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Abstract

This thesis presents a novel investigation into the use of two advanced imaging
techniques in the field of pharmaceutics. The first is surface dissolution imaging (SDI).
This technique utilises ultra-violet (UV) light and a Complementary Metal Oxide
Semiconductor (CMOS) detector chip to image and film a wide range of dissolution
phenomena. The second technique is focus variation microscopy (FVM). This powerful
light microscope combines conventional microscopy with vertical scanning allowing for
both high resolution images and surface topography data to be obtained. The
introduction of this work thus provides a brief history and review into the design and
development of dissolution imaging and the wide range of research that has currently
been conducted. An introduction in to surface texture measurement and focus variation
microscopy are also given to give the reader context as to how these are used in the
detailed research.

This thesis focuses on the second generation of the surface dissolution instrument
(SDi2) which has an additional dosage cell, compared to its predecessor the SDI300,
and the ability to record images in both the UV and visible ranges simultaneously.
Chapter 3 therefore details and describes the development of a methodology that
allows the utilisation of dissolution imaging for the purposes of monitoring accurate
swelling of hydrophilic matrices. The successful results showed a set of specific
parameters needed to be followed in relation to both absorbance threshold and the
width of the measurement zone. This developed method was also successfully used
in the swelling determination of other hydrophilic polymeric matrices in chapter 4. The
results also showed this methodology to be a material sparing technique as compared
to the traditional methods of investigating swelling processes.

Chapters 5-7 uses gemfibrozil (GEM), indomethacin (INDO) and propranolol
hydrochloride as model drugs in salt formation, solid dispersions and liquisolid compact
formulations. Focus variation is used in understanding the surfaces that are prepared
prior to intrinsic dissolution rate determination (IDR). Techniques such as X-ray powder
diffraction (XRPD), differential scanning calorimetry (DSC) and scanning electron
microscopy (SEM) were used for salt and solid dispersion confirmation as well as
morphological characterisation. The results from the focus variation for both the salts
and solid dispersions indicated that compacts prepared for IDR determination picked
up the tooling “imprint” on the surfaces which can impact on IDR values obtained. A
web-like phenomenon was also observed for the solid dispersions during IDR imaging
which seemed to increase with increasing polymer content. This process explained the
lower IDR values obtained for the solid dispersion relative to that of the “pure drug
(INDO)". The use of the whole dose cell showed the dissolution of the solid dispersion
to increase with increasing polymer content. Chapter 7 also recorded the first
simultaneous drug release and swelling of liquisolid compacts.

The information from this thesis therefore demonstrates the versatility and use of both
imaging techniques in providing vital information for the formulator in the early stages.



Chapter 1 — General Introduction to thesis and a brief
history of UV imaging



1.1 Imaging Sensors CCD and CMOS Technology

1.1.1 Introduction

In the field of imaging, two primary detector technologies have been developed. These
are charged coupled devices (CCD’s) and complementary metal oxide semiconductors
(CMOS). Since the 1980’s, development of CCD’s has been influenced strongly by the
military and by the scientific community, more specifically biologists, chemists and

astronomers (1). This influence led to technological developments such as:

e Back thinning — To increase sensitivity to ultraviolet (UV) and near infra-red

(NIR) light sources.
¢ Direct detection of X-rays.
e Micro lens arrays — to increase effective detection area.
e Deep depletion to increase near infra-red (NIR) sensitivity.

In contrast, the development of CMOS detector chips was driven largely by a necessity
to reduce costs and extend battery life in consumer devices such as mobile phones
and digital cameras (1). Therefore, many of these improvements were engineering

advancements such as:
¢ Increased sensitivity due to a reduction in pixel size.
e Utilisation of standard manufacturing processes.

e Reduction in the number of support circuits needed.



1.1.2 Charged Coupled Devices

A CCD image sensor contains a two dimensional array of photodiodes used to convert
optical light into electrical charge. Storage buckets or wells capture and store the
charge, whilst a readout register and readout amplifier convert the charge into an
analogue signal. To obtain an image, the accumulated charge must be transferred from
one horizontal row to another until the charge reaches the readout register. Once here,
the accumulated charge is transferred horizontally to the read out amplifier and
converted into a signal (1). Figure 1-1 displays a schematic representation of CCD
image sensor and the movement of charge throughout the circuitry. A CCD image
sensor offers a number of advantages over CMOS image sensors however there are
also some limitations that need to be considered. Table 1-1 displays a summary of the

advantages and limitations of CCD image sensors.
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Figure 1-1 - A schematic representation of a Charge Coupled Device (CCD) image sensor including photodiodes,
read out register, read out amplifier and movement of charge.



Table 1-1 - A summary of the advantages and limitations of CCD image sensors.

Advantages Limitations

Lower Noise Higher power consumption (1-5 W)
Smaller pixel size Very restrictive temperature and

illumination ranges
Lower Dark Current Potential for blooming and smearing (2)
100 % fill factor High power dissipation
Greater sensitivity Limited Readout rate
Electronic shutter without Sensitive to radiation
artefacts

1.1.3 Complementary Metal Oxide Semiconductors (CMOS)

Current UV imaging systems utilise a CMOS based image detector to record images.
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Figure 1-2 - A schematic representation of CMOS active pixel sensor with row and column selection, correlated
double sampling (CDS), analogue to digital processor and timing control.

The architecture of a CMOS imaging chip is different from that of a CCD in that each
photodiode is connected to an amplifier (1). This combination is referred to as an active
pixel sensor (APS) (3), a schematic representation of CMOS architecture is displayed

in Figure 1-2.



Typically, multiple pixels are arranged into a pixel array in a CMOS detector. The term
‘pixel’ was made popular by the digital photography industry to advertise
advancements in digital cameras. Effectively, a pixel is a funnel that produces a current
of electricity when a photon of light of a given wavelength contacts the inside of the
funnel (4). Typically, a single pixel can range between 5 and 10 um? in size. APS have
some advantages over CCD'’s in that incorporating an amplifier into each pixel greatly
improves pixel performance. Power use is also lower in APS as the amplifier is only
activated upon readout. In early designs, APS suffered from fixed pattern noise due to
wafer process variations. However, current versions have removed this issue due to
the addition of correlated double sampling (CDS) circuits which effectively eliminate
variations in background readout (5). It is important to state that a number of alternative
pixel circuit designs can be found in the market depending on application. These are

summarised in Table 1-2.



Table 1-2 — Alternative pixel circuit architecture found in CMOS detectors and their use.

Pixel Circuit Description

The first CMOS imager, the circuit is based on photodiodes
without internal amplification. Despite having a small pixel

Passive Pixel size and large fill factor these circuits suffer from low
sensitivity and high noise (6).

Introduced in 1993, it utilises principles obtained from CCDs.

Photogate (PG These circuits transfer charge and utilise CDS circuits to offer

° Og\";g (PG) a low noise operation. These circuits are suitable for low light

operations (6).

Logarithmic Logarithmic APS are suitable for high dynamic range
APS applications but do suffer from fixed pattern noise. These
circuits are typically found in silicon retinas (2).

Capacitive CTIA APS were designed to reduce fixed pattern noise. These
transimpedance | pixels are capable of achieving low FPN whilst also achieving
amplifier APS | high gain and low read noise (7).

Pinned photodiodes were previously used in CCDs. These
pixels offer lower pixel noise and reduced dark current, and

Pi_nned . therefore are an alternative to PG-APS due to higher sensitivity
photodiode pixel (6)

Complementary | Refers to a highly integrated high performance CMOS image
APS sensor designed in the sub quarter micron range. These sensors
have low power consumption and high voltage capability (8).

CMOS detectors offer many advantages over CCD sensors including; lower power
consumption, a higher integration capability, lower cost of manufacture and the use of
a singular power supply. However, some limitations of CMOS detectors include; higher

noise, lower image quality, lower sensitivity, and a limited dynamic range.

1.2 Early Literature on UV Imaging as a Scientific Technique

One of the earliest published references to UV imaging was first reported in Analytica
Chimica 570 in 2006 (9). Groups from Tallinn University of Technology and the
University of York looked to develop a method for real time visualisation of reactions
performed via electrophoretically mediated microanalysis (EMMA). This was largely
achieved through the use of a complementary metal oxide semiconductor (CMOS)

active pixel sensor and an Ultra-Violet (UV) light source.



The design of the CMOS detector was fundamentally based on a detector developed
by the University of York and the University of Manchester Institute of Science and
Technology. They utilised a charge coupled detector (CCD) along with a multi
wavelength UV light source provided by a fibre optic bundle (10). The authors reported
that whilst the manufacturing process of CCD'’s allowed for very high quality low noise
sensors, CMOS active pixel sensors allowed for high speed imaging at a much lower

cost. Further positives for the switch to a CMOS detector included:

e Reduced contribution from dark current and shot noise — due to the high levels

of UV light used and a short exposure time.

¢ No mechanical shutter — this allowed for a 100 % duty cycle compensating for

the lower sensitivity when compared to a front illuminated CCD sensor.

A schematic representation of the first UV imaging set-up is displayed in Figure 1-3. A
review of the CCD literature also revealed more information about the detector

including a glass slide, phosphor coat and a fused silica cover slip.
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Figure 1-3 - A schematic representation of the layout of the initial CMOS based absorbance detector, consisting of
a CMOS imager, phosphor coat and UV light source.



To produce the detector, a glass microscope slide was coated with a UV sensitive
phosphor coat. This phosphor coat allowed UV light in the region of 200 to 400 nm to
be converted to visible light in the region of 540 to 580 nm. To protect the phosphor
coat, a fused silica cover slip was glued into place. Any image formed on the phosphor

coat was relayed onto the imager using standard camera lenses.

The resulting conclusions from this study were that for the first time a CMOS detector
could be used for the visualisation of chemical reactions and highlighted the wider
benefits of UV imaging. Fundamentally, this reported work laid the foundations for a

new novel area of chemical analysis.

1.3 Commercial Development of UV Imaging

Paraytec Ltd. was founded in 2005 as a spin out company of the University of York,
after filing a patent for an ‘optical assembly and method for detection of light
transmission’(11), Paraytec launched the D100 Actipix UV Imaging detector. The D100
was the first commercially available UV imaging detector chip and opened the door to

researchers to test new areas of research as well as various applications.

1.3.1 — Actipix D100 Chip 2007 to Early 2010

Many of the earliest works using a commercial UV imaging detector came as a
collaboration of Paraytec with a number of academic partners often from the University
of York. Many of these early studies focused on the use of the technique within bio-
chemistry often focusing on capillary electrophoresis (CE) and the measurement of

bio-chemical entities.

In early 2007, a research article was published that documented the use of UV imaging
in combination with CE to measure reactions of the enzyme penicillinase with a variety
of substrates. The prototype D100 UV imaging chip was used to image two capillary

tubes, one containing penicillinase whilst the other was used as a blank reference. The



paper concluded the use of UV imaging to be a success as not only could the reaction
be ‘filmed’ but also rapid screening of enzymatic processes could be achieved often

with excellent precision (12).

This research paper was subsequently followed by two further research articles using
the same methodology. The first article also used penicillinase however, this article
went on to incorporate more substrates including antibiotics such as amoxicillin and
carbenicillin (13). The second research article employed the prototype D100 chip with
a different enzyme in the form of yeast alcohol dehydrogenase. This article also
reported an increase in the number of parallel capillaries used in the methodology from
2 to 6 allowing for 5 simultaneous reactions to be measured (14). This research article
was fundamental in the development of UV imaging as an analytical technique as it
started to show the versatility of the technique. From 2008 to early 2010 five more
research articles were published further cementing the use of UV imaging within the

field of biochemistry (combining UV imaging with CE)(15-19).

1.3.2 The SDI300 system — 2010 to 2014

In early 2010, Paraytec Ltd. licensed the Actipix D100 technology to Sirius Analytical
Ltd. based in East Sussex. This was subsequently followed by the release of the
SDI300 system. The SDI300 system was a purpose-built UV imaging system
combining the UV imaging detector with a syringe pump, water bath and UV light

source (Figure 1-4).
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Syringe Pump

Waterbath

Figure 1-4 — A schematic of the SDI300 UV imaging system detailing the key components of the unit.

Paraytec Ltd. also began to collaborate with the University of Copenhagen and began

to establish the use of UV imaging within the field of pharmaceutics.

In late 2010, a paper was published by the @stergaard research group in the University
of Copenhagen detailing the use of UV imaging for the measurement of nicotine
release from a transdermal patch (20). The primary purpose of this work was to
determine and characterise UV imaging as a tool for performing in vitro drug release
studies. To achieve this the group fixed a small section on nicotine transdermal patch
to the centre of the D100 chip before flowing a phosphate buffer over its surface. These
results were then compared to data taken from a paddle over disk test. The results
from this study showed that qualitatively, release profiles from the SDI system agreed
with release profiles taken from the paddle over disk method. Also, real-time
visualisation of nicotine release was achieved by the system. In conclusion to this study
the authors highlighted that UV imaging had the potential to become an important
platform for conducting in vitro drug release studies. This work was important to the
field of UV imaging as it opened the possibility for the new SDI300 system to be used

not just in bio-chemistry but also in the field of pharmaceutics.
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5 further research papers came out of research from groups within the University of
Copenhagen and covered a wide range of pharmaceutical materials and behaviours
including; Active single crystal dissolution (21), hydrophillic matrices (22), drug release

from hydrogels (23,24) and drug release from oils (25).

Alongside, these articles other groups began to use the technology in other areas of
pharmaceutics. Groups from the University of Otago in New Zealand collaborated with
the University of Copenhagen to investigate early dissolution events of the model drug
amlodipine by combining UV imaging with Raman Spectroscopy. The primary aim of
this research was to establish a methodology for characterising dissolution events
close to the surface of a solid compact. This was to be achieved by comparing the
dissolution profiles of the amlodipine besylate salt with the amlodipine free base to
determine if any solvent mediated transitions occurred, once this was complete,
Raman spectroscopy would be used to confirm any hypothesis. Through UV imaging,
the authors suggested that a transition was occurring between amorphous amlodipine
besylate and amorphous free base forms. Raman spectroscopy subsequently
confirmed this behaviour by finding that the amorphous samples recrystallised to the
monohydrate form during dissolution. This work further highlighted the versatility of UV
imaging by combining the technique with another powerful analytical technique. This
particular research paper was ground breaking for UV imaging as it paved the way for

the system to become an important analytical tool in the field of pharmaceutics (26).

Groups from The University of Copenhagen continued to develop the technique with
six more publications investigating a variety of topics from Bio-relevant dissolution
(27,28) and sub-cutaneous drug delivery (29) to novel materials such as nanocrystal
powders (30) and coated extrudates (31). Additionally, the group also coupled UV

imaging with Finite elemental solutions as a novel analytical combination (32).

12



In 2013, a research group from De Montfort University based in Leicester, UK found a
new novel use for UV imaging in the assessment of co-crystal formulations. Their first
paper established the methodology for using UV imaging in combination with Raman
spectroscopy for in situ monitoring of the dissolution of a co-crystal. The primary aim
of this work was to investigate if solvent mediated transitions occurred during the
dissolution of a carbamazepine-nicotinamide co-crystal as these can greatly reduce
apparent solubility and dissolution of a co-crystal. The authors discovered that the
intrinsic dissolution rate (IDR) of the co-crystal decreased slowly during dissolution.
This was confirmed to be due to a slow recrystallisation of carbamazepine to

carbamazepine dihydrate during dissolution (33).

The group then built upon this work by publishing a paper later in the year which
investigated the influence of additives on the dissolution performance of
carbamazepine-nicotinamide cocrystals using UV imaging as the dissolution tool. The
authors investigated the influence of the surfactants SLS and Tween 80 on both
solubility and dissolution of manufactured co-crystals. The authors initially found that
the addition of the additives during co-crystal manufacture had little effect on the
solubility of the co-crystal. The authors also observed as a result of footage from the
SDI imaging system that each additive had an opposite effect on the IDR of the co-
crystal. SLS was found to significantly increase the IDR, whilst the Tween 80 was found

to significantly decrease the IDR of the co-crystal (34).

The University of Copenhagen continued to contribute to the field of UV imaging going
into 2014 with papers detailing the use of UV imaging for the measurement of Insulin
diffusion (35), Microenvironmental pH changes (36), and further details for using UV
imaging in combination with Raman spectroscopy (37). These papers also culminated

in a small review article summarising UV imaging as a tool for in vitro dissolution (38).
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A group based in Switzerland also published an article in 2014, using UV imaging
alongside other analytical techniques detailing the biorelevant dissolution of a number
of poorly soluble weakly acidic drugs. The authors aimed to mathematically model the
fractal-like kinetics of the compounds using IDR generated by the SDI system. The
authors found that fractal-like dissolution behaviour was found with all model
compounds and that Intrinsic dissolution rate exhibited a power law at early time points
before reaching equilibrium and a constant dissolution rate towards the end of the
experiment. The authors also detailed their future aspirations for this investigation with
potential works investigating if similar behaviour could be observed with drugs other

than weak acids (39).

Overall, this initial four year period since the release of the SDI300 system was very
productive with many research groups across the globe contributing to the
development of UV imaging as a novel dissolution technique within the field of

pharmaceutics.

1.3.3 The SDI300 system — 2015 to 2017

By early 2015, surface dissolution imaging was fast becoming a novel and robust
technique with multiple publications and novel pharmaceutical uses. In early 2015, the
University of Copenhagen continued using UV imaging for the assessment of insulin
dissolution from sub-cutaneous hydrogel mimics. The article identified the role of pH
in insulin dissolution behaviour in hydrogel-based subcutaneous tissue surrogates and
focused on the influence microenvironmental pH changes had on the release of Insulin

and how these could be imaged and tracked via UV imaging (40).

In 2015, Kuentz from the University of Northern Switzerland published a review article
which detailed and described a wide range of analytical techniques used for real time

small scale dissolution and precipitation testing. This article described many of the
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novel features of UV imaging and helped to highlight how far the system had come
from its conception in early 2006 (41). His second paper was a collaborative piece with
a group in Germany to investigate the feasibility of using UV imaging for the
measurement of drug-phospholipid complexes. The research paper concluded that UV
imaging revealed pronounced surface swelling of the solid dispersions tested in the
study and that only the monoacyl PC was found to substantially enhance in vitro
dissolution compared to pure drug. They also claimed that understanding gained from
UV imaging would further support future development of solid drug dispersions (42).
An interesting development in 2015 was a paper published by a group from the
Novartis Institute for Biomedical Research based in Basel, Switzerland. Whilst this
group did not explicitly use the SDI300 system, they did utilise the D100 chip to conduct
Taylor dispersion analysis in a similar manner to previous publications published
between 2007 and 2010. Primarily their aim was to rapidly screen antibody candidates
using the looped capillary method and the Actipix detector. Their experiments were
largely successful and highlight that there was still a need and use for the original

looped capillary design (43).

Between, 2016 and 2017, 6 more research articles using UV imaging were published.
In a similar trend to previous years 5 of these articles came out of groups from across
the University of Copenhagen and investigated a variety of topics including an
investigation into the performance of UV imaging (44), drug release from lipid implants
(45), dissolution enhancement of a poorly soluble drug (46), and phase separation of
implants (47). Their published works also included a summary/review article into the

use of UV imaging within formulation development (48).

15



The remaining article published over this period came out of the group based at De
Montfort University. In the paper, the authors proposed a new methodology using UV
imaging to calculate both solubility and diffusion coefficients simultaneously.
Principally, a 2 step optimal method was proposed based on Fick’'s 2" law of diffusion
and measurements obtained from the UV imaging apparatus. The author concluded
that results demonstrated that the new proposed method could be used to determine
both coefficients with a reasonable level of accuracy. The authors also stated that this
indicated that UV imaging may provide a new opportunity to accurately measure the
solubility and diffusion coefficients of a poorly water-soluble drugs simultaneously and

rapidly (49).

1.3.4 — 2018 publications and the release of the SDi2 system.

4 more articles were published in 2018 using the SDI300 system. These included a
further article on subcutaneous delivery using implants (50) and a review article on UV
imaging (51) from the University of Copenhagen. Also, a group based in Singapore
published an article using UV imaging to investigate the effects of excipient shielding
on initial drug release (52). The final article was a collaboration project between the
University of Greenwich and Pfizer UK. In this article UV imaging was used to assess
high quality co-crystals of carbamazepine formed via twin screw hot melt extrusion

(53).
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2018 also introduced a newly developed instrument in the form of the SDI2 system, an
upgraded version of the SDI300. Sirius Analytical now trading as Pion Inc, developed
the system from the ground up with the new system showing many improved features

including:

e Automated PC controlled pumps, valves and fluid lines replacing the need for a
syringe pump.

¢ Animproved detector with an increased resolution and imaging area.

e A robust purpose built flow through cell removing the need for fragile quartz
cells.

e A novel whole dosage cell mimicking a USP 4 flow through cell.

e LED based UV light sources removing the need for a UV light box and filters.

e Dual Imaging capabilities and dual buffer support enabling in situ transfer of
dissolution media.

e Digital temperature control and an improved software package.

To conclude this chapter, UV imaging has grown from strength to strength on the back
of the SDI300 system showing robustness, versatility, and novelty in the assessment
of a wide range of pharmaceutical ingredients and materials. The following chapters of
this thesis will continue to develop UV imaging by testing a number of pharmaceutical
materials on the new SDI2 system. This new system is the main feature of this thesis

and will be discussed in more detail throughout the following chapters.
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1.4 Primary goal of this thesis — UV Imaging

The primary aim of this thesis with regards to UV imaging is to establish the use of the
SDI2 system as a routine dissolution instrument capable of providing robust and
accurate data in the measurement of pharmaceutical actives, excipients, and
formulations. To achieve this, a number of milestone objectives will be explored

throughout this thesis:

1. Develop an operational methodology for the SDI2 system exploring all of the
systems features and capabilities.

2. Test any developed methodologies with different classifications of
pharmaceutical materials to build up a knowledge base and aid method
development.

3. Improve system versatility and reliability by identifying areas of improvement in
the system and its operation.

4. Conduct comparative testing between already established techniques and the
SDI2.

5. Highlight and showcase how the novel features of the SDI2 system can be a

benefit to a formulator.
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Chapter 2 — General Introduction to Surface Texture

Measurement
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2.1 — Surface Texture Measurement and Optical Instruments

2.1.1 Background

In the field of mechanical engineering, surface texture measurement plays a crucial
role in the development of a component. It is estimated that surface defects cause
approximately 10 % of all manufactured parts to fail, which can have a significant
impact on a nation’s gross domestic product (GDP). In the early development of
surface texture measurements, a contact stylus method was used. This involved
tracing a single line across the surface of the part and recording the vertical motion of
the stylus. This produced a surface profile measurement and was particularly useful in
providing enough information to control production of a part. Alongside, the
development of contact stylus instruments, optical instruments were developed which
allowed for non-contact measurements to be achieved and in some cases at a faster

rate than with the conventional stylus instruments.

2.1.2 Profile and Areal Measurement

To understand surface texture measurement, it is important to understand profile and
areal surface measurement. Surface profile measurement is the measurement of a
single line across the surface which can be represented mathematically as a height
function with lateral displacement (z(x)). Areal surface texture measurement is
described as the measurement of an area on the surface that can be defined
mathematically as a height function with displacement across a plan (z(x,y)). Areal
surface measurement offers many benefits over profile measurementincluding; a more
realistic representation of the whole surface with greater statistical significance, Lower
chance of significant surface features being missed and provides a better visual record

of the overall structure of the surface.
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All surface texture measurements fall under the scope of the International Organization

for Standardisation (ISO) and as a result a number of specification standards have

been released governing both profile and areal measurement. These are summarised

in Table 2-1.

Table 2-1 — A summary of the ISO guidelines governing profile and areal measurement of surfaces.

Profile Standards

Areal Standards (1SO 25178) (54)

Nominal characteristics of contact
(stylus) instruments. (ISO 3274)

Part 1: Areal surface texture drawing
indications.

Rules and procedures for the
assessment of surface texture (ISO
4288)

Part 2: Terms, definitions and surface
texture parameters.

Metrological characteristics of phase
correct filters (1SO 11562)

Part 3: Specification operators.

Motif Parameters (ISO 12085)

Part 4: Comparison rules

Surfaces having stratified functional
properties — Part 1 (ISO 13565 part 1)

Part 5: Verification Operators

Surfaces having stratified functional
properties — Part 2 (1SO 13565 part 2)

Part 6: Classification of methods for
measuring surface texture.

Terms definitions and surface texture
parameters (1ISO 4287)

Part 601: Nominal characteristics of
contact stylus instruments

Measurement Standards — material
measures (1SO 5436 part 1)

Part 602: Nominal characteristics of non-
contact (confocal chromatic probe)
instruments.

Software measurement standards (ISO
5436 part 2)

Part 603: Nominal characteristics of non-
contact (phase shifting interferometric
microscopy) instruments.

Calibration of contact stylus
instruments (ISO 12179)

Part 604: Nominal characteristics of non-
contact (coherence scanning
interferometry) instruments.

Surfaces having stratified functional
properties — Part 3 (ISO 13565 part 3)

Part 605: Nominal characteristics of non-
contact (point autofocus) instruments

Indication of surface texture in
technical product documentation (ISO
1302)

Part 606: Nominal characteristics of non-
contact (variable focus) instruments
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This thesis will describe in subsequent sections the analysis and measurement of
pharmaceutical surfaces following the above guidelines and how this work has pushed

the boundaries of these regulations to test a variety of complex surfaces.

2.1.3 Common instrumentation for conducting areal surface

measurements.

This thesis focuses on the areal surface measurement of pharmaceutical surfaces.
The following section will highlight and provide a brief explanation of the major

techniques that can be utilised to conduct these measurements and how they operate.

2.1.3.1 Stylus Instrumentation

In a typical standard stylus instrument a ‘conispherical’ diamond tip is pulled across a
surface and the vertical response as a result of surface topography is measured. The
vertical motion of the stylus tip and the displacement of the instrument parallel to the
measured surface allow for a profile of the surface to be constructed. One of the
biggest advantages of using a stylus instrument over an optical based instrument is
that due to its relatively simple operation and well understood mechanics it is easier to
calculate trajectory and thus predict the output of the instrument. Where stylus
instruments suffer when compared to optical instruments is that when conducting an
areal measurement in the region of several thousand data points it can take
significantly longer to complete. Also, as stylus instruments require contact with a
surface to produce a response this can often lead to surface damage which makes the

technique unsuitable in some applications (55).
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2.1.3.2 Atomic force microscopy

Atomic force microscopy (AFM) belongs to a family of instruments referred to as
scanning probe microscopes (SPMs). These instruments are often used to measure
surface topography on a much smaller scale than capable of reaching with either a
stylus or optical instrument. In a conventional AFM a sample surface is scanned
continuously across two axes underneath a force sensing probe. This force sensing
probe consists of a tip that is part of a cantilever mechanism. A typical AFM will also
have a scanner in the z-axis which compensates for changes in sample height between
the tip and the sample surface. During operation, the force sensing probe moves
across the surface and the presence of attractive and repulsive forces cause the
cantilever to bend. This deflection is commonly recorded by the instrument using a
laser (positioned behind the cantilever) and a photodiode array. This method of

detection is particularly sensitive to sub-nanometre deflection of the cantilever (56).

2.1.3.3 Scanning Electron Microscopy (Angle resolved and stereoscopy)

Scanning electron microscopy (SEM) uses a very fine beam of electrons to scan a
sample in a series of continuous lines. Upon hitting the specimen, the electrons are
backscattered to a detector which constructs an image that resembles one taken from
an optical microscope but at a much higher resolution. The main advantage of using
SEM to measure surface topography is that it can measure on a much smaller scale
than both stylus and optical instrumentation but can be used over a much larger area
than AFM. However, the primary disadvantage of using SEM is that it is fundamentally
a 2 dimensional technigue and requires the tilting of the sample in combination with
very specialised analytical techniques such as stereo imaging and angle resolved
scanning. This generally results in other measurement techniques being preferred.
Alongside this, some samples require coating with a metallic coat to allow for effective

measurement which results in destruction of the samples post measurement (55).
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2.1.3.4 Interferometry

Interferometry takes advantage of the wave properties of light to analyse surface
characteristics with a particular focus on surface height variations. Interferometers
operate by separating a source of light into two distinct paths, one which includes a
reference surface and the other which includes the object surface. The light beams are
then recombined (interference signal) and directed towards a digital camera which
measures the resulting light intensity over multiple image points simultaneously.
Following the recombination of the light paths, the fringe frequency is also measured
and this corresponds mathematically with the rate at which the interference signal
oscillates as a function of changes in the sample surface height. Phase shifting
interferometry relies on the movement of the reference plate to change the wavelength
of the reference signal and is particularly suited to the measurement of fine surface
features and roughness. Coherence scanning interferometry extends interferometry to
more complex surfaces which can include greater roughness and steps in the
topography. Coherence scanning interferometry also adds additional further benefits
including autofocus at every point in the field of view and a suppression of interference

from any scattered lights (55).

2.2 — Focus Variation Microscopy

2.2.1 Introduction

This thesis also introduces Focus Variation Microscopy (FVM) to the field of
pharmaceutics, with a primary purpose to characterise and profile the surface

roughness of IDR compacts and tablets.
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Figure 2-1 - A schematic representation of a focus variation microscope and how this system varies focus to
obtain topography information.

Focus variation microscopy is an optical 3D micro coordinate measurement system for
complete form measurement of cutting edges. Form, contour, and roughness are
measured in high resolution in areal (2.5D) and three-dimensional (Real3D)
perspectives. Focus variation combines the small depth of focus of an optical system
with vertical scanning (Figure 2-1). This allows for the provision of topographical and
colour information from the variation in focus (57). The FVI has many applications but

has found significant use in both the forensic and aerospace sectors.

2.2.2 Method of operation

All analysis conducted using the focus variation microscope in this thesis followed a
similar set of steps to produce good quality data suitable for further data analysis. This

section will provide a description of each step.
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2.2.2.1 Method parameters

Magnification

The focus variation microscope used in this thesis has four magnification options
available for use. These are at; 5, 10, 20 and 50x magnifications. This thesis
specifically used only the 5 and 10 x magnifications. Once a magnification was selected

the next step was to focus the image and define the depth of field.
Depth of Field

Focus variation microscopy benefits from movement in the z-axis during data
collection. This allows for a greater detail to be achieved from the variation in focus
and allows for topography data to be collected. Once a magnification has been
selected, the next step is to define the upper and lower limits of the depth of field. This
process improves analysis efficiency by reducing the amount of time needed per

acquisition by reducing the size of the data set obtained.

Image out Image in Image out
of Focus Focus of Focus

Z-lower Centre Point Z-upper
-250 pm 0 pum +250 um

Figure 2-2 — A schematic representation of the determination of the upper and lower limits of the depth of field.

The process for defining the upper and lower limits is displayed in Figure 2-2. The first
step is to manually focus the image by moving the lens up and down and defining ‘0’.
Once this is complete the next step is to move the lens down past the point of focus
until the image is completely blurred. The distance the lens travels to achieve this is

recorded and defined as the z-lower limit. This process is repeated in the opposite
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direction past the point of focus until the image blurs again. The distance travelled is
recorded and set as the z-upper limit. This process is specific to each surface
measured and is often different between samples of the same material. However, in
this thesis, typical values for the upper and lower limits of depth of field were found to

be between 250 and 300 pm.

Image quality — Brightness and Contrast

With the upper and lower limits defined, the next step is to tailor the image field so that
there is sufficient brightness and contrast available to define the detail of the surface.
Pharmaceutical materials produce low contrast surfaces, often this is due to the pure
white nature of the bulk powder used. To help account for this, the contrast parameter

was set to the maximum available on the microscope at a value of 2.

Peak shift to the Peak shift to the
left right
Image too dark Image too bright

Good balance of
brightness and
contrast

Figure 2-3 — A schematic displaying how to utilise a histogram to improve image quality by varying brightness and
contrast.

With the contrast set, the next step is to adjust the brightness of the image. This is
achieved by increasing the intensity of the light source from the microscope. A
histogram produced live on the microscope is used to determine a good quality
brightness level for each image. Similarly, to the depth of field values, the level of
brightness varied image to image and sample to sample. But it is important to note that

all image fields were tailored in the same way as detailed here using the histogram.
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Resolution

The final step before data acquisition is to define the resolution of the image. In focus
variation microscopy this is governed by both lateral and vertical resolution. Lateral
resolution is defined as the ability of the system to distinguish two points in the direction
perpendicular to the light source. In this technique it describes the spacing of the grid
pattern across the image area from which peak height and depth information is
recorded. If this value is set incorrectly it can lead to an error known as aliasing
whereby the true detail of the image is replaced by an artificial texture. Due to the
investigative nature of this thesis, the value for lateral resolution was kept at the default
value for each objective, this was 7.82 pum at 5x magnification and 3.91 um at the 10 x

magnification.

Vertical resolution is defined as the resolution of the system in the same direction as
the lightsource and describes the minimum peak height which can be resolved at each
grid point. As this thesis focused on the measurement of surface roughness, this value
was often set to the lowest level capable of each objective. However, in some specific
cases this was not required. The specific vertical resolution used is described in each

subsequent chapter.

2.2.2.2 Data processing and analysis

Levelling

One of the most common and often necessary data processing options in focus
variation microscopy is levelling. This is defined under ISO guidelines as the process
to remove a known or assumed form from the dataset to ensure a level data set for the

determination of ISO parameters.
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There are six types of levelling that can be removed from the measured dataset all of

which are based on a specific mathematical shape. These are:

e Plane removal — the tilt and pan of the dataset.
e Parabola

e Polynomial

e Cylinder

e Cone

e Sphere — ball bearings and ball joints.

Eadl D IFENT

Figure 2-4 — Visual representation of each levelling option that can be removed from the data set.

Whilst all removal options have their purpose and place in surface metrology Plane
removal is the most commonly used, and throughout this thesis, it is the only levelling
option used to produce level datasets suitable for data analysis and the calculation of
surface parameters. Plane removal is designed to level a surface by calculating the tilt
and pan of a plane in the surface and subtracting this from the raw data set. An
example of this is shown in Figure 2-5. Once the plane was removed from each data

set, the image was saved ready for data analysis.
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With Plane Plane Removed

IDR

Compact

Figure 2-5 — A figure depicting surfaces with a consistent plane and with the plane removed. Note: the red arrows
indicate the direction of the plane.

Surfstand and Data Analysis

Once each data set is levelled, they are transferred to a bespoke surface analysis
software known as Surfstand™. Here all ISO surface parameters can be calculated.
The first step is to define the type of analysis. For the purposes of this thesis,
roughness was always selected followed by filtration. Filtration is essential as this
separates the measured data into different scales of interest and thus allows for “s”
parameters to be calculated. In this thesis, a spline filter was used. Spline filtering is
based on the mathematics of splines that were used in shipbuilding whereby the
bending of the beam between two fixed points was calculated. It is therefore important
to visualise that between given data points in the data set, an arch representing surface

texture is drawn. An example of this is shown in Figure 2-6.

With these parameters selected, the upper and lower cut offs for the filter were then
established. Due to the investigative nature of this the ISO standards were followed as
closely as possible however due to the nature of the surfaces studied, a wider tolerance

was used.
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Figure 2-6 - A schematic representation of spline filtering. The schematic shows a spline drawn between 5 data
points.

The lowest cut-off was set at 0.008 mm for all surfaces in this thesis. This ensured that
any wavelengths smaller than this were excluded from the s-parameter calculation. It
is important to state that wavelengths lower than this are often considered noise and
that they can mask crucial roughness data. The upper limit was then set at 0.8 mm.
This ensured that wavelengths bigger than this value were excluded from the s-
parameter calculation. Again, it is important to state that wavelengths bigger than this
value often contribute to the waviness and form of the surface and would mask surface

roughness.

With the software now set up each surface used in this thesis is filtered and s-
parameters calculated accordingly. Currently, there are 25 surface parameters that can
be calculated following ISO 25178 which are divided up into six families based on their
function, these are; amplitude, spacing, hybrid, Sk family, volume and other. This
thesis focuses on four surface parameters identified as showing significant potential
for formulation studies. These are; Str, Sal, Sdr and Smr2. A detailed description of
these parameters is given over the next few pages and for all other parameters the

reader is directed towards the ISO 25178 series (54) for further information.
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Cross Correlation, Autocorrelation, Sal and Str

The autocorrelation function used in surface metrology is based on the process of
cross correlation. Cross correlation is a measure of the similarity between two signals
at different lag times. The correlation value is calculated by multiplying the vertically

aligned points together and summing the values. An example of this is shown in Figure

2-7.
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Figure 2-7 — A schematic of cross correlation in signal theory.

Positive and negative lag continues in sequence until each possible vertical aligned
point has been calculated. This leads to the production of a correlation sequence at
the different lag intervals. Often the correlation values are normalised to help with
identification of trends in correlation between the two signals. Normalised correlation
values are effectively a scaled version of the original correlation values based on the
actual value or energy. Normalised data sets tend to stretch from -1 to 1 where 1
represents a completely correlated signal at a given lag point, O indicates an
uncorrelated signal at a given lag point and -1 indicates the peaks in the signals match

identically to the valleys of the signal at a given lag point.
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The autocorrelation function (ACF) within areal surface measurement builds upon the
principles of cross correlation using the gathered data set. It is important to state that
the time based signal seen in cross correlation has been replaced with a space based
topography. This switch facilitates the use of cross correlation from a profile time

domain to an areal spatial domain.

The ACF’s for a surface are found by taking a duplicate version of the measured
surface and overlaying the data set against the original. The duplicate data set is then
moved with a relative lateral displacement (dx,dy) and correlation values calculated.
This is similar to the aligning of two signals at different lag points to create a correlation
sequence as described above. The resulting function from the autocorrelation
calculation is normalised so that if the shifted (duplicate) version of the data set is
identical to the original the ACF value will approach 1. The less similar the shifted
surface is to the original, the ACF value will begin to approach 0. In some cases, the
peaks on the duplicate surface line up identically with the valleys on the original
surface. When this occurs the ACF value approaches -1. The calculation of the ACF’s
on the surface of a sample leads to the generation of an areal autocorrelation plot. This
plot is a visual representation of each correlation value for each of the lateral
displacement (lag) positions in both the x and y directions. This plot then forms the

basis of calculating the parameters Sal and Str as shown in Figure 2-8a.
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Figure 2-8 - An autocorrelation plot and calculation of Sal and Str (a) autocorrelation plot of the surface, (b) threshold
boundary of the central position, (c) autocorrelation lengths in different directions, (d) visual representation of Sdr
calculation (values for illustrative purposes only), (e) surface distribution chart, (f) a bearing ratio curve displaying
key volume parameters

Sal (Equation 2-1) is a parameter that is used to characterise the autocorrelation
character of surface Areal Autocorrelation Functions (AACF's). It is defined as the
horizontal distance of the ACF (dx,dy) which has the fastest decay to a specified value
s, where s is between 0 and 1. In this work, a value of 0.2 was set for s in line with
guidance described in ISO 25178 (54). This parameter can also be viewed as a

measure of the lateral scale of the surface.

Sal = miny/tx? + ty?

Equation 2-1 — Equation for the calculation of the Sal parameter.
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Figure 2-8b highlights the autocorrelation functions (ACF’s) above the threshold of 0.2.
A boundary is then placed around the central threshold position as shown in Figure
2-8c. Two radii are then calculated from the centre of the boundary to the outer
perimeter. The shortest radius (Rmin) is retained for Sal. A large value for Sal indicates
that a surface is dominated by low frequency components i.e. waviness whereas a low

value for Sal denotes the opposite i.e. roughness.

Str (Equation 2-2) is the texture aspect ratio parameter and is used to characterise the
isotropy of the surface. Str is calculated in a similar manner to Sal described earlier,
however, Str considers the minimum and the maximum radii lengths under the same
conditions after applying the same threshold. Str is a unit less parameter and provides
a value between 0 and 1. The closer to 1 the value lies the more uniform the surface
is, whereas the closer to 0 the value lies the more likely a dominant texture direction is

influencing the surface.

Tmin

Str =

rmax

Equation 2-2 — Equation for the calculation of the Str parameter.

Surface Developed Area Ratio - Sdr

Sdr is a parameter that belongs to the hybrid family of surface character parameters.
This parameter describes the developed interfacial area ratio of a surface and is a
measure of the surface area gained by a sample area as a result of the texture of the
surface (Figure 2-8d). This parameter is described by Equation 2-3 below where Ajjis
the mean area calculated at a point and A is the projected area of the surface
calculated from the lengths of x and y.

_ XYXA;—A

sd
r A

Equation 2-3 — Equation for the calculation of the Sdr parameter.
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This parameter can be quoted as a unit less positive humber or as a percentage.
Typically, the parameter produces a value of between 0 and 10 % for most surfaces

with 0 % representing a completely smooth surface.

Areal Material Ratio, Smr2

Smr2 is one of a number of parameters determined from the cumulative material ratio
curve (Figure 2-8e-f). By definition Smr2 represents the ratio of the area of the material
at the intersection line which separates the dales from the core surface to the
evaluation area. Put into context, this means that Smr2 represents the percentage of
the measurement area that comprises of the deeper valley structures associated with
the Svk and Vvv parameters. Figure 2-8f highlights the calculation of Smr2 and its
relation to other areal parameters. Smr2 can also be converted to calculate the
percentage of valleys that will retain lubrication*. This is described by Equation 2-4.

Lubrication = 100 — Smr2

Equation 2-4 — Equation for the conversion of Smr2 into percentage lubrication*.

*Note: lubrication here means the volume of a liquid medium that may be on the

surface of a compact.

These four carefully selected parameters are of interest in this study due to their
potential interest to formulation scientists. Sal was primarily used in this work as
confirmatory parameter to determine whether the filtration of the data had been
successful and that all conclusions were based on the small scale roughness of the
tablet surface. Sal can also be used to measure the lateral scale of the tablets’ surface
which can be useful when assessing materials of different particle morphologies as in
this work. Str is of interest to a formulator as it gives an indication to the uniformity of
the texture on the tablet surface. If Str displays a value closer to zero for example this
would indicate that a dominant texture direction was influencing the surface, possibly

as a result of the upper or lower punches. Sdr is of interest to formulators as it provides
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information on the percentage surface area gained by a tablet as a result of its texture.
This is particularly important with regards to dissolution testing as any significant
difference could give rise to higher or lower dissolution rates. Intrinsic dissolution rate
for example may be influenced by changes in surface area (58). As Smr2 can be
converted to measure lubrication, this could help to provide an early insight into the
wettability of a surface before conventional methods are used e.g., contact angle

testing.

This chapter has explored the assessment of surface metrology and described how
focus variation microscopy was utilised for the assessment of pharmaceutical
materials. The following chapters will provide any deviations away from the

methodology described here.

2.3 Primary goal of this thesis — Focus Variation Microscopy

The primary aim of this thesis with regards to Focus variation microscopy is to
introduce the technique as a novel tool for the for the assessment of pharmaceutical
surfaces and correlate data gathered with behaviour. To achieve this, a number of

milestone objectives will be explored throughout this thesis:

1. Build upon preliminary published data to establish a robust methodology for
assessing pharmaceutical surfaces.

2. ldentify useful meteorological parameters that can help predict pharmaceutical
behaviour.

3. Assess the versatility of the system by using different materials and different
forms of surface i.e., conventional tablets, IDR compacts.

4. Combine Focus Variation Microscopy with UV imaging to correlate observed

behaviour with surface properties.
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Note to reader: Due to the method developmental nature of this thesis, a material and

methods chapter was not suitable as such each chapter of the experimental work from
chapters 3-7 have their specific material and methods section. Also, as stated, with
regards to the focus variation section, sections written in relevant experimental

chapters are a deviation from chapter 2.
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Chapter 3 - Developing a method for the measurement of

swelling in hydrophilic matrices.
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3.1 Note to Reader

Some aspects of the following chapter are published in the International Journal of
Pharmaceutics X Volume 1 under the title ‘Development of a novel method utilising
dissolution imaging for the measurement of swelling behaviour in hydrophilic

matrices.’(59)

3.2 Rationale

The following chapter explores the use of the novel whole dosage cell supplied with
the SDI2 instrumentation and the use of the additional 520 nm LED to image the initial
stages of gel formation and swelling within a hydrophilic matrix system (using
hypromellose as a model polymer). This chapter also aims to showcase the design,

development and validation of a methodology devised to perform these assessments.

3.3 Introduction

To determine swelling and erosion rates of hydrophilic polymers in controlled release
dosage forms a traditional method developed by Tahara et al. in 1995 is often used
(60). This method involves the preparation of multiple compacts of polymer or
formulation and placing them in a conventional USP 2 dissolution apparatus, typically
at 37 °C and allowing the polymer to hydrate for set intervals of time in the dissolution
medium at a set stir rate. Once each time point is reached the compacts are removed
into a pre-weighed weighing boat, blotted dry and weighed. In some cases, the
compacts can be placed in an oven at 37 °C to dry to a constant weight then weighed

again (61). Figure 3-1 provides a schematic of how this methodology is performed.
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Figure 3-1 - A schematic to display the steps taken when measuring the hydration, swelling and erosion of
hydrophilic matrices using a conventional USP 2 dissolution bath.

From these measurements, indicators such as relative swelling and dissolution
medium uptake can be determined. The removal of the tablets from the dissolution
media has to be completed with a great deal of care to ensure the gel layer is not
disturbed or damaged. Particularly when blotting and removing excess water from the
compacts before weighing. Another issue is the amount of material and resources
required to complete the test. Each dissolution vessel is often filled with 900 to 1000
mL of dissolution medium and multiple compacts are often needed for each time point,
which can be difficult to obtain in the early stages of formulation development. These
issues have led to researchers looking for novel approaches for the measurement of

polymer hydration.

A variety of imaging techniques are being employed to help researchers understand
polymer behaviour in situ in lower volumes with fewer compacts. These imaging
techniques include Magnetic Resonance (MRI), Confocal Laser Scanning Microscopy
(CLSM), Infra-Red (NIR), Nuclear Magnetic Resonance (NMR) and Terahertz Imaging.
MRI has been utilised by Kaunisto et al. to model polymer dissolution (62) with
Kulinowski et al. developing the technique to monitor the structural evolution of
hypromellose tablets (63). CLSM has been utilised in a number of different
pharmaceutical applications described by Pygall et al.(64). Melia et al. have utilized

the technique for the monitoring of gel layer growth and water penetration in hydrophilic
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matrices (65). NIR has been developed by Avalle et al. to monitor the gel layer formed
in compacts containing hypromellose (66) as well as monitoring drug release from the
gel layer as a result of erosion (67). A novel imaging application using NMR has been
developed to measure water front penetration (68) with Rajabi-Siahboomi et al. utilising
the technique to monitor water mobility and drug diffusion in hydrophilic matrices (69).
Finally, the novel use of terahertz radiation has recently been employed by Yassin et

al. to monitor the swelling and drug diffusion of tablets containing hypromellose (70).

Surface Dissolution Imaging (SDI) has begun to prove its versatility in the field of
pharmaceutics. Traditionally used to determine the intrinsic dissolution rates (IDR) of
pharmaceutical ingredients (58,71) the technique has started to diversify into an
analytical tool for monitoring dissolution events. These events can be with active
pharmaceutical ingredients (API) (72), release from devices such as transdermal
patches (20) or the dissolution behaviour of polymers (22). The new model of surface
dissolution imaging apparatus employed in this chapter allows imaging of whole
dosage forms using a flow cell based on the USP 4 flow through apparatus. Figure 3-2
shows the whole dosage cell and a schematic representation of how this flow cell

operates in the SDI system.
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Figure 3-2 - a) A schematic representation of how the whole dosage cell operates in the SDI2 System. b) A
photograph of the whole dosage cell containing a tablet suspended in dissolution media using a stainless steel wire
holder.

The new model of the SDI, the SDI2 is an upgrade on its predecessor in a number of
ways. Firstly, the new model, introduces a 520 nm optical LED alongside four UV LED’s
at 255, 280, 300 and 320 nm. Secondly, the system can record two different
wavelengths of light simultaneously allowing for example, drug release and tablet
disintegration to be monitored at the same time. Finally, the CMOS detector chip in the
new model has been upgraded to 13 MP allowing greater resolution and detail to be
monitored in real time. As stated in 3.2, the primary aim of this chapter is to design and
develop a method for monitoring swelling behaviour of hydrophilic matrices in the SDI2

system and take advantage of the 520 nm and real time recording of the system.
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3.4 The current methodology for testing whole dosage forms

3.4.1 Manufacturer Method

The manual supplied with the SDI2 system details a generic method for monitoring

dissolution of whole dosage forms.

The first step in the method is to design a suitable holder for the dosage form out of
stainless steel wire. Several options are recommended these are; the loop, the hook
and the ‘v’ shape. The next step is to ensure that the dosage form and holder sit

centrally in the observation window (Figure 3-3).

a):’_@:’_g:]w
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Dosage Form Front
view

Figure 3-3 - a) A schematic representation of three recommended wire holder designs for the whole dosage cell. b)
A schematic representation of whole dosage positioning within the whole dose cell. c) A photograph of a whole
dosage form in the whole dose cell.

Once the holder for the dosage form has been produced, the next step is to prepare
the whole dosage cell for analysis. This includes placing a quantity of 2 mm borosilicate
beads into the bottom of the whole dosage cell to approximately fill the bottom third of
the cell. This is designed to help remove turbulence and reduce the presence of air

bubbles during an experiment.
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Once this is complete the whole dosage cell is placed inside the system and connected
to the fluid lines. A rinse step is performed with de-ionised water, to remove any dust,
fibres, and other contaminants. The rinse step also cleans both fluid pumps and all
fluid lines in the system. After rinsing, the system can then be prepared to run an
experiment. The SDI2 offers open and closed loop functionality and the ability to
transfuse between two different media in situ. For the measurement of hydrophilic
polymers, the system was set to record for 2 hours using the primary solution (DI water)
at 37 °C at the manufacturer recommended a flow rate of 8.2 mL/min. The optical

wavelength of 520 nm was also used.

Once data collection has completed, analysis is performed on the data file to establish
growth measurements. For this, the horizontal and vertical measurement zones are
set to 1 mm and placed over the tablet. Next, a tablet edge threshold absorbance is
set with the manufacturer recommending an absorbance of 350 mAu. Data points at

1-min intervals were recorded (Figure 3-4).
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Measurement Zone
Horizontal 1
\ |
Measurement Zone 1
\ - Dimensions Box

~Polymer Tablet
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1 I 1
| | | |
17 18
mm mm
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Figure 3-4 - An example schematic of how the analysis window is set-up following the manufacturer method for
monitoring tablet growth/disintegration.
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3.4.2 Initial challenges

After preliminary studies with HPMC polymer only tablets a number of key issues were

observed.

3.4.2.1 Stainless steel interference

One of the first immediate issues identified was absorbance from the stainless steel
holder designed to secure the dosage form in place. This absorbance meant that the
tracking box designed to measure tablet width tracked the holder instead of the edge
of the tablet leading to an inflated width measurement by the SDI2 analysis software.
The reason for this issue is that due to the nature of the system measuring relative
absorbance of light by objects in front of the detector, placing a solid object in front of
the detector is going to produce a reading. An example of this issue is indicated in

Figure 3-5.

Tablet Edge

Measurement
Reading

Figure 3-5 - An example of measurement interference caused by absorbance from the stainless steel holder.
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3.4.2.2 Absorbance Threshold

Another issue identified with the manufacturer’'s methodology was the choice of
absorbance threshold for dosage form tracking. The purpose of this threshold was to
provide an absorbance marker for the edge of the tablet thus allowing the tracking box
to follow the edge of a dosage form as it swells or disintegrates. However, at the
recommended threshold of 350 mAu, the tracking box lost track of the edge of the gel
layer as it swelled during measurement. A possible reason for this issue was that, as
the gel layer forms and grows it becomes more hydrated and often more translucent
leading to an edge absorbance lower that the threshold. An example of this issue is

displayed in Figure 3-6.

Tablet Edge

Tracking Box

Wire Holder

Figure 3-6 - An example of tracking box issues caused by a high absorbance threshold resulting in incorrect growth
measurements.
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3.4.2.3 Measurement zone size and position

A further flaw identified relates to the set-up of the system for monitoring the growth of
dosage forms in the system. The default method recommends that both the horizontal
and vertical measurement zones used for producing the tracking box that monitors
growth or disintegration, are given widths of 1 mm and must be placed in a cross over
the centre of the dosage form. The issue with following this recommendation was that
hydrophilic polymers often grow and hydrate at different rates in different locations.
Therefore, different results could be observed depending on where these zones were

positioned. An example of this issue is indicated in Figure 3-7.
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Figure 3-7 - a) A schematic representation of different measurement locations when monitoring polymer swelling.
b) Example results at default mAu at the different locations.
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3.4.2.4 What influence does flow rate have on measurement of growth?

Whilst flow rate was not identified as an issue, it was nevertheless still important to
check what influence flow rate had on growth and hydration of a polymer in this system.
As a default, the manufacturer recommends a flow rate of 8.2 mL/min however the
system is capable of going as low as 4 mL/min and as high as 32 mL/min. An added
advantage of looking at the influence of flow rate is that it will also provide an insight

into the hydrodynamics of the whole dose cell of the SDI2.

3.4.2.5 Image colouring and tailoring

The SDI2 analysis software defaults to display all experiments in black and white with
a white balance value of 100. However, the software does offer further colour options
that could provide more definition when monitoring hydrophilic polymer growth. Also,
the analysis software can be adjusted to zoom in on a particular area of a sample which

could be of use in growth and swelling experiments (Figure 3-8).

Greyscale Cool Copper Hot
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Figure 3-8 - A representation of the colour options available when analysing experiments conducted on the SDi2
system and also the zoom capabilities of the system.
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3.4.3 Objectives for new methodology

After identifying the potential drawbacks in the manufacturer’s methodology, a number

of objectives were set for the development of a new more robust methodology:

¢ Investigate the influence of both measurement zone size and location alongside
tablet edge threshold to produce a more robust method for tracking gel
hydration and growth.

e Establish how flow rate can influence tablet growth and hydration in the SDI2
system and how this influences method development.

e Review the analysis software capabilities to find the best image colouration to

display and identify gel layer growth in hydrophilic matrix tablets.

3.5 Method Development

3.5.1 Absorbance Threshold

Absorbance threshold is one of the key parameters used by the SDI2 system to monitor
tablet growth and degradation. As shown in Figure 3-6 in section 3.4.2.2, it was
discovered that in some instances the default recommended edge threshold could lose
track of the edge of the gel layer as a hydrophilic polymer hydrated and grew. To rectify
this issue a test was devised to find a suitable threshold to monitor gel growth
accurately and robustly. This test involved analysing 2 different polymer grades of
HPMC. The grades selected were the K100M CR and the K100M DC2 grades
manufactured by Colorcon Ltd. Both grades offer the same K100M chemistry of HPMC
but differ fundamentally in particle morphology. The CR grade contains longer, thinner
ribbon like particles whereas the DC2 grade contains particles of a more spherical

nature (The DC2 grade will be referred to as DC from henceforth).
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Compacts of both polymers were placed in the whole dose cell under flow at 8.2
mL/min with de-ionised water at 37 °C for 2 hours. Once each test was completed, the
resulting video files were analysed at 7 different absorbance thresholds (25, 50, 75,
100, 150, 350 and 500 mAu) to determine the appropriate threshold to use for these
hydrophilic matrices. Also, during analysis the measurement zones were kept

consistent as described in section 3.4.2.3.

The results from the absorbance threshold test were clear and conclusive, in both
cases the images as displayed in Figure 3-9 a-b confirmed that once the threshold
reached 350 and 500 mAu the tracking box failed to monitor the edge of the gel
accurately. However, the images also show that when the threshold was set between
25 mAu and 75 mAu the tracking box remained close to the edge of the gel layer
throughout the experiment. This trend was also confirmed by the growth profiles from

the SDI2 analysis software as shown in Figure 3-9 c-d.
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Figure 3-9 - Results of the absorbance threshold test for HPMC CR grade. b) Results of the absorbance threshold
test for HPMC DC. c¢) Growth profiles at different absorbance thresholds for HPMC CR. d) Growth profiles at different

absorbance thresholds for HPMC DC. Black arrows indicate where the tracking box failed to monitor the true edge
of the gel.

The conclusion from this test was, to accurately measure the edge of the gel layer
during dissolution experiments, the manufacturer recommended threshold should be
discarded and replaced with an absorbance between 25 and 75 mAu from the new

developed methodology.
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3.5.2 Measurement zone size and position

The locations of the horizontal and vertical measurement zones are another key
parameter used by the SDI2 system to monitor tablet growth and erosion. The analysis
software uses these zones as reference points alongside the absorbance threshold to
draw the tracking box used to produce the growth profiles seen in Figure 3-9. Similarly,
to absorbance threshold, the position of these zones drastically affected the growth
measurement recorded by the software as shown in Figure 3-7. The vertical
measurement zone was used due to the potential interference of the stainless steel
holder on the horizontal zone. As a result, a test was devised to determine the best
location for the vertical zone only. Using the same experimental procedure described
in section 3.5.1 3, zone positions were monitored at both the new methodology 50 and
manufacturer recommended 500 mAu absorbance thresholds. These zone positions
were labelled A, B and C (Figure 3-7). Figure 3-10 displays the results of this test. On
review of the 500 mAu data, it appeared that location had very little effect on growth
as the absorbance threshold was dominating the error in the data gathered as
described in section 3.5.1. However, once the threshold was lowered to 50 mAu, the
influence of zone location became more apparent. As indicated by the black arrows in
Figure 3-10, zone B produced a profile that displayed a greater amount of growth than
zones A and C. This was due in part, to the uneven nature of the gel growth. However,
this did indicate that the vertical zone calculated an average reference point from all
the pixels within its area at the absorbance threshold. Therefore, it was determined
that if the zone was made wider to cover the majority of the tablet area, it should provide
a more representative reference point of the edge of the gel by considering the uneven

nature of the edge of the gel.
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Figure 3-10 - SDi2 images and associated growth profiles for the vertical zone location test at absorbance
thresholds of 50 and 500 mAu.
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Figure 3-11 - A schematic representation of the wider measurement zone trialled, along with the resulting growth
profile data.
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Figure 3-11 displays the wider measurement zone tested. The width of the zone was
designed to cover the centre most portion of the tablet running from the outer edge of
zone B to the outer edge of zone C. The initial hypothesis was found to be correct and
the wider measurement zone did provide a more representative reference point for
growth measurements. The growth profile also displayed in Figure 3-11 was found to

bisect zones A, B and C and appeared to consider the uneven nature of the surface.

The conclusion from this test was that to improve robustness of growth measurement,
a wider measurement zone combined with the lower absorbance threshold should be

used in all future measurements of hydrophilic matrix systems.

3.5.3 Influence of flow rate

As stated in section 3.4.2.4, the manufacturer recommends a flow rate of 8.2 mL/min
however the system is capable of going as low as 4 mL/min and as high as 36 mL/min.
To test the influence of flow rate on polymer growth, 3 flow rates were selected 4, 8.2
and 16 mL/min, to mimic low, medium and high settings respectively for the SDI2

system.

The flow rate results are depicted in Figure 3-12 and Figure 3-13. Figure 3-13 displays
the effect of flow rate on the normalized gel growth of the CR and DC compacts at 5
and 15 kN. The flow rate at 16 mL/min seemed quite turbulent and as a result often
lodged bubbles next to the compacts (indicated by the black arrows in Figure 3-12).
This produced erroneous results. This can be observed as the jumps in the normalized

gel growth in Figure 3-13 (highlighted by the black arrows).
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Figure 3-12 - SDi2 images for polymer compacts obtained from the SDi2 system for both the CR and DC polymer
compacts at 5 and 15 kN at flow rates 4, 8.2 and 16 mL/min. Note: The black arrows indicate air bubbles lodged
next to the compacts potentially giving erroneous results.

Figure 3-13 suggested that the gel layer growing extensively at the higher flow rate
was false as visual inspection (Figure 3-12) showed the higher flow rate to disrupt the
gel layer. Also, as the instrument is designed for small scale dissolution studies to aid
preformulation studies, the large volumes of dissolution media required to conduct
experiments at 16 mL/min is unwarranted. The flow rates of 4 mL/min and 8.2 mL/min
worked well in determining the gel growth of the CR and DC compacts with the latter

proving extremely consistent with both polymers and at both 5 and 15 kN.
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Figure 3-13 - Gel growth measurement for CR and DC polymer compacts at 5 and 15 kN at flow rates of 4, 8.2 and
16 mL/min. Note: The black arrows here indicate the influence of the air bubbles lodged next to the edge of the
compact potentially giving erroneous results. These can be observed as jjumps’in the normalised gel growth profile.
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This test showed that a flow rate of 4 to 8 mL/min was suitable for conducting
repeatable and reliable dissolution experiments. However, one flaw that should be
stated with the 4 mL/min flow rate is with regards to its practicality. For conducting
swelling experiments, the slow flow rate adds an additional 20 minutes to the
experiment time and also prevents the recording of potentially crucial initial hydration
phenomena as recording cannot start until the whole dosage cell is filled with the
dissolution media. As a conclusion to this study, the 8.2 mL/min was retained as the

flow rate most suitable for the new methodology.

3.5.4 Image Tailoring

As displayed in Figure 3-8 in section 3.4.2.5, the analysis software has a number of
features to aid the analysis of the dissolution including a variety of colour schemes and
the ability to zoom in on the recorded footage. The instruments analysis software
defaults to the manufacturer recommendations of the grey colour scheme with zero

Zzoom.

3.5.4.1 Colour Scheme Selection
To find a suitable set-up for the purpose of monitoring polymer hydration and growth,
all the colour schemes were tested using a HPMC compact dissolution film from

section 3.5.1.

Default Grey Scale Jet Colour Scheme

Figure 3-14 - A schematic display of the difference between the default grey colour scheme and the jet colour
scheme from the SDi2 analysis software. Note: The black arrows indicate increased visible detail using the jet colour
scheme.
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The jet colour scheme was selected for use in analysing the dissolution footage for
hydrophilic matrices. Figure 3-14 displays the difference in image quality between the
default grey scale colour scheme and the jet colour scheme. One of the main reasons
for selecting ‘jet’ was that a greater level of resolution could be achieved allowing for
smaller more subtle details of the gel to become visible, this is indicated by the black
arrows in Figure 3-14. Alongside the greater resolution, the ‘jet’ colour scheme also
produces a brighter image which allows for the subtle density differences between the

dry core and the hydrated layer to be fully realised.

As a conclusion to this test, the jet colour scheme was selected for use in the new

methodology.

3.5.4.2 Zoom Location

The ability of the analysis software to zoom in on the dosage form was found to be
very useful. By zooming in on the dosage form, a greater resolution could be achieved
thereby producing more detailed images that could aid the formulator in making more

informed decisions about how the hydrophilic polymers were behaving in the system.

No Zoom With Zoom

Figure 3-15 - A schematic displaying the effect of system zoom on the images obtained from the SDi2 analysis.

Figure 3-15 shows that for the zoom to be achieved in the software, a box has to be
drawn around the dosage form. To aid comparison between different experiments it

was important that this was standardised. This was achieved by first navigating to the

59



final image of the dissolution film where the growth of the polymer compact was at its
largest. Next, a box was drawn around the dosage form ensuring a 1 cm gap was
created between the edge of the gel and the edge of the box. As a result of this
methodology, consistent zoom could be achieved between different tests producing
images similar to those in Figure 3-15. This zoom technique was added to the new

methodology and applied to all hydrophilic matrix experiments.

3.5.4.3 Absorbance colour scale adjustment

The final image adjustment tested in the analysis software for this methodology was
the effect of the white balance figure. By default, this figure is set to 100 by the analysis
software. However, upon investigation it was found that by adjusting this value, the
colour scale could be condensed or extended. This was found to be very useful as
adjustment of the colour scale could allow for visual differentiation between the dry
core, semi-hydrated and fully hydrated layers present as a hydrophilic matrix system
swells and develops. To accurately calculate the best white balance for each
experiment, two equations were developed. Figure 3-16 displays the equations used.
This equation was designed to determine the mAu value associated with 1 white
balance unit from the white balance scale. This would be used to determine the white
balance value required to make the dry core of the tablet red based on this colour

scheme. A value of 20 mAu was calculated per unit of white balance.

In equation 2 in Figure 3-16, a reference absorbance value is taken from the centre of
the tablet from the earliest possible image in the dissolution video. This is referred to
as the dry core absorbance value. This value is then divided by 20 mAu to determine

the required white balance to make this dry core red.

For example, a dry core absorbance reading of 1200 mAu, will provide a white balance
value of 60 to ensure the dry core is coloured red. The effect of this adjusted white

balance can be seen in the images in Figure 3-16. As the tablet hydrates this
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condensed colour scale allows for the differences between the dry core, saturated

polymer layer and hydrated layer to be visualised and distinguished more accurately.

In conclusion to this section, this image tailoring of adjusting white balance was applied

in the new methodology to all hydrophilic matrix tablet assessments.

1) 2000 mAu — 20 mAy = 1 WB
toowp 0T
Dry Core Absorbance
2 _
) wB 20 mAu
Where:

WB — Refers to the white balance ratio
of the images
mAu — Refers to the milli absorbance
units of the SDi2 Detector

Full Absorbance Condensed
Scale Absorbance Scale

Reference dry core
absorbance reading

Effect of condensed
colour scale

Differentiation achieved
with condensed colour scale

2,000

1,800

1,600

1,400

1,200

1,000

800

600

Figure 3-16 - 1) Calculation to determine the mAu value for each white balance unit based on a scale of 2000 mAu.
2) Equation to determine the white balance value to ensure that the dry core is set as the reference colour of red.
This figure also displays images of the effect of the condensed colour scale on differentiation of the gel layers in a

hydrated matrix tablet.
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3.5.5 Summary of new methodology protocol

The following section details the protocol put forward to testing based on the

preliminary studies:

e Hydrophilic matrix tablets to be assessed in axial orientation using a loop
stainless steel wire holder.

e Experiments to be conducted using a temperature of 37 °C at a flow rate of 8.2
mL/min.

e Tablet edge threshold of 50 mAu to be used.

e Wider vertical measurement zone to be used.

e Jet colour scheme to be used with zoom and white balance adjustment.
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3.6 Method Testing: HPMC K100M CR and DC2

3.6.1 Materials and Methods

3.6.1.1 Materials
For this investigation HPMC was selected as the model hydrophilic polymer. Two
grades were selected, K100M CR and K100M DC manufactured by Colorcon Ltd. De-

ionised water (~pH = 5) was used as the dissolution media.

3.6.1.2 Methods

Tablet manufacture and characterisation

Flat faced round polymer compacts with a diameter of 8 mm were manufactured to a
target weight of 250 mg using a 10-station automated tabletting machine (Riva,
Argentina) at a compression force of 5 and 15 kN. The porosity of the polymer
compacts at the different compression forces was determined using Equation 3-1

below. Tablet porosity was reported as a mean of five determinations.

tablet weight
/tablet volume X 100

Tablet ity = (1-—
ablet porosity I [ true density of powder

Equation 3-1 - Equation for determination of tablet porosity

The true density of the bulk polymer powder for HPMC CR and DC was determined
using a Micromeritics Accupyc 1l 100 gas pycnometer (Micromeritics, USA).
Approximately, 2.5 g of powder was required to conduct each test (recovered post
analysis) with helium used as the inlet gas. All true densities are reported as a mean
of three determinations. To determine compact hardness of each polymer at the 2
compression forces tested, five compacts were fractured diametrically using the
Pharmatest hardness tester (Germany). Tests were conducted 48 h post compaction

and are reported as a mean of five determinations.
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Surface Dissolution Imaging

The dissolution imaging system was set-up to perform dissolution experiments using
the method specifically designed and summarised in the new methodology (section

3.5.5).

Once the compact was placed in the wire stainless steel holder, the whole dosage cell
was prepared for dissolution analysis. Firstly, borosilicate glass beads of 3 mm
diameter (Supplied by Sigma-Aldrich Itd.) were added to the whole dosage flow cell
such that they covered the one-way valve and evenly covered the bottom third of the
flow cell. Approximately 12.3 g of glass beads were required. Next, the whole dosage
cell was placed over the inlet valve and connected to the fluid lines before being locked
in place. Prior to analysis, a flush program was run to clean the pumps, fluid lines and
the whole dosage cell. De-ionised water was used as the rinse solution. Once
completed, the data collection software was set to the following dissolution specifics:
open loop flow, whole dosage cell, single solution, temperature: 37 °C and wavelength
of 520 nm. For this test, 3 polymer compacts per grade and compression force giving
a total of 12 compacts (6 CR compacts at 5 kN and at 15 kN; 6 DC compacts at 5 kN,

and at 15 kN) were analysed.

Prior to data collection, the flow cell was filled with approximately 70 mL of deionised
water to allow for system blank before reducing to 30 mL to allow for sample insertion.
The wire holder containing the tablet was inserted into a removable stainless steel seal
situated on the left side of the flow cell and placed into the flow cell. Extra care was
taken to ensure that no water came into contact with the tablet surface during sample
insertion. The experiment was restarted, and data collection resumed as the whole

dosage cell filled with dissolution media.
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Once each experiment completed, the cell was drained, and the flow cell disconnected
and removed from the system. The hydrated polymer compact was removed from the
flow cell and the wire holder and discarded. The glass beads were emptied and rinsed
with de-ionised water and isopropanol before being allowed to dry in an oven. The cell
and the wire holder were also rinsed with de-ionised water and isopropanol and dried
using paper towels. Once all components were dry the whole dosage cell was re-

assembled and placed back into the system ready for the next experiment.

SDI Data analysis

Each experiment was analysed using the bespoke dissolution imaging analysis
software tailored for the instrumentation using the method specifics discussed in

section 3.5, including the jet colour scheme and lower measurement threshold.

3.6.2 Results and discussion

3.6.2.1 Physical properties of the tablets

Table 3-1 - Summary of the physical properties of the HPMC CR and DC polymer compacts used in this study
(n=5).

Sample Porosity Solid Fraction Tablet Hardness
(%) (%) (N)
5kNCR | 15.3+1.8 84.7+1.8 1231 +£18.9
1I5KNCR | 11.3+0.6 88.7+0.6 1933+ 124
5kNDC | 25.1+0.8 749+0.8 122.6 £3.9
1I5KNDC | 186+1.8 81.4+1.8 188.4 £ 10.5

The true density values for the CR and DC grades were 1.3174 + 0.004 g/cm?® and
1.3239 + 0.001 g/cm? respectively. It was interesting to note that the differences in
particle morphology described earlier in 3.5.1 impacted on the tablet porosity and solid
fraction for all the samples at the different compactions studied (5 and 15 kN) (Table

3-1). The DC compacts had the highest porosity when compared to that of the CR
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grade at all the different compactions studied (Table 3-1). For both the CR and DC
samples, there was a general decrease in porosity and therefore an increase in their
solid fraction with an increase in the compressional forces they were subjected to. This
relatively higher porosity in the DC samples as well as their relatively lower solid
fraction to their CR counterpart may impact on their rate of water ingress. Table 3-1
also shows that despite the differences discussed above, the mechanical strength of
both the CR and DC grade compacts had similar values at the same compaction forces
used with the DC grade having a smaller standard deviation value each time. It was
also observed that there was an increase in mechanical strength with increase

compaction for all the samples.

3.6.2.2 Swelling analysis of CR and DC Compacts

3 compacts were tested on both the CR and DC polymers at each compaction level.
The time points selected for the images were 1, 5, 30, 60, 90 and 120 min. Following
on from the method development discussed in section 3.5, an absorbance threshold
of 50 mAu and a wider measurement was used during analysis of the data. Also, the
image alterations were adopted including the ‘jet’ colouration and the adjustment of the

white balance.
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Figure 3-17 - Swelling data for polymer compacts obtained from the SDI2 instrument at a) 120 min for CR compacts
at 5 and 15 kN compaction levels (purple box insert relates to Fig. 20c), b) 120 min for DC compacts at 5 and 15
kN compaction levels (red box insert relates to Fig. 20d), (¢) 20 min for CR compacts at 5 and 15 kN compaction
levels (green box insert relates to Fig. 20e), (d) 20 min for DC compacts at 5 and 15 kN compaction levels (blue
box insert relates to Fig. 20f), (e) 5 min for CR compacts at 5 and 15 kN compaction levels and (f) 5 min for DC2

compacts at 5 and 15 kN compaction levels

The swelling plots shown in Figure 3-17, highlight the differences between the two

polymers at the different compaction levels over the course of the experiment. The

images depicted in Figure 3-18 highlight the subtle but important differences in the

initial hydration of the gel layer between the two polymers at the different compaction

levels.
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1 min

30 min

60 min

90 min

120 min

CR polymer

DC polymer

5

kN

5 kN HPMC CR

5 kN HPMC CR

15 kN

15 kN HPMC DC

15 kN HPMC DC

15 kN HPMC DC

15 kN HPMC DC

Figure 3-18 - Jet coloured SDI2 images of CR and DC polymers from time points 1min to 120 min at two
compressional levels (5 and 15 kN). Note: HPMC K100M CR is referred to as just CR in the manuscript whereas

HPMC K100M DC is referred to as just DC in the manuscript.
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Pajander et al. investigated the behaviour of two different grades of hypromellose using
the Actipix SDI300 dissolution imaging system, the authors found the different
polymers to behave similarly with regards to swelling, gelling and erosion at the
compacts surface (73). Kavanagh and Corrigan studied a range of different molecular
weighted HPMC polymers and observed that the change in weight which reflected
swelling for the higher molecular weight polymers (HPMC K100M) had the highest
maximum swelling over a 12 h period with very little erosion occurring. These polymers
also showed the highest dissolution medium uptake. Table 3-1 shows the initial
compact heights used for the imaging analysis. From Figure 3-17, where the initial
heights were normalised, it can be observed that the compacts had imbibed the media
and swollen to ~6-7 mm in just 2 h reflecting Kavanagh and Corrigan’s observations

(61).

An independent sample t-test with equal variances (performed using IBM® SPSS®
Statistics) was used to test the statistical significance of the difference between the two
polymers at the different compaction levels. The null hypothesis was that the profiles
were the same using a 95 % confidence interval. The results were that the null
hypothesis could be retained for all the profiles over the 0 to 120 min range. There was
however a statistical difference between the 5 kN CR vs. DC which was detected

between 60 and 120 min (p = 0.007).

Overall, the instrumentation detected very similar growth patterns between the CR and
DC polymers across the forces tested. A key observation was that at 5 kN, the CR
polymer swelled to a slightly greater size than the DC polymer (Figure 3-17 a-b) This
correlated with the statistical findings from the independent t-test that overall, the CR
and DC polymers behaved similarly with the exception of 5 kN post 60 min which

showed statistical difference.
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From 20 min onwards for the compacts, the gel layer in the DC compact appeared to
be less dense (especially for the 5 kN compacts). In contrast the CR polymer was
denser for the same images (Figure 3-18). This observation was in-keeping with similar
differences observed by previous studies (74,75). These studies suggested that
polymers with fibrous morphology i.e. CR form denser gels due to the inter-locking and
entanglement of the fibres and as a result may be able to control drug release more
effectively. This observed difference was less pronounced as the compacts were
subjected to higher compaction force. This phenomenon can also be explained by the
differences in porosity and solid fractions for the CR and DC polymers. DC had a solid
fraction (converted into percentage) of 85 % for the compact compacted at 5 kN
whereas the CR had a solid fraction of 75 % for the compact compacted at 5 kN
suggesting that the more porous DC was bound to have a much higher ingress of
water. The swelling data plot shown in Figure 3-17 also displays the trends observed

in the swelling images.
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3.7 Chapter Conclusions

This chapter displayed and tested a number of the key parameters used in the testing
of hydrophilic matrices in the dissolution imaging system. A number of solutions were
proposed in section 3.5 to the challenges identified in section 3.4. These solutions were
tested with HPMC CR and DC compacts at 5 and 15 kN. With the new developed
methodology, swelling of whole polymer compacts could be measured accurately in
real time with a high level of detail by the dissolution imaging instrument. The new
methodology also allowed for small subtle differences between the two polymers to be
observed. The results showed that overall, both polymers swelled similarly at the
compaction forces tested. The growth rates of the DC compacts were inhibited despite
its larger porosities as compared to the CR compacts resulting in the similarities seen
between the two polymers. The methodology also detected other differences in the gel
layers formed by both the DC and CR polymers indicating that the CR grade forms
denser gels which could also be attributed to the differences in the solid fraction. One
consideration to be taken is that care should be given to an appropriate selection of
threshold absorbance used as this may potentially differ based on the nature of

polymer tested.

Crucially, with the update in methodology this test highlighted an area of research that
can provide a formulator insight into the behaviour of a range of formulations thereby

informing decisions of choice of appropriate formulation for further investigation.
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Chapter 4 — Use of advanced imaging techniques for

measuring hydrophilic polymers.
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4.1 Note to Reader

Some aspects of the following chapter are published in Pharmaceutics Volume 12
under the title ‘Application of Focus Variation Microscopy and Dissolution Imaging in

Understanding the Behaviour of Hydrophilic Matrices.(76)’

4.2 Rationale

The following chapter demonstrates an explorative study into the use of dissolution
imaging and focus variation microscopy with hydrophilic polymers. The purpose of this
chapter is to build upon the methodology developed in chapter 3 and use dissolution
imaging to provide an insight in to the hydration of different hydrophilic polymers. Also,
focus variation microscopy will be employed to assess the topography of the polymer

compacts prior to dissolution.

4.3 Introduction

Hydrophilic matrix systems can be found in a wide range of controlled release
formulations within pharmaceutics. The main principle of these systems is that on
contact with water, the hydrophilic component swells to form a hydrated gel layer. This
gel layer then controls the rate of further water penetration into the tablet core and the
diffusion of the drug from the core out (77). Over time the outer edge of the hydrated
matrix begins to erode as the system becomes more dilute (Figure 4-1). The dissolution
rate of soluble drugs is principally controlled by diffusion out of the hydrated gel layer.
For poorly soluble drugs, the dissolution rate is controlled by the rate of erosion of the
hydrated gel layer which consequently, is dependent on the type of polymer used in

the formulation.
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Figure 4-1 - Mechanism of action for hydrophilic polymers in controlled release formulations.

There are many advantages and limitations to the use and manufacture of formulations

containing hydrophilic polymers. These are summarised in Table 4-1 below.

Table 4-1 — Advantages and limitations of controlled release formulations containing polymers.

Advantages Limitations

Low Dose Frequency High development costs

Release rate can be compromised by
food and gastric transit

Minimised Side Effects

Improved Patient compliance Cannot be crushed or chewed.

Cost effective manufacture
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A wide range of hydrophilic polymers are available for use in controlled release
formulations. These can be classified in a humber of ways based on their structure,
degradability, or chemistry. However, one of the most common ways of classifying the
polymers is based on their source e.g. natural or synthetic. Examples of common
synthetic polymers include; polyacrylic acids (PAA) such as Carbopol™ and
polyethylene glycol (PEG). Examples of polymers from natural sources include;
xanthan gum and chitosan derivatives. Polymers can also be classified as semi-natural
or semi-synthetic, these polymers are usually derived from natural sources before
being chemically modified to improve efficacy or physical characteristics. Examples of
these polymers include cellulose ethers such as sodium carboxymethylcellulose (Na —
CMC) and Hydroxypropyl methylcellulose (HPMC). This chapter introduces two
additional polymers to UV imaging alongside HPMC CR and DC. These are Xanthan

Gum and Polyethylene Oxide (PEO).

Xanthan Gum

Xanthan gum is a natural high molecular weight anionic polysaccharide that is obtained
through the fermentation of carbohydrates with Xanthamonas campestris (78). The
primary structure of xanthan gum (Figure 4-2) consists of repeating pentasaccharide
units consisting of two D-mannopyranosy! units, two D-glucopyranosyl units, and one
D-glucopyranosyluronic unit (79). Xanthan gum is a free flowing powder soluble in both
hot and cold water to give viscous solutions at low concentrations. It is a very effective
thickener and stabilizer because it can produce highly viscous solutions even at low
concentrations when compared to other polysaccharide solutions. Xanthan gum
solutions are also very stable across a broad range pH values (80). Xanthan gum has
been widely used in oral and topical formulations as well as in the food and cosmetic
industry as a stabilising or suspending agent. Due to the hydrophilic nature of Xanthan

gum it has also become a polymer of choice in the manufacture of hydrophilic matrix
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systems. Previous studies have focused on the polymers’ compactability, in vitro
release and rheology (81,82). More recently, the polymer has found uses in alcohol
resistant formulations (83), nanopatrticle loaded gels (84) and sustained release pellets

(85).

CH,OH CH,OH
| «ZQN* )
OH

oA Y@/

R8O
COOH
0

OH

OH

Figure 4-2 — Chemical structure of Xanthan gum

Polyethylene oxide (PEO)

PEO is a synthetic thermoplastic homopolymer synthesized by the heterogeneous
catalytic polymerization of the ethylene oxide monomer (Figure 4-3) (86). PEO is
available in a wide range of molecular weights and due to the oxide present in the

polymer chain is highly soluble in water.
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Figure 4-3 — Chemical structure of Polyethylene Oxide

PEO has been utilised in a number of controlled release applications and has been
shown to control the release of both high and low solubility drugs from matrix
formulations manufactured via direct compression (87-89). PEO has also been used
in other formulations and techniques including buccal adhesives (90), hydrogels (91),

controlled release capsules (92) and hot-melt extruded tablets (93).

Hydroxypropyl methylcellulose (HPMC)

Amongst the wide range of hypromellose grades available, the high molecular weight
METHOCEL™ Premium K (hypromellose 2208, USP) chemistry is the most widely
used in ER matrix formulations (94). The METHOCEL® K100M CR and the
METHOCEL® K100M DC2 grades were selected for this work. METHOCEL® K100M
CR is designed and can be used for wet and dry granulation in controlled release
applications, (95) in combinations with other hydrophilic polymers (96) and in 3D
printed dosage forms (97). Following on from the availability of the CR grade,
METHOCEL® DC2 is a new addition to the polymers supplied by the Dow Chemical
Company. This polymer is particle engineered by the manufacturer to form more
spherical particle morphologies (in comparison to the CR grade) to help facilitate a
switch from granulation to a more efficient direct compression tableting process. The
DC2 grade is also designed to offer the same performance and reliability of the CR
grade. The DC2 grade was compared recently to its CR equivalent and the results

concluded that the DC2 grade did in fact flow better than its CR counterpart. Tablets
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produced to a standard porosity also provided similar strength tablets (98). A similar
comparison study also concluded that the CR grade was able to control release of

ibuprofen better than the DC2 grade (74).

4.4 Materials and Methods

4.4.1 Materials

The materials for this experiment were as follows:

The four polymers; Xanthan Gum (CP Kelco Ltd.), PEO (Arcos Organics Ltd.), HPMC
CR and HPMC DC (Colorcon Ltd.) and de-ionised water (~pH = 5) as the dissolution

media. Note: HPMC DC?2 is referred to as DC from henceforth.

4.4.2 Methods

4.4.2.1 Compact Manufacture

Approximately 312.5 + 1 mg of polymer was weighed out using a micro balance. This
was then added to 10 mm flat faced die. Next, the powder was compacted at 10 kN
using a Testometric™ hydraulic press. The compacts were ejected from the die and
stored prior to use. 312.5 mg was selected as the target weight as this represented an
equivalent polymer ratio to the 8 mm 250 mg compacts used in Chapter 3 for the
method development manufactured on the 10-station automated tabletting machine

(Riva, Argentina).

4.4.2.2 True Density and tablet properties

True Density

True density measurements were performed on the four polymers, for each
measurement, approximately 2 g of powder was added to a stainless steel sample cup.
The sample cup was then placed in a Micromeritics Accupyc Il gas pychometer and

sealed. Helium gas was chosen as the inlet gas at a pressure of approximately 20
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mbar. Each measurement took approximately 10 minutes to complete and post

analysis all powder used was recovered.

Tablet Dimensions and Hardness

5 compacts for each polymer were used to measure tablet hardness and tablet
dimensions. The weight of each compact was measured prior to placement in a
Pharmatest Hardness tester. Each compact was placed on its edge to allow the
hardness tester to measure height, before then being placed flat to allow for the
measurement of diameter. The compact was then exposed to an increasing force until
the tablet fractured. The force at which the tablet fractured was recorded in Newtons

(N) to two decimal places. All broken tablets were then discarded.

Tablet Porosity

Using the mass and the dimensions recorded from the hardness study, porosity of the
compacts was calculated. The first step of the calculation was to determine the volume

of each compact. (Equation 4-1)

V=nur®xh

Equation 4-1 — Equation to determine compact volume. Where v is volume, r is the radius and h is the tablet height.

Next, using the mass and volume of each compact, the density of each compact was

determined using Equation 4-2.

mass
4

p:

Equation 4-2 — Equation to determine compact density. Where p is compact density and v is compact volume.

Finally, porosity was determined as the difference between the apparent density (papp)

of the compact and the true density of the powder (ptue). (Equation 4-3)
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Porosity = (papp) —1] x100
ptrue

Equation 4-3 — Equation to determine compact porosity.

4.4.2.3 Scanning Electron Microscopy (SEM)

SEM was utilised in this chapter to assess the particle morphology of each of the
polymers tested. Prior to analysis on the SEM, each sample was mounted on double-
sided carbon adhesive tape on a metal stub and sputter-coated with a thin coating of
gold/palladium (80:20) for 60 s using a Quorum SC7620 Sputter Coater under vacuum.
A Jeol JSM-6060CV SEM operating at 20 kV was used to obtain the electron
micrographs. Different magnifications were taken to aid the study of particle

morphology.

4.3.2.4 Focus Variation Microscopy

The methodology for conducting focus variation microscopy is discussed in more detail
in chapter 2. The method specifics are outlined as follows; for this work the 10 x
magnification used a 4X4 image area to produce a comparative image size to 5x
magnification. Also, the vertical resolution for the 5x magnification was 0.42 um and

0.21 yum at 10x magnification.

4.4.2.5 Dissolution Imaging

In this study the whole dosage cell was exclusively used.
Dissolution Media Preparation

This study used de-ionised water as the dissolution medium. This was to prevent the

influence of ions on the hydration of the gel layer for each polymer tested.
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Whole Dosage Cell measurement

Following the new methodology outlined in chapter 3, all hydrophilic polymer compacts
were analysed in axial orientation using a stainless steel wire holder (Figure 4-4). All
experiments were then conducted at 37 °C at a flow rate of 8.2 mL/min over a 2 h
period with de-ionised water as the dissolution media. All images were recorded using
the 520 nm LED. Once each experiment was completed, the experiment files were
analysed using the bespoke analysis software, with the wider measurement zone and
absorbance threshold of 50 mAu described in Chapter 3. The data was extracted to
Microsoft Excel™ for data processing. The images obtained from the analysis were

also adjusted to highlight the dry core and subsequent hydrated layers.

Tablet growth measurements were displayed as a percentage gain based on the initial
reading of tablet size (Equation 4-4). Microsoft Excel was used to calculate and plot all
growth data points.

Rico + hoe
Growth (%) = ((%) - 1) x 100
t=0

Equation 4-4 — Equation for determining percentage growth based on initial compact size. Where; h = tablet height,
t = time and x = a given time point.

Analysis Window Vertical
_-Measurement Zone

- Dimensions Box

Horizontal _—"|

Measurement Zone

~Polymer Tablet

Figure 4-4 - A schematic representation of the analysis conducted on the polymer compacts, displaying the
measurement zones and the tablet orientation.
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4.5 Results and discussion

4.5.1 Scanning Electron Microscopy

From the analysis of the micrographs displayed in Figure 4-5, Xanthan Gum (Figure
4-5a) displayed a blend of particle morphologies within the bulk powder including rod-
like and irregular particles. This blend of particle morphologies could be due to the
extraction and manufacturer processing of the natural polymer. In contrast to the
Xanthan Gum, the PEO (Figure 4-5b) displayed larger particles which were more
rounded in nature. On closer inspection using a higher magnification these particles
appeared to be agglomerates of smaller particles present in the bulk powder giving the
larger agglomerates a microporous structure. The uniformity of the bulk powder could
be attributed to the synthetic nature of the polymer and the systematic manufacturing

processes used to produce the polymer.

The HPMC CR micrographs displayed in (Figure 4-5c) displayed particles with a thin
ribbon like morphology. This morphology is suitable for controlled release formulations
as the particle morphology allows for entanglement of the hydrating polymer chains
producing stronger and denser gels. These micrographs also highlight that this grade
has undergone some manufacturing process indicated by the uniformity of morphology
in the sample. The DC powder (Figure 4-5d) displayed some subtle differences to the
CR powder. The first was the presence of some rounded angular particles whilst the
second was the coiling of longer structures producing more rounded particles. This can
be attributed to the engineering of this grade of HPMC to achieve a powder with
increased flowability suitable for direct compression. All the polymers have
characteristics that could influence the surface topography of the tablets and therefore

the hydration of its polymer compacts.
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b)

PEO
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Figure 4-5 - Scanning Electron Micrographs of the polymers tested. a) Xanthan Gum, b) PEO, ¢) HPMC CR and d)
HPMC DC.
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4.5.2 Compact Hardness and Compact Porosity

Figure 4-6 displays the results from the porosity and hardness measurements for the

polymer only compacts. Xanthan Gum displayed the highest porosity of all the

polymers compacted at 10 kN with a porosity of approximately 17%.

Porosity (%)

a)

Xanthan Gum

PEO

M Xanthan Gum MEPEO

B HPMCCR HPMC DC
|
HPMC CR HPMC DC
Polymer
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Tablet Hardness (n)

b)

Xanthan Gum

- - - - - - — — — "

EO

HPMC CR
Polymer

HPMC DC

Figure 4-6 - Bar charts displaying the results (mean +/- SD) from the hardness and porosity assessment of the four
polymers. a) Tablet Porosity and b) Tablet Hardness. Note: The pink dashed box indicates that this polymer reached
the maximum force of the hardness tester without fracturing.
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It is therefore expected that the dissolution media will penetrate deeper into the
compact at a faster rate than with the other polymer compacts, potentially leading to a
greater hydration and rate of swelling. Xanthan gum also produced comparably softer
compacts with a hardness of 265 N and with a relatively higher deviation. PEO
produced compacts that were the hardest of all the polymers tested at 297 N. It is
important to note that this value represents the upper limit of the hardness tester. It is
likely that the excessive hardness was a result of the plastic nature of the polymer, this
is supported by the deformation that occurred to the edges of the compacts at this

force (Figure 4-7).

PEO Post hardness test

Figure 4-7 - A photograph highlighting the deformation that occurred to the PEO compacts during the hardness test.
Note: The red dashed lines indicate the sides of the tablet deformed during testing.

This increased hardness for the PEO compacts was also supported by the lowest
compact porosity for all the polymers tested at approximately 5 %. This observation
leads to the hypothesis that the PEO compacts will hydrate at a slower rate than the
other polymers due to the difficulty for the dissolution media to ingress through the

compact, resulting in a lower rate of growth of the gel layer.
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The DC grade produced a relatively higher compact porosity to the CR grade (~13 vs.
~10 %) but a relatively lower hardness (~245 vs. ~288.12 N) at 10 kN. The DC polymer
also produced the softest tablets of all the polymers tested. The lower porosity of the
CR grade and increased hardness could be attributed to interlocking of the ribbon like
CR particles (Figure 4-5). This potentially reduces core porosity and increases
compact strength. Also, the presence of more rounded particles in the bulk DC powder

potentially led to larger pores between the particles in the compact.

4.5.3 Focus Variation Analysis

Table 4-2 - Table displaying surface parameter values (mean (n=5) +/- SD) at 5 and 10 x magnification for the
four hydrophillic polymers.

Surface Parameters
5 x Magnification

Parameter | Xanthan Gum PEO HPMC CR HPMC DC
Str 0.98 £ 0.02 0.87 £ 0.06 0.91+0.05 0.94 +£0.01
Sal (mm) 0.02+0 0.06 £ 0.01 0.05+0.01 0.04+0
Sdr (%) 443 +0.18 4.09 +0.29 5.19+0.52 4.26 +0.27
Smr2 (%) 89.52 + 0.26 90.18 + 0.56 90.18 £ 0.30 89.48 +£0.19

10 x Magnification
Str 0.96 +0.26 0.93+0.03 0.90 £ 0.04 0.94 +0.02
Sal (mm) 0.03+0.02 0.07+0.01 0.06 £ 0.00 0.04+0
Sdr (%) 3.63+0.28 2.38+0.11 4.38 +0.33 4.96 +0.98
Smr2 (%) 89.82+0.26 | 90.96+0.48 | 91.50+0.31 89.06 + 0.27

Focus variation microscopy provided a unique insight into how the morphology of the
bulk powders identified in SEM influenced the surface topography of the polymer only
compacts. Images obtained from the surface assessment of the polymer compacts are
shown in Figure 4-8. These are also accompanied by areal roughness plots displayed

in Figure 4-9.
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The areal roughness plots are used to calculate the surface parameters in Table 4-2.
Sal is a measurement of the lateral scale of a surface. However, in this work it was
used as a confirmatory tool to ensure that the surface analysis had been conducted
correctly and only surface roughness was considered in all surface calculations. All
surface profiles displayed a Sal value of below 0.1 mm. This indicates that only high
frequency components (i.e. roughness) were considered and that the analysis had
been successful. The presence of the smaller angular particles in the xanthan gum
bulk powder can be seen across the surface of the polymer compact in Figure 4-8.
This can also be visualised in the 3D roughness plot where a uniform spread of small
peaks can be seen across the surface (Figure 4-9). The Str parameter which provides
a measurement of the uniformity of the texture on the surface of the polymer compacts
indicated that the surface texture was uniform in all directions due to a value greater
than 0.5. Xanthan gum displayed a low Sdr value of 4.43 + 0.18 % at the 5x
magnification despite the texture on the surface of the compact. ISO guidelines
recommend that Sdr values are below 5 % for a surface as in theory all manufactured
surfaces will display some texture. An interesting observation was that Xanthan Gum
displayed the second lowest Smr2 value of the polymers tested with a value of 89.52
*+ 0.26 % at the 5 x magnification. The Smr2 parameter is influenced by the deeper
surface pores present across the surface and suggests that 10.48 % of the surface is
suitable for ‘lubricant’ retention. This correlates with the observation from the tablet
porosity assessment and could provide a further indicator to a faster hydration and

growth rate for the Xanthan Gum compacts.
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Figure 4-8 - Optical images obtained from focus variation microscopy of the polymer only compact surfaces at
magnifications of 5x and 10x.
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The PEO polymer surface showed the presence of the larger spherical particulates
across the surface of the compact identified via SEM earlier. These particulates can
be seen clearly in the areal roughness maps in Figure 4-9. The optical images in Figure
4-8, also highlighted potential points of plastic deformation indicated by the darker grey
areas across the surface. Despite the presence of the larger agglomerates, they were
still distributed evenly across the compact surface leading to a Str value of 0.87 £ 0.06.
However, it is important to identify that this value was the lowest of all four polymers.
The PEO compact surface also displayed the lowest Sdr value of the four polymers
tested with values of 4.09 £ 0.29 % and 2.38 £ 0.11 % for 5 x and 10 x magnifications,
respectively. This is a good indicator of the plastic behaviour experienced by the
polymer during compaction and correlates with the high hardness required to deform
the compact. This is further supported by the relatively higher Smr2 value of 90.96 +
0.48 % indicating a lower percentage of the surface suitable for ‘lubrication’ correlating
well with the porosity results discussed in 4.5.2. Focus variation microscopy further
reinforces the hypothesis that the PEO compacts will take longer to wet and hydrate

than the other three polymers tested in this study.

In the comparison between the two HPMC grades, compacts surfaces displayed the
effects of the ribbon like particles of the CR grade and the more spherical engineered
particles of the DC grade (Figure 4-8). This was further supported by the areal
roughness maps (Figure 4-9), which displayed the more spherical nature of the DC
grade polymer across the surface and longer valleys caused by the ribbon like
particulates of the CR grade. In a similar trend to the xanthan gum and PEO polymers,
both HPMC grades displayed Sdr values close to 5 %. However, the Smr2 parameter
correlated well with the porosity and hardness data by indicating that the CR polymer

had a lower percentage of the surface suitable for ‘lubrication’ with a value of 91.50 +
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0.31 % at the 10 x magnification. This helps to reinforce the hypothesis that during

hydration the CR polymer should hydrate and swell at a slower rate than the DC grade.

The focus variation microscopy therefore provided a novel assessment of the compact
surfaces for the four polymers in this study with the production of both 2D optical and
3D images. The technique also helped to reinforce the conclusions determined from
both porosity and hardness measurements with the calculation of surface parameters

such as Sdr and Smr2.
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Figure 4-9 - Areal roughness maps obtained from focus variation microscopy of the polymer only compact
surfaces at magnifications of 5x and 10x.

91



4.5.4 Dissolution imaging and swelling assessment

Figure 4-10a displays the dissolution images obtained for the Xanthan Gum polymer
compacts. It was clear from visual assessment that Xanthan Gum hydrated rapidly
leading to a significantly greater level of gel formation and growth when compared to
the other polymers tested in this study. The 20 min image also displays the formation
of deep channels in the gel layer, potentially caused by the high porosity of the polymer
compact. This observation can be particularly useful as it is likely that channels such
as these could be the cause of dose dumping and formulation failure for novel
controlled release therapies. As the experiment progressed from the 60 min time point
onwards, the gel became increasingly translucent indicative of complete polymer
hydration. This was also reflected in the percentage growth profile displayed in Figure
4-12a. The profile displayed a plateau from 80 min onwards suggesting that growth
rate had reached an equilibrium with erosion of the gel layer. The growth profile also
showed the extent to which Xanthan Gum “out swelled” the other polymers in this study
with regards to both the extent and rate of growth. By the end-point of the experiment
at 120 min, the Xanthan Gum compacts reached an average growth percentage of
214.18 + 24.26 % at least 70 % greater than the other polymers. The initial hydration
of Xanthan Gum is also shown in Figure 4-12b, this graph displays how the polymer
reached an average growth of 49.27 £ 1.81 % in the first 5 min of the dissolution. This
supports the predictions from both the focus variation assessment (4.5.3) and the
porosity assessment (4.5.2) that the significant porosity of the Xanthan Gum compacts

will lead to a faster initial hydration and consequently growth.
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Figure 4-10 - Optical images obtained from the SDi2 system at the 520 nm wavelength. a) Xanthan Gum and b)
PEO. Note: Images are taken from the 2 hour experiment at intervals of 1, 2, 5, 20, 30, 60, 90 and 120 minutes.

Figure 4-10b displays the dissolution images for the PEO compacts. The images
highlight that PEO still exhibited significant gel formation and growth despite the lowest
compact porosity of all four polymers tested. When compared to the xanthan gum
compacts, PEO also developed a square shaped gel layer, indicating equal rates of
growth in both the axial and radial directions. In contrast to the Xanthan Gum

compacts, the PEO gel layer remained particularly dense (as depicted by the
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consistent yellow and red colouring in the image), this indicates a slower ingress of
water to the tablet core. This observation is also supported by the slower development
of the deeper channels in the gel layer, which appeared from the 60 min time point
onwards. The dissolution images of the PEO compacts also provided further evidence
for the use of colour adjustment which allowed for clear distinction of the various gel
densities developing around the compact core. The growth profile for the PEO
compacts is shown in Figure 4-12 and unlike the Xanthan Gum profile the PEO
compacts showed no signs of plateau by the 2 hour end-point. The PEO compacts
showed a similar growth rate to the HPMC CR and DC compacts despite a significantly
lower compact porosity (Figure 4-6) and reached an average growth percentage
135.22 + 8.64 %. Interestingly, the PEO growth profile contradicted the hypothesis that
the PEO compacts will take longer to wet and hydrate than the other three polymers
tested in this study. This indicates that the chemistry of the polymer had a greater

influence on gel growth than surface topography and physical characteristics.

In the comparison of the HPMC polymers, the dissolution images shown in Figure 4-11
showed similar behaviour to the relatively smaller polymer compacts (250 mg) tested
in Chapter 3. The HPMC CR compacts developed a gel layer with a circular shape,
which was in contrast to the DC compacts which developed a square gel shape.
Interestingly, the growth profiles shown in Figure 4-12a showed very similar rates for
both CR and DC compacts. However, it is important to note that there was a significant
influence of air bubbles on the CR growth profile, indicated by the spike in the pink
dashed box of Figure 4-12a. The initial hydration profiles shown in Figure 4-12b
highlight an interesting difference in the initial hydration between the two polymers.
The DC polymer showed a greater initial hydration than the CR polymer with a total

percentage growth of 20.13 £ 0.41 % vs. 17.03 = 1.35 %.
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Figure 4-11 - Optical images obtained from the SDi2 system at the 520 nm wavelength. a) HPMC CR and b) HPMC
DC. Note: Images are taken from the 2 hour experiment at intervals of 1, 2, 5, 20, 30, 60, 90 and 120 minutes.

This observation was in keeping with the hypothesis from the focus variation
microscope that the DC polymer would initially hydrate faster than the CR polymer.
This observation was also supported by the greater porosity and lower compact

hardness of the DC polymer compacts.
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This subtle difference in the hydration behaviour can be attributed to the fibrous
morphology of the CR particles resulting in interlocking particulates inhibiting the

hydration of the compact and producing a denser gel as indicated by the denser

colouration in the UV images.
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Figure 4-12 - Percentage growth profiles obtained for the polymer only compacts. a) Percentage growth over the
full 2 hour experiment and b) Initial percentage growth in the first 5 minutes of dissolution. Note: The percentage

growth is relative to the starting height of each compact. The pink dashed box indicates deviation as a result of air
bubbles.
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4.6 Conclusions

In conclusion, this chapter represents a development and validation of the method
developed in chapter 3 by testing the method specifics against four different hydrophilic
polymers representing the 3 different classifications of hydrophilic polymers. This
chapter also introduces the use of focus variation microscopy to profile the surface
topography of the polymers post compaction and attempt to attribute differences in

surface topography to dissolution behaviour.

All four polymers tested were successfully profiled and displayed significantly different
physical properties when compacted at equivalent force and mass. Xanthan gum
produced compacts with the highest compact porosity, whilst the PEO produced
compacts with the highest compact hardness. Focus variation microscopy also
successfully profiled compacts from all four polymers and provided a deeper insight
into the influence of particle morphology on surface roughness. Crucially, the focus
variation microscope produced similar conclusions to the porosity and hardness
assessment by suggesting the Xanthan Gum would hydrate and swell at the greatest

rate with PEO hydrating at a much slower rate.

The dissolution imaging instrument successfully profiled all four polymers using the
new methodology described in chapter 3. The dissolution imaging instrument was
found to be capable in distinguishing the subtle nuances between the hydration of all
four polymers particularly HPMC CR and DC. Dissolution imaging found the Xanthan
Gum compacts to swell rapidly and at a greater rate than the other polymers tested.
The images produced provided a novel insight into the growth and development of gels
by imaging features such as deep channels, density differences and air bubbles. The
data from the dissolution instrument correlated well with the hypotheses from both the

focus variation microscope and the physical characterisation of the polymer compacts
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with the exception of the PEO polymer which contradicted all hypotheses possibly as

a result of the chemistry of the polymer.

Overall, this chapter represents a novel investigation into the assessment and analysis
of four common hydrophilic polymers using two novel imaging techniques. This chapter
also highlights that the combination of focus variation microscopy with UV imaging can
provide a rapid assessment of pharmaceutical materials and provide and in-depth

insight to a formulator.
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Chapter 5 - Use of advanced imaging techniques for the

purpose of salt selection.
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5.1 Note to Reader

Some aspects of the following chapter are published in the International Journal of
Pharmaceutics Volume 551 under the title ‘Direct imaging of the dissolution of salt

forms of a carboxylic acid drug’. (99)

5.2 Rationale

The following chapter looks to explore the use of the dissolution imaging system for
the purposes of ranking the dissolution performance of a number of cycloamine salts
of gemfibrozil as a model drug. This chapter showcases the full range and capability
of the dissolution imaging system including; the IDR flow cell, the whole dosage cell
and dual wavelength recording. Focus variation microscopy was also used to assess
how the topography of IDR compacts was influenced by the compaction methodology

employed by the dissolution imaging system.

5.3 Introduction

Within the field of pharmaceutics, poor agueous solubility is becoming an increasingly
common occurrence in the majority of emerging active pharmaceutical ingredients
(API) creating a significant challenge during development (100-103). Alongside this,
many new API’s also have additional undesirable properties as a result of their crystal
structures affecting their physicochemical and mechanical properties including; poor
compaction, low bioavailability, poor stability, excessive hygroscopicity and poor
dissolution (104-106). Also, under the biopharmaceutical classification system (BCS)
many new API’s are classified as BCS class 2, indicating they are poorly soluble but
highly permeable. API's in this classification are thus dependent on solubility and

dissolution rate to achieve therapeutic levels of uptake and absorption (107).
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A common method used by formulators to overcome the poor solubility issue is salt
formation. Salt formation is often the first and preferred choice for a formulator, and
remains an effective and widely used technique for improving solubility and improving
many of the physiochemical and mechanical properties discussed earlier (108,109).
Salt formation is also a preferred option by formulators in improving solubility with
regards to other techniques such as co-crystallisation (the process of forming a new
crystal lattice between the drug molecule and often another soluble active entity) and
development of new polymorphs (110). Salt formation is principally an acid/base
reaction that involves neutralisation/proton transfer between the drug molecule and a
counter ion that is oppositely charged. This results in the formation of strong ionic

interactions between the drug molecule and the counterion (108,111).
UV Imaging, Intrinsic Dissolution Rate (IDR) and Salt selection

An important parameter determined in early stage drug development is intrinsic
dissolution rate (IDR) as it can help to predict APl behaviour in vivo. Intrinsic
dissolution is a feasible alternative to equilibrium solubility to determine the BCS class
and has several advantages, especially with respect to time, quantity of material, and
handling of samples. Drugs with an intrinsic dissolution rate above 0.1 mg min-*cm2
would be considered highly soluble, and rates below this limit would indicate drugs with
low solubility (112). IDR measurements can be conducted using a conventional USP
2 rotating apparatus however, this can require a large amount of APl >50 mg (often
not available during pre-formulation) and large volumes of dissolution media typically
900 mL. The surface dissolution imaging instrument offers a compound sparing
approach requiring typically 5-10 mg of APl and an experimental run time of 20-30
min in determining the IDR of an API. Several authors have used the SDI in monitoring

IDRs of APIs (32,113-115) as well as in a variety of other applications (20,116,117).
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As discussed in previous chapters, the new model of the SDI2 is an upgrade on its
predecessor introducing a 520 nm optical LED alongside four UV LED’s at 255, 280,
300 and 320 nm. Secondly, the system can record two different wavelengths of light
simultaneously allowing for example, drug release and tablet disintegration to be
monitored at the same time. Finally, the CMOS detector chip in the new model has
been upgraded to 13 MP allowing greater resolution and detail to be monitored in real
time. The new system has also retained the flow through cell albeit vastly improved to

conduct IDR experiments.

gemfibrozil and counter ion selection

Gemfibrozil (GEM) is a fibric acid derivative and is a lipid regulating drug. It is primarily
used to reduce total cholesterol and triglycerides in the management of
hyperlipidaemias. Gemfibrozil has also been indicated for the prevention of ischaemic

heart disease (118).

Gemfibrozil has been utilised as a model drug in the investigation of salt formation by
a number of different groups. David et al. compared the physical, mechanical, and
crystallographic properties of a series of gemfibrozil salts (105). In this work, the
authors found that salt formation increased the aqueous solubility of gemfibrozil. They
also discovered that solubility increased with the number of hydroxyl groups on the

counterion.

It was also observed that the increased capacity for hydrogen bond formation had an
influence on the crystal structure of the salt and that the increasing hydrophilicity of the

counterion was beneficial in solubility enhancement.

Ramirez et al. characterised the crystal packing, chain conformation and
physiochemical properties of crystalline gemfibrozil amine salts (106). They found that

the cyclic amine counterions increased the melting point, which correlated with an
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increase in counterion molecular weight whereas the linear amine counterions had a
decrease in melting point with an increasing molecular weight and volume. Yang et al.
explored the structure-property relationship of three diamine gemfibrozil salts. Thermal
analysis showed an increase in melting point with the use of the counterion. The three

salts showed an increased dissolution rate compared to that of the free acid (119).

In this chapter, 4 structurally related cyclical molecules were utilised as counter ions in
the salt formation with the active ingredient gemfibrozil starting with cyclopropylamine
(C3) increasing in chain length and hydrophobicity to cyclohexylamine (Ce). A fifth
counterion, tertiary butylamine (Cs4) was also selected to compare to the
Cyclobutylamine to investigate what influence a straight chain counter ion has on

dissolution in salt formation.

5.4 Objectives

Ward et al. used a range of advanced imaging techniques to assess the surface
properties of ibuprofen compacts used in an SDI study to determine IDR (120). The
objective of this chapter was to build upon this investigation by utilising both UV
imaging and focus variation microscopy to investigate a structurally-related series of
counterions with gemfibrozil. The focus variation microscope was used to investigate
how the surface topography of the IDR compacts influences IDR measurement. The
whole dosage cell for the dissolution imaging system was employed to investigate the

effects of counterions on dissolution rate.
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5.5 Materials and Methods

5.5.1 Materials

The materials for this experiment were as follows; The active ingredient gemfibrozil
was purchased from Sigma Aldrich (UK). The counter ions; Cyclopropyl amine
(CPROP), Cyclobutyl amine (CBUT), Tertiary Butylamine (TBUT), Cyclopentyl amine
(CPENT) and Cyclohexyl amine (CHEX) were purchased from Sigma Aldrich (UK).
The solvents for salt manufacture Acetonitrile and Methanol were purchased from
Fisher (UK). Potassium Phosphate Monobasic and Sodium Hydroxide for the
preparation of the pH 7.2 dissolution media, were purchased from Fisher (UK) and
Arcos Organics (Germany) respectively, De-ionised water at approximately pH 5 was

also used.

5.5.2 Methods

5.5.2.1 Salt Preparation

Each salt was prepared following a method devised by Ramirez et al. (101). Firstly,
equimolar ratios of the drug (GEM) and counterions (CPROP, CBUT, TBUT, CPENT
and CHEX) were dissolved in 50 mL of acetonitrile and the resultant precipitated salt
filtered under vacuum. The recovered salts were re-crystallised from methanol after
which they were dried at 50 °C for up to 12 h in a vacuum oven. All the salts produced

were then sealed in glass vials and stored until required.

5.5.2.2 Solid State Characterization

Differential scanning calorimetry (DSC)

All DSC measurements were conducted on a Mettler-Toledo DSC 1 Differential
Scanning Calorimeter. The enthalpy, onset temperatures and melting points of the
active drug GEM, and its salts with CPROP, CBUT, TBUT, CPENT or CHEX were

obtained using the software provided by Mettler-Toledo, Switzerland. Each
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assessment was completed by first placing approximately 3-6 mg of GEM, or its salts
with CPROP, CBUT, TBUT, CPENT and CHEX in standard aluminium pans (40 pL)
with a vented lid. The crimped aluminium pans were heated from 20 to 250 °C at a

scanning rate of 10 °C/min with nitrogen gas used as the purge gas.

X-ray powder diffraction (XRPD)

XRPD measurements were performed following a method described by Laity et al.
(121) GEM and its salts with CPROP, CBUT, TBUT, CPENT and CHEX were scanned
in Bragg—Brentano geometry, over a scattering (Bragg, 26) angle range from 5 to 100°,
in 0.02° steps at 1.5° min—-1 using a D2 Phaser diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany). The XRPD patterns were collected and analysed further using

Microsoft Excel.

5.5.2.3 Dissolution Imaging
In this study both the flow through cell for determining IDR and the whole dosage cell

were used. The method specifics are outlined as follows:

Dissolution Media Preparation

The media used for IDR determination and whole dosage imaging was a 0.2 M
phosphate buffer (pH 7.2) prepared according to the USP 2003 using sodium
hydroxide and potassium phosphate monobasic. In summary this media was prepared
by first making a 0.2 M solution of sodium hydroxide (NaOH) by dissolving 8 g of NaOH
pellets in 1 L of deionised water. Next, a 0.2 M solution of potassium phosphate
monobasic (KH2PO4) was prepared by dissolving 27.22 g of KH2POa4 in 1 L of deionised
water. Once both solutions were prepared, 347 mL of the NaOH and 500 mL of the
+KH2PO4 were measured into a 2 L volumetric flask and made to volume with
deionised water. If required, the buffer was titrated to target pH using either 1 M

Hydrochloric Acid or 1 M NaOH.
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UV Calibration of gemfibrozil

Prior to analysis, a calibration curve was produced to determine the Molar Extinction
Coefficient (MEC) of gemfibrozil. Firstly, two stock solutions were prepared by
weighing 10 mg of GEM into a 10 mL volumetric flask and made to volume with pH 7.2
buffer producing a 1 mg/mL solution. Next, two series of standards were produced (1

from each stock) following Table 5-1 below:

Table 5-1 - Standard concentrations used in the calibration of gemfibrozil at 280 nm Note: The standards indicated
with a star were produced following a 1 in 10 serial dilution of the 10 and 50 stock, respectively.

Concentration (ug/mL) | Amount of Stock used
(uL)
100 1000
75 750
50 500
30 300
20 200
10 100
o* 50
2.5 25
1* 10

Once all the standards were prepared, each series was analysed at an absorbance of
280 nm using a UV Spectrophotometer and a 1 cm quartz cuvette. 280 nm was chosen
upon review of the lambda max of gemfibrozil (275 nm) as this was the closest possible
wavelength supported by the dissolution imaging system. Each series was then plotted
using Microsoft Excel to produce a calibration curve, a line of best fit was added to the
graph with the gradient of the line indicating the Molar Extinction Coefficient of each

salt.
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Flow through Cell and IDR Determination

a)
Key

1. Buffer Reservoir 5. Direction of Flow

2.  Pump 6. CMOS Detector

3.  Valve(s) 7. APl Compact

4.  Flow through Cell (a),Whole Dose Cell (b) | 8. UV LED(s)

Drug

b) Measurement

Compound Dissolution

\

Zone

Compact Location

Light Reflection

Figure 5-1 - a) A schematic representation of the flow through set-up of the SDI2, the figure includes a key and
descriptor numbers associated with each component. b) A schematic displaying a typical dissolution image obtained
from the SDI2 system. Highlighting the flow direction and measurement zones.

The flow through cell indicated in Figure 5-1a was what was used to primarily carry out
IDR experiments. For this project, the manufacturer guidelines were followed to
perform IDR measurements. The first step was to prepare the IDR compacts. This was
achieved by weighing approximately 10 mg of the active or its salt into a specially
manufactured IDR sample insert of 3 mm diameter (Figure 5-2a). Next, the IDR sample

was placed in a steel rig and a compaction pin was inserted into the top of the IDR
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sample (Figure 5-2b). Once completed, the entire steel rig was placed in a hand crank
press supplied by the manufacturer and a force of 100 kgF (as recommended by the

manufacturer) was applied (Figure 5-2c).

Figure 5-2 - A schematic representation of IDR compact preparation. a) Powder filling of IDR holder. b) Insertion of
compact pin prior to compaction. ¢) Stainless steel rig in compact press.
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Figure 5-3 - Figure showing the flow through cell in the SDi2 system connected to the fluid lines ready to conduct
an IDR experiment.

Once all the IDR compacts were prepared, the flow through cell was placed in the
dissolution imaging system and connected to the fluid lines (Figure 5-3). Prior to each
dissolution experiment a flush program was run with deionised water with the flow cell
at a 45° angle. This removed any contaminants from the flow cell and also encouraged
air bubbles out of the system and lines. Once the flush program was complete a
dissolution experiment was conducted. pH 7.2 phosphate buffer was used as the
dissolution medium at a temperature of 37 °C at a flow rate of 2 mL/min. The duration
of each experiment was 30 min with each IDR test conducted in triplicate at a

wavelength of 280 nm.
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IDR Equation and Origin

Intrinsic Dissolution Rate (IDR) is described in pharmacopoeias across the globe and
traditionally utilises the rotating disk system (or Wood'’s apparatus). A modified USP
I/ll set up is used whereby a disc of APl with a known surface area is rotated in a
dissolution vessel and the concentration at set time points measured. The IDR
equation is fundamentally derived from the Nernst-Brunner adaptation of the Noyes

Whitney equation. (Equation 5-1) (112)

5C DA

5 W(Cs_cb)

Equation 5-1 — Nernst-Brunner adaptation of the Noyes-Whitney Equation where; C is the concentration, t is time,
D is the diffusion coefficient, A is the surface area, V is the volume, h is the boundary layer, Csis the saturation
concentration and Cy is the concentration in the bulk solution.

Thus, IDR is calculated as shown in Equation 5-2 and results in units on mass per

minute per area e.g. mg/min/cm?.
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Equation 5-2 — Calculation of IDR where; C is the concentration, t is time, D is the diffusion coefficient, A is the
surface area, V is the volume, h is the boundary layer, Csis the saturation concentration and Cp is the
concentration in the bulk solution.

Once each experiment was completed the data was analysed using the dissolution
imaging analysis software. Images such as those displayed in Figure 5-1b were
generated and IDR calculated using the MEC determined from the UV calibration and

the equation displayed above.
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Whole Dosage Cell measurement
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Figure 5-4 - A schematic representation of capsule dissolution using the whole dosage cell. a) Schematic of the
dissolution set-up with a key and descriptor numbers. b) A whole dosage experiment image displaying dissolution
absorbance zones and media flow direction.
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This work also ranked the active and salt form dissolution rates from a whole dosage
form (a hard gelatin capsule). This utilised the whole dosage functionality of the
dissolution imaging system. Size 0 capsules were prepared containing 150 mgA of
GEM, the salt fraction of each salt was determined before capsule filling. Capsules
were then mounted into a stainless steel wire holder as shown in Figure 5-5 before

being mounted the whole dosage cell for analysis (Figure 5-5).

Capsule

1
1
1
1
1
1
T
I
1
1

Sy e - ———

Wire Holder

Figure 5-5 - A picture displaying mounting of a capsule in a stainless steel wire holder before insertion into the
whole dosage cell unit.

Similarly, to the flow through cell, the whole dosage cell was then mounted in the
dissolution imaging system and connected to the fluid lines. Prior to insertion in to the
system, the whole dosage cell was filled with 12.3 g of 3 mm borosilicate glass beads.
This was to ensure laminar flow in the cell. A flush program was run to clean the bead
bed and remove any contaminants from the cell and lines. Once the flush program was
completed, the dissolution experiment was conducted. As above, pH 7.2 phosphate
buffer was used as the dissolution medium at a temperature of 37 °C and a flow rate
of 8.2 mL/min. The release of GEM was imaged at various time points over a period of

60 min at a wavelength of 280 nm. All experiments were conducted in triplicate.
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The dissolution imaging analysis software was used to analyse the dissolution footage

obtained. Figure 5-4b displays a typical image obtained from each run indicating the

location of the measurement zone used to measure the amount of drug in solution.

The MEC obtained from the calibration curve was used by the dissolution imaging

analysis to determine the concentration of drug in solution at set time points.

5.5.2.4 Focus variation microscopy

This thesis chapter explores the use of focus variation microscopy within the field of

pharmaceutics with a primary purpose to characterise and profile the surface

roughness of IDR compacts. A more detailed description of focus variation microscopy

can be found in Chapter 2.

Steel Rim Compact
\ Surface
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! i

10x Measurement Zone 1.43
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Figure 5-6 - A schematic representation of IDR compact analysis using focus variation microscopy.
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Figure 5-6 displays a schematic of how IDR topography measurements were taken.

The specific parameters set for each measurement are displayed in Table 5-2.

Table 5-2 - Specific method parameters used for both magnifications in the assessment of surface topography of

IDR compacts for the gemfibrozil salts.

Parameter Value at 5x Value at 10x
Magpnification 5x 10x
Image Area 1x1 1x1
Vertical Resolution (pum) 0.50 0.12
Lateral Resolution (um) 7.82 3.91
Contrast 2 2
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5.6 Results

5.6.1 Solid State Characterisation

5.6.1.1 Differential Scanning Calorimetry (DSC)

The active ingredient, GEM, exhibited an onset melt temperature of 60.3 °C with a
peak melt temperature of 62.29 °C. This was supported by published work by Ramirez
and Aigner (106,122). DSC also displayed a single endothermic peak for the active
ingredient, this confirmed the thermal stability of the drug and also the absence of
polymorphs within the bulk API. A characteristic endotherm for GEM was present in all
salts along with the endothermic peak for the counterion. Interestingly, the peak for
GEM shifted to a lower onset temperature with the formation of a salt. The
characteristic endotherm of GEM was present in each of the butyl salts indicating
successful formation of each salt. Interestingly, the onset melt point of the GEM was
lower at 42 °C for the Cyclobutylamine salt compared to 50.12 °C for the tert-

butylamine salt. DSC thermograms are shown in Figure 5-7.
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Figure 5-7 - DSC thermograms of a) the active ingredient GEM and the salts; b) CProp, c) CPent, d) CHex, e) TBut
and f) CBut.

5.6.1.2 X-Ray Powder Diffraction (XRPD)

XRPD was utilised in this study to identify the crystallinity and characteristic peaks of
GEM as well as the manufactured salts. Chen et al. report that the characteristic peaks
for the active ingredient GEM can be found at 2theta angles of; 11.6, 14, 18 and 24 °
(123). These notable peaks are indicated on Figure 5-8 in the form of black dashed

lines with red stars.
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XRPD found GEM to be crystalline in nature (Figure 5-8a). Figure 5-8 b-d display
XRPD spectra for the salts CProp, CPent and CHex respectively. Figure 5-8 e-f also
displays the XRPD spectra for the TBut and CBut salts. All the salts produced were
crystalline in nature. Interestingly, the TBut salt produced a more intense XRPD

spectra than the CBut salt indicating a greater crystallinity for the TBut salt.

When the XRPD is combined with the DSC, both assessments confirm that the
manufacture of the salts was successful. This indicated that the salt screen via
dissolution could occur providing a discriminatory analysis of the influence of chain

length on dissolution rate.
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Figure 5-8 - XRPD spectra of a) the active ingredient GEM and the salts; b) CProp, c) CPent, d) CHex, e) TBut
and f) CBut. Note: The black dashed lines with red stars indicate the characteristic 2theta angles for gemfibrozil as

reported by Chen et al. (116).
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5.6.2 Dissolution Assessment

5.6.2.1 IDR compact inspection

Prior to IDR assessment, the IDR compact surfaces were assessed using the focus
variation microscope. In this chapter the aim was to use this analysis to build upon
work by Niederquell and Ward et al with the dissolution imaging system (113,120).
Both groups discovered that often with IDR compacts, uneven surfaces were produced
through the compaction process, or API built up on the stainless steel rim of the IDR
compact holder. The microscope offered the ability to produce an optical image to
assess for surface damage, heterogeinity or homogeinity of surfaces whilst also
providing a 3D representation of the surface to monitor surface roughness and and

any increases in surface area as a result.

Figure 5-9 displays the optical images of the IDR compact surfaces of the active
ingredient GEM and the manufactured salts. With the exception of the CPROP salt,
the remaining surfaces all experienced an ebossed ring pattern on the surface. This
was found to be as a result of the tooling used to make the compacts for the dissolution
imaging system. This was an unexpected discovery, it appeared that the IDR press
was machined to a finish (indicated by repeating symmetrical nature of the rings)
instead of polished like a conventional tablet compaction tooling. The optical images
also showed significant damage to the surfaces of the active ingredient GEM caused
by the poor compactability of the GEM powder and larger particulates stuck on the
surface of the IDR compacts. These discoveries could lead to significant variability in

the IDR values obtained from the dissolution imaging system.
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Figure 5-9 - Optical images of the IDR compact surfaces of the active ingredient and the manufactured salts at 5x
and 10x magnification. The black dashed circles highlight surface damage, particulates and embossed texture.
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Figure 5-10 displays the 3D surface representations of the IDR compacts at the 10x
magnification. These surface maps are used to assess the surface roughness of the

IDR compacts and the influence of this roughness on the surface area of the compacts.

Table 5-3 - Surface parameters of pharmaceutical interest obtained from the 3D surface maps of the IDR
compacts for the active ingredient and its salts (n=1).

Parameter Active Ingredient
GEM CPROP | CPENT | CHEX | TBUT | CBUT
Sal 0.003 0.055 0.072 0.02 | 0.049 | 0.049
Str 0.536 0.859 0.736 | 0.497 | 0.843 | 0.723
Sdr 2.277 1.776 1.43 2597 | 1.616 | 4.278
Smr2 87.9 89.1 88.6 90.1 88.2 88.5

The calculation of the surface parameters indicated in Table 5-3 provided a few key
conclusions regarding both the analysis of the IDR compacts and the influence of the
roughness on the surface topography. As described in chapter 2, Sal is a measurement
of the lateral scale of a surface. However, in this work it was used as a confirmatory
tool to ensure that the surface analysis had been conducted correctly and only surface
roughness was considered in all surface calculations. All surface profiles displayed a
Sal value of below 0.1, this indicates that only high frequency components (i.e.
roughness) were considered and that the analysis had been successful. Str provides
a measurement of the uniformity of the texture on the surface of the IDR compacts. A
value of greater than 0.5 indicates that the surface texture is uniform in all directions,
whereas a value lower than 0.5 indicates that the texture is dominated by a significant
direction. Interestingly, only CHEX displayed a Str value of lower than 0.5 (0.497)
however upon further review it is likely that this was influenced by the large spike in
the surface profile caused by a surface particulate. All the other surfaces displayed

values above 0.5.
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Figure 5-10 - 3D representations of the IDR compacts using Surfstand ™. a) the active ingredient GEM and its salts
b) CPROP, ¢) CPENT, d) CHEX, e) TBUT and f) CBUT. Images shown from the 10x magnification. The black
dashed circles highlight the roughness caused by particulates and the embossed circular pattern.
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Sdr provides an indication as to the additional surface area gained by a surface as a
result of its texture when compared to a theoretical plane of the same size. The CBUT
surface appeared to have the highest Sdr of all the surfaces measured with a surface
area gain of 4.28 %. However, this value is likely to have been influenced by the
particulate on the surface of the IDR compact. This seems to also be the case for the
CHEX surface which also may have been influenced by interference from surface
particulates. CPENT and TBUT surfaces provided the cleanest surface profiles and
gave similar Sdr values of 1.43 and 1.62 % respectively. It is important to note that all
surfaces provide a Sdr value as no manufactured surface will theoretically be 0 %.
Following ISO guidelines, the aim is to keep Sdr values below 5 %. All surfaces fell

below this value despite the damage seen in the GEM surface.

Smr2 provides an indication of the percentage of the surface comprised of deeper
valleys. Interestingly, the GEM surface that suffered from the surface damage had the
lowest Smr2 which indicates that this surface has more exposed deeper valleys than
any of the other IDR surfaces. This could influence the IDR of GEM as more dissolution
media could potentially ingress deeper into the IDR compact and thereby increase

wetting and as a result dissolution.
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5.6.2.2 IDR Assessment

For the determination of IDR, the first five points of the dissolution profile were excluded
(Figure 5-13 — pink dashed box). Due to the flow through nature of the dissolution
imaging system, it is important that IDR is measured once the dissolution rate has
reached equilibrium with the media flowing over the IDR compact. From the dissolution
profiles in Figure 5-13 this was found to be after the 5 min time point. Hulse et al.
reported IDR values post the 3 min mark as a result of loose particulates (115). Ward
et al. found that in the first few min of an IDR experiment loose particulates can wash
off the surface of the IDR compact leading to inflated IDR and high standard deviations

(120).

Table 5-4 - Average IDR (mean +/- SD) (n=3) values obtained from the SDi2 system over 10 and 30 minutes of the
active ingredient and its salts.

Active Average IDR (ug/min/cm?)
Ingredient 10 min 30 min
GEM 46.46%1.02 35.21+8.91
CPROP 93.17+4.02 333.78+189.276
CPENT 127.61+1.87 122.92+3.66
CHEX 52.97+1.10 35.82+13.00
CBUT 91.63+2.12 81.42+13.88
TBUT 99.95+2.88 87.31+9.41

Table 5-4 displays the average IDR values taken from the dissolution imaging system.
As expected, the active ingredient GEM provided the lowest IDR of all the compounds
tested in the flow cell with an IDR of 46.46 pg/min/cm? over the first ten min of the test
(excluding the initial 5 time points). This is supported by the UV images in Figure 5-11a
showing a small dissolution stream (with a light blue colour) indicating a low
absorbance and thus a low amount of drug in solution. This is supported by Ramirez

et al as they reported the aqueous solubility of GEM at 37 °C to be 0.002 mg/mL (106).
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Figure 5-11 - UV images from the IDR assessment in Phosphate media of a) the active ingredient GEM and the
salts; b) CPROP, ¢) CPENT and d) CHEX. The red arrow depicts the dissolution wave that led to inflated IDR values
for the CPROP salt.
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Figure 5-12 - UV images for the IDR assessment in Phosphate media of a) the TBUT salt and b) the CBUT salt.

The images taken from the dissolution imaging system for the CPROP salt also found
some interesting dissolution phenomenon. It initially appeared that the salt displayed
a high intrinsic dissolution rate as indicated by the dissolution profile in Figure 5-13b.
However, the dissolution footage highlighted that there was a potential disintegration
of the compact surface similar to those reported by Ward et al. with the first version of
the SDI system (120). This is indicated by the red arrows in Figure 5-11b and Figure
5-13b. This is likely the cause of the inflated and erratic behaviour of the dissolution
profile for this salt. As a consequence of this, only the averages of the first 10 min of

the IDR measurement were used to compare the salts with the base drug.
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Figure 5-13 - IDR Dissolution profiles from the SDi2 system in Phosphate media( n=3). a) IDR profiles of the active
ingredient GEM compared to the salts CPENT and CHEX. b) The salt CPROP. c) The active ingredient GEM
compared to the salts TBUT and CBUT. Note: The pink IDR box highlights the first five minutes of data excluded
from Average IDR calculation. The red arrow highlights the effects on the dissolution profile of the dissolution waves
seen in the UV images.
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From the IDR assessment of the salts, it appeared that all the salts displayed a greater
IDR than the base drug (Figure 5-13 and in Table 5-4). The CPROP and CBUT salts
displayed similar IDR values of 93.17 and 91.63 pg/min/cm? respectively. This can be
seen visually in Figure 5-11b and Figure 5-12b. This is also supported by relatively
similar solubilities of the salts reported by Ramirez et al of 14.24 and 20.39 mg/mL
respectively at 37 °C (106). The CPENT salt provided the greatest increase in IDR
over the base drug with an IDR of 127.61 pg/min/cm?2. This could be linked back to the
lower Smr2 value for the surface of these IDR compacts compared to the other cyclic
salts, consequently resulting in a greater area available for lubrication/wetting. The
CHEX salt produced the lowest IDR of all the salts tested with an average IDR value
of 52.97 pug/min/cm?. This could be due to the low solubility reported for this salt of 2.36
mg/mL at 37 °C and also the greater molecular weight of the counterion. It is also likely
that the increased “chain length” in this salt could lead to increased hydrophobicity of

the crystal lattice and thus inhibit dissolution rate.

When the CBUT and TBUT salts were compared in Figure 5-12 and Figure 5-13c, it
appeared that the TBUT salt displayed a slightly higher average IDR of 99.95
ug/min/cm?. This was despite a lower reported aqueous solubility of 7.82 mg/mL at 37
°C, this could indicate that surface porosity differs between the two salts when
compacted at the same force leading to an earlier hydration of the TBUT salt. This is
supported by the images in Figure 5-12 which showed a greater absorbance at 15 min

for the CBUT salt over the TBUT salt.

The dissolution imaging system therefore provided a hypothesis that going into whole
dosage formulation and dissolution testing that the CPENT salt should provide the

greater dissolution rate.
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5.6.2.3 Whole Dosage Dissolution assessment

This section of this chapter demonstrates the capability of the dissolution system to
record and measure dissolution phenomena from a whole dosage form. In this
instance, a custom wire holder was designed to hold a hard gelatin capsule containing
the salt. All capsules were monitored over a 60 min period using the 280 and 520 nm

LED’s simultaneously.

Table 5-5 - A table displaying the average concentration (mean +/- SD) (n=3) over the 60 minute period for Gem
and its salts. The table also displays associated AUC measurements.

Active Average Conc. AUC
Ingredient (ng/mL)
GEM 16.0+11.1 0.99
CPROP 43.9+1.9 2.55
CPENT 28.1+4.6 1.73
CHEX 26.2+2.9 1.54
CBUT 42.7+4.1 2.46
TBUT 33.3+6.6 2.02

Similarly, to the IDR analysis in 5.6.2.2, all the salts produced greater drug dissolution
over the parent drug GEM (Figure 5-16). It was interesting to note that the GEM profile
appeared to start approximately 4 times higher than the salts (Figure 5-16a). There are
two possible causes for this; the first is that all capsules were filled with an equivalent
amount of the active ingredient (150 mgA). As result of this, less bulk APl was
contained in the GEM capsules and during capsule dissolution the drug may have had
a greater opportunity to flow through the measurement zone at the top of the cell. The
second cause may be that due to the lighter nature of the GEM capsules, the uneven
distribution of the weight occasionally led to the bending of the capsule into the
measurement zone leading to interference and an inflated result. An example of this is

in Figure 5-14a.
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Figure 5-14 - UV images from the whole dosage assessment in phosphate media of a) the active ingredient GEM
and the salts b) CPROP and c) CPENT.
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Figure 5-15 - UV images from the whole dosage assessment in phosphate media of the salts a) CHEX, b) TBUT
and c) CBUT.
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Figure 5-16 - Dissolution profiles obtained from the SDi2 system. a) Comparison of the active ingredient GEM and
the cycloamine salts of CPROP, CBUT, CPENT and CHEX. b) Comparison of the active ingredient GEM and the
CBUT and TBUT salts.

The whole dosage assessment of the capsules also displayed a significant trend
between the cycloamine salts. It appeared that as “chain length” of the counterion
increased, dissolution rate decreased. The CPROP salt displayed the highest average
concentration of 0.0439 mg/mL (Table 5-5). This was supported by the intense orange-
red colouration of the UV images in Figure 5-14b. The CHEX salt displayed the lowest
average concentration of all the salts at 0.0262 mg/mL (Table 5-5). This again was

supported by the light blue colouration of the UV images in Figure 5-15a. AUC
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measurements also confirmed the trend in the salts starting at 2.55 for CPROP before
decreasing to 1.54 at CHEX. It is increasingly likely that an increasing hydrophobicity
was caused by the increase in “chain length” of the counterion. This may have resulted
in a fall in dissolution performance. A secondary comparison was also conducted
between the TBUT and CBUT salts of GEM (Figure 5-15 and Figure 5-16). The CBUT
salt provided a greater benefit to dissolution over the linear TBUT salt. CBUT displayed
an average concentration of 0.0427 mg/mL compared to 0.0333 mg/mL for TBUT. This
was supported by AUC values of 2.46 compared to 2.02 and the UV images in Figure

5-15 which displayed a greater intensity of colouration for the CBUT salt.

Capsule Capsule
Hydration Hydration

Figure 5-17 - Optical images recorded by the SDi2 system using the 520nm LED. Note: The red dashed circles
highlight fluid ingress into the capsule, whilst the red arrows highlight capsule breakdown.

This section also simultaneously recorded the breakdown of the capsules in real time
using the 520 nm LED alongside the 280 nm LED used for monitoring drug dissolution.
Figure 5-17 displays some example images from the dissolution imaging displaying
some key phenomena such as the imbibement of media and capsule dissolution. This
feature could be of particular use to formulators in the field of quality control for

measuring the integrity and consistency of manufactured dosage forms.
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5.7 Conclusion

This chapter represents the successful manufacture, characterisation and ranking of a
range of prepared salts using two novel imaging techniques in the form of focus

variation microscopy and UV imaging.

Cycloamine salts (CPROP, CBUT, CPENT and CHEX) and a Tertiary amine salt
(TBUT) of the carboxylic acid drug GEM were successfully prepared. This was
confirmed using both DSC and XRPD. The use of focus variation microscopy detected
a number of anomalies/defects on the surface of the IDR compacts not visible by eye,
from embedded particulates to rings from the tooling. The use of the microscopy data
to determine the parameters Sdr and Smr2 provided information on the variation in
surface gain for all the salts. This could be used to give insights into how the compacts
undergo compression during IDR compact preparation. The use of the different counter
ions in this study could have contributed to different plasticities of the different salts
which could have contributed to the different surface gains measured by the
microscope. However, further investigation will be required to fully determine the
correlation between the surface parameters measured by Focus Variation and the

compaction properties of pharmaceutical materials.

The flow through cell provided a visual assessment of the IDR of the parent drug and
its salts. However, the flow through cell also visualised the influence of surface
anomalies on the measured IDR values. This chapter also displayed the need for
further investigation into the methodology used to conduct IDR measurements as it is

likely that this could have also impacted on some of the results observed.

Imaging of the powder dissolution via a capsule was successful and confirmed
differences in the dissolution behaviour of the salts. The results suggested that an

increase in “chain length” brought about a decrease in the dissolution of the salts over
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the parent drug i.e. CPROP > CBUT > CPENT > CHEX > GEM. The powder dissolution
assessment also showed an added benefit of a cyclic counterion over a tertiary ion in
the form of CBUT and TBUT. With CBUT providing a greater dissolution rate. The
dissolution imaging system also provided a visual imagery of the dissolution of a

capsule which could be of significant interest to a formulator.

This chapter therefore has highlighted how UV imaging could be utilised by a
formulator as it has the capability to provide quick insights into the ranking of salt forms
whilst also providing a visual assessment to quickly troubleshoot any anomalies. UV

imaging could be a vital tool for salt screening during the preformulation stages.
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Chapter 6 — Use of advanced imaging techniques for

characterising solid dispersions.
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6.1 Note to Reader

Some aspects of the following chapter is published in the European Journal of
Pharmaceutics and Biopharmaceutics Volume 137 under the title ‘Effect of preparation
method on the surface properties and UV imaging of indomethacin solid

dispersions’.(124).

6.2 Rationale

The following chapter looks to explore the use of UV imaging with solid dispersion
systems. The purpose of this chapter is to determine if advanced imaging techniques
can be used to provide useful insights into the dissolution properties of solid
dispersions, manufactured through 3 different processes; Spray Drying (SD), Freeze
Drying (FD) and Homogenizing (HG). Both the IDR flow through cell and the whole
dosage cell were utilised alongside the focus variation microscopy for the compacts for

the IDR determination.

6.3 Introduction

As discussed in chapter 5, poor aqueous solubility is becoming an increasingly
common occurrence with an estimated 80 % of new chemical entities suffering from
poor aqueous solubility (125). The improvement of aqueous solubility in poorly soluble
drugs can be costly, challenging and time consuming. Therefore, the choice of correct
technique is vital, currently there are several methods that can be utilised by a
formulation scientist including; salt formation (106,108,111), complexation (126,127),
co-crystallisation (110,128), particle size reduction (129,130) and additive addition

(131,132).

Included amongst these techniques is solid dispersion manufacture. A successful solid
dispersion occurs when an API of choice is molecularly dispersed within an appropriate

carrier. The API can exist in a solubilised, finely crystalline or often an amorphous state
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(133). The selection of the appropriate carrier is often vital (134). Whilst some groups
have investigated more novel carriers such as glucosamine (133,135), often the more
common approach is the selection of natural or synthetic water-soluble polymers. This
includes polymers such as; Polyethylene Glycol (136-138), Hydroxypropyl

Methylcellulose (HPMC) (139-141) and Polyvinyl pyrrolidone (PVP).

Included amongst these water soluble polymers is Soluplus™. Soluplus is a grafted
co-polymer of polyvinyl caprolactam, polyvinyl acetate and polyethylene glycol,
specifically developed to produce solid dispersions (142,143). Soluplus is classed as
a fourth generation polymer as it possesses both the ability to form a matrix and
solubilise the drug dispersed within (144). Homayouni et al. also found that Soluplus is
amorphous in nature and exhibits good physicochemical characteristics such as; low
glass transition temperature, excellent thermal stability, superior flowability, low bulk
density and a low toxicity (145). Fule and Amin also found Soluplus demonstrated
excellent solubilisation properties for BCS class Il and IV compounds (146). As a result
of these desired characteristics a number of groups have utilised Soluplus as their
carrier of choice in formulating solid dispersions. Reginald-Opara et al. formulated and
characterised solid dispersions of Glimepiride-soluplus (144). Whilst, Costa et al
investigated drug polymer solubility of Efavirenz-Soluplus solid dispersions (147). In
this chapter Soluplus was used as the carrier to formulate solid dispersions of

indomethacin (INDO) at polymer:excipient ratios of 1:1, 1:3 and 1:5.

To formulate solid dispersions a number of manufacturing techniques are often
employed; including freeze drying (148), spray drying (147), homogenization, Hot melt
extrusion (149) and Rotary Evaporation (144), with the end result to achieve a
molecularly dispersed matrix of drug in carrier. This chapter specifically explores three

manufacturing techniques; spray drying, freeze drying and homogenizing.
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Figure 6-1 - A schematic representation of the spray drying process of producing solid dispersions.

Spray drying (Figure 6-1) has been a fundamental manufacturing technique within
pharmaceuticals since the early 1940’s (150) and is still in use today for the production
of a wide range of formulations including; amorphous solid dispersions (151),
inhalation products (152), taste masking (153) and controlled release formulations
(154). There are three fundamental steps to spray drying, the first involves the
atomisation of a liquid stock (often solvent based) into fine droplets. The second is the
mixing of the droplets with a heated inert gas stream. This allows for the liquid to
evaporate and produce dried solid particles. The final stage is the collection of the dried
particles from the gas stream, often produced by a vacuum. The end result is often low
density spherical particles with excellent flowability, compressibility and a reduced

moisture content (155).
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Figure 6-2 - A schematic representation of the freeze drying process to produce solid dispersions.

Freeze Drying (Figure 6-2) also known as lyophilisation is another common
manufacturing technique within the pharmaceutical industry. Often freeze drying is
used to improve the stability of formulations such as; vaccines (156), viruses (157),
proteins (158) and colloidal carriers (159). Similarly, to spray drying, freeze drying
consists of three fundamental steps; freezing, primary drying and secondary drying.
During the freezing step, the liquid in the sample is cooled and as the liquid freezes
this concentrates any solids in the remaining liquid. Freezing is predominantly
achieved through the use of liquid nitrogen however, for sensitive samples overnight
conventional freezing can also be used. Next, is the primary drying step. During this
step, low temperatures and pressures are utilised to induce ice sublimation. The
primary drying step is often the longest of all three steps and is affected by the size of
the ice crystals. The final step is secondary drying. During this step, any residual water
is removed from the solute phase. Once this process is complete the result is often a

fibrous porous matrix (160).
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Figure 6-3 - A schematic representation of the homogenization process.

Homogenisation (Figure 6-3) also known within the pharmaceutical industry as
micronisation is the process of reducing the particle size of pharmaceutical products
using very high pressure, sheer, impact, and turbulence with the aim of making them
more stable and effective. A reduction in particle size can increase the effective surface
area of a compound, whilst also subsequently improving dissolution rate (161). In this
process, drug is dissolved in a solvent and added drop wise into an aqueous solution.
Often the agueous solution can contain a stabiliser such as a hydrophilic polymer. A
homogeniser is then used to agitate and shear the solution, this prevents larger crystals
of the drug forming in the aqueous solution. The aqueous solution is then freeze dried

to produce the solid dispersion matrix (145).
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This chapter aims to build upon previous work conducted on the version 1
instrumentation of the SDI by Colombo et al. (162) In this study, the group investigated
the matrix effect of a HPMC phthalate polymer on the dissolution kinetics of nilotinib
over a range of pH. UV imaging was employed to monitor the effect of drug load on
the swelling and dissolution of the polymer matrix as the pH shifted. The group imaged
and concluded that a high drug load prevented matrix swelling from acid to neutral pH.
In this chapter similar observations of the solid dispersions will be conducted using the
flow cell supplied with the SDi2 system. However, to build upon this work, capsules
containing the solid dispersions will also be formulated and imaged using the whole
dosage cell supplied with the dissolution imaging system. This chapter will also employ
focus variation microscopy to monitor the IDR compacts produced from each solid
dispersion and provide topographic information. Also, this chapter will explore the use
of the 520 nm LED in combination with the 320 nm LED to provide simultaneous

measurements of drug release and growth from each IDR compact and dosage form.

Indomethacin (INDO) was selected as the model drug of choice in this chapter.
indomethacin is an indole acetic acid derivative and also a non-steroidal anti-
inflammatory drug. It is primarily used in the treatment of musculoskeletal and joint
disorders such as; osteoarthritis, rheumatoid arthritis, and acute gout. Due to its NSAID
nature it is also used to treat inflammation and pain following orthopaedic pain (118).

indomethacin is also a BCS Class Il drug indicating low solubility and high permeability.

Indomethacin has been used as a model drug in the production of a variety of solid
dispersions by a number of different groups. Pezzoli et al. investigated the effect of
moisture on the stability and dissolution of indomethacin — PVPVA solid dispersions
manufactured by hot melt extrusion. They found that amorphous solid dispersions
could be successfully manufactured via twin screw hot melt extrusion and were stable

for 12 weeks at 75 % relative humidity (149). Jeli¢ et al. also investigated the thermal
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stability of amorphous indomethacin solid dispersions with PVP using
thermogravimetric analysis (TGA). They found that the thermal stability of
indomethacin increased with an increasing amount of PVP due to an increasing

decomposition temperature (163).

Bertoni et al. attempted to address the issue of recrystallisation of amorphous
indomethacin by formulating micro particle solid dispersions through spray congealing
with Gelucire. They discovered that spray congealing resulted in the successful
stabilisation of amorphous indomethacin and also an improved dissolution rate. Also,
the formulation was found to be stable for 18 months with no change in the solid state

of the indomethacin or its dissolution rate (164).

Xie et al. investigated the impact of Eudragit and HPMC on the dissolution rate of
indomethacin amorphous solid dispersions. They discovered that solid dispersions of
HPMC dissolved slowly whilst the Eudragit solid dispersions exhibited a rapid initial
dissolution phase. They also found that a combination of both Eudragit and HPMC
dissolved rapidly leading to a drug concentration higher than the amorphous solubility

of indomethacin (165).
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6.4 Objectives

The objective of this chapter was to utilise both UV imaging and focus variation
microscopy to investigate amorphous solid dispersions (ASD) of indomethacin
produced via three manufacturing techniques. The focus variation microscope will be
used to investigate how the surface topography of compacts used in flow-through
dissolution are influenced by the different manufacturing techniques. The whole
dosage cell for the dissolution imaging system will be employed to investigate the
dissolution properties of each manufactured solid dispersion. The 520 nm LED will also
be employed simultaneously to monitor the in situ physical behaviour of the solid

dispersions.

6.5 Materials and Methods

6.5.1 Materials

The materials for this experiment were as follows:

e The active ingredient indomethacin (INDO) was purchased from TCI
Chemicals, (UK).

e The polymer Soluplus (SOL) from BASF (Germany).

¢ The solvents methanol and ethanol for the production of the solid dispersions
were purchased from Fisher, UK.

e Potassium phosphate monobasic and sodium hydroxide for the preparation of
the dissolution media pH 7.2 were purchased from Arcos Organics (Germany)
and Fisher (UK) respectively.

e De-ionised water
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6.5.2 Methods

6.5.2.1 Solid Dispersion Preparation

Spray Dried Solid Dispersions

8 g of the active ingredient (INDO) was added either to 8, 24 and 40 g of Soluplus. This
resulted in drug to polymer ratios of 1:1, 1:3 and 1:5. The dry powder blend was added
to approximately 1.6 L of ethanol and stirred at 200 rpm using a Cole-Palmer® Hot
plate stirrer until all the blend had completely dissolved. Once complete dissolution had
occurred, each resulting solution was spray dried using a Labplant® Spray Drier (UK).
The spray dryer was set to pump the solution through the system at a rate of 695
mL/hour. The fan was set at a speed of 3.25 m/s whilst the inlet temperature was set
at 90 °C. Spray dried particles were then recovered from the collection bottle. Spray
dried particles from all three ratios were stored in a desiccator at room temperature

until required.
Freeze Dried Solid Dispersions

1 g of INDO was added to a beaker containing 100 mL of Methanol. The solution was
stirred on a Cole-Palmer® Hot plate stirrer at 200 rpm to aid dissolution. In a separate
beaker, 1 g of Soluplus was dissolved in 100 mL of deionised water. Next the beaker
containing the indomethacin was gradually added to the Soluplus solution. The mixture
was stirred at 500 rpm and at a temperature of 70 °C to aid the removal of methanol
from the solution prior to the freeze drying process. Once mixing and solvent
evaporation was completed the resultant solution was poured into a tray to increase
surface area and immersed in liquid nitrogen. The sample was then placed into a Christ
Alpha 2-4 LD Plus freeze drier for 24 h. The sample was collected upon freeze drying
completion or when the sample had been completely dried. The sample was

transferred to a glass vial, labelled, and stored until required. The same process was
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repeated for the 1:3 and 1:5 ratios, with the only difference being an increased amount

of Soluplus of 3 or 5 g to account for the ratio.

Homogenised Solid Dispersions

To produce these samples the freeze drying method as indicated above was adopted
and modified. Three beakers containing 1, 3 or 5 g of Soluplus in 100 mL of deionised
were prepared under stirring conditions at room temperature. A separate beaker
containing a concentrated amount of (INDO) in methanol equivalent to 1 g in 20 mL
was prepared. Next, the beaker containing 1 g of Soluplus was placed under a high
shear homogeniser and 20 mL of the concentrated indomethacin was added to a
syringe. Under the homogenising speed of 1000 rpm, the INDO was added to the
Soluplus solution dropwise. The resulting suspension was then transferred to a tray
and immersed in liquid nitrogen. The sample was then placed into a Christ Alpha 2-4
LD Plus freeze drier for 24 h. The same process was then applied to the 1:3 and 1:5
ratios. The collected homogenised and freeze dried particles from the three ratios were

then stored in a desiccator until required.
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6.5.2.2 Solid State Characterisation

To aid characterisation and analysis all samples were given a shorthand quick
reference code. Spray dried samples were given the code ‘SD’ followed by their
appropriate ratio i.e. SD1:1. The same format was applied to freeze dried samples ‘FD’

and homogenized samples ‘HG'.

Scanning Electron Microscopy (SEM)

Prior to analysis on the SEM, each sample including the active ingredient (INDO) and
Soluplus (SOL) was mounted on a double-sided carbon adhesive tape on a metal stub
and sputter-coated with a thin coating of gold/palladium (80:20) for 60 s using a
Quorum SC7620 Sputter Coater under vacuum. A Jeol JISM-6060CV SEM operating
at 10 kV was used to obtain the electron micrographs. Different magnifications were

taken to aid the study of the morphology of the solid dispersions.

Differential scanning calorimetry (DSC)

A Mettler-Toledo DSC 1 Differential Scanning Calorimeter was used to conduct all DSC
measurements. Prior to measurement, approximately 5-10 mg of each sample
including the active ingredient (INDO) and Soluplus (SOL) was placed into a standard
40 uL aluminium pan. The powder was gently compacted in the pan to ensure even
contact and heating. A lid was then crimped in place and pierced to produce a vent.
The pan was then heated from 50 to 180 °C at a scanning rate of 10 °C/min with
nitrogen gas used as a purge gas. The enthalpy, onset temperatures and melting
points of each sample as well as their glass transition temperatures were analysed

using the software provided by Mettler-Toledo, Switzerland.
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X-ray powder diffraction (XRPD)

XRPD measurements were performed on all samples to determine successful
amorphous solid dispersion production and also assess the crystallinity and polymorph
of the starting API INDO. All samples were scanned in Bragg—Brentano geometry, over
a scattering (Bragg, 26) angle range from 5 to 100°, in 0.02° steps at 1.5° min—1 using
a D2 Phaser diffractometer (Bruker AXS GmbH, Karlsruhe, Germany). The XRPD

patterns were collected and analysed further using Microsoft Excel.
Isothermal Calorimetry (ITC)

Isothermal Calorimetry was employed to determine if there was any interaction
between INDO and SOL. Firstly a 0.020 % w/v SOL sample was prepared using 100
mL of pH 7.2 phosphate buffer. The solution was stirred at 400 rpm using a Cole-
Palmer® Hot plate stirrer for 24 h to ensure complete polymer hydration. A 0.010% w/v
INDO solution was also prepared using 100 mL of pH 7.2 phosphate buffer and stirred
at 400 rpm for 24 h to ensure complete dissolution. Calorimetric binding studies were
carried out at 25 °C on a Microcal VP ITC micro calorimeter in high-gain equilibration
mode. The reference power applied was 10 ucal s-1 and the sample cell contents were
stirred at 307 rpm. Titration was carried out with the soluplus dispersion in the sample
cell and the indomethacin solution in the syringe. The indomethacin solution was
added in 10 injections of 10 pl each into the sample cell every 500 s. The binding

isotherm was analysed using Origin 7.0 (Microcal, Inc) software.
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6.5.2.3 Dissolution Imaging
In this study both the flow through cell and the whole dosage cell were used. The

method specifics are outlined as follows:

Dissolution Media Preparation

The media used for IDR determination and whole dosage imaging was a 0.2M
phosphate buffer (pH 7.2) prepared according to the USP 2003 using sodium

hydroxide and potassium phosphate monobasic as detailed in chapter 5.

UV Calibration of indomethacin

Prior to analysis, a calibration curve was produced to determine the Molar Extinction
Coefficient of INDO. Firstly, two stock solutions were prepared by weighing 10 mg of
INDO into a 10 mL volumetric flask and made to volume with pH 7.2 buffer producing
a 1 mg/mL solution. Next, two series of standards were produced (1 from each stock)

following Table 6-1 below:

Table 6-1 - Standard concentrations used in the calibration of indomethacin at 320 nm Note: The standards
indicated with a star were produced following a 1 in 10 serial dilution of the 10 and 50 stock respectively.

Concentration (ug/mL) | Amount of Stock (uL)

100 1000
75 750
50 500
30 300
20 200
10 100
5* 50

2.5 25

1* 10
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Once all the standards were prepared, each series was analysed at an absorbance of
320 nm using a Jenway® 72 Series UV/Visible Spectrophotometer and a 1 cm quartz
cuvette. 320 nm was chosen upon review of the lambda max of INDO (318 nm) as this
was the closest possible wavelength supported by the dissolution imaging system.
Each series was then plotted using Microsoft Excel to produce the calibration curve

and MEC value.
Flow through Cell and IDR Determination

This methodology has been reported significantly in chapter 5.5.2.3. The same
methodology was applied in this work with the only significant change to this
methodology being the switch from 280 nm to 320 nm and the inclusion of a second

wavelength of 520 nm run simultaneously.
Whole Dosage Cell measurement

This methodology has been reported significantly in chapter 5.5.2.3. The same
methodology was applied in this work with two significant changes. The first was a
switch in wavelength from 280 nm to 320 nm. Whilst the second was that each capsule

was formulated to contain 2.5 mgA of indomethacin.
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6.5.2.4 Focus variation microscopy

The methodology for focus variation microscopy is discussed in more detail in Chapter

2 and the methodology for measuring IDR compacts is discussed in section 5.5.2.4.

The method specifics for this chapter are shown in Table 6-2.

Table 6-2 - Specific method parameters used for both magnifications in the assessment of surface topography.

Parameter Value at 5x Value at 10x
Magnification S5X 10x
Image Area 1x1 1x1
Vertical Resolution (um) 0.94 0.23
Lateral Resolution (um) 7.82 3.91
Contrast 2 2
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6.6 Results

6.6.1 Solid State Characterisation

6.6.1.1 Scanning Electron Microscopy

SEM images for the active ingredient INDO and the hydrophilic polymer SOL are
displayed in Figure 6-4. INDO appeared generally to have a shard like morphology and
also a varied blend of larger and smaller particles. SOL however displayed significantly
larger particle sizes with a spherical nature. It must also be noted that the SOL bulk
powder was very uniform. This observation is typical with synthetic engineered

particles manufactured for a specific purpose.

INDO

SOL

Figure 6-4 - Scanning electron micrographs of a) The active ingredient INDO and b) The hydrophillic polymer SOL.

151
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SD1:3

SD 1:5

Figure 6-5 - Scanning electron micrographs of the solid dispersions formed via spray drying. a) the 1:1 ratio b) the
1:3 ratio and c) the 1:5 ratio.

The SEM images for the manufactured solid dispersion showed significant differences
in morphology and the microstructure between the three techniques. Figure 6-5
displays the images taken from the spray dried solid dispersions at the three ratios
tested. As expected from the spray drying technique, small spherical particles were
produced. The particles were very consistent across all three ratios and also were very
uniform in nature. Interestingly, the spray dried particles clustered together, this is likely
to be due to their small particle size and low density. It is expected that the spray dried
material will compact very well during IDR compaction and produce a relatively smooth

compact.
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FD 1:5

Figure 6-6 - Scanning electron micrographs of the solid dispersions formed via freeze drying. a) the 1:1 ratio b) the
1:3 ratio and c) the 1:5 ratio.

The SEM images for the freeze dried material are shown in Figure 6-6. The freeze
drying process appeared to produce highly porous materials with wrinkled surfaces
and generally a complex structure. Also, there was no significant morphological
difference between the ratios. There was, however, a clear morphological difference

between this material and the spray dried material in Figure 6-5.
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HG 1:3

HG 1:5

Figure 6-7 - Scanning electron micrographs of the solid dispersions formed via homogenisation. a) the 1:1 ratio b)
the 1:3 ratio and c) the 1:5 ratio.

It was interesting to note that despite the freeze dried and homogenised samples being
exposed to the same freeze drying process they had different morphologies. The
homogenised material shown in Figure 6-7, appeared to have no distinct structure
instead producing a varied fibrous network. Interestingly, some particles appeared to
show spherical structures which could be attributed to the drop wise nature of the
process. Due to these subtle differences in morphology between the homogenised
material and the freeze dried material it is likely that the homogenised material may
compact differently for IDR assessment despite the similarity in manufacturing

methods e.g. use of a freeze-drying step.
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6.6.1.2 X-Ray Powder Diffraction (XRPD)

XRPD was utilised in this study to identify the polymorphic form of the bulk INDO and
also to confirm the nature of the prepared solid dispersions. It is important to note that
XRPD analysis was conducted immediately after sample manufacture and also after 1
year of storage to ensure stability. Pan et al. report the characteristic peaks for the y-
polymorph of INDO to be at 11.6, 16.8, 19.6, and 26.6° 206 (166). These notable peaks

are indicated on each XRPD spectra in the form of black dashed lines with red stars.
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Figure 6-8 - XRPD spectra for the Spray Dried samples. a) Soluplus, b) indomethacin, c) 1:1 ratio, d) 1:3 ratio and
e) 1:5 ratio. Note: the black dashed lines with red stars indicate the characteristic peaks for the y-polymorph of
indomethacin.

Figure 6-8 displays the XRPD spectra for the spray dried formulations. The hydrophilic

polymer SOL was found to be fully amorphous with no crystalline peaks which was
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expected from the polymer material (Figure 6-8a). The bulk INDO was found to
crystalline in nature with strong crystalline peaks. The bulk indomethacin also
expressed the characteristic peaks for the y-polymorph (Figure 6-8b). All 3 spray dried
ratios showed no crystalline peaks in their XRPD spectra indicating that all products
were in the amorphous state and that an amorphous solid dispersion had formed

(Figure 6-8c-e).
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Figure 6-9 - XRPD spectra for the Freeze Dried samples. a) Soluplus, b) indomethacin, c) 1:1 ratio, d) 1:3 ratio and
e) 1:5 ratio. Note: the black dashed lines with red stars indicate the characteristic peaks for the y-polymorph of
indomethacin.

Figure 6-9 displays the XRPD spectra for the freeze dried samples. Similarly, to the

spray dried samples, all three ratios of solid dispersion showed no crystalline peaks.
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This indicated that all the products formed via freeze drying were amorphous in nature

and that successful amorphous solid dispersions had been produced (Figure 6-9c-e).
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Figure 6-10 - XRPD spectra for the homogenised samples. a) Soluplus, b) indomethacin, ¢) 1:1 ratio, d) 1:3 ratio
and e) 1:5 ratio. Note: the black dashed lines with red stars indicate the characteristic peaks for the y-polymorph of
indomethacin.

Figure 6-10 displays the XRPD spectra for the homogenised samples. The 3 ratios for
these samples also displayed no crystalline peaks indicating that amorphous solid

dispersions had been successfully formed (Figure 6-10c-e).

XRPD indicated that regardless of manufacturing technique, successful amorphous
solid dispersions were produced. The diffused halo diffraction pattern also suggests
that INDO was molecularly dispersed within SOL. XRPD was also employed to

determine the stability of the solid dispersions after 1 year of storage under ambient
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conditions. From Figure 6-11, it can be observed that all 9 solid dispersions remained

stable with no crystalline peaks in the spectra.
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Figure 6-11 - XRPD spectra for all samples after 1 year of storage under ambient conditions. a) Soluplus, b)
indomethacin, c) Pink Dashed Box — Spray Dried Samples, d) Black Dashed Box — Freeze Dried Samples and e)
Orange Dashed Box — Homogenised Samples. Note: the black dashed lines with red stars indicate the characteristic
peaks for the y-polymorph of indomethacin.

6.6.1.3 Differential Scanning Calorimetry (DSC)
Similarly, to XRPD, DSC was employed to not only characterise the active ingredient
INDO and the polymer SOL but also to determine if amorphous solid dispersions had

been produced via the three manufacturing techniques.
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Figure 6-12 - DSC thermograms for the Spray Dried samples. a) indomethacin, b) Soluplus, c) 1:1 ratio, d) 1:3 ratio,
e) 1:5 ratio. Note: The pink dashed box indicates the endothermic peak position for indomethacin and highlights the
absence of this peak in the solid dispersions.

The active ingredient indomethacin displayed a sharp endothermic peak with a peak
temperature of 161.98 °C. This corresponds to the melting point of INDO and also
confirms the presence of the y polymorph (Figure 6-12a). DSC also confirmed the
amorphous nature of SOL. This was confirmed by the glass transition at approximately
70 °C (167). Figure 6-12c-e highlights that the indicative endothermic peak for INDO
was absent from all the spray dried solid dispersions. This provides further evidence
of the successful manufacture of amorphous solid dispersions. Interestingly, the glass
transition for the SOL shifted to a lower temperature at the lower ratios of drug:polymer

(1:1-58.82, 1:3 — 60.26, 1.5 - 63.61 °C).
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Figure 6-13 - DSC thermograms for the Freeze Dried samples. a) indomethacin, b) Soluplus, c) 1:1 ratio, d) 1:3
ratio, e) 1:5 ratio. Note: The pink dashed box indicates the endothermic peak position for indomethacin and
highlights the absence of this peak in the solid dispersions.

Similarly, to the spray dried solid dispersions, the freeze dried solid dispersions also
displayed an absence of the endothermic peak for INDO (Figure 6-13). However, with
this manufacturing method the glass transition temperature for SOL decreased with an
increasing drug:polymer ratio (1:1 — 60.82, 1:3 — 58.98, 1:5 — 50.61 °C). This highlights

a potential difference between the two manufacturing techniques.
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Figure 6-14 - DSC thermograms for the Homogenised samples. a) indomethacin, b) Soluplus, c) 1:1 ratio, d) 1:3
ratio, e) 1:5 ratio. Note: The pink dashed box indicates the endothermic peak position for indomethacin and

highlights the absence of this peak in the solid dispersions.

The homogenised solid dispersions also showed an absence of the endothermic peak

for INDO at each ratio (Figure 6-14). Despite, being manufactured under similar

conditions to the freeze dried samples, the glass transition temperature for SOL

showed a similar trend to the spray dried samples. Also, the HG samples displayed

temperatures closer to the transition temperature of SOL (1:1 — 66.33, 1:3 - 67.15, 1.5

—68.60 °C).
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6.6.1.4 Isothermal Titration Calorimetry (ITC)

Note: Isothermal calorimetry was conducted by Dr. Ana-Maria Totea for this chapter.

Isothermal titration calorimetry is a highly sensitive analytical technique designed to
understand the thermodynamic characteristics of binding reactions (168). In this
chapter ITC was employed to determine if there were any significant binding reactions
between the active ingredient INDO and the polymer SOL. This was an important
determination to ensure that amorphous solid dispersions were manufactured, and that
any significant dissolution behaviour was not as a result of a chemical reaction between

the two components.
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Figure 6-15 - A real time isotherm between indomethacin and Soluplus from ITC. The small spikes indicate no
significant interaction between the two components.

The real time isotherm from the ITC is shown in Figure 6-15. Small heats were seen in
the isotherm however, these were caused by the dilution of the solution during titration.
Therefore, ITC suggested that no interaction occurred between the active ingredient

INDO and SOL.

162



6.6.2 Dissolution Assessment

6.6.2.1 Compact Inspection

Following a similar methodology to that described in Chapter 5, the flow-through
compact surfaces were assessed using the focus variation microscope. The
microscope offered the ability to produce an optical image to assess for surface
damage, whilst also providing a 3D representation of the surface to monitor surface

roughness and and any increases in surface area as a result.

5x 10x

INDO

SOL

Figure 6-16 - Optical images of the compact surfaces of the active ingredient indomethacin and the polymer soluplus
at 5x and 10x magnification. Note: The black dashed circles highlight surface damage, particulates and embossed
texture. The red arrow indicates deep porosity on the surface.

Figure 6-16 displays optical microscopy of the compacts for the active ingredient INDO
and the polymer SOL. INDO produced a relatively uniform surface however, there was
significant evidence that the tooling had embossed a ring pattern on the surface
potentially leading to surface area discrepencies. The SOL compact displayed

significant porosity post compaction, this is likely to be as a result of the large spherical
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particle size displayed in Figure 6-4. It is also possible that the 100 kgF used to produce
the compacts was potentially too low to successfully crush or deform and compact the

SOL particles.

5x 10x
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Figure 6-17 - Optical images of the compact surfaces of the Spray Dried Solid Dispersions at 5x and 10x
magnification. Note: The black dashed circles highlight surface damage, particulates and embossed texture.

The spray dried solid dispersions are shown in Figure 6-17. It was evident that all 3
ratios of the spray dried solid dispersions produced a significantly more uniform surface
than that of the base drug. This is an expected observation as spray dried particles are
known to improve compactability of drugs due to their small spherical nature and low

density (169). Interestingly, these compacts also picked up the ring pattern from the
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tooling. However, the definition of this embossed pattern appeared to reduce with an

increase in SOL content within each solid dispersion.

5x 10x
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Figure 6-18 - Optical images of the compact surfaces of the Freeze Dried Solid Dispersions at 5x and 10x
magnification. Note: The black dashed circles highlight surface damage, particulates, and embossed texture.

In a stark contrast to the spray dried solid dispersions, the freeze dried solid
dispersions displayed a different surface texture (Figure 6-18). The variety in particle
size and morphology of the freeze dried solid dispersions hilighted in Figure 6-6 led to
a more textured compact surface. One similarity between the spray dried and freeze
dried samples was the prescence of the ring pattern from the tooling which again also

reduced in definition with the increase in soluplus content.
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Figure 6-19 - Optical images of the compact surfaces of the Homogenised Solid Dispersions at 5x and 10x
magnification. Note: The black dashed circles highlight surface damage, particulates and embossed texture.

Intrestingly, the homogenised samples (Figure 6-19) displayed a uniform compaction
surface similar to the spray dried samples whilst also retaining some texture from the
freeze drying process. This could be attributed to the complex nature of the material
and the particles or particulates formed as indicated in Figure 6-7. In keeping with the
other manufacturing processes, the homogenised samples also exhibited the
embossed ring pattern from the tooling which again also reduced in definition with an
increasing polymer content. The optical images obtained from the FV microscope

provided an interesting visual assessment of the compacts formed from each

166



manufacturing process highlighting the influence of manufacture on compactability.
Also, the microscope identified a potential flaw with the dissolution imaging IDR
compaction tooling as in chapter 5. Again, the ring pattern was found to be from the
base plate of the IDR compaction rig, which appeared to be machined and not
polished. For this chapter, as the embossed pattern affected all IDR compacts it was
determined to be a controlled variable. Figure 6-20 displays the 3D surface
representations of the IDR compacts at the 10x magnification. Whilst the calculated

surface parameters are shown in Table 6-3.

The parameters shown in Table 6-3 help to establish a few conclusions regarding the
surface roughness of the compacts and the influence this has on the surface
topography. As described previously in chapter 2, Sal is a measure of the lateral scale
of a surface. Therefore, it can be used as a confirmatory parameter to ensure that
surface roughness has been considered during parameter calculation. All Sal values
reported in Table 6-3 are below 0.1 indicating that only surface roughness has been

considered and that the analysis has been successful.

The next parameter Str, provides a measurement of the uniformity of the texture on
the surface of the compacts. A value of greater than 0.5 indicates that the surface
texture is uniform in all directions, whereas a value lower than 0.5 indicates that the
texture is dominated by a significant direction. Only the 1:1 HG sample displayed a
value lower than 0.5 (0.362) however upon further investigation of the images shown
in Figure 6-20 it appeared that the stainless steel rim of the IDR compact may have

had an influence of this calculation. All other surface displayed values above 0.5.
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Table 6-3 - Surface parameters of pharmaceutical interest obtained from the 3D surface maps of the IDR compacts
for the active ingredient, polymer and the solid dispersions (n=1).

Active Ingredient Parameter
Sal (um) Str Sdr (%) | Smr2 (%)

INDO 0.061 0.776 1.717 87.6

SOL 0.072 0.758 26.699 85
1:1SD 0.066 0.846 0.785 89
1:3SD 0.053 0.797 0.863 89.6
1:5SD 0.066 0.918 0.715 89.5
1:1FD 0.038 0.892 16.23 87.4
1:3FD 0.063 0.675 5.749 89.7
1:5FD 0.055 0.882 3.37 89.9
1:1 HG 0.063 0.362 44.65 84.9
1:3HG 0.021 0.883 5.838 89.7
1:5HG 0.026 0.804 9.138 87
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Figure 6-20 - 3D representations of the compacts using Surfstand™ including INDO, SOL and the three
manufacturing techniques. Images shown from the 10x magnification. The black dashed circles highlight the
roughness caused by particulates and the embossed circular pattern.
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Sdr provides an indication as to the additional surface area gained by a surface as a
result of its texture when compared to a theoretical plane of the same size. The Spray
dried samples displayed the lowest Sdr values of all surfaces tested even lower than
the active ingredient INDO thus supporting the theory of a smoother more uniform
surface post compaction of spray dried particles. The homogenised samples displayed
the higher Sdr values of all three manufacturing techniques likely due to the complexity
of their morphology. It is important to state that the Sdr value for the 1:1 ratio (44.65
%) is likely to be due to the presence of the stainless steel rim in the analysis field. A
further observation is that the SOL compacts displayed a Sdr value 26.699%. This is
likely to be an accurate result due to the nature of the deep valleys present in the data

set indicated in Figure 6-20.

Smr2 provides an indication of the percentage of the surface comprised of deeper
valleys. Interestingly, the SOL surface displayed the lowest Smr2 value of 85 %
indicating a potential surface porosity of 15 % which is likely to be due to the large

particle size of the material and the porous surface produced post compaction.

6.6.2.2 Flow-through assessment

The flow through set-up of the SDI2 instrument is used to calculate intrinsic dissolution
rate on active pharmaceutical ingredients. However, due to the presence of the
polymer in the solid dispersions, any IDR calculation determined by the system does
not strictly follow the definition of IDR. For the purpose of this work these are hence

referred to as a pseudo-IDR measurement.

For the determination of the average value, the first five points of the dissolution profile
were excluded, this is highlighted by the pink dashed box present on the pseudo-IDR
profiles in the following figures. Due to the flow through nature of the dissolution
imaging system, it is important that IDR is measured once the dissolution rate has

reached equilibrium with the media flowing over the compact surface. From visual
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assessment of the dissolution profiles this was determined to be from the five min time
point just as in chapter 5. IDR was also calculated using the equations described in

Chapter 5.

Table 6-4 — Average pseudo- IDR values (mean +/- SD) (n=3) for the active ingredient and the solid dispersions.
The average value excludes the first five time points (n=25). The yellow highlighting indicates the formulations with
a higher pseudo-IDR than the base drug.

Active Ingredient | Average IDR and pseudo-IDR (ug/min/cm?)
INDO 58.84+2.63
1:1SD 24.25+0.94
1:3SD 31.84+8.77
1:5SD 18.72+3.62
1:1FD 73.67+£1.64
1:3FD 36.98+2.84
1:5FD 16.68+0.37
1:1 HG 68.75+5.73
1:3HG 31.61+5.86
1:5HG 32.30£3.26

All IDR values were calculated from the use of the molar extinction coefficient value
(9590.5 M-icm-?) obtained from the INDO calibration curve described in section 6.5.2.3.
The active ingredient INDO displayed an average IDR of 58.84 ug/min/cm? (Table 6-4).
This was supported by UV images showing a low absorbance between 500 and 800
mAu (Figure 6-21). INDO also produced a consistent IDR profile with a low standard

deviation (Figure 6-22).
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Figure 6-21 - UV images from the IDR assessment of the active ingredient INDO at 320 nm.
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Figure 6-22 — Average Dissolution profiles (mean +/- SD) (n=3) from the SDi2 system of the active ingredient
indomethacin and the spray dried solid dispersions. Note: The pink dashed box highlights the first five minutes of
data excluded from Average IDR calculation. The red arrow highlights the effects on the dissolution profile of the
unexpected dissolution behaviour seen in the UV images.

Table 6-4 highlights that all the spray dried formulations displayed pseudo-IDR values
lower than the base drug. This is also further supported by the dissolution profiles in
Figure 6-22 which show all three profiles below that of the active ingredient
indomethacin. Interestingly, the 1:3 ratio appeared to increase in IDR from the 20
minute time point onwards. Upon review of the UV images in Figure 6-23, it became
clear that the 1:3 ratio experienced a web-like phenomenon above the surface of the

IDR compact.
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It is there for likely that particulates and excess drug may have broken free and passed
through the IDR detection zone leading to an inflated IDR reading. Despite this
behaviour, the poor performance of the spray dried solid dispersions may be attributed
to the increased compactability of the powder. The optical images in Figure 6-17 show
very little surface porosity post compaction at 100 kgf and this may have led to reduced

wettability and as a consequence poorer dissolution rate.
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Figure 6-23 - UV images from the pseudo-IDR assessment of the spray dried solid dispersions at the ratios of 1:1,
1:3 and 1:5. Note: the red arrow indicates unexpected dissolution behaviour from the compact.

174



Table 6-4 also shows that only the 1:1 ratio of the freeze dried solid dispersions
exhibited an pseudo-IDR value greater than the base drug at 73.67 pg/min/cm? this
can be seen in the dissolution profiles in Figure 6-24 and in the UV images which
highlight a stronger absorbance reading for the 1:1 ratio at approximately 1000 mAu.
The other two ratios also highlighted a decrease in performance with an increase in
polymer content. This could indicate that when utilising freeze drying as a
manufacturing technique the 1:1 ratio is optimal. Upon review of the dissolution images
indicated in Figure 6-26, it appeared that the web-like dissolution behaviour also
occurred with the 1:3 and 1:5 ratios and may potentially have inhibited dissolution of

INDO from the solid dispersion matrix.
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Figure 6-24 - Average Dissolution profiles (mean +/- SD) (n=3) from the SDi2 system of the active ingredient
indomethacin and the freeze dried solid dispersions. Note: The pink dashed box highlights the first five minutes of
data excluded from Average IDR calculation. The red arrow highlights the effects on the dissolution profile of the
unexpected dissolution behaviour seen in the UV images.
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Figure 6-25 - Average Dissolution profiles (mean +/- SD) (n=3) from the SDi2 system of the active ingredient
indomethacin and the homogenised solid dispersions. Note: The pink dashed box highlights the first five minutes
of data excluded from Average IDR calculation. The red arrow highlights the effects on the dissolution profile of the
unexpected dissolution behaviour seen in the UV images.

The homogenised samples showed very similar conclusions to the freeze dried
samples which can be expected as both samples are exposed to the same freeze
drying conditions. The 1:1 ratio for the homogenised samples, produced an pseudo-
IDR value greater than that of the bulk drug indomethacin at 68.75 pg/min/cm? (Table
6-4). This was supported by the intense absorbance reading in the UV images in Figure
6-27 and the dissolution profile in Figure 6-25. Again, the 1:3 and 1:5 ratios showed a
significantly poorer pseudo-IDR and in a similar fashion to the other manufactured
samples these also showed the web-like behaviour within the flow cell. As this trend
was witnessed with all manufacturing techniques it was therefore important to conduct
further assessments on both the drug and polymer to ensure there was no interaction

or contamination within the bulk powders and the resulting solid dispersions.
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Figure 6-26 - UV images from the pseudo-IDR assessment of the freeze dried solid dispersions at the ratios of 1:1,
1:3 and 1:5. Note: the red arrow indicates unexpected dissolution behaviour from the compact.
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Figure 6-27 - UV images from the pseudo-IDR assessment of the homogenised solid dispersions at the ratios of
1:1, 1:3 and 1:5. Note: the red arrow indicates unexpected dissolution behaviour from the compact.
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6.6.2.3 IDR assessment — Web-like behaviour investigation

In this investigation, UV imaging proved vital in detecting the web-like behaviour
(Figure 6-28) between different batches of solid dispersion and different manufacturing
techniques and also highlighted the use of the system for quality control and batch to

batch testing.

To understand what caused this behaviour, a number of questions were posed:

¢ Interactions — Was there an interaction between INDO and SOL at the higher
ratios (not investigated by the ITC technique)?

e Polymorphism — Did INDO undergo a polymorphic change when exposed to the
dissolution media?

e Manufacturing — Did remanufacturing the polymer or drug alter their chemistry?

1:5 Homogenous 1:3 Spray Dried

Figure 6-28 - Example Web-like behaviour during IDR testing of the amorphous solid dispersions.

The first step in this study was to take some INDO and SOL and remanufacture them
separately via spray drying and freeze drying. The aim of this was to indicate if
remanufacturing led to the web-like behaviour during dissolution process. Also,

physical mixtures of the bulk INDO and SOL were formulated to indicate drug
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interaction during wetting and dissolution. It is important to note ITC had indicated that

drug-polymer interaction was unlikely to have occurred (section 6.6.1.4).
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Figure 6-29 - UV images taken from the SDi2 system for the remanufactured Soluplus powders at the 30 minute
time point. Note: The soluplus was exposed to same conditions and dissolution media as the solid dispersions.

Figure 6-29 displays the UV images taken from the dissolution imaging system at the
30 min time point. It was clear from this assessment that whilst wetting and hydration
did occur at the compact surface there was no clear evidence of the web like behaviour
observed in the solid dispersions. This provided an indication that the manufacturing

process had no significant impact on the chemistry of SOL and thus its behaviour.
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Figure 6-30 - UV images taken from the SDi2 system for the remanufactured Soluplus powders in a physical mixture
with the bulk indomethacin. This figure also displays the dissolution images of spray dried indomethacin at the 30
minute time point. Note: all samples were exposed to the same conditions and dissolution media as the solid
dispersions.
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Physical Mixture Study

Figure 6-30 displays some of the UV images taken from the assessment of the physical
mixtures alongside the spray dried INDO. The physical mixtures were manufactured to
the 1:1 ratio and blended for 10 min using a Turbula™ mixer (Willy. A Bachofen,
Switzerland) to ensure blend uniformity. Again, the UV images showed hydration but
not the web like behaviour seen with the solid dispersions. This combined with ITC
ruled out chemical interactions. Also, the spray dried INDO showed no signs of the
web like behaviour either thus effectively ruling out the manufacturing process as a
cause for the behaviour. The final step was to perform XRPD on the samples post

dissolution to check for polymorphism and/or recrystallization from the polymer matrix.
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Figure 6-31 - XRPD spectra for the bulk and post run samples. a) Bulk Soluplus, b) Bulk indomethacin, c) Post run
Bulk indomethacin, d) 1:1 Spray Dried €) Post run 1:1 Spray Dried. Note: the black dashed lines with red stars
indicate the characteristic peaks for the y-polymorph of indomethacin.

The XRPD assessment of the post run samples was also conclusive (Figure 6-31).
Whilst the intensity of the post run INDO sample was less than that of the bulk powder,
it still contained the characteristic peaks for the y-polymorph. This indicated that during
dissolution the INDO did not change polymorphic form. XRPD was also employed to
ensure that the solid dispersion retained its amorphous nature post dissolution. This
was also found to be the case thereby ruling out recrystallisation as a potential cause
for the web-like behaviour. With these additional tests it became clear and apparent
that the behaviour was inherent to the solid dispersions themselves, however it did not

answer why the solid dispersions containing the greater amount of SOL expressed this
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behaviour more explicitly. After a further review of literature, an article by Salawi and
Nazzal provided a potential answer. In the article the authors investigated the influence
of concentration of SOL on the rheological properties of vitamin E composites. The
authors discovered that an increase in polymer content led to the formation of a tacky
and highly adhesive material with high viscosity (170). It is therefore likely that in the
solid dispersions containing a higher concentration of SOL, a similar tacky substance
formed and due to the low flow nature of the flow cell, it caused the SOL to form the
web-like structures that stuck to the inside of the flow cell. This was an important
discovery. Without UV imaging, it is unlikely that this behaviour would have been

discovered via the conventional dissolution testing methods.

6.6.2.4 Whole Dosage Dissolution assessment

This section demonstrates the capability of the dissolution imaging system to record
and measure dissolution phenomena from a whole dosage form. In this instance a
custom wire holder was designed to hold a hard gelatin capsule in vertical orientation
containing 2.5 mg of INDO or active equivalent. All capsules were monitored over a 60

min period using the 320 and 520 nm LED’s simultaneously.

Figure 6-32 displays UV images taken from the bulk INDO at 320 nm. It is evident from
the images that upon capsule dissolution at 5 min, there was very little UV absorbance
indicating poor dissolution. This was further supported by a low concentration of 1.62

+ 0.001 pg/mL and an AUC value of 99.12 (Table 6-5).

Unlike in the pseudo-IDR assessment in 6.6.2.2, all three spray dried solid dispersions
displayed a greater dissolution performance than the base drug INDO. This provided
further evidence that the compaction force used to manufacture the compacts in the
flow-through assessment may have resulted in over compaction of the spray-dried bulk
powder. This could have led to a reduction in compact porosity and thus inhibited the

dissolution performance of the spray dried solid dispersions.
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Table 6-5 - A table displaying the average concentration (mean +/- SD) (n=3) over the 60 minute period for INDO
and its solid dispersions. The table also displays associated AUC measurements.

Active Average Conc. AUC
Ingredient (ng/mL)
INDO 1.62 +£0.001 99.12
1:1SD 5.42+1.12 330.28
1:3SD 6.62 +2.3 403.62
1:5SD 3.53+1.45 214.10
1:1FD 4,78 +1.82 291.07
1:3FD 5.04 +0.94 307.28
1:5FD 473 +2.08 286.55
1:1 HG 6.07 £ 2.45 370.23
1:3HG 5.00 +1.08 305.05
1:5HG 3.79+1.01 230.60
1 min 5 min 10 min

i O

-
l 4 320 nm | 4mm 320 nm 4mm

30 min

60 min

Figure 6-32 - UV images from the whole dosage assessment of indomethacin at 320 nm.
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Figure 6-33 - UV images from the whole dosage assessment of the spray dried solid dispersions at all three ratios

manufactured. Note: The red arrow indicates gel formation of the solid dispersion.
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Figure 6-34 — Average Dissolution profiles (mean +/- SD) (n=3) from the whole dosage assessment of the spray
dried solid dispersions including the bulk drug indomethacin.

The UV images in Figure 6-33 show three different behaviours for the spray dried solid
dispersions. The 1 to 1 ratio appeared to have an initial rapid dissolution upon capsule
disintegration at the 5 min time point before rapidly decreasing over the course of the
experiment. This gave the 1 to 1 ratio an average concentration of 5.42 + 1.12 pg/mL.
In complete contrast to the 1 to 1 ratio, the 1 to 5 ratio produced a more controlled drug
release rate from the capsule. This produced an average concentration of 3.53 £+ 1.45
png/mL. The images in Figure 6-33 suggested that this could have been a result of the
higher polymer content producing the same viscous gel as see in the IDR experiment
(Indicated by the red arrow). The 1 to 3 ratio appeared to be the optimum ratio for the
spray dried solid dispersions as this ratio exhibited an initial burst but also a more
controlled dissolution rate. This resulted in the highest average concentration of 6.62
+ 2.3 pg/mL and the highest AUC value of 403.62 (Table 6-5). The dissolution profiles
in Figure 6-34 also highlight the difference in behaviours between the three ratios and

also how each ratio performed significantly better than the base drug.
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Figure 6-35 - Average Dissolution profiles (mean +/- SD) (n=3) from the whole dosage assessment of the freeze
dried solid dispersions including the bulk drug indomethacin.

Also, in contrast to the IDR assessment were the freeze dried samples. All three ratios
displayed dissolution rates greater than that of the base drug. Interestingly, similar
trends as the spray dried sample were seen in both the images and the dissolution
profiles (Figure 6-35 and Figure 6-36). The 1:5 ratio showed a more controlled lower
release rate which again seemed to be as a result of gel formation as the solid
dispersion hydrated. The 1:3 ratio also produced the greatest performance out of the
three ratios tested, with a greater and more prolonged release rate. This led to an
average concentration of 5.04 £ 0.94 ug/mL and an AUC value of 307.28. A further
observation was that the spray dried samples displayed a greater performance than
that of the freeze dried samples. This may be due to the greater surface area and

smaller particle size produced from the spray drying process.
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Figure 6-36 - UV images from the whole dosage assessment of the freeze dried solid dispersions at all three ratios
manufactured. Note: The red arrow indicates gel formation of the solid dispersion.
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Figure 6-37 - Average Dissolution profiles (mean +/- SD) (n=3) from the whole dosage assessment of the
homogenised solid dispersions including the bulk drug indomethacin.

The homogenised samples also displayed a greater dissolution performance than the
base drug INDO. The images in Figure 6-38 also displays strong absorbance readings
for all three ratios from the 10 min mark onwards indicating a strong dissolution
performance. The homogenised samples displayed a reduced dissolution performance
with an increase in polymer content (Table 6-5) possibly due to a gelling effect as all 3
samples showed some evidence of the web-like behaviour visualised in the IDR flow
cell. A further observation was that the homogenised samples outperformed the freeze
dried samples despite being exposed to the same conditions. It is likely that a greater
surface area was gained from the complex structure of the homogenised particles. This
highlights the influence homogenising can have on amorphous solid dispersion
production prior to freeze drying. The 1:1 ratio was also found to be the optimal ratio
for thee homogenised samples with a dissolution rate of 6.07 + 2.45 pg/mL and an
AUC value of 370.23 thus potentially saving on the cost of polymer should the

technique be the one of choice.
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Figure 6-38 - UV images from the whole dosage assessment of the homogenised solid dispersions at all three ratios
manufactured. Note: The red arrow indicates gel formation of the solid dispersion.

Overall, the whole dosage assessment of the amorphous solid dispersions found all
samples from all three manufacturing techniques to generate a greater dissolution rate

of the INDO. The best of which was the 1:3 SD sample.
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Figure 6-39 - A schematic displaying solid dispersion gel formation at the 1:5 ratio.

To highlight the viscous gel formation within the capsules for the 1:5 ratio samples,
each sample left a capsule shaped gel stuck to the top of the whole dosage cell as
indicated in Figure 6-39. Whilst this observation was not ideal for an immediate release
study, this ratio (high polymer content) could be of interest for a controlled or extended

release formation due to the gel formation and the prolonged dissolution profiles.
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6.7 Conclusion

This chapter represents an in-depth assessment of the successful manufacture,
characterisation and ranking of a number of prepared amorphous solid dispersions
using two novel imaging techniques in the form of focus variation microscopy and UV

imaging.

This chapter highlights the successful manufacture of amorphous solid dispersions of
INDO and Soluplus™ using three manufacturing techniques. The solid dispersions
were fully characterised using XRPD and DSC and found to be fully amorphous and
crucially stable post 1 year of manufacture. SEM highlighted the influence of each
manufacturing technique on the particle morphology of the solid dispersions. The spray
dried samples where spherical and small in nature whilst the freeze dried and
homogenised samples produced more complex porous particle morphologies. The use
of focus variation microscopy in this chapter helped to visualise the influence of particle
morphology on the surface of the flow-through compacts prior to IDR determination.
Microscopy also detected a number of surface anomalies from surface fractures to
embossed ring patterns. Despite the focus variation microscope detecting significant
differences in parameters such as Sdr, further investigation into the correlation
between the surface parameters and the compaction properties of the materials needs

further investigation.

The flow through cell provided a visual assessment of the IDR of the bulk drug and the
pseudo-IDR of its solid dispersions. This proved to be an extremely useful technique
as without the imaging capabilities, the web-like behaviour may not have been
discovered. This behaviour was then able to be investigated further and found to be
the result of an increased viscosity in the hydrated solid dispersions in the higher ratios
of polymer content. The pseudo-IDR assessment of the solid dispersions found the

majority of the solid dispersions to be poorer in regard to dissolution rate than the base
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drug. This may be attributed to the compaction methodology used to produce the
compacts and indicates further investigation into the methodology used to conduct IDR

measurements.

Imaging of the powder dissolution via a capsule was successful and confirmed
differences in dissolution behaviour of the solid dispersions. All manufactured samples
displayed superior dissolution to the bulk drug INDO. The results suggested that the
best five samples based on dissolution were 1:3 SD >1:1 HG>1:1 SD>1:3FD > 1:3
HG indicating that a ratio of INDO to SOL in these dispersions of up to 1:3 was sufficient
to produce significant dissolution increases. Interestingly, the whole dosage
assessment of the 1.5 ratios also displayed the formation of a viscous gel and as a
result also detected a controlled drug delivery. Also, post dissolution a significant
amount of the hydrated solid dispersion was found stuck to the top of the whole dosage

cell.

This chapter has highlighted how UV imaging could be utilised by a formulator as it
has the capability to provide quick insights into the behaviour of amorphous solid
dispersions and also perform conclusive whole dosage dissolution assessments. This
chapter also highlighted the importance of having both complimentary IDR and whole
dosage imaging techniques in giving a better understanding of solid dispersion

systems.
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Chapter 7 — Use of dissolution imaging for the assessment

of liquisolid compacts.

194



7.1 Note to Reader

Some aspects of the following chapter is published in the Journal of drug delivery
science and technology under the title The use of visible and UV dissolution imaging
for the assessment of propranolol hydrochloride in liquisolid compacts of Sesamum

radiatum gum’(171).

7.2 Rationale

The following chapter demonstrates an explorative study into the use of dissolution
imaging with liquisolid systems. The purpose of this chapter is to use dissolution
imaging to provide an insight in to the dissolution properties and dynamics of liquisolid
compacts prepared using a natural polysaccharide, sesamum, and a smectite clay,
veegum. Both the visible and UV capabilities of the dissolution instrument was

employed to characterise growth/swelling and drug release.

7.3 Introduction

Liguisolid dosage forms are an innovative way of sustaining the release of water-
soluble drugs and increasing the release rate of water-insoluble drugs. The principle
of liquisolid formulation is to take liquid formulations such as solutions, suspensions,
and emulsions (in the case of water insoluble drugs) and convert them into powders
suitable for tabletting and encapsulation (172). Simple blending of a powder mix with
a liquid vehicle can result in many pharmaceutical advantages such as good

compressibility and a free flowing powder that is often non-adherent.

Fundamentally, a liquisolid formulation consists of two key components; the powder
blend and a liquid component. The powder blend often contains a compression
enhancing larger particle size carrier such as a cellulose derivative i.e. HPMC, and a
flow enhancing, very fine particle size excipient such as silica. Depending on the

desired outcome of the liquisolid formulation, the choice of a liquid vehicle is dependent
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on the necessity to dissolve or suspend the active ingredient. A number of liquid

vehicles have been utilised including polyethylene glycol and polysorbate (173).

Drug
Particles

Carrier
Material
Drug
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C:> or
Suspension
—

Coating
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S
)
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Excipients Formulation

N/
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Figure 7-1 - A schematic outlining the manufacture of liquisolid formulations.

Figure 7-1 displays the progression of liquisolid manufacture. Liquisolid formulations
can be utilised in two distinctive ways either as a restrictive controlled release

formulation or as an enhancer to dissolution for poorly soluble compounds.

Kaialy et al. utilised the liquisolid technique to sustain the release of a highly soluble
drug diltiazem HCI. This was achieved by using a number of non-volatile solvents such
as polysorbate 80 to produce a suspension before mixing with Polyox as an alternative
to HPMC. The authors found that the Polyox liquisolid tablets produced desirable and
more sustained release profiles when compared to the equivalent conventional
physical mixture tablets (174). Nokhodchi et al. also utilised the liquisolid technique to

sustain the release of the soluble drug theophylline. This was achieved by using volatile

196



solvents such as polysorbate and polyethylene glycol alongside Eudragit and colloidal
silica. The authors found that the liquisolid preparation produced zero order release

kinetics and sustained release behaviour (175).

With regards to utilising the liquisolid technigue with poorly soluble drugs, Chella et al
used it for the improvement of the dissolution rate of the model drug valsartan. In their
work they used propylene glycol as a solvent to solubilise valsartan before formulating
the liquisolid matrix using Avicel PH102 and Aerosil 200. The authors found that the
liquisolid formulation was a promising approach for the improvement of the dissolution
rate as there was approximately a six-fold increase in the dissolution efficiency and no
interaction between the drug and the solvent (176). Javadzadeh et al. also investigated
the improvement of the dissolution rate of the poorly soluble model drug
carbamazepine using the liquisolid technigue. In their study, the authors dispersed
carbamazepine in PEG 200 before the addition to a variety of polymers including PVP
and HPMC. The authors concluded that significant increases in the dissolution rate
were observed from the liquisolid compacts over the conventional tablets and that no

changes in crystallinity of the drug over the course of manufacture was observed (177).

For liquisolid manufacture, it is often recommended that a larger particle size carrier
be added to the powder blend. Often this is a hydrophilic polymer such as HPMC or
PEO. In this chapter a natural polysaccharide, Sesamum gum, is utilised as an
alternative to HPMC. Also, it is recommended that a very fine particle size excipient
such as silica is used in the dry powder blend. In this chapter Veegum (also known as
magnesium aluminium silicate (MAS)) is utilised as an alternative to the commonly

used Aerosil.

In developing nations, modern medicines are often beyond the reach and affordability
of the majority of the population. This is often as a result of a strong dependence on

the petrochemical industry for the importation of a variety of synthetic and semi-
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synthetic pharmaceutical materials used in the production of a wide range of
pharmaceutical products. This importation therefore drives up the cost of medications
in developing nations. In recent years, there has been a strong shift to the investigation
of natural alternatives that may be in abundance in the nation of interest and provide
an equivalent or superior function to the imported materials. This chapter investigates
the use of Sesamum gum as a natural alternative to HPMC. Sesamum gum is a
polysaccharide extracted from the leaves of the Sesamum radiatum plant which is
readily cultivated in Sub-Saharan regions of Africa. Nep et al. found the gum to be a
high molecular weight polysaccharide of mannose, galactose, xylose and glucuronic
acid. The authors also found that once hydrated the polymer exhibited viscoelastic
behaviour consistent with intermolecular entanglement and shear-thinning behaviour
(178). Sesamum gum has also been shown to be highly compressible and
compactable with superior compaction properties similar to HPMC K4M and had the
ability to form a gel layer capable controlling drug release from matrix tablets (179).
This chapter also investigates the use of Veegum as an alternative to the colloidal silica

conventionally used in liquisolid formulations.

Veegum also known as magnesium aluminium silicate (MAS) is a mixture of naturally
occurring smectite clays. Veegum has been used as a carrier in for active
pharmaceutical ingredients (API) in modulating their drug release (180-182) due to its

inherent ability to form complexes with cationic drugs (183).

propranolol hydrochloride (PPN) was selected as the model drug of choice in this
chapter. propranolol is a non-cardio selective beta blocker and is widely used in
therapeutics for the treatment of hypertension and anxiety disorders (118). PPN also
exhibits good aqueous solubility and has a short elimination half-life of three hours
making it a suitable candidate for controlled drug delivery (184). Javadzadeh et al.

utilised the liquisolid technique to sustain the release of PPN. In this instance

198



polysorbate 80 was used as the liquid vehicle and Eudragit was the carrier material
along with colloidal silica. They also observed that the liquisolid preparation produced
a greater retardation on the PPN release rate when compared to equivalent physical

mixture tablets (185).

7.4 Objectives

As shown in previous chapters, the dissolution imaging system has been utilised for
both whole dosage assessments of hydrophilic matrix systems, salts and solid
dispersions and the use of both the UV and the optical LED’s have monitored drug
release and capsule dissolution. This chapter explores the first use of UV imaging in
liquisolid systems with the primary aim of simultaneously measuring the release of the
model drug propranolol hydrochloride (PPN) and the compact swelling behaviour from
liquisolid systems using the polysaccharide, sesamum radiatum gum, by exploiting the
visible and UV imaging capabilities of the novel surface dissolution instrument. This
chapter will also aim to use the UV imaging to compare and contrast directly

compressed and liquisolid formulations.
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7.5 Materials and Methods

7.5.1 Materials

The materials for this experiment were as follows:

e The active ingredient propranolol hydrochloride (PPN) was purchased from TCI
Chemicals (UK).

e The natural polysaccharide, Sesamum gum, was extracted from the Sesamum
radiatum leaves in our lab.

e The clay-mineral Veegum F was a kind gift from Lake Chemicals and Minerals
(UK).

e Colloidal Silica was purchased Sigma-Aldrich (UK).

e The liquid carrier Polysorbate 80 was purchased from Fluka (UK).

e The solvent ethanol for gum extraction was purchased from Fisher (UK).

e Potassium phosphate monobasic and sodium hydroxide for the preparation of
the dissolution media was purchased from Arcos Organics (Germany) and
Fisher (UK) respectively.

e De-ionised water

7.5.2 Methods

7.5.2.1 Extraction of Sesamum Gum

The extraction of sesamum gum was conducted as reported in Nep et al. (179) In brief,
1 kg of leaves from the sesamum radiatum plant were macerated for 30 min at ~22 °C
in 7.5 L of distilled water containing 0.1 %w/v sodium metabisulphite. The resulting
mucilage was filtered using a muslin cloth then precipitated with 96 % ethanol. The

precipitate was filtered again using a 200 um sieve and oven dried at 50 °C for 24 h.
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7.5.2.2 Liquisolid Formulation and Tablet Manufacture

For the liquisolid formulation, it is necessary to select an appropriate solvent to
disperse the PPN in. 4 solvents were tested; propylene glycol, PEG 400, Glycerin and
polysorbate 80. In summary, saturated solutions were prepared by adding PPN in
excess to 10 mL of each solvent. The saturated solutions were then shaken using a
water bath shaker for 48 h set at 25°C. Once this period had elapsed the solutions
were diluted 1000 times with deionised water and measured using a Jenway® 72
Series UV/Visible Spectrophotometer set at 288.5 nm to calculate the solubility of
propranolol. Polysorbate 80 was chosen due to PPN’s low solubility within it (Table

7-1).

Table 7-1 - Measured solubility values of propranolol Hydrochloride in the four non-volatile solvents selected for
liquisolid manufacture. Note: Due to low solubility of propranolol Polysorbate 80 was selected for liquisolid
formulation.

Solvent Solubility of propranolol (9/100 mL)
Propylene Glycol 10.3
PEG 400 8.0
Glycerin 4.0
Polysorbate 80 1.3

To explore the use of imaging in liquisolid systems in comparison to their directly
compressed (DC) counterparts, four formulations as in Table 7-2 were prepared. For
the DC tablets F2 and F3, all the required excipients and API were mixed and blended

using a Turbula™ mixer (Willy. A Bachofen, Switzerland) for 10 min before tabletting.

Table 7-2 - Formulation table displaying formulation composition and associated formulation codes. Note: The
blue colour indicates liquisolid formulation whilst the orange colour indicates the DC formulation.

Formulation | propranolol | Sesamum | Polysorbate | Colloidal | Veegum
Code HCI (g) Gum (q) 80 (g) Silica (g) (9)
F1 2 2.727 2 0.273 X
F2 2 2.727 X 0.273 X
F3 2 2.727 X X 0.273
F4 2 2.727 2 X 0.273
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For the liquisolid formulations, F1 and F4, 2 g of the PPN was dispersed in 2 g
polysorbate 80 using a pestle and mortar for 2 min. Depending on the formulation, a
dry powder blend of the sesamum gum, colloidal silica or veegum (prepared using a
Turbula™ mixer (Willy. A Bachofen, Switzerland) for 10 min) was then added to the
PPN in small amounts (=500 mg) under continuous stirring until a homogenous blend
was achieved. For the tablet manufacture, round cylindrical tablets with a diameter of
10 mm and target weights of 285 mg (DC) or 400 mg (liquisolid compacts) were

compacted using a manual single punch hydraulic press (Globalpharma) at 2500 psi.

7.5.2.3 Powder flow, tablet friability and tablet hardness

The flow properties of all the formulations were determined using a 10 mL glass
cylinder with 10 mL of powder from each of the formulations. The weight of the powder
formulation was noted each time and then the glass cylinder tapped to allow the
particles of powder to consolidate. After 50 taps, the final volume was recorded. Carr’s

consolidation index was determined using Equation 7-1 (186).

1 — Bulk Density

Carr's Index = 100
arrs inaex X (Tapped Density

Equation 7-1 — Equation for the determination of Carr’s consolidation index.

Friability testing was carried out on 10 tablets for each formulation using a Pharmatest
Friability tester. The tablets were dusted gently using a brush in order to remove any
powder debris and then weighed. The tablets were then dusted again after being
subjected to 25 rpm for 4 min and re-weighed to measure any loss in weight. Friability

(%) was determined using Equation 7-2.

Initial weight — post weight L
( — : ) X 100 = Friability (%)
Initial weight

Equation 7-2 — Equation for the determination of percentage friability.
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For tablet hardness assessment, tablets from each formulation were allowed at least
24 h recovery time before being subjected to the Pharmatest hardness tester to
determine breaking force. The point at which the tablet fractured was recorded in

Newton (N).

7.5.2.4 Solid state characterisation

Differential scanning calorimetry (DSC)

A Mettler-Toledo DSC 1 Differential Scanning Calorimeter was used to conduct all DSC
measurements. Prior to measurement, approximately 3.5 mg of powder was placed
into a standard 40 pL aluminium pan. The powder was gently compacted in the pan to
ensure even contact on heating. A lid was then crimped in place and pierced to produce
a vent. The pan was then heated from 30 to 300 °C at a scanning rate of 10 °C/min
with nitrogen gas used as a purge gas. The enthalpy, onset temperatures and melting
points of each sample as well as potential glass transition temperatures were analysed

using the software provided by Mettler-Toledo, Switzerland.
X-ray powder diffraction (XRPD)

XRPD measurements were performed on all samples as well as the starting materials.
All samples were scanned in Bragg—Brentano geometry, over a scattering (Bragg, 26)
angle range from 5 to 45°, in 0.02° steps at 1.5° min~t using a D2 Phaser diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany). The XRPD patterns were collected and

analysed further using Microsoft Excel.
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7.5.2.5 Dissolution Imaging
In this study the whole dosage cell was exclusively used. The method specifics are

outlined as follows:

Dissolution Media Preparation

The media used was a 0.2M phosphate buffer (pH 6.8) prepared according to the USP
2003 using sodium hydroxide and potassium phosphate monobasic. The pH was
selected to mimic intestinal conditions and deliver a bio-relevant assessment of the
tablets. In summary this media was prepared by first making a 0.2 M solution of sodium
hydroxide (NaOH) by dissolving 8 g of NaOH pellets in 1 L of deionised water. Next, a
0.2 M solution of potassium phosphate monobasic (KH2PO4) was prepared by
dissolving 27.22 g of KH2PO4 in 1 L of deionised water. Once both solutions were
prepared, 224 mL of the NaOH solution and 500 mL of the KH2PO4 solution were
measured into a 2 L volumetric flask and made to volume with deionised water. If

required, the buffer was titrated to target pH using either 1 M HCL or 1 M NaOH.

UV Calibration of propranolol

In a different approach to the calibration methodologies outlined in chapters 5 and 6, a
new calibration methodology was devised for this work. This new methodology trialled
a calibration conducted using the dissolution imaging system and the whole dosage
cell as opposed to the traditional quartz cell and UV spectrophotometer. There are
many advantages to conducting a calibration on the testing system including; exposure
to the same light intensity, experimental conditions, and path length. Also, reference
images of the standards could also be obtained which could be used retrospectively to

confirm dissolution behaviour observed during dissolution experiments.

To conduct the calibration, two stock solutions were prepared by weighing 100 mg of

PPN into a 100 mL volumetric flask and made to volume with pH 6.8 buffer producing
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a 1 mg/mL solution. Next, two series of standards were produced (1 from each stock)

following Table 7-3 below:

Table 7-3 - Standard concentrations used in the calibration of propranolol at 280 nm Note: The standards indicated
with a star were produced following a 1 in 10 serial dilution of the 10 and 50 stock respectively.

Concentration Amount of Stock (mL)
(Hg/mL)
50 5
40 4
30 3
20 2
10 1
5* 10 from 50 standard
1* 10 from 10 standard

Once all the standards were prepared, they were placed in a water bath set at 37 °C.
This was to allow the standards to reach experimental temperature before analysis as
due to the nature of the analysis the standards would not be passing through the
heating element in the dissolution imaging system. Whilst the standards reached

temperature, the system was prepared as follows.

Firstly, the whole dosage cell absent of the glass beads was placed in the dissolution
imaging system and filled with pH 6.8 buffer (blank). Care was taken to ensure the
buffer covered the windows but did not overflow from the cell. Next, using the data
collection software supplied, a method was devised to record each standard for 5 min
(10 readings) with a 5 min gap to allow for the changeover of the standard using the
280 nm LED. This included a 5 min reading of the pH 6.8 (blank media) at the start to
ensure a successful blanking of the system had occurred. When the experiment was
started, blank readings were automatically taken by the system at the start of the
experiment. During the changeover, the whole dosage cell was emptied, rinsed, dried
and filled with the next standard starting with 1 pg/mL (Table 7-3). The calibration
continued until all standards had been measured. The calibration was then repeated

for the second series of standards.
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The recorded calibration data was then analysed using the supplied analysis software
to extract the images and absorbance readings for the standards. To achieve this, an

absorbance window as shown in Figure 7-2 was used to read each standard.

Analysis Window

2bmMmM == = — = = = = = ]
|
I I Measurement
| | —  Zone
I /
24 mm | |
|
: I Standard
| I / Solution
I I«
2mm=—= = === = = =
' |
8 mm 22 mm
)
14 mm

Figure 7-2 - A schematic representation of the measurement zone and analysis window used to obtain readings of
the propranolol standards.

Each series was then plotted using Microsoft Excel™ to produce a calibration curve
specific to the dissolution imaging system. The calibration curve obtained and
associated UV images are displayed in Figure 7-3. The 40 and 50 pug/mL standards

saturated the detector and as a result were outside of linearity and excluded.
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Figure 7-3 - The obtained schematic for propranolol at 280 nm with the SDi2 system with associated images. Note:
the 40 and 50 pg/mL standards were excluded due to readings outside of the linear range.

Whole Dosage Cell measurement

Figure 7-4 outlines how the whole dosage experiments were analysed for the liquisolid
compacts at 280 and 520 nm for the purpose of recording drug release and tablet
growth. The conventional or liquisolid tablets were mounted using a custom designed
stainless steel wire holder. Prior to insertion into the whole dosage cell, the whole
dosage cell containing 12.3 g of 3 mm borosilicate glass beads was inserted into the
dissolution imaging system and connected to the fluid lines. The conventional or
liquisolid tablets were inserted into the whole dosage cell when instructed by the data

collection software.
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Figure 7-4 - A schematic representation of the analysis windows for the liquisolid tablets. a) The analysis window
for drug release measurement at 280 nm. b) The analysis window for the tablet growth measurement at 520 nm.

Each experiment was conducted using pH 6.8 phosphate buffer at a flow rate of 8.2
mL/min at 37 °C. The release of PPN was imaged over 120 min at various time points
at a wavelength of 280 nm. Tablet growth measurements were also taken using the
520 nm LED run simultaneously during the experiment. Tablet growth measurements
are displayed as a percentage gain based on the initial reading of tablet size. Equation

7-3 describes how this was calculated.

(he=x — h=o)
hi—o

Equation 7-3 — Equation for the calculation of percentage gain where; h = tablet height, t = time and x = a given
time point.

X 100
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7.6 Results

7.6.1 Solid State Characterisation

7.6.1.1 X-Ray Powder Diffraction (XRPD)

XRPD was utilised in this study to characterise the starting ingredients including the
sesamum gum and the active ingredient PPN. XRPD was also used to determine the
presence of the characteristic peaks of PPN in the conventional and liquisolid
formulations. Bartolomei et al. report the characteristic peaks for PPN to be at 2 theta
angles of 12.51, 16.73, 17.19, 19.76, 23.22, 25.08 and 27.47° (187). These notable
peaks are indicated on each XRPD spectra in the form of black dashed lines with red

stars.

Starting -
Ingredients

2theta (°)

Figure 7-5 - XRPD spectra for the starting materials. a) propranolol, b) Colloidal Silica, ¢) Sesamum Gum and d)
Veegum. Note: the black dashed lines with red stars indicate the characteristic peaks for propranolol.

Figure 7-5 displays the XRPD spectra for the starting materials. As expected, the active

ingredient PPN was found to be crystalline in nature and demonstrated sharp intensity
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at the characteristic 2 theta angles (Figure 7-5a). XRPD also displayed that colloidal
silica used in the formulation of the F1 and F2 blends was amorphous in nature (Figure
7-5b). Sesamum gum has been characterised extensively by other groups and is
expected to display an amorphous pattern similar to other polymeric systems
(178,179). This was found to be the case following the XRPD characterisation of the
extracted sesamum gum (Figure 7-5c). Veegum displayed an XRPD pattern with a
number of broad reflections in the XRPD spectra. This had been reported by Laity et
al. and is found to be as a result of small distorted crystallites present in the clay matrix

(121) (Figure 7-5d).

Formulated
Material

Counts

5 10 15 20 25 30 35 40
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Figure 7-6 - XRPD spectra for the formulated materials. a) propranolol, b) F1, c) F2, d) F3 and e) F4. Note: the
black dashed lines with red stars indicate the characteristic peaks for propranolol.

Figure 7-6 displays the XRPD spectra for the formulated materials. In keeping with
literature observations, the characteristic peaks for propranolol were present in all the

formulated material. There also seemed to be no significant differences in the
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diffraction pattern between the conventional or liquisolid formulations and between the

formulations containing colloidal silica or veegum.

7.6.1.2 Differential Scanning Calorimetry (DSC)
DSC was employed to characterise the active ingredient and the starting materials and

also to determine the presence of the active ingredient within the formulated blends.
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Figure 7-7 - DSC thermograms for the starting materials. a) propranolol, b) colloidal silica, c) sesamum gum and d)
veegum. Note: The pink dashed box indicates the endothermic peak position for propranolol. The black dashed box
water loss and the red arrow indicates polysaccharide decomposition.

Figure 7-7 displays the DSC thermograms for the starting ingredients. PPN displayed
a sharp endothermic peak with a melt of 165.8 °C and an enthalpy of 271.8 mJ. This
melt was consistent with DSC data reported by Javadzadeh et al (188). This peak is
indicated by a pink dashed box (Figure 7-7a). DSC also confirmed the amorphous
nature of the colloidal silica used in the F1 and F2 blends (Figure 7-7b). The extracted

sesamum gum displayed two thermal events. The first event between 50 and 140 °C,
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indicated by the black dashed box is likely to be the result of desorption of moisture
from the polysaccharide structure. This observation is supported by thermogravimetric
(TGA) analysis conducted by Nep et al. where they observed a minor weight loss of
approximately 11.5% over the same temperature range (189). The second thermal
event between 250 and 270 °C indicated by the red arrow can be attributed to
polysaccharide decomposition. Again, TGA conducted by Nep et al. observed a similar
event and a weight loss of approximately 54.6 %. They attributed the weight loss to the
thermal scission of carboxylate or carboxylic acid groups resulting in the evolution of
CO:2 from the corresponding carbohydrate backbone (Figure 7-7c) (189). The veegum
sample also displayed a similar thermal event to that of the sesamum gum between
50 and 140 °C. This again can be attributed to water loss from the clay composite

structure (Figure 7-7d).
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Figure 7-8 - DSC thermograms for the formulated materials. a) propranolol, b) F1, ¢) F2, d) F3 and e) F4 Note: The
pink dashed box indicates the endothermic peak position for propranolol. The black dashed indicates
polysaccharide decomposition.

Figure 7-8 displays the DSC thermograms for the formulated blends. In a similar trend
to the XRPD all the formulated materials displayed the endothermic peak for PPN. F1
displayed an onset temperature of 160 °C, melt peak of 164.7 °C and enthalpy of 72.9
mJ. F2 displayed an onset temperature of 160.7 °C, melt peak of 163.5 °C and enthalpy
of 16.93 mJ. F3 displayed an onset temperature of 160.6 °C, melt peak of 163.9 °C
and enthalpy of 22.46 mJ. F4 displayed an onset temperature of 157.3 °C, melt peak
of 163.2 °C and enthalpy of 37.3 mJ. The reduction in enthalpy in the formulations can
be attributed to a reduced quantity of crystalline PPN present in the DSC sample

compared to the bulk DSC sample.
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7.6.2 Tablet Characterisation

Table 7-4 displays the results from the physical characterisation of the powder blend
and tablets used in this study. The conventional and liquisolid formulations displayed
a Carr’s consolidation index of 27 to 32 indicating poor flowability. It was interesting to
observe the formulations containing the colloidal silica (F1 and F2) displayed slightly
better flow properties particularly in the DC formulations. With regards to tablet
hardness, both the DC formulations (F2 and F3) displayed higher tablet hardness
(207.90 £ 5.88 and 248.10 = 20.59 N respectively) than the liquisolid formulations F1
and F4 (15.98 + 1.96 and 8.14 = 1.96 N respectively). The relatively lower mechanical
hardness of the liquisolid compacts can be attributed to the introduction of the liquid
vehicle polysorbate 80 into the liquisolid compacts. It was also noted that the presence
of veegum in place of the colloidal silica inferred further hardness to the DC
formulations. This observation is supported by work conducted by Laity et al. who
reported veegum to make hard compacts (121). A further observation was that the
formulations containing colloidal silica F1 and F2 did experience a small amount of
friability at 0.5 %. This was in contrast to the samples containing veegum which did not
appear to display any friability issues. Visual inspection was also conducted on the

formulated tablets, this is shown in Figure 7-9.

Table 7-4 - Table displaying formulation composition and associated tablet characterization including Carr’s Index,
Hardness and Friability. Note: The blue colour indicates liquisolid formulation whilst the orange colour indicates
conventional formulation.

Formulation Carr’s Index Hardness (N) | Friability
Code (%)
F1 32 Poor 15.98 + 1.96 0.5
F2 32 Poor 207.90 £5.88 0.5
F3 27 Poor 248.10 £ 20.59 0
F4 31 Poor 8.14 +£1.96 0
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Figure 7-9 - Optical images of the formulated tablets F1 to F4. Note: The red arrow highlights mottling and uneven
distribution of excipients.

From the visual assessment of the tablets post compaction, it appeared that the DC
compacts (F2 and F3) experienced a large amount of mottling, indicated by the red
arrows (Figure 7-9). This could be due in part to the differing particle sizes of the
colloidal silica, PPN, sesamum gum and veegum present in the tablet blends. It is likely
that this could have also contributed to segregation issues in the DC tablet blends. It
was interesting to observe that this was not the case with the liquisolid compacts. The
liquisolid compacts were uniform in appearance and this is likely to be as a result of

their preparation method.
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7.6.3 Dissolution Assessment

This section demonstrates the capability of the dissolution imaging system to record
and measure dissolution phenomena from the whole dosage form. In this instance, a
custom wire holder was designed to hold a 10 mm liquisolid compact formulation in
axial orientation. All compacts were monitored over a 120 min period using the 280

and 520 nm LED’s simultaneously.

Table 7-5 - A table displaying the average concentration (mean + SD n=3) over the 120 minute period the liquisolid
formulations.

Formulation Average Concentration (png/mL)
Code
F1 41.61 +£8.80
F2 49.40 + 9.52
F3 45.15 + 8.53
F4 4491 + 8.97

Figure 7-10 displays the UV images obtained from the formulations containing colloidal
silica (F1 and F2). Visual assessment of the UV images highlight that the DC
formulation F2 appeared to release a greater amount of the active ingredient
particularly during the first 30 min of the dissolution experiment. This observation is
supported by the drug release and cumulative release profiles in Figure 7-12. F2 was
found to have a greater drug release profile than F1 and a higher cumulative release
of 50.93 % vs 42.23 % for F1. Also Table 7-5 highlights the difference between the
formulations with the DC formulation displaying an average concentration of 49.40 +
9.52 vs. 41.61 £ 8.80 for the liquisolid formulation. These observations support the
conclusion that liquisolid formulation can retard drug release of highly soluble
compounds, particularly with the inclusion of polysorbate 80 in the formulation recipe
as described by Javadzadeh et al (177). Interestingly, the images obtained from the
dissolution imaging system also showed a greater level of hydration and swelling for

the liquisolid compacts. This was also visible in the percentage growth profiles in Figure
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7-12. F1 appeared to swell to a slightly greater percentage (65.68 % vs. 62.86 %) for
F2. This increase could be attributed to the partially hydrated liquisolid formulation and

also provide a further explanation for the lower drug release.
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Figure 7-10 - UV images from the whole dosage assessment of the formulations F1 and F2 at the 280 nm
wavelength.

The increase in compact size will have led to an increase in diffusion path length and
a reduction in drug mobility through the matrix contributing to a further reduction in drug

release.
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Figure 7-11 displays the UV images obtained from the formulations containing veegum
as a replacement for the colloidal silica (F3 and F4). Visual assessment of the UV
images appears to show similar drug release rates between F3 and F4 particularly in
the first 15 minutes. This observation is supported by the average concentrations in
Table 7-5 and the dissolution profiles in Figure 7-12. F3 and F4 were found to have
similar drug release profiles and similar cumulative release values of 46.18 % and

45.91 % respectively. This similarity was also further complemented by the average
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concentrations of 45.15 + 8.53 for F3 and 44.91 + 8.97 for F4. An interesting
observation came from the review of the percentage growth profiles in Figure 7-12. It
appeared that the DC formulation, F3, hydrated to a greater level than the liquisolid
formulation which appeared to reach a plateau. This was in complete contrast to the
formulations containing colloidal silica and may explain the similarity in drug release

between the formulations.

When the formulations containing veegum and colloidal silica were compared, it
appeared that in the liquisolid formulation, the veegum did not control drug release as
effectively as colloidal silica at the ratio tested. However, as a physical mixture, veegum
did exert a greater control of drug release which can be attributed to the swelling
properties of the veegum. It also appeared from this work that the use of veegum in a
liquisolid formulation appeared to have an influence on tablet hydration as the growth
profile reached plateau earlier in the dissolution study than that of the liquisolid
formulations containing colloidal silica. It is likely that the tablet may potentially have

begun to erode and disintegrate had the dissolution experiment been continued further.
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profiles, b) Cumulative drug release profiles and c) Percentage growth profiles.
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7.7 Conclusion

This chapter represents a novel assessment of the successful manufacture,
characterisation and dissolution analysis of liquisolid formulations using the natural

polysaccharide, sesamum gum and a smectite clay, veegum.

All formulations were characterised using XRPD and DSC and found to contain the
characteristic peaks and endothermic melt for the crystalline PPN. Characterisation of
the powder blends found all four formulations to have a poor flow however the liquisolid
formulations showed an equal if not greater flow than the physical mixtures. Compacts
produced from each of the four formulations showed the liquisolid formulations to
produce much softer mechanical compacts compared to the physical mixture
compacts. The liquisolid compacts were also uniform in distribution unlike the physical

mixtures which showed a significant amount of mottling.

UV imaging was successfully employed to determine drug release and growth of the
four formulations and crucially provided a visual assessment of the dissolution
phenomena experienced by each formulation. The design of a methodology to
calibrate the dissolution imaging system using the whole dosage cell was successful
and good linearity was achieved. This opens the door to further improvements to this
methodology (determination of limit of detection (LOD) of the system and an additional
wavelength to allow for higher doses to be tested). The whole dosage cell was
successfully employed to test the drug release and the growth of the liquisolid
formulations and represents a complete assessment based on learnings from previous

chapters in this thesis.

Veegum was successfully incorporated into a liquisolid formulation as a substitute for
colloidal silica, however at the ratio tested, it was unable to control drug release as

effectively. UV imaging detected and discovered that the liquisolid formulation
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containing colloidal silica was able to restrict drug release to a greater extent than the
physical mixture. This highlights that the replacement of conventional carriers such as
HPMC with sesamum gum can be achieved with a similar desirable outcome. UV
imaging also accurately tracked the growth of all the dosage forms tested with the 520
nm LED. This shows that the methodology designed and developed for hydrophilic
matrices shown in earlier chapters can be applied to other controlled release delivery

systems including active ingredients.

This chapter has highlighted how UV imaging could be utilised by a formulator to
provide detailed insights into the dissolution behaviour of liquisolid formulations and
has highlighted the potential of the systems calibration and the compatibility of the

hydrophilic growth methodology designed in previous chapters.
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Chapter 8 — Conclusion
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This thesis constitutes an in-depth review into the use of two novel advanced imaging
techniques in the field of pharmaceutics in the form of dissolution imaging and focus

variation microscopy.

8.1 — Dissolution Imaging

This thesis set out to demonstrate the use of the SDI2 system as a routine dissolution
instrument capable of providing robust and accurate data in the measurement of
pharmaceutical actives, excipients, and formulations. To achieve this a number of

milestones were established:

1. Develop an operational methodology for the SDI2 system exploring all of the
systems features and capabilities.

2. Test any developed methodologies with different classifications of
pharmaceutical materials to build up a knowledge base and aid method
development.

3. Improve system versatility and reliability by identifying areas of improvement in
the system and its operation.

4. Conduct comparative testing between already established techniques and the
SDI2.

5. Highlight and showcase how the novel features of the SDI2 system can be a

benefit to a formulator.

Chapters 3 and 4 successfully demonstrated design and use of a methodology for the
whole dosage cell and showcased all the features of the SDI2 system from wavelength
selection to the tailoring of the software to produce reliable and reproducible data.
Chapters 6, 7 and 8 added to the method development by taking these learnings and
applying that knowledge to different actives, excipients and dosage forms and

successfully producing a data set that provided a wealth of insights to a formulator e.qg.
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webbing of solid dispersions, capsule dissolution and drug release from compacts.
Crucially though, chapters 6, 7 and 8 also uncovered further areas of improvement in

the system including compaction of the IDR compacts and calibration of the system.

Whilst this thesis demonstrated vast advances in the capabilities of UV imaging and
the versatility of the instrument to provide reliable data it must be acknowledged that
there remains two significant areas of investigation still remain before the technique
can become a routine instrument of choice. The first is that this thesis focused
predominantly on the development of the whole dosage cell, designing methods for its
use, and also defining the limits of what the cell could be used for. This same level of
investigation and method development also needs to be applied to the flow through
cell, to establish a robust and comprehensive method of operation in the new system.
The second area of investigation lies around milestone 4, despite this thesis testing
the designed methodologies on a variety of pharmaceutical formulations and
comparing the results with published work on conventional instrumentation a direct in-
house assessment was not conducted. It is important that this milestone is explored

before conclusions can be on the use of UV imaging as a routine assessment tool.

However, despite the remaining milestones yet to be completed, what this thesis has
shown is that UV imaging and the SDI2 system have significant potential to be go-to
instrumentation for the assessment of novel formulations. The insights that the system
can provide are invaluable and with further investigation into this technique with those
already established, there is potential for this technique to become a modern

alternative to traditional instrumentation.
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8.2 — Focus Variation Microscopy

This thesis set out to introduce Focus Variation Microscopy as a novel tool for the for
the assessment of pharmaceutical surfaces and correlate the data gathered with their

dissolution behaviour. To help achieve this, four milestone objectives were explored:

1. Build upon preliminary published data to establish a robust methodology for
assessing pharmaceutical surfaces.

2. ldentify useful meteorological parameters that can help predict pharmaceutical
behaviour.

3. Assess the versatility of the system by using different materials and different
forms of surface i.e., conventional tablets, IDR compacts.

4. Combine Focus Variation Microscopy with UV imaging to correlate observed

behaviour with surface properties.

Chapters 5 and 6 successfully built upon previously published data by Ward et al. (58)
and further tested the use of the microscope and the developed test methodology to
successfully analyse IDR compacts of both the solid dispersions and the salts. This
additional data also helped to build up a database of information on four useful ISO
parameters that could be of interest to a formulator in ; Sal, Str, Sdr and Smr2. The
microscope also proved its value by identifying key surface texture issues in the IDR
compacts that could impact dissolution by providing both a high resolution 2D image

and a detailed 3D surface profile.

Chapters 4 also tested the capabilities of the technique to measure tablet surfaces by
developing a methodology to inspect the surfaces of polymer compacts. Focus
variation microscopy also provided a deeper insight into the influence of polymer
particle morphology on surface roughness. But perhaps most importantly, the focus

variation microscope produced similar conclusions to physical assessment of the
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compacts by suggesting that the Xanthan Gum compacts would hydrate and swell at

the greatest rate with PEO hydrating at a much slower rate.

This thesis has successfully introduced focus variation microscopy to the field of
pharmaceutics, however despite this success a number of further details will require
examination before this technique can become the standard technique for surface
measurement. The first is that only four surface parameters have been identified in this
thesis and many more are defined in the 1ISO guidelines that could have potential use
in the field of pharmaceutics and these will require exploring. In addition to this, a larger
more robust study is required to provide more information on the correlation between
the conclusions produced from the surface parameters currently explored and
dissolution behaviour. The second detail that needs to be explored is that this thesis
only exposed the technique to a small selection of formulations in salts, solid
dispersions, and polymers. Further work will need to test the microscope against other
formulations to fully understand the versatility of the instrument and improve the

methods designed so far.

8.3 — Concluding Remarks

In conclusion, this thesis opens the door to two novel instruments and techniques that
cannot only benefit the research and development of new novel therapeutics but also
have the potential to be used in scale-up, manufacture and quality control within

industry.
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Chapter 9 — Future Work
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There are a number of directions this project could continue to go. The first and
foremost would be an in-depth and focused method development on the flow through
cell and IDR analysis. This should include an investigation into the tooling marks left
on the surface of the compact post compaction and how they influence IDR
measurement. Also, this investigation could look at the method specifics for conducting
IDR measurement as this thesis only experimented and used the manufacturer’s
recommended methodology specifics such as flow rate and compaction force. A final
part of this development could be to design a calibration methodology for the IDR cell
as the benefits identified with the whole dose cell could be useful in the determination

of IDR i.e. same light source, path length and same equipment.

A number of innovative projects were also designed during this project. The first is an
extension to chapter 4 of this thesis whereby three excipients in the form of lactose,
DCP and MCC were added to the four polymers with the aim of cataloguing and
imaging the influence of these on gel formation and dissolution. Also, blends containing
excipients and active such as PPN were manufactured to investigate and image drug
release from hydrophilic polymers. The second was an investigation into the drug
release from 3D printed tablets. With this area of pharmaceutics gaining popularity, it
would be interesting to see how both advanced imaging techniques perform in this
field. The last but perhaps the most significant was the development of a novel whole
dosage cell capable of imaging transdermal drug delivery systems. The design,
material and method of manufacture had been selected and prototype testing
completed. The next steps are to manufacture a second prototype and conduct a
robust series of experiments to demonstrate versatility and reliability. Further
development of this project may provide the dissolution imaging system to a variety of

transdermal delivery systems including; creams, gels and patches.
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