy Mapping: The cross-sectioned tablet was placed under the objective
of the Raman microscopy fixed to a motorised XYZ stage (Méarzh&user) for mapping. The spectra
were collected across a mapping area covering the whole tablet (around 3000 pm x 5000 um)
with a 100 um step along the x and y-axes. The whole map required approximately 90-120
minutes as each spectrum was acquired for 2 seconds and repeated once to remove the spikes.
False colour maps were created using CLS. Before the chemical mapping, all spectra were baseline

corrected and normalised to reduce the effect of variability in Raman spectra.
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5.4.Results and Discussion

The effect of buffer pH and excipients on salt disproportionation was investigated using
Raman UV-Vis flow cell system. Pioglitazone HCl and lbuprofen sodium were selected as a free
base and free acid drug model, respectively. Raman averaged spectra, Raman mapping and UV-
Vis drug release profile were used to study the behaviour of the two model drugs in acidic and

basic buffer media.

5.4.1. Pioglitazone HCI: Free Base Case Study

In this section, the excipient-induced disproportionation of the hydrochloride salt of
Pioglitazone, a weak base with a pKa of 5.2, was investigated in order to improve the basic
understanding of the salt stability and tablet dissolution performance in acidic and basic
environment. Pioglitazone HCl may disproportionate back to the free base at high pH (Basic
environment). By using Raman ultraviolet-visible flow cell system, the effect of dissolution
medium pH and excipient physiochemical properties (mainly pKa) on salt disproportionation was

explored.
5.4.1.1. Dry Pure Material Spectra

The Raman spectra (Spectral region 1200 to 1800 cm™) of all tablet ingredients are shown
in Figure 5.4, including Pioglitazone (HCl salt and free base), citric acid, lactose monohydrate, and
magnesium stearate. Starting with the salt and the free base, it is evident that there are some
clear spectral differences between the salt and free base forms. Specifically, Pioglitazone HCl salt
demonstrates a doublet peak located at the region 1600 to 1650 cm™, whereas the free base

displays a unique single peak at 1610 cm™. This spectral difference can be elucidated by the
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protonation of pioglitazone that changes the vibrational modes of the pyridine ring and the
carbonyl group [280]-[282].

With respect to the excipient’s spectra, all the excipients used in the formulations are
mainly Raman inactive in this specific region (1600 to 1650 cm™). Therefore, this spectral range
will be used to discriminate between the salt and the free base peaks with minimum interference

from the excipients spectra used in this study.
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Figure 5.4: Raman spectra of Pioglitazone HCl salt, Pioglitazone free base and excipients used in formulations over the range 1200 cm™ to 1800

cm™.

5.4.1.2. Dissolution Experiments
5.4.1.2.1. The Effect of the Buffer pH
For an initial investigation to study the dissolution behaviour of the salt in acidic and basic

environments, tablets of pure drug salt were prepared. This type of experiment was employed to

discriminate the role of excipients in inducing or preventing salt disproportionation from the

buffer effect.
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The pHmax of Pioglitazone HCl published by Nie et al. indicates a pHmax of 2.8 [226].
Therefore, at pH values below 2.8, the salt is expected to be the most stable form, whereas the
free base form will be stable above pH 2.8. The acidic environment may thus stabilise the salt,
whereas the basic buffer may lead to the conversion of the salt into a free form of the drug.

Pure Pioglitazone HCI Tablet-Acidic Buffer:

Averaged Raman spectra of the pure salt tablet in the acidic buffer are presented in Figure
5.5. Examination of the data revealed some minor changes in the spectra after 60 min. The peak
located at 1610 cm™ showed an increase in the intensity over the second peak at 1640 cm™. The
slight increase in the 1610 cm™ peak intensity is an indication of the conversion of some salt
molecules to the free form [226]. This was unexpected as the buffer pH is below the pHmax of the
Pioglitazone HCl salt, thus no disproportionation is expected to occur. Other factors, might have

influenced the salt stability during dissolution.
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Figure 5.5: Averaged Raman spectra (1200 to 1800 cm) of the dissolution of the pure Pioglitazone HCl tablet in the acidic buffer. Y-axis offsets

were applied for presentational purposes.
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Therefore, the MCR and CLS models were both employed to spatially and spectrally
deconvolute any change in the salt state during dissolution in acidic pH (Figure 5.6). Starting with
the MCR, two components were required to deconvolute the mapped data. Comparison with the
reference spectra indicates that the first component, MCR1, can be associated with the salt
(Doublet peak at 1600 to 1650 cm™2).

The second component, MCR2, shows an increase in the 1610 cm™ intensity over the
second peak. Increasing the 1610 cm™ intensity by increasing the Pioglitazone free form in a
physical mixture with the salt form has been reported previously [226]. As a result, MCR2
components can be associated with the mix of both salt and free-form spectra. The scores’ plots
show that the salt (MCR1) is distributed throughout the mapped compact surface before the
dissolution experiment start. Corresponding MCR2 scores’ plots indicated some small co-
existence of salt and the free-form material in the mapped area of the dry compact. This may be
explained by the formation of the free form due to the humidity during the powder mixing and

tablet compression.
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During the dissolution, the amount of the salt-free form mixture increased at the expense
of the pure salt (MCR1). It is apparent that limited salt conversion to the free form has occurred
during dissolution. The salt disproportionation is likely linked with the presence of the free form
in the tablet matrix, which facilitated the solution-mediated phase transformation (SMPT) of the
salt. It is well known that SMPT consists of three phases; initial dissolution of the metastable
phase (i.e. salt) to reach saturation or supersaturation, then nucleation of the stable phase (i.e.
free form) and finally crystal growth [224]. There are some factors that influence each step, for
example, controlling the first phase by reducing the supersaturation level of the salt can be
achieved by keeping the pH below the pHmax of the free base. This pH condition was maintained
in the previous experiment by using the acidic buffer. Bearing this in mind, the free-form
nucleation can be triggered by the presence of secondary nucleation. Therefore, the presence of
the free base in the tablet due to the humidity during tablet manufacturing led to the conversion
of the salt to the free form.

The spectra of both pure Pioglitazone salt (Blue) and the free form (Red) were used with
the CLS fitting algorithm to determine the proportion of each form during the dissolution
experiment. The false colour map in Figure 5.6-b indicated the dominant presence of the salt form
of the dry tablet. As the dissolution experiment progressed, the free base formation across the
mapped area is noticed by the faint red colour. The faint red colour indicates that the spectra are
a mixture of the salt and the free base, which is in agreement with the map generated using MCR.

Pure Pioglitazone HCI Tablet-Basic Buffer:

The results from the dissolution experiments in the 0.1M sodium phosphate buffer
(pH=6.8) significantly differ from those recorded in the acidic buffer. Averaged Raman spectra of

the pure salt tablet in the basic buffer are presented in Figure 5.7. Raman data showed that the
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spectrum changed after 15 min (Figure 5.7, 15 mins). The intensity of the doublet peak at 1640
cm! appeared to decrease in relation to the other peak at 1610 cm™. The spectra collected
between 30 and 120 min showed a strong correlation with the Pioglitazone free base spectrum.
It is likely that the rise of the pH above the pHmax of the salt led to an increase in the
supersaturation concentration of the unionised form in the solution. This high supersaturation

led to the precipitation of the free form to reach equilibrium [226], [229], [233], [327], [328].
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Figure 5.7: Averaged Raman spectra (1200 to 1800 cm™) of the dissolution of the pure Pioglitazone HCI tablet in the basic buffer. Y-axis offsets
were applied for presentational purposes.

The MCR and CLS model were both used mainly to spatially and spectrally visualise the
salt conversion to the free form during dissolution in basic pH (Figure 5.8). Starting with the MCR,
again, two components were required to deconvolute the mapped data. The white/red colours
represent areas where a phase is present at its maximum, whereas black/blue colours indicate
areas where it is present at its minimum. A continuum of white-red-orange-yellow-cyan-blue-

black colours represents areas with a variable weighting of that phase. Comparison of the MCR
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loadings with reference spectra clearly showed that the data had been resolved into components,
which agree remarkably well with Pioglitazone HCl salt (MCR1) and Pioglitazone free base (MCR2).

The images in Figure 5.8-(a) show the behaviour of the tablet every 15 min for the duration
of the experiment. These results confirmed that there was the rapid formation of the free base
form after the basic medium contacted the tablet. A complete conversion of the salt form to the
free base form had occurred after 60 min of the dissolution experiment started. The
concentration map generated by CLS in Figure 5.8-(b) is significantly in agreement with the MCR-
ALS maps. The dominance of the free base form (red) was observed after 30 min.

It is expected that the chemical changes that occurred to the Pioglitazone HCl in the basic
conditions had implications for the overall release of the drug. The drug release results will be

discussed later in this chapter.
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At the end of the experiment, the tablet was recovered from the flow cell nearly intact.
The tablet was cross-sectioned using ultramicrotome to expose the interior of the tablet. Raman
mapping was performed to analyse the edge and the core of the whole cross-sectioned tablet.
Data are presented in Figure 5.9. The salt disproportionation of the Pioglitazone HCl salt to the
free base occurs on the outside of the tablet (top and bottom surface and edges), with the interior
consisting of unchanged salt form. Under basic conditions, Pioglitazone salt disproportionation
resulted in the formation of the free base form of the drug that initially manifested itself as an
impermeable layer around the outside of the tablet which inhibited the ingress of the dissolution
medium. Serajuddin et al. theorised a situation where the free-form precipitated at the surface
of the salt which may exist below the surface layer not available for dissolution [214]. These
results confirmed the previous theory experimentally using Raman spectroscopy.
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Figure 5.9: Optical image and Raman maps of the pure Pioglitazone HCI cross-sectioned tablet after dissolution in the basic buffer generated by
CLS fittings.
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5.4.1.2.2. The Effect of the Excipients

The excipient’s effect on salt disproportionation will be investigated in this section. It has
been reported that excipients possessing acidic/basic functionalities can modulate the
microenvironmental pH within sorbed moisture located at surfaces of the salt [24], [31], [327],
[328], [32], [201], [220], [225], [226], [229], [232], [233]. The change in the microenvironmental
pH may induce or prevent salt disproportionation depending on the pHmax of the drug salt.

In this section, Pioglitazone HCl was formulated with different types of excipients that
possess different physiochemical properties and roles in tablet formulation. The results in this
section will be compared to the results obtained in section 5.4.1.2.1 (The Effect of the Buffer pH).
Therefore, any changes in the drug salt stability will be influenced by the excipient, not the buffer

used.

5.4.1.2.2.1. Formulation A-Pioglitazone HCI: Citric Acid

Citric acid is widely used pH modifiers in pharmaceutical formulations, primarily to adjust
the microenvironment pH of tablet matrices [244]. pH modifier, such as citric acid, has been used
before as an effective tool to modulate the microenvironment pH to enhance stability [32], [285],
[286] and minimise salt disproportionation during dissolution [287]-[290]. Therefore,
Pioglitazone HCl was formulated with citric acid to prevent the conversion to the free form during
tablet manufacturing and dissolution in basic medium. The weight ratio (Pio HCI: Citric Acid- 70:30
w/w) was adapted from a previous study that used pH modifiers in tablet formulations [329].

Formulation A: Acidic Buffer: Averaged Raman spectra of formulation (A) tablet in the
acidic buffer are presented in Figure 5.10. Examination of the data did not reveal significant

changes in the spectra across the entire period of the dissolution experiment (0 to 120 min). The
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doublet peak located at the region 1600 to 1650 cm™ was preserved throughout the whole
dissolution test. The Raman data essentially showed that when the pH is below the pHmax of the

drug, the free base did not form, and the drug remained as the more soluble HCl salt.
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Figure 5.10: Averaged Raman spectra (1200 to 1800 cm™) of the dissolution of formulation A (Pio HCI: Citric Acid) tablet in the acidic buffer. Y-axis
offsets were applied for presentational purposes.

The results of the MCR and CLS analysis are presented graphically in Figure 5.11. In the
MCR analysis, trial runs indicated that a suitable choice of the number of components for this
data set was two. The MCR component related to the citric acid cannot be generated due to the
lack of significant variance between the citric acid and the salt spectra (Figure 5.11). The first MCR
component unambiguously correlates to the pure salt reference spectra (Doublet peak at 1600
to 1650 cm™). The second component showed the doublet peak at 1600 to 1650 cm, which were
correlated to the salt spectra. However, a broad peak at 1600 cm?! was also seen in the second
component that is not entirely comparable to the salt or the free base reference spectra.

Therefore, raw data checking was performed to investigate the source of this peak.
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Figure 5.11: Raman maps of formulation A tablet (Pio HCI: Citric Acid) during dissolution in the acidic buffer as a function of time, generated by

(a) MCR analysis (b) CLS analysis.
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It is likely that the broad humps in the Raman spectra were due to the amorphous drug
component produced during dissolution (Figure B.1 - Appendix B). There was no spectroscopic
evidence of conversion from the salt to the free base form during this experiment in any of the
measured data. This result is confirmed by the information in the CLS maps showing the
dominance of the salt form (Blue colour) across all the maps (Figure 5.11-b).

Incorporation of citric acid in the Pioglitazone HCI tablet formulation preserved the salt
form during tablet preparation, which is evident by the absence of the free base spectra in the
dry tablet map (Figure 5.11, Dry). Furthermore, citric acid may have enhanced the apparent
solubility of the hydrochloride salt by lowering the microenvironment pH of the dissolution
medium surrounding the tablet; therefore, minimising free base precipitation during dissolution.
A similar effect of the pH modifier has been reported previously [287].

Formulation A: Basic Buffer: Dissolution of formulation (A) tablet in basic buffer was
investigated. Reduction of the salt disproportionation during dissolution was expected due to the
role of citric acid in lowering the microenvironment pH below the pHmax of salt regardless of the
bulk dissolution medium pH [320], [321]. Figure 5.12 shows the averaged Raman spectra of
formulation (A) tablet in the basic buffer. Raman data showed rapid and significant changes in
the spectrum after 15 min. The increase of 1610 cm™ peak intensity supports the formation of
the free base. The addition of citric acid did not reduce or prevent the salt disproportionation in
the basic medium. It is likely that the faster dissolution of citric acid with respect to Pioglitazone
HCl led to a rapid leach of citric acid from the tablet matrix. This resulted in high
microenvironment pH values and thus led to the salt disproportionation. This effect has been

reported before in multiple studies [321], [330], [331].
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Figure 5.12: Averaged Raman spectra (1200 to 1800 cm™) of the dissolution of formulation A (Pio HCI: Citric Acid) tablet in the basic buffer. Y-axis
offsets were applied for presentational purposes.

MCR data analysis shows that the data have been resolved into components which agree

remarkably well with Pioglitazone HCI salt (MCR1) and Pioglitazone free base (MCR2) in Figure

5.13. The data are showing rapid conversion to the free form in less than 30 min. The salt

conversion in the formulation (A) was faster than that in pure Pioglitazone HCI tablet during

dissolution in basic media.
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It is likely that the citric acid leashed out of the tablet matrix, possibly leaving pores upon
contact with the basic buffer medium. These pores may have increased the basic medium ingress
inside the tablet and exposed more surfaces of the salt drug to the medium resulting in rapid and
significant conversion to the free form. Similarly, CLS data shows the domination of the free base
form over the tablet map at 15 min after the beginning of the dissolution.

Unlike the acidic medium, formulation (A) tablet was recovered from the flow-cell after
the dissolution experiment in the basic buffer. Raman maps generated by CLS on Figure 5.14 show
the formation of the free base around the outer surface and edges of the tablets similar to the
pure Pioglitazone HCI tablet (Section 5.4.1.2.1, Figure 5.9). However, the thickness of the free
form layer in formulation (A) tablet is larger than the drug only tablet. This could be related to the
high solubility of the citric acid leaving pores in the free form layer, therefore allowing more basic
media to penetrate.
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Figure 5.14: Optical image and Raman maps of the formulation A (Pio HCI: Citric Acid) cross-sectioned tablet after dissolution in the basic buffer
generated by CLS fittings.
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5.4.1.2.2.2. Formulation B-Pioglitazone HCI: Lactose Monohydrate

Lactose monohydrate (LM) is a carbohydrate that is widely used as a filler and diluent in
solid dosage forms [244]. Fillers are usually used to provide bulk for the active ingredient to be
measured accurately and improve the formulation properties, such as cohesion. Generally,
Lactose monohydrate exhibits some good properties that contribute to its popularity, including
low hygroscopicity, compatibility with active ingredients and excellent physical and chemical
properties [332].

The FDA approved Pioglitazone HCl tablet, Actos™ formulation contains lactose
monohydrate as a filler [301]. However, the slurry measured pH for LM is around 6.0, which
exceed the pHmax of Pioglitazone HCI. This indicates that LM in the presence of water may elevate
the microenvironment pH in the tablet and induce salt disproportionation. Therefore,
Pioglitazone HCl was formulated with lactose monohydrate to study the stability of the salt tablet
during dissolution in the acidic and basic medium. According to the ingredient’s percentage used
in Actos™ formula, lactose monohydrate makes up about 80% of the total formulation compared
to 14% for the drug salt. Therefore, 80%: 20% weight ratio (Pio HCl: LM) was used in the tablet
formulation.

Formulation B- Acidic pH: Averaged Raman spectra of formulation (B) tablet in the acidic
buffer are presented in Figure 5.15. Raman data show that the spectrum does not change after
15 min (Figure 5.15, 15 min). The double peak of the Pioglitazone salt at 1600 to 1650 cm™ region
preserved the same ratio as in the spectrum of the dry tablet compact. Proceeding with the
analysis, after 60 min the intensity of the 1640 cm™ peak appears to decrease in relation to the
1610 cm™ peak. After 90 min, the average Raman spectrum shows only a single peak at 1610 cm"

1, which correlate well with Pioglitazone free base spectrum.
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Figure 5.15: Averaged Raman spectra (1200 to 1800 cm?) of the dissolution of formulation B (Pio HCI: LM) tablet in the acidic buffer. Y-axis offsets
were applied for presentational purposes.

The MCR model was used to spatially and spectrally visualise the components distribution
in the tablet and track the salt conversion to the free form during dissolution in acidic pH (Figure
5.16). Three components were applied to deconvolute the mapped data. The first and the third

components can be associated with the salt and the free base, respectively.
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Figure 5.16: Raman maps of formulation B tablet (Pio HCl: LM) during dissolution in the acidic buffer as a function of time, generated by MCR

analysis.
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MCR 2 mostly correlate to the lactose monohydrate. The vibration bands at 1200 to 1500
cm™ are due to movements of C-CH and O-CH in lactose monohydrate molecules[333]. The
scores’ plots show that the Pioglitazone HCI salt (MCR1) and lactose monohydrate (MCR2) are
distributed throughout the mapped compact surface before immersion in the dissolution
medium. Then, after 30 minutes the amount of the free base (MCR3) increased whereas the salt
and the lactose monohydrate amount decreased. It is likely that lactose monohydrate rapidly
dissolved in the dissolution medium whereas the salt dissolved and then precipitated in the form
of a free base.

CLS model showed similar features to the MCR maps especially at 30 and 60 min (Figure

5.17). After 90 min, a complete conversion to the free form in the mapped area was noticed.
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Figure 5.17: Raman maps of formulation B tablet (Pio HCl: LM) during dissolution in the acidic buffer as a function of time, generated by CLS
analysis.

In comparison to the pure Pioglitazone HCI tablet (Section 5.4.1.2.1-Figure 5.5 & 5.6),

formulation (B) tablet showed a significant difference in the salt disproportionation kinetic. In
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comparison to the salt-only tablet, a complete salt conversion to the free base supported by the
absence of the 1640 cm™ peak was shown in formulation (B) during dissolution in acidic medium.
It is possible that lactose monohydrate elevated the microenvironment pH significantly, which
impacted the salt stability in the tablet. This effect of lactose monohydrate has not been reported
before in the literature to the best of our knowledge.

Formulation B- Basic pH: Average Raman spectra (Figure B.2 - Appendix B), MCR maps
(Figure B.3 - Appendix B) and CLS maps (Figure B.4 - Appendix B) are all shown the rapid
conversion of the salt drug to the free base. The high solubility of the lactose monohydrate
facilitated the ingress of the basic dissolution medium into the tablet matrix and induced the salt
disproportionation. It was not possible to recover any tablet after the dissolution test due to the

high solubility of lactose monohydrate, which accounts for ~70% of the tablet mass.

5.4.1.2.2.3. Formulation C-Pioglitazone HCl: Magnesium Stearate

Magnesium stearate (MgSt) is used primarily as a lubricant in tablet manufacturing to
reduce the friction between the surfaces of the metal and that of formulation powders, as well
as to ensure the continuation of the operation [244], [292], [293]. It works by coating the surface
of the particles when mixed with the active ingredients and other excipients [219]. As a result,
magnesium stearate was added to the formulation in a small concentration (0.25 - 5.0 % w/w)
due to the hydrophobic nature that may retard the dissolution of the drug from the tablet [244],
[292]. Furthermore, magnesium stearate exhibits an alkaline nature, which is ascribed to the
presence of basic impurities such as magnesium oxide [226].

It is well-documented that magnesium stearate induces and accelerates

disproportionation reaction when blended with free-base salts [30], [201], [219], [226]. The FDA
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approved Pioglitazone HCl tablet, Actos™; formulation includes magnesium stearate as a
lubricant. However, the measured pH for MgSt is around 8.5, which highly exceeds the pHmax of
Pioglitazone HCI. The addition of MgSt in the tablet formulation may induce Pioglitazone HCl salt
disproportionation during manufacturing and dissolution. Therefore, Pioglitazone HCl was
formulated with magnesium stearate to investigate the stability of the salt tablet during
dissolution in the acidic and basic medium. Pioglitazone HCIl salt was mixed with magnesium
stearate were at a 90% to 10% weight ratio, which is a sensible representation of the percentage
of MgSt found in Pioglitazone HCl commercial tablet [301].

Formulation C- Acidic pH: Averaged Raman spectra of formulation (C) tablet in the acidic
buffer are presented in Figure 5.18. Raman data show that after 30 minutes the intensity of the
1640 cm™ peak decreased gradually in relation to the 1610 cm™ peak till the end of the
experiment. After 90 min, the average Raman spectra shows only a single peak at 1610 cm™,
which correlates well with Pioglitazone free base spectrum. The prompt conversion to the free
base was due to the role of magnesium stearate in elevating the microenvironment pH above the
pHmax of the salt. These findings are supporting the importance of the microenvironment pH in

salt stability and performance.
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Figure 5.18: Averaged Raman spectra (1200 to 1800 cm™) of the dissolution of formulation C (Pio HCl: MgSt) tablet in the acidic buffer. Y-axis
offsets were applied for presentational purposes.

The results of the MCR and CLS analysis are presented graphically in Figure 5.19 and 5.20,
respectively. Three components were applied to deconvolute the mapped data in the MCR
analysis. The first and the second components can be associated with the salt and the free base,
respectively. MCR 3 mostly correlate to the magnesium stearate. The two vibration strong bands
at 1294 and 1437 cm™ in MgSt are due to in-plane scissoring movements (bending) of CH; [334].
The scores’ plots show that the Pioglitazone HCIl salt (MCR 1) are distributed throughout the
mapped compact surface before immersing in the dissolution medium. Small distribution of the
magnesium stearate (MCR 3) can be identified in the middle of the tablet (Figure 5.20, Dry). After
30 min, the amount of the free base (MCR2) increased, whereas the salt amount decreased. It is
interesting to note that the free base formation started around the magnesium stearate’s high
concentration region at time=30 min. This confirms the deleterious effect of magnesium stearate

to induce salt disproportionation [201], [226].
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Figure 5.19: Raman maps of formulation C tablet (Pio HCl: MgSt) during dissolution

analysis.
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CLS maps show similar disproportionation kinetics and the co-localisation effect of

magnesium stearate to the MCR.
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Figure 5.20 Raman maps of formulation C tablet (Pio HCl: MgSt) during dissolution in the acidic buffer as a function of time, generated by CLS
analysis.

At the end of the experiment, the tablet was recovered from the flow cell and cross-
sectioned. Raman mapping was performed to analyse the edge and the core of the whole cross-
sectioned tablet (Figure 5.21). A thin layer of the free form is observed on the outside surface of
the tablet with the salt located below the surface, which was not available for dissolution. The
formation of the insoluble free form shell affected the penetration of the solution towards the
core of the tablet, which had a significant impact on the amount of the drug released into the
surrounding medium. These findings prove the detrimental effect of magnesium stearate on the

dissolution performance when formulated with the salt of the weakly basic drug.
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Figure 5.21: Optical image and Raman maps of the formulation C (Pio HCl: MgSt) cross-sectioned tablet after dissolution in the acidic buffer
generated by CLS fittings.

Formulation C- Basic pH: The dissolution performance and salt stability of Pioglitazone
HCl: Mg stearate formulation tablet in basic buffer medium was investigated. Figure 5.22 shows
the averaged Raman spectra of formulation (c) tablet in the basic buffer. Surprisingly, a slow
decrease in the 1640 cm™ intensity in relation to the other peak at 1610 cm™ was noticed. At the
end of the dissolution experiment (Time=120 min), the average spectrum showed a small peak at
1640 cm™, which indicates the presence of the salt in the tablet matrix at a very low percentage.
These data are significantly different from the one obtained in pure drug (Section 5.4.1.2.1-Figure
5.7), formulation A (Section 5.4.1.2.2.1-Figure 5.12) and formulation B (Section 5.4.1.2.2.2-Figure

B2 in Appendix B) tablets dissolved in the basic medium.
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Figure 5.22: Averaged Raman spectra (1200 to 1800 cm™) of the dissolution of formulation C (Pio HCI: MgSt) tablet in the basic buffer. Y-axis
offsets were applied for presentational purposes.

Three components were required to deconvolute the mapped data using MCR (Figure
5.23). Comparison of the MCR loadings with reference spectra shows that the data have been
resolved into components, which agree well with Pioglitazone HCl salt (MCR 1), Pioglitazone free
base (MCR 2) and magnesium stearate (MCR 3). The MCR maps confirm that there was the slow
formation of free base form around high concentration MgSt regions (Figure 5.23, time = 15 min,
30 min and 60 min). A high concentration of mass correlated to the salt form was located at the
bottom left corner after the end of the dissolution experiments. This agrees with the average
spectra visualisation in Figure 5.22. The Raman maps generated by CLS are in good agreement

with the MCR-ALS maps (Figure B.5 - Appendix B).
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Figure 5.23: Raman maps of formulation C tablet (Pio HCI: MgSt) during dissolution in the basic buffer as a function of time, generated by MCR

analysis.
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Disproportionation is a solution-mediated reaction, which involves the dissolution of the
salt reaching the supersaturation level then precipitation out of the solution into the free form
[224]. In formulation C, basic pH medium system, a synergetic effect of both the hydrophobic
nature of the magnesium stearate and the low salt solubility in basic medium led to the slow
disproportionation kinetics. The hydrophobic surface coverage of the salt particles by the MgSt
led to a decrease in the water ingress inside the tablet and a reduction in the salt dissolution rate.
The reduction in the dissolution rate led to an increase in the time required to reach the
supersaturation concentration to start precipitating as the free base.

The cross-sectioned tablet of the formulation (C) dissolved in basic buffer was analysed
using Raman mapping (Figure 5.24). The Raman maps showed a similar effect when the same
formulation tablet dissolved in acidic buffer (Figure5.21) where the free form was detected on
the surface, and the edge of the tablet and the interior remained an unchanged salt. However,
the thickness of the free form layer formed at the surface of the tablet dissolved in basic medium
was bigger due to the relatively higher dissolution rate and solubility of magnesium stearate in

basic medium [335].

Optical Image

All Components Salt Onlv Free Base Onlv

Y {pm)
Y {pm)

Figure 5.24: Optical image and Raman maps of the formulation C (Pio HCl: MgSt) cross-sectioned tablet after dissolution in the basic buffer
generated by CLS fittings.
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5.4.1.2.2.4. Dissolution Profile: Ultraviolet-Visible Data

To provide additional analytical insight, the dissolution profiles of Pioglitazone HCI
released from pure drug salt, formulation (A) and formulation (C) tablet were obtained in parallel
with the flow-cell experiment in acidic and basic dissolution. Formulation (B) UV-Vis data were
excluded due to lactose monohydrate that absorbs UV in the same range (A~260 nm) as
Pioglitazone, which causes interference with the drug release measurement [324]. This
interference causes an overestimation of the Pioglitazone concentration in the release medium
due to the UV analytical incapability of determining drug concentration separately from other
components present in the formulation.

By using the equation of the trend line from the calibration plot (Figure B.6 - Appendix B),
the amount of Pioglitazone HCI released from tablets in the acidic and basic medium was
determined as shown in Figure 5.25 and Figure 5.26, respectively.

Figure 5.25 presents the dissolution profile for the different formulations in acidic buffer.
The dissolution rate of the tablets containing citric acid showed fast drug release during the
experiment period, releasing 70% of the drug. In contrast, the dissolution rate of the tablets
containing pure Pioglitazone salt and magnesium stearate showed slower drug release during the
same period. However, the pure Pioglitazone HCl tablet has a higher dissolution rate compared
to the formulation C tablet (Magnesium stearate), where 18% and 10% of the Pioglitazone was
dissolved from the 50 mg tablet after 120 min, respectively. The UV dissolution profiles supported
the Raman spectroscopic images recorded for the experiments, which confirms that the link
between the salt disproportionation incident in the tablet and the percentage of the drug

released from the tablet.
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Figure 5.25:(A) Dissolution profiles obtained using UV-Vis detection that presents the percentage of Pioglitazone HCl released from the tablet as
a function of time for the pure drug and different formulation tablets studied in the acidic medium. (B) The maximum drug release percentage.

The Raman average spectra and maps in Figure 5.10 and Figure 5.11, respectively, (Section
5.4.1.2.2.1, Acidic buffer) represent the dissolution of formulation (A) tablet showed that there
was no detectable formation of the free base in the mapped area across the experiment time.
The inhibition of the salt disproportionation resulted in a significant release of Pioglitazone as
shown in UV dissolution profile for this formulation (Orange line within Figure 5.25). While, the
Raman spectra and images of pure drug salt tablet (Section 5.4.1.2.1-Acidic buffer) and
formulation (C) tablets (Section 5.4.1.2.2.3-Acidic buffer) showed salt conversion to the free form
during dissolution, which contributed to the low drug release in the UV dissolution profile for Pure
salt tablet (Blue line) and formulation C (Black line) presented in Figure 5.25. These findings
confirm the protective role of citric acid in preventing salt disproportionation and the deleterious
effects of magnesium stearate in inducing salt disproportionation during dissolution.

The Pioglitazone HCl release in the basic medium is presented in Figure 5.26. All tablets
showed a considerably low drug release (1.0-2.0 %) which reflects the tablet’s failure to dissolve

in basic medium. These results were in agreement with the Raman average spectra and maps

194



presented previously (Section 5.4.1.2.1-Basic buffer, Section 5.4.1.2.2.1, Basic buffer and section

5.4.1.2.2.3-Basic buffer) showing the rapid conversion of the salt to the free base form after the

basic medium contacted the tablet surface.
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Figure 5.26: (A) Dissolution profiles obtained using UV-Vis detection that presents the percentage of Pioglitazone HCl released from the tablet as
a function of time for the pure drug and different formulation tablets studied in the basic medium. (B) The maximum drug release percentage.
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5.4.2. Ibuprofen Sodium: Free Acid Case Study

In this section, the excipient-induced disproportionation of the sodium salt of Ibuprofen,
a weak acid with a pKa of 4.4 [276], will be investigated in order to improve the basic
understanding of the salt stability and tablet dissolution performance in acidic and basic
environment. Ibuprofen sodium may disproportionate back to the free acid at low pH (Acidic
environment). By using Raman ultraviolet-visible flow cell system, the effect of dissolution
medium pH and excipient physiochemical properties (mainly pKa) on salt disproportionation was

explored.

5.4.2.1. Dry Pure Material Spectra

The Raman spectra (Spectral region 200 to 1500 cm™) of Ibuprofen sodium salt and
Ibuprofen free acid are shown in Figure 5.27. The two spectra are showing some clear spectral
differences between the salt and free acid forms. Specifically, Ibuprofen sodium salt
demonstrated a small single peak, located at 1250 cm?, due to the stretching of (OC), bending of
(HCC) and torsion of (HCCC) vibrational modes [283]. On the other hand, the free acid form
demonstrated no peaks at 1250 cm™. In addition, Ibuprofen sodium salt demonstrated a single
large peak located at 800-850 cm™ region due to the (CC) stretching, whereas the free acid
showed two sharp peaks at the same region due to the (CH) bending and in-plane (CC) ring
deformation [284]. All the spectral difference can be elucidated by the protonation of Ibuprofen

that changes the vibrational modes of the phenyl ring and the carboxyl group.
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Figure 5.27: Raman spectra of Ibuprofen sodium salt and Ibuprofen free acid form over the range 200 cm to 1500 cm™.

Figure 5.28 presents the Raman spectra (Spectral region 700 to 1500 cm™) of all tablet
ingredients. Sodium phosphate dibasic (NPD) and stearic acid (SA) spectra showed a minimum
interference with the Ibuprofen sodium and free acid spectra in 1250 cm™ region. As a result, the
absence of 1250 cm™ peak (black arrow) can be used to track Ibuprofen salt disproportionation
in the formulation (E) and formulation (H) dissolution experiments. However, microcrystalline
cellulose (MCC) had a high fluorescence background that obscured the Ibuprofen sodium small
peak at 1250 cm™ spectral region [336]. As a result, the larger peak at 800 to 850 cm™ region
(Dashed black box) was used instead. The transformation of the single large peak into two sharp

peaks was followed to track salt disproportionation in the formulation (G) during dissolution.
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Figure 5.28: Raman spectra of lbuprofen sodium salt, Ibuprofen free acid and excipients used in formulations over the range 700 cm™ to 1500

cmt

5.4.2.2. Dissolution Experiments

5.4.2.2.1. The Effect of the Buffer pH
First, the dissolution behaviour of Ibuprofen salt in acidic and basic environments was
investigated using pure drug salt tablets. This type of experiments was used to discriminate the
role of excipients in inducing or preventing salt disproportionation from the buffer effect.
Sarveiya et al. reported that the pHmax of Ibuprofen sodium is 6.9-7.0 [274]. Therefore, at
pH values around or above 7.0, the salt is expected to be the most stable species, whereas the
free base form will be more stable below pH 7.0. The acidic environment may lead to the

conversion of the salt into the free acid, whereas the basic buffer may favour the salt dissolution.
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Pure Ibuprofen Sodium Tablet-Acidic Buffer:

Averaged Raman spectra of the pure salt tablet in the acidic buffer are presented in Figure
5.29. Raman data showed that the spectrum changed after 15 min (Figure 5.29, 15 min). The
single peak at 1250 cm™ disappeared in addition to the conversion of the double peak at 1280 to
1300 cm™ region into a single peak at 1280 cm™. The spectra collected between 15 and 60 min
showed a strong correlation with Ibuprofen free acid spectrum. It is likely that the acidic pH below
the pHmax of the salt increased the supersaturation concentration of the unionised form in the
solution. This high supersaturation led to the precipitation of the free acid form to reach
equilibrium. The fine-suspended Ibuprofen free acid particle blocked the flow-cell after 60 min.

The experiment was stopped after obtaining the 60 min Raman map spectra.
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Figure 5.29: Averaged Raman spectra (900 to 1600 cm™) of the dissolution of the pure Ibuprofen sodium tablet in the acidic buffer. Y-axis offsets
were applied for presentational purposes.

The MCR and CLS model were both used to spatially and spectrally visualise the salt
conversion to the free form during dissolution in acidic pH (Figure 5.30). Starting with the MCR,

two components were required to deconvolute the mapped data. The white/red colours
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represent areas where a phase is present at its maximum, whereas the black/blue colours indicate
areas where it is present at its minimum. Comparison of the MCR loadings with reference spectra
clearly shows that the data have been resolved into components, which correlate with Ibuprofen
sodium salt (MCR2) and Ibuprofen free acid (MCR1).

The images in Figure 5.30-(a) show the behaviour of the tablet every 15 min for the
duration of the experiment. The results confirmed that there was a rapid formation of free acid
form after the acidic medium contacted the tablet. A complete conversion of the map area to the
free acid form occurred after 30 min of the start of the dissolution experiment. The concentration
maps generated by CLS in Figure 5.30-(b) are significantly in agreement with the MCR-ALS maps.

The dominance of the free acid form (red) was observed after 30 min.
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Figure 5.30: Raman maps of the pure Ibuprofen sodium tablet during dissolution in the acidic buffer as a function of time, generated by (a) MCR
analysis (b) CLS analysis.
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Pure Ibuprofen Sodium Tablet-Basic Buffer:

Figure 5.31 shows the averaged Raman spectra of the pure salt tablet in the basic buffer.
The experiment lasted 15 min before most of the tablet dissolved. No good signal to noise Raman
spectrum was obtained after 15 min. This can be explained by the high solubility (100 mg/ml) of

the Ibuprofen sodium in basic medium [337].
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Figure 5.31: Averaged Raman spectra (900 to 1600 cm?) of the dissolution of the pure Ibuprofen sodium tablet in the basic buffer. Y-axis offsets
were applied for presentational purposes.

Examination of the data did not reveal any change in the spectra acquired at time= 15 min.
The single peak at 1250 cm™ was preserved until the whole tablet dissolved. The Raman data
essentially showed that when the pH is higher than the pHmax of the drug, the free acid did not
form, and the drug remained as the more soluble sodium salt.

The results of the MCR and CLS analysis are presented graphically in Figure 5.32. Spectra
of the two components resolved by MCR analysis. However, the two components correlate to the
salt spectra. Both components demonstrate the single peak at 1250 cm™. The second component

(MCR?2) is the salt spectra with the background noise generated due to the tablet dissolution.
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There was no spectroscopic evidence of conversion from the salt to the free acid form during this
experiment in any of the measured data. This result is confirmed by the information in the CLS

maps showing the dominance of the salt form (Blue colour) in all the maps.
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Figure 5.32: Raman maps of the pure Ibuprofen sodium tablet during dissolution in the basic buffer as a function of time, generated by (a) MCR
analysis (b) CLS analysis.

5.4.2.2.2. The Effect of the Excipients
Similar to the Pioglitazone HCI experiments (Section 5.4.1.2.2), the excipient’s effect on
salt disproportionation was investigated in this section. Some of the excipients that used typically
in Ibuprofen sodium formulation may change the microenvironment pH inside the tablet matrix,
which could induce or suppress salt disproportionation depending on the pHmax of the drug salt
and the pKa of the excipient.
In this section, Ibuprofen sodium was formulated with a different type of excipients, which

possess different physiochemical properties and role in tablet formulation. The results in this
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section will be compared to the results obtained in section 5.4.2.2.1 (The Effect of the Buffer pH).
Therefore, any changes in the drug salt stability will be influenced by the excipient, not the buffer

used.

5.4.2.2.2.1. Formulation E-lbuprofen Sodium: Sodium Phosphate
Dibasic

Sodium phosphate dibasic (NPD) is a buffering agent that is frequently used in
pharmaceutical formulations, primarily to modulate the microenvironment pH and to control the
drug release from the solid dosage forms [244], [314]. Sodium phosphate dibasic possess high
alkalinity (pH=9.1), which can be used as an effective tool to elevate the microenvironment pH
above the pHmax of the salt and preserve the salt form disproportionation during dissolution [338],
[339]. Therefore, Ibuprofen sodium was formulated with sodium phosphate dibasic to prevent
the conversion to the free form during dissolution in acidic medium. The weight ratio (Ibu Na:
NPD - 70:30 w/w) was generally adapted from a previous study that used pH modifiers in tablet
formulations [329].

Formulation E: Acidic Buffer: Dissolution of formulation (E) tablet in acidic buffer was
investigated. Reduction of the salt disproportionation during dissolution was expected due to the
role of sodium phosphate dibasic in elevating the microenvironment pH above the pHmax of salt.
Averaged Raman spectra of formulation (E) tablet in the acidic buffer are presented in Figure 5.33.
Raman data showed rapid changes in the spectrum after 15 min. The absence of 1250 cm™ peak
supports the formation of the free acid. The addition of sodium phosphate dibasic did not reduce
or prevent the salt disproportionation in the acidic medium. Sodium phosphate dibasic is highly

soluble in water ( NPD solubility is 1 part in 8 parts of water for sodium phosphate dibasic [244]).
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Therefore, sodium phosphate dibasic leached out rapidly from the tablet matrix, resulting in
lowering microenvironmental pH values and thus leading to the disproportionation of the sodium

salt. Riis et al. reported similar effects using high soluble basic pH modifier [340].
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Figure 5.33: Averaged Raman spectra (800 to 1500 cm™) of the dissolution of formulation E (Ibu Na: NPD) tablet in the acidic buffer. Y-axis offsets
were applied for presentational purposes.

For the MCR analysis, the data have been resolved into three components, which agree
remarkably well with lbuprofen sodium salt (MCR1), Ibuprofen free acid (MCR2) and sodium
phosphate dibasic (MCR3) as shown Figure 5.34. The third components (MCR3) represent the
NPD spectrum in addition to some peaks from the ibuprofen spectrum and background noise.
The data show a complete conversion to free acid after 30 min. Similarly, CLS data showed the
domination of the free acid form over the tablet map at 15 min after the beginning of the
dissolution (Figure 5.35). A similar trend was seen in the pure lbuprofen sodium tablet during

dissolution in acidic media (Section 5.4.2.2.1).
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Figure 5.34: Raman maps of formulation E (Ibu Na: NPD) tablet during dissolution in the acidic buffer as a function of time, generated by MCR

analysis.
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Figure 5.35: Raman maps of formulation E (Ibu Na: NPD) tablet during dissolution in the acidic buffer as a function of time, generated by CLS
analysis.

Formulation E: Basic Buffer: Average Raman spectra (Figure B.7 - Appendix B) and the
MCR and CLS maps (Figure B.8 - Appendix B) are shown the stable dissolution of the salt drug in
the basic medium. No salt disproportionation was detected throughout dissolution. The
experiment lasted 30 min before the complete dissolution of most of the tablet. No good signal

to noise Raman spectrum can be obtained after 30 min.

5.4.2.2.2.2. Formulation G-lbuprofen sodium: Microcrystalline
Cellulose
Microcrystalline cellulose (MCC) is primarily used as a binder/diluent in oral tablet
prepared by direct compression. In addition, MCC has some lubricant and disintegrant properties
[244]. The FDA approved Ibuprofen sodium tablet, Advil ®, contains MCC as one of the excipients

used in the formulation [296]. As a result, Ibuprofen sodium was formulated with MCC to study
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the stability of the salt tablet during dissolution in the acidic and basic medium. According to the
ingredient’s percentage used in Advil ® formula, microcrystalline cellulose makes up about 40-
50% of the total tablet weight while the ibuprofen sodium salt makes the other 50 %. Therefore,
50:50 % weight ratio (Ibu Na: MCC) was used in the tablet formulation.

Formulation G- Acidic pH:

Averaged Raman spectra of formulation (G) tablet in the acidic buffer are presented in
Figure 5.36. Raman data showed a rapid change in the spectrum immediately after the dissolution
started. The single peak of the Ibuprofen salt at 800 to 850 cm™ region converted into two sharp
peaks, which support the formation of the free acid. Mixing the Ibuprofen sodium salt with MCC

did not improve the salt stability in an acidic environment.
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Figure 5.36: Averaged Raman spectra (400 to 1100 cm™) of the dissolution of the formulation G (Ibu Na: MCC) tablet in the acidic buffer. Y-axis
offsets were applied for presentational purposes.

The MCR model was used to spatially and spectrally visualise the components distribution
in the tablet and track the salt conversion to the free form during dissolution in acidic pH (Figure

5.37). Three components were applied to deconvolute the mapped data. The first and the third
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components can be associated with the salt and the free acid, respectively. MCR 2 mostly
correlate to the microcrystalline cellulose (MCC). It can be observed that the lbuprofen sodium
and MCC content were homogeneously dispersed through the surface of the tablet before being
immersed in the dissolution medium. Once the dissolution experiment started, a gradual increase
in the amount of the free acid (MCR3) was observed whereas the salt amount decreased and the
MCC amount remained nearly the same. The rate of the disproportionation in the formulation (G)
was slower than that of the pure salt tablet (Section 5.4.2.2.1). Complete salt conversion to the
free base supported by the absence of the 1250 cm™ peak was shown in the pure Ibuprofen
sodium tablet after 30 min (Section 5.4.2.2.1-Figure 5.30). Formulation (G) showed gradual
conversion to the free acid supported by the presence of a significant agglomerate of the
remaining salt on the surface of the scanned area after 30 min.

It is likely that the role of the microcrystalline cellulose as a binding agent in tablets
resulted in decrease the dissolution rate of the salt [341]. As a result, the time to reach the high
supersaturation concentration was prolonged, which delayed the free acid precipitation
induction time [341]. This effect can be valuable to prevent or slow down salt disproportionation,
by providing the opportunity for the drug to escape precipitation long enough to be absorbed.
The CLS results follow similar trends as MCR analysis. A mixture of the MCC (yellow colour) and

Ibuprofen free acid was covering the mapped area after 60 min. (Figure B.9 - Appendix B).
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Figure 5.37: Raman maps of the formulation G (Ibu Na: MCC) tablet during dissolution in the acidic buffer as a function of time, generated by MCR

analysis.
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Formulation G- Basic pH:

The Average Raman spectra (Figure B.10 - Appendix B), MCR maps and CLS maps (Figure
B.11 - Appendix B) did not reveal any significant changes in the spectra across the entire period
of the dissolution experiment (0 to 120 min). The large peak at 800 to 850 cm™ region was
preserved throughout the whole dissolution test. This was expected to happen as the dissolution
medium, and the MCC pKa are compatible with the pHmax of Ibuprofen sodium. Formulation G
tablet maintained its shape until the end of the dissolution experiment (time=120 min), while the
pure salt tablet disintegrated entirely after only 15 min (Section 5.4.2.2.1, Figure 5.31 and Figure
5.32). This highlights the binding properties of the MCC that can hold the formulation components

together and keep the tablet intact [244].

5.4.2.2.2.3. Formulation H-lbuprofen Sodium: Stearic Acid

Stearic acid (SA) is a saturated fatty acid that is used principally as a lubricant in tablet
manufacturing [244]. It is practically insoluble in water, therefore only a small concentration
(0.25- 5.0 % w/w) is added to the formulation to not interfere with the drug release.

Stearic acid is used in lbuprofen sodium tablet (Advil™) as a lubricant. However, the
measured pH for stearic acid is around (3.4) which is below the pHmax of Ibuprofen sodium. The
addition of stearic acid in the tablet formulation may induce Ibuprofen sodium salt
disproportionation during manufacturing and dissolution. Therefore, Ibuprofen sodium was
formulated with stearic acid to investigate the stability of the salt tablet during dissolution in the
acidic and basic medium. Ibuprofen sodium salt was mixed with stearic acid at 9:1 w/w ratio,

which is the in the same range of what being used in Advil ™ formulation [296].
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Formulation H- Acidic pH: The effect of stearic acid on the salt disproportionation of
Ibuprofen sodium salt during dissolution in acidic medium was investigated. Averaged Raman
spectra of formulation (H) tablet in the acidic buffer are presented in Figure 5.38. Raman data
showed that after 15 min the 1250 cm™ peak disappeared, which indicates the rapid formation
of Ibuprofen free acid spectrum. This quick conversion to the free acid is similar to the one seen

in the pure lbuprofen sodium tablet dissolved in the acidic media (Section 5.4.2.2.1).
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Figure 5.38: Averaged Raman spectra (900 to 1600 cm?) of the dissolution of formulation H (lbu Na: SA) tablet in the acidic buffer. Y-axis offsets
were applied for presentational purposes.

Three components were applied to deconvolute the mapped data in MCR analysis (Figure
5.39). The first and the third components can be associated with the salt and the free acid,
respectively. The second components mostly correlate to the stearic acid. In MCR2 (i.e. stearic
acid), very distinct, narrow sharp peaks at 1062 cm™, 1097 cm, 1128 cm™ and 1296 cmare
observed. The peaks, specifically at 1062, 1097, and 1128 cm™ can be allocated to C-C stretching
in a hydrocarbon chain and the 1296 cm™ to in-plane scissoring movements (bending) of CH>

[334]. Some peaks related to Ibuprofen sodium can be found in the second component as well.
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Figure 5.39: Raman maps of the formulation H (Ibu Na: SA) tablet during dissolution in the acidic buffer as a function of time, generated by MCR

analysis.
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The scores’ plots show that the Ibuprofen sodium salt (MCR1) is presented in a high
concentration in the tablet before being immersed in the dissolution medium. In addition, stearic
acid (MCR2) is distributed across the tablet surface (Figure 5.39, Dry). After introducing the acidic
dissolution medium, a gradual conversion of the salt to the free acid can be observed after 15
min. A full conversion to the free acid was observed at the 60 min map. The CLS maps are showing
similar disproportionation kinetics to the MCR analysis with full conversion of the mapped area
to the free acid at time = 60 min (Figure B.12 - Appendix B). The results did not confirm the role
of stearic acid in changing the disproportionation kinetics comparison to the pure Ibuprofen
sodium tablet (Section 5.4.2.2.1).

Formulation H- Basic pH: Figure 5.40 presents the averaged Raman spectra of formulation
(H) tablet in the basic buffer. The Raman spectrum of the dry tablet showed a high correlation to
the salt spectrum. However, the spectrum obtained after 15 min showed a very low signal to
noise, which made it hard to interpret or compare with reference spectra. This was due to the
rapid dissolution of the tablet, which made the correction of the z-axis very challenging. However,
the spectra obtained at 30 min and 60 min showed strong sharp peaks at 1062, 1128 and 1296
cm, which correlate well with the stearic acid spectra. It is likely that the ibuprofen sodium
leached out the formulation (H) tablet rapidly (15 min) leaving only the water-insoluble excipient

in the flow-cell.
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Figure 5.40: Averaged Raman spectra (900 to 1600 cm) of the dissolution of formulation H (Ibu Na: SA) tablet in the basic buffer. Y-axis offsets
were applied for presentational purposes.

The results of the MCR and CLS analysis are presented graphically in Figure 5.41. In the
MCR analysis, trial runs indicated that a suitable choice for a number of components was two.
The first component shows the small peak at 1250 cm™, which is correlated to the salt spectra.
The second component shows multiple sharp peaks, which is associated with the stearic acid
spectra. The MCR maps show no spectra related to the salt after 15 min. The 30 min and 60 min
maps show only the stearic acid in the mapped area. CLS displays a black map after 15 min, which
indicates that CLS could not correlate the spectra of the maps to any of the pure components’
spectra. The results obtained did not show any role of the stearic acid to induce salt
disproportionation. The insolubility of the stearic acid in the dissolution medium may explain the
inability of the excipient to lower the microenvironment pH below the pHmax of the salt to induce

salt disproportionation.
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5.4.2.2.2.4. Dissolution Profile: Ultraviolet-Visible Data

The integration of the UV-Vis spectroscopy to the Raman spectroscopy dissolution flow
system as a complementary technique is highly advantageous. The drug release measured by the
UV-Vis can provide more information about the tablet performance during dissolution and the
role of excipients in changing the dissolution profile by inducing or preventing salt
disproportionation in tablets. Bearing this in mind, the UV-Vis data becomes more critical when
the tablet disintegrates rapidly during dissolution, which reduces the chance to obtain good
quality Raman maps. As a result, the dissolution profiles of Ibuprofen sodium released from pure
drug salt, formulation (E), formulation (G) and formulation (H) tablet were obtained in parallel
with the flow-cell experiment in acidic and basic dissolution.

By using the equation of the trend line from the calibration plot (Figure B.13 - Appendix
B), the amount of Ibuprofen sodium released from tablets in the acidic and basic medium was
determined as shown in Figure 5.42 and Figure 5.43, respectively.

Figure 5.42 presented the dissolution profile for the different formulations in acidic buffer.
All tablets showed a low drug release (3.0 — 8.0%), which reflect the low tablet solubility in acidic
medium. Ibuprofen sodium only tablet (Blue line) showed a fast increase in the concentration in
30 min after, which the equilibrium solubility reached (~ 6.0% drug release). A similar trend was
seen in the dissolution of the formulation E tablet (lbu Na: NPD). However, the drug release
percentage was slightly higher than that of the drug only tablet (~ 8.0%). Then a slow and steady
increase in the concentration was noticed until the end of the experiment. This confirms the
ability of sodium phosphate dibasic to raise the microenvironment pH and enhance Ibuprofen
sodium solubility in the acidic medium. The effect of sodium phosphate dibasic could not be seen

from the Raman map of the tablet surface which shows a rapid formation of the free acid (Section
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5.4.2.2.2.1, Acidic Buffer). Formulation G (Ibu Na: MCC) exhibited a slow dissolution rate of the
Ibuprofen sodium, where it reaches around 6.0% drug release at 120 min. The slow drug release
increased the time needed to reach the high supersaturation concentration in the tablet
microenvironment, which allowed the drug to escape precipitation (i.e. recrystallisation to the
free acid) long enough to reach the bulk medium. The Raman images of formulation G (Section
5.4.2.2.2.2, Acidic buffer) further support the UV dissolution profiles, thus confirming that the
slow salt disproportionation rate was due to the MCC binding effect in slowing the drug release.
Finally, formulation H (Ibu Na: SA) showed the lowest drug release, which can be related to poor

wettability of the tablet due to the hydrophobic nature of the stearic acid.
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Figure 5.42: (A) Dissolution profiles obtained using UV-Vis detection that presents the percentage of Ibuprofen released from the tablet as a
function of time for the pure drug and different formulation tablets studied in the acidic medium. (B) The maximum drug release percentage.

The drug release profiles of Ibuprofen sodium tablets (Drug only and formulation E, G, and
H) in alkaline dissolution medium are graphically illustrated in Figure 5.45. Drug release was rapid
and complete from tablets containing Ibuprofen sodium only and sodium phosphate dibasic. In
contrast, formulation G tablet (Ibu Na: MCC) showed slower drug release from the matrix over

the time of the study. The slower drug release is likely due to the high amount of MCC (50%),
218



which when tableted produced slightly harder tablets [342]. Tablet hardness can influence the
rate at which water infuses into the tablet matrix and thus how rapidly the drug releases from
the system [342]. Formulation H tablet (lbu Na: SA) showed similar dissolution profiles to
formulation G tablet, with approximately 96% of the drug released after 60 minutes. The UV-vis
drug release data are in good agreement with the Raman map, which showed a rapid and
complete release of Ibuprofen sodium salt in the basic medium without any conversion of the salt

to the free acid.
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Figure 5.43: (A) Dissolution profiles obtained using UV-Vis detection that presents the percentage of Ibuprofen released from the tablet as a
function of time for the pure drug and different formulation tablets studied in the basic medium. (B) The maximum drug release percentage.
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5.4.3. Results and Discussion Summary

In situ Raman spectroscopy in conjunction with a custom designed flow-dissolution cell
were used to investigate salt disproportionation during the course of the dissolution experiment.
In-line UV-Vis spectroscopy was used in parallel with Raman spectroscopy as a complementary
analytical technique that allows the changes in drug release from the tablet (monitored by the
UV-Vis) to be directly related to physicochemical changes that occur in the tablet matrix to the
salt.

For weak basic drug salt, Pioglitazone HCI, dissolution medium with pH higher than the
pHmax Of the salt led to the conversion of the salt to the free base form, whereas acidic dissolution
medium (pH < pHmax) promoted stable salt dissolution The effect of excipients in inducing or
preventing salt disproportionation was investigated by mixing Pioglitazone HCl with citric acid
(formulation A), lactose monohydrate (formulation B) and magnesium stearate (formulation C).
Both lactose monohydrate and magnesium stearate induced salt disproportionation in the tablet
during dissolution in acidic medium. These results highlighted the main role of excipients in
controlling the microenvironment pH and its detrimental effect on drug in-vitro performance. The
tablets recovered from the dissolution test were cross-sectioned using ultramicrotome for further
analysis using Raman spectroscopy. The Raman maps showed the formation of a thin layer of the
free base around the edges of the tablet, which slowed the ingress of water into the tablet matrix
and stopped the drug release into the dissolution medium as revealed from the UV-vis drug
release data.

Ibuprofen sodium (weak acid drug) tablets exhibited complete tablet disintegration and
dissolution in the basic medium as shown from the Raman and UV-vis data. No salt

disproportionation was detected in ibuprofen sodium tablet during dissolution in alkaline
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medium (pH > pHmax). Decrease the dissolution medium pH to 1.2 (pH < pHmax) resulted in
Ibuprofen sodium salt disproportionation to the free acid and significantly decreased the drug
release in the dissolution medium. Ibuprofen sodium formulation excipients demonstrated a
small effect on delaying the salt disproportionation (formulation G and formulation H) in the

tablets or increasing the drug dissolution in acidic medium (formulation E).
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5.5.Conclusion:

In this chapter, the salt disproportionation during the dissolution of two model drug salt,
Pioglitazone HCl and Ibuprofen sodium, tablets were tested as a function of both the pH of the
dissolution medium and the excipient’s type. Raman spectroscopy was employed to detect any
chemical changes that produced the undesirable free form of the drug in the solid form during
the dissolution and directly related it to the change in the concentration of drug in solution
measured by in-line UV-vis. Drug salt only tablets and formulated tablets that contained a binary
mixture of the API salt and the excipients were investigated at pH 1.2 to mimic the stomach
conditions and pH 6.8 to simulate the duodenum conditions.

For Pioglitazone HCI tablets at acidic pH (pH<pHmax), the Raman imaging data was able
to reveal that salt conversion to the free base did not occur significantly in pure drug salt and
tablets containing citric acid. Moreover, introducing citric acid as acidic pH modifiers (i.e.
acidifiers) into the tablet formulation can bring additional benefits to retard the
disproportionation of Pioglitazone HCl during the tablet manufacturing and enhance the drug
solubility in the acidic dissolution medium. Tablets containing basic excipients such as lactose
monohydrate and magnesium stearate showed salt disproportionation to the free base during
dissolution. The ability of basic excipients, such as magnesium stearate to induce salt
disproportionation, has been reported previously in non- acidic buffered environment. However,
this is the first time an excipient-induced salt disproportionation during dissolution has been
reported of a salt of a weakly basic drug formulated with a basic excipient in an acidic dissolution
environment. These results are indicating the main role of the microenvironment pH and the vital
role of excipients in changing it. At basic pH, Pioglitazone HCl salt from converted to the free base

formin all tablets as the pH of the base was well above the pHmax of the drug. The Raman mapping
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of the cross-sectioned tablets reveals the formation of a shell consisting of the free base around
the edge of the tablet. This shell decreased the rate of penetration of the dissolution medium into
the tablet significantly. This structural change had implications on the release of the APl into the
surrounding solution shown by the UV-Vis drug release data.

Ibuprofen sodium tablets demonstrated salt disproportionation during dissolution in
acidic pH medium. In contrast, high drug release of the sodium salt into the basic medium was
observed, and the Raman spectroscopy detected no chemical changes. The addition of the basic
pH modifiers to the ibuprofen sodium formulation did not significantly improve the salt stability
in the acidic environment. Lower solubility and stronger basic excipients can be used instead to
protect the salt from disproportionation during dissolution in acidic medium.

For all the Raman maps generated, the excellent peak to peak correlation between
loadings and reference spectra supports the utility of MCR as a statistical method to analyse
spatial-temporal Raman data. The CLS method confirmed the MCR data, showing the validity of
both methods to study similar systems.

Finally, utilisation of Raman ultraviolet-visible flow cell System has proven to be a useful
technique for the investigation of problematic multicomponent pharmaceutical formulations
where disproportionation of the APl salt occurs. The data collected from this flow cell system can
enhance our understanding of the role of different factors, such as excipient properties, in
inducing salt chemical changes during dissolution. Ultimately, these discoveries can help mitigate
the disproportionation of API salt in tablets during dissolution, which allows pharmaceutical

scientists to develop more reliable products with improved drug stability.
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Chapter6: Conclusions and Future Works

6.1.Summary:

The work of this thesis aimed to employ simple, fast and in-situ analytical techniques to
investigate the effect of moisture, pH and formulation excipients on salt disproportionation in
multicomponent solid dosage forms during storage and dissolution. The experimental work in this
research was split into three main sections:

1- Chapter 3: exploring the capabilities and limitations of advanced analytical techniques

in a complex model system.

2- Chapter 4: investigating salt disproportionation in the presence of excipients at high

relative humidity using in-situ optical screening technique.

3- Chapter 5: the application of real-time Raman spectroscopy to study salt

disproportionation in multicomponent tablet during dissolution.

In Chapter 3, a wide range of state-of-the-art advanced analytical techniques (TEM, SEM,
EDX, Raman spectroscopy, ToF-SIMS and super-resolution fluorescence microscopy) were
explored using silica nanoparticle in PVC electrospun fibre hybrids as a challenging, complex
multicomponent model system. The geometrical, chemical and surface properties of fabricated
particle-fibre hybrids were characterised using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray (EDX) spectroscopy, Raman Spectroscopy and
time of flight secondary ion mass spectrometry (ToF-SIMS). Having characterised the particle-
fibre hybrids, the potential application of using immobilised fluorescent silica nanoparticles in
electrospun fibres as a calibration tool for instrument performance testing in super-resolution

fluorescence microscopy was investigated.
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Size-tunable silica particles were produced, with diameters ranging from 20 to 650 nm, by
optimising the amount of each reactant and catalyst required for particle synthesis. Fabrication
of different particle-fibre hybrid morphologies was achieved by changing the silica particle size
and concentration in the electrospun fibres. TEM was found to be a particularly efficient method
to investigate the particle-fibre hybrid’s morphology and image the encapsulated particles in
electrospun fibres. EDX was able to identify the main elements of particle-fibre hybrids, while
Raman spectroscopy provided the chemical composition of the blackberry-like hybrid structures.
ToF-SIMS analysis of the hybrids indicated the complete surface coverage of the polyvinyl chloride
(PVC) polymer indicating that the silica nanoparticles were completely encapsulated within the
polymer fibres.

The feasibility of using fluorescent particle-fibre hybrids as a new tool for validating and
testing super-resolution fluorescence microscopy was investigated. The results suggested that
fluorescent particle-fibore hybrids served as a convenient and effective calibration tool by
incorporating fluorescent nanoparticles into a confined geometry. The versatility and flexibility in
the design of particle-fibre hybrids microscopy standards make them suitable for the broad
variety of emerging super-resolution microscopy methods compared to the existing calibration
methods.

In Chapters 4 and 5, salt disproportionation of two salt model systems, Pioglitazone HCI
(weak base - pKa=5.2) and Ibuprofen sodium (weak acid - pKs=4.4) was investigated as a function
of different formulation excipients during storage and dissolution.

The aim of Chapter 4 was to investigate the effect of excipients on salt disproportionation
in binary mixtures at high humidity as part of a drug-excipient compatibility study using a simple,

fast and online analytical technique. In-situ optical screening equipped with controlled humidity
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chamber was used for monitoring salt disproportionation by tracking the changes in the salt
crystal morphology mixed with specific excipients at high relative humidity.

Salt conversion to the undesirable free form of the drug was tracked by monitoring the
change in the crystal shape from plate-like structures to the needle-like structures using in-situ
optical microscopy. Raman spectroscopy analysis obtained from the needle crystals confirmed
the formation of the free form. Alkaline excipients such as lactose monohydrate, calcium
phosphate dibasic, magnesium stearate, sodium phosphate dibasic and sodium stearyl fumarate
elevated the microenvironment pH above the pHmax of the salt investigated. This increase in the
microenvironment pH led to the conversion of Pioglitazone HCI to the free base, whereas the
opposite effect (salt stabilisation) was seen in the lIbuprofen sodium salt. Acidic excipients such
as citric acid and ascorbic acid both showed the ability to lower the microenvironment pH below
the pHmax of the salts. Such decreases in the microenvironment pH led to the conversion of
Ibuprofen sodium to the free acid, whereas salt stabilisation was seen in the Pioglitazone HCl case
study.

In addition, the optical microscopy imaging method successfully showed the behaviour of
some excipients such as disintegrant (swelling due to water absorption), controlled release
polymer (HPMC precipitation inhibitor) and lubricant (hydrophobic nature) and their effect on
salt stability and the onset of the salt disproportionation. The onset and extent of the salt
disproportionation were found to be highly dependent on the salt pHmax, and excipient measured
pH, while other excipient physical properties such as solubility, hydrophobicity and hygroscopicity
also played a role. The in-situ optical microscopy technique can provide both fast results and good
predictions of drug salt-excipients compatibility at an early stage of drug development, which can

be a highly valuable tool to be used as part of the accelerated stability studies. The information
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obtained from the in-situ optical microscopy set-up can play a critical role in providing a
comprehensive understanding of drug stability and possible drug-excipient interactions necessary
for product approval and enable rational control strategies to assure final product stability.

In Chapter 5, the disproportionation of drug salt occurring during dissolution was
investigated in-situ using Raman microscopy combined with an ultraviolet-visible flow cell system.
The effect of dissolution medium pH and various excipients on the stability and drug release of
tablets containing a formulation of the drug salt and a specific excipient were studied. Here,
Raman spectroscopic mapping in conjunction with a custom designed flow-dissolution set-up was
used as the primary analytical technique to assess the behaviour of the salt during dissolution
experiments. In-line ultraviolet-visible (UV-Vis) spectroscopy was used in parallel with Raman
spectroscopy as a complementary analytical technique that allows the changes in drug release
from the tablet (monitored by UV-Vis) to be directly related to physicochemical changes that
occur in the tablet matrix.

For Pioglitazone HCI tablets, complete conversion of the salt form to the free base form
was observed in the Raman imaging data for all the formulations when an alkaline dissolution
medium (pH=6.8) was used. However, in acidic medium (pH=1.2), the Raman imaging data
demonstrated insignificant salt conversion to the free base for tablets of pure drug salt and
formulations containing citric acid. Tablets containing basic excipients such as lactose
monohydrate and magnesium stearate showed salt disproportionation to the free base during
dissolution in the acidic medium due to the role of those excipients in elevating the
microenvironment pH above the pHmax of Pioglitazone HCIl. The Raman mapping of tablets cross-
sections revealed the formation of a shell of the free base around the edge of the tablet when

the dissolution medium pH was alkaline or formulated with magnesium stearate. The free base
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layer slowed the dissolution medium ingress into the tablet significantly, which had negative
implications for the release of the API into the surrounding solution shown by the UV-Vis. In
Ibuprofen sodium tablets, salt disproportionation was detected during dissolution in acidic pH
medium. In contrast, fast drug release of the sodium salt was observed in the basic medium, and
no chemical changes were detected using Raman spectroscopy.

The results showed the vital role of dissolution medium pH and the microenvironment pH
(controlled by the formulation excipients) in inducing or preventing salt disproportionation. This
is the first time, to the best of our knowledge, that in-situ analytical technique such as Raman
imaging has been used to study the effect of excipient in inducing or preventing salt
disproportionation during dissolution. The chemical specificity and drug release profiles collected
using Raman-UV vis flow cell system can enhance the understanding of salt disproportionation
and dynamic dissolution behaviour of the drug salt formulated with different excipients. This
ultimately will result in the mitigation of disproportionation during tablet dissolution and the
production of more reliable products.

In summary, a number of advanced analytical techniques were assessed and explored in
this thesis to investigate different pharmaceutical formulations. Analytical techniques such as
optical screening and Raman spectroscopy, which can be applied in situ, in-line and in an
automated manner, were successfully utilised to reveal valuable information about the behaviour
of API salts at high humidity and during dissolution. From the data generated it was possible to
postulate some potential explanations regarding the effects of drug properties such as pHmax,
excipient properties (microenvironment pH, solubility, hydrophobicity) and the environment
condition (ex; humidity and dissolution medium pH) on the stability and dissolution performance

of drug salts.
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6.2.Future Work

It is hoped that this work can be a useful platform for the application of advanced

analytical technologies to assess pharmaceutical systems in the future. Investigations of salt

formulations in real-time can aid formulators in predicting the instability of the drug salt and

identifying formulation strategies to mitigate salt disproportionation at early stages of drug

development, which can establish the methods investigated in this work as reliable techniques

for industrial applications.

Potential continuations of the work presented in this thesis for future investigations are

summarised in the following points:

1.

In Chapter 3, the potential application of the particle-fibre hybrids as a new
technology for calibrating super-resolution fluorescence microscopy can be
explored further. The physicochemical properties and photostability can be
investigated to assess the performance and stability of the particle-fibre hybrids
containing fluorescent nanoparticles. In addition, benchmarking against other
competing assays such as fluorescent nanobeads (hig-nano ™) [343], fluorescent
polystyrene microsphere (FocalCheck™) [344] and DNA origami nanoruler
(Gattaguant™) [345], can be studied to further develop the particle-fibre hybrid
technology in term of ease of preparation and use, shelf-life and measurement
precision.

In Chapter 4, the in-situ optical microscopy imaging system equipped with a
controlled humidity chamber has proven to be a simple and efficient technique for
drug-excipient compatibility studies. A possible future strategy is to integrate

additional analytical techniques, such as Raman spectroscopy, with the optical
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microscopy imaging system in order to probe chemical information of the drug-
excipient mixture and chemically track any salt transformation to the free form. In
addition, the effect of changing the other environmental conditions such as
temperature on salt stability can be investigated using the optical imaging system.
In Chapter 5, pH modifier excipients such as citric acid and sodium phosphate
dibasic were investigated as effective formulation approaches to minimise the salt
disproportionation during manufacturing and dissolution. The rapid solubility of
both pH modifiers used in this study failed to control the microenvironment pH
and stabilise the salt. Therefore, replacing the citric acid with lower solubility
excipients such as fumaric acid may prevent rapid depletion of pH modifiers from
the hydrated tablet matrix and maintain the desired microenvironment pH during
the tablet dissolution [320], [346]. Similarly, replacing sodium phosphate dibasic
with high basic strength pH modifiers such as sodium carbonate or poorly water-
soluble salts of strong bases such as magnesium oxide (MgO) would be expected
to control the microenvironment pH effectively. Bases with low water solubility
remain in the tablet matrix during drug release and therefore increase the
microenvironment pH within the tablet over the entire dissolution time [340],
[347]-[349]. The flow-through cell is ideal for changing the dissolution medium
during the dissolution test, which can be easily accomplished by changing the input
from a different source. The salt formulation tablets can be investigated in a
condition that mimics the gastrointestinal tract so that in vitro-in vivo correlations
can be established. This can be performed by initially introducing acidic dissolution

medium to mimic the stomach conditions followed by a switch during the test to
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basic pH to simulate the post-stomach conditions, to probe the effect of changing
the environmental pH on the tablet dissolution and apparent salt solubility.

In situ advanced analytical techniques such as Raman spectroscopy and optical
screening provided valuable information about the drug excipient compatibility
and the mechanism of salt disproportionation at different conditions. Therefore,
these techniques can be employed to investigate the reversibility of the salt
disproportionation reaction in solid dosage forms when changing the storage or
dissolution conditions. The ability to understand the condition at which the free
form may convert back to the salt form in the presence of the suitable counterions
is highly important in stability studies and drug development.

In this thesis, the pH of the microenvironment showed to play an important role in
controlling whether the salt disproportionation is thermodynamically favoured or
not. Several techniques have been proposed for the measurement of the
microenvironmental pH such as a slurry method [320]. However, the indirect and
the bulk measurement of pH by the slurry method can be a poor surrogate for the
exact microenvironmental pH conditions at a solid surface, especially for the less
soluble or less hygroscopic excipients [266], [269], [350], [351]. Therefore, pH-
sensitive fluorescent nanosensors like the one developed in Chapter 3 (Section
3.4.2) can be employed to measure the microenvironment pH at the microscopic
level using confocal microscopy. This strategy will provide a spatial distribution of
the pH within the solid system rather than the average pH value estimated by the

slurry method.
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Appendix A

Chapter 4 Figures
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Figure A. 1: In situ optical microscopy images of Pioglitazone HCI multiple crystals (Orange arrows) mixed with ascorbic acid during storage at 75-
90% RH: (A) Start (B) 3.0 min (C) 5.0 min (D) 10 min. Scale bar for images is 100 pm.

(A) Start (B) 5.0 min

Figure A. 2: In situ optical microscopy images of Ibuprofen crystals mixed with ascorbic acid during storage at 75-90% RH: (A) Start (B) 5.0 min.
Scale bar for images is 100 um
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(D) 5.5 min

Figure A. 3: In situ optical microscopy images of Ibuprofen sodium crystals (Orange arrows) mixed with croscarmellose sodium during storage at
75-90% RH: (A) Start (B) 2.5 min (C) 3.5 min (D) 5.5 min. Scale bar for images is 200 um.
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2l B

(C) 10 min (D) 20 min

Figure A. 4: In situ optical microscopy images of Pioglitazone HCl crystals (Orange arrows) mixed with sodium starch glycolate during storage at
75-90% RH: (A) Start (B) 5.0 min (C) 10 min (D) 20 min. Scale bar for images is 100 um.
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(A) Start

(C) 7.5 min (D) 10 min

Figure A. 5: In situ optical microscopy images of Ibuprofen sodium crystals (Orange arrows) mixed with sodium starch glycolate during storage at
75-90% RH: (A) Start (B) 5 min (C) 7.5 min (D) 10 min. Scale bar for images is 200 um.
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(C) 3.5 min (D) 5.0 min

Figure A. 6: In situ optical microscopy images of Ibuprofen sodium crystals (Orange arrows) mixed with lactose monohydrate during storage at 75-
90% RH: (A) Start (B) 2.5 min (C) 3.5 min (D) 5.0 min. Scale bar for images is 100 um.
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(B) 2.5 min

Water Phase

(C) 5.0 min (D) 10 min

Figure A. 7: In situ optical microscopy images of Pioglitazone HCI crystal (Orange arrow) mixed with microcrystalline cellulose during storage at
75-90% RH: (A) Start (B) 2.5 min (C) 5.0 min (D) 10 min. Scale bar for images is 100 pm.

Water Phase

\,

(A) Start (B) 3.5 min

Figure A. 8: In situ optical microscopy images of Pioglitazone HCl crystal (Orange arrow) mixed with calcium phosphate dibasic during storage at
75-90% RH: (A) Start (B) 3.5 min. Scale bar for images is 100 um.
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(A) Sart | (B) 5.0 min

Figure A. 9: In situ optical microscopy images of Ibuprofen sodium crystal (Orange arrow) mixed with calcium phosphate dibasic during storage at
75-90% RH: (A) Start (B) 5.0 min. Scale bar for images is 100 um.

Water Phase

(C) 2.0 min (D) 5.0 min

Figure A. 10: In situ optical microscopy images of Ibuprofen sodium crystals (Orange arrows) mixed with magnesium stearate during storage at
75-90% RH: (A) Start (B) 1.5 min (C) 2.0 min (D) 5.0 min. Scale bar for images is 100 um.

257



(A) Start (B) 1.0 min

Water Phase Water Phase

(C) 1.5 min (D) 2.0 min

Figure A. 11: In situ optical microscopy images of Ibuprofen sodium crystal (Orange arrow) mixed with sodium phosphate dibasic during storage
at 75-90% RH: (A) Start (B) 1.0 min (C) 1.5 min (D) 2.0 min. Scale bar for images is 100 pm.
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Water Phase

Figure A. 12: In situ optical microscopy images of Ibuprofen sodium crystals (Orange arrows) mixed with sodium stearyl fumarate during storage
at 75-90% RH: (A) Start (B) 1.5 min (C) 2.0 min (D) 5.0 min. Scale bar for images is 100 um.
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Appendix B

Chapter 5 Figures
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Figure B. 1: Amorphous spectra recovered from formulation A (Pio HCI: Citric Acid) tablet during dissolving in the acidic media
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Figure B. 2: Averaged Raman spectra (1200 to 1800 cm) of the dissolution of formulation B (Pio HCI: LM) tablet in the basic buffer. Y-axis offsets
were applied for presentational purposes.
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Figure B. 3: Raman maps of formulation B tablet (Pio HCl: LM) during dissolution

analysis
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Figure B. 4: Raman maps of formulation B tablet (Pio HCI: LM) during dissolution in the basic buffer as a function of time, generated by CLS analysis
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Figure B. 5: Raman maps of formulation C tablet (Pio HCI: MgSt) during dissolution in the basic buffer as a function of time, generated by CLS

analysis
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Figure B. 6: Calibration curve showing the concentration of dissolved Pioglitazone vs. absorbance at 270 nm, recorded for Pioglitazone dissolved
in methanol. The calibration plot was used to quantify the release of Pioglitazone from the different formulation tablets.
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Figure B. 7: Averaged Raman spectra (800 to 1500 cm™) of the dissolution of the formulation (E) tablet in the basic buffer. Y-axis offsets were
applied for presentational purposes.
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Figure B. 8: Raman maps of formulation E (Ibu Na: NPD) tablet during dissolution in the basic buffer as a function of time, generated by (a) MCR
analysis (b) CLS analysis
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Figure B. 9: Raman maps of the formulation (G) tablet during dissolution in the acidic buffer as a function of time, generated by DCLS analysis
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Figure B. 10: Averaged Raman spectra (400 to 1100 cm) of the dissolution of the formulation (G) tablet in the basic buffer. Y-axis offsets were
applied for presentational purposes.
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Figure B. 11: Raman maps of the formulation (G) tablet during dissolution in the basic buffer as a function of time, generated by (a) MCR analysis
(b) CLS analysis
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Figure B. 12: Raman maps of the formulation (H) tablet during dissolution in the the acidic buffer as a function of time, generated by CLS analysis

1.5-
8 1.0-
=
8
5 Y = 1.444*X + 0.02856
(73]
< 0-57 R? = 0.9996

0.0 .

0.0 0.2 0.4 0.6 0.8 1.0
Concentration (mg/ml)

Figure B. 13: Calibration curve showing the concentration of dissolved Ibuprofen sodium vs absorbance at 270 nm, recorded for Ibuprofen
dissolved in water. The calibration plot was used to quantify the release of Ibuprofen from the different formulation tablets.
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