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Abstract

Approximately 40% of drugs currently marketed and 90% of all drugs under development
show poor and varied aqueous solubility at the different pH values encountered along
the gastrointestinal tract. The pH-dependent release profile exhibited by these drugs
often leads to poor bioavailability and ultimately means that many do not make it to
licence. To mitigate against this and to inform future drug development, it is important to
understand the dissolution behaviour of these types of drugs at a molecular level.

This thesis explores the use of ATR-FTIR imaging to gain an insight into the within-tablet
dynamics of a sparingly soluble, weakly basic drug that has been incorporated into a
hydrophilic matrix. This approach provides a chemical insight into the nature of drug,
polymer matrix, excipients and water in a formulation undergoing dynamic changes
including ionisation, dissolution, hydration, swelling and particle dislocation. Specifically,
this work uses tablets manufactured using an HPMC polymer matrix incorporating 20%
w/w itraconazole as the model drug which has a pKa of 3.7 and is practically insoluble
at pH 7, both with and without the addition of the organic acid modifiers (citric acid,
betaine HCI, cysteine HCI and glycine HCI) to control the local pH.

In placebo HPMC tablets, ATR-FTIR imaging, supplemented by optical imaging, showed
that hydration and swelling was independent of the pH of the media. However, when the
ionic strength of the hydrating medium was adjusted, rapid formation of the gel layer was
observed at low ionic strength, while increased ionic strength was shown to interfere with
HPMC hydration, resulting in the suppression of the expansion of the gel layer.

Hydration and dissolution studies conducted on HPMC tablets loaded with 20% w/w IT
were limited to the use of low ionic strength media only. From the dissolution studies, the
release of IT from these tablets was shown to be significantly greater at pH 1.5 when
compared with that at pH 7. Optical measurements showed that the swelling of 20% w/w
IT loaded HPMC tablets was greater at pH 1.5 over the period of the hydration in
comparison to the pH 7 environment. ATR-FTIR imaging data revealed that at pH 1.5
the IT was ionised, becoming soluble and there was evidence of IT particle translocation
into the diffusion front and eventually out into the surrounding medium. However, at pH
7, the IT remained in the free base form, largely within the tablet core and the swelling
front, with less evidence of IT particle translocation. From both the optical measurements
and ATR-FTIR imaging studies, it was shown that the swelling capacity of the gel layer
in IT loaded tablets was reduced at pH 7 in comparison to pH 1.5 indicating that the poor
solubility of IT retarded hydration.

Exploring the impact of organic pH modifiers on the release of IT from the HPMC matrix
at a 10% w/w and 30% w/w loading, enhanced dissolution at pH 7 of the IT was observed
in comparison to tablets without any modifier. From both the optical imaging and ATR-
FTIR imaging data, the gel layer expansion was shown to be greater at higher pH
modifier loading for all systems. However, the magnitude of swelling differed between
the modifier systems over the hydration period and a greater amount of swelling was
observed with the betaine HCI and citric acid in comparison to the cysteine HCI and
glycine HCI. The results indicated that, of the organic acid modifiers selected, tablets
containing cysteine HCI provided the greatest enhancement of release of IT. These
findings were consistent with the ATR-FTIR imaging results, where the greatest
reduction in the intensity of the spectral band assigned to the free base form of IT, was
also observed in tablets containing the cysteine HCI modifier.



Acknowledgements

| gratefully acknowledge Sheffield Hallam University for funding my PhD and Bristol
Myers-Squibb (BMS) for their invaluable expertise and for providing me with the

materials to undertake my experimental work.

I would like to thank my supervisory team, Professor Chris Sammon and Dr Kerstin
Mader at Sheffield Hallam, Dr Jon Brown at BMS and Professor Pete Timmins at the
University of Huddersfield. Special thanks must go to Chris Sammon and Pete Timmins

for their invaluable support and encouragement and enthusiasm throughout the project.

Other staff in MERI to whom | am indebted include: Paul Allender and Gary Robinson
for their technical assistance and the amazing engineering expertise they provided
throughout my studies; Matt Kitchen and Dr Francis Clegg for their support and help in
ways too numerous to mention; Dr Natalka Johnson for providing me with advice and
technical assistance and Laura McLaughlin for helping me to optimise my photography

set-up.

| am eternally grateful to my family for all their support: my sisters Sarah and Yasmin (|
promise we’ll make time for more shopping trips now!); my parents and my brother who
are not here to share this moment with me but who steered me in the right direction and
guided me and in particular my Pie for continually pushing, nagging, cajoling and
encouraging me throughout my PhD. It's no exaggeration to say that without his support
it would not have been possible for me to get to this stage and as such | would like to

dedicate this thesis to him.

Finally, | could not write these acknowledgements without giving thanks to Allah who has
blessed me with so much in life and who decreed for me the opportunity to complete this

work, Alhamdulilah.



Table of Contents

Declaration ii
Abstract iii
Acknowledgement iv
Table of Contents v
List of Figures Xi
List of Equations XXii
List of Tables XXV
List of Abbreviations XXVii
1.0 Introduction 1
1.1 Project Rationale 1
1.2 Aims and Objectives 1
1.3 References 3
2.0 Literature Review 4
2.1 Drug Release 4
2.1.1 The Biopharmaceutics Classification System 4
(BCS)
2.1.2 The Importance of Acidity and pKa values in 5
Drug Dissolution
2.1.3 Poorly-Soluble Drugs 7
2.1.3.1 Strategies for Improving Bioavailability 9
of Poorly-Soluble Drugs
2.2 Solid Oral Dosage Forms 14
2.2.1 Types of Drug Release Mechanism from Solid 14
Oral Dosage Forms
2.2.2 Methods to Monitor Drug Release 16
2.3 Hydrophilic Matrices and HPMC 21
2.3.1 Structure and Chemistry of HPMC 22
2.3.2 Drug Release from Hydrophilic Matrices 25
2.3.3 HPMC as a Model Hydrophilic Matrix 25
2.3.3.1 Effect of Polymer (HPMC) 29
Concentration
2.3.2.2 Effect of Polymer (HPMC) Viscosity 30
2.3.3.3 Effect of Polymer (HPMC) Particle Size 30
2.3.4 Monitoring Swelling Behaviour of HPMC on 31
Hydration
2.3.5 Quantification of Drug Release from Hydrophilic 34
Matrices



2.4 Itraconazole-a Model Poorly-Soluble Drug
2.5 Conclusion
2.6 References

3.0 Experimental

3.1 Analytical Techniques

3.1.1 Infrared Spectroscopy
3.1.1.1 Electromagnetic Radiation

3.1.1.2 Absorbance and Transmittance Relationship
and Beer lambert Law

3.1.1.3 The IR Spectral Region and Molecular
Spectroscopy

3.1.1.4 Practical Aspects of IR Spectroscopy
3.1.1.4.1 FTIR spectrometer
3.1.1.4.2 Detectors Used for FTIR
3.1.1.4.3 Optimisation of Spectral Acquisition
3.1.1.4.4 Transmission IR Spectroscopy
3.1.1.4.5 ATR-FTIR
3.1.1.4.6 Near-Infrared
3.1.1.4.7 ATR-FTIR Imaging
3.1.1.4.8 Micro-FTIR Imaging

3.2 Dissolution

3.3 Raman Spectroscopy

3.3.1 Principles of Raman Spectroscopy

3.3.2 Raman Microscopy

3.4 Data Processing Methods for Image Analysis

3.4.1 Univariate Data Analysis Approach
3.4.2 Multivariate Data Analysis Approach
3.4.3 Principal Components Analysis (PCA)
3.4.4 Partial least squares (PLS)

3.5 References

4.0 Preparation and Characterisation of Tablets and Their
Constituents

4.1 Significance of Itraconazole Forms in Pharmaceutical
Applications

4.2 Preparation of Different Forms of Itraconazole

4.2.1 Itraconazole Monohydrochloride
4.2.2 ltraconazole Dihydrochloride
4.2.3 Itraconazole Trihydrochloride

Vi

36
37
38
48
48
48
48
50

51

53
54
55
56
57
58
61
63
65
68
70
70
74
78
78
80
82
83
84
01

93

96
96
96
97



4.2.4 Amorphous Itraconazole 97

4.3 Characterisation of Constituent Materials 98
4.3.1 Determination of Itraconazole Structure Using X- 98
Ray Powder Diffraction (XRPD)
4.3.2 Confirmation of Protonation of Itraconazole 98
Structure by Nuclear Magnetic Resonance (NMR)
Spectroscopy
4.3.3 ATR-FTIR Imaging of Reference Materials 98
4.3.4 SEM Morphological Analysis of Constituents 99
4.3.5 Particle Size Analysis of IT, HPMC and pH 99
Modifier Powders
4.4 Preparation of 20% wi/w Itraconazole Tablets and 100
Formulations Containing pH Modifiers
4.4.1 Tablet Blending 100
4.4.2 Tablet Compaction 101
4.5 Characterisation of Tablets 102
4.5.1 Quantification of Loadings Using Near Infrared 102
Spectroscopy (NIR)
4.5.2 Distribution of Constituents Within the Tablet 102
Matrix Using Raman Microscopy
4.6 Results and Discussion 103
4.6.1 Analysis of Different Itraconazole Compounds 103
4.6.1.1 Formation of Amorphous Itraconazole 103
Using Differential Scanning Calorimetry (DSC)
4.6.1.2 Confirmation of Amorphous and 104
Crystalline Itraconazole Forms using XRPD
4.6.1.3 Confirmation of Protonated 106
Itraconazole by Proton NMR
4.6.1.4 ATR-FTIR of the Different Forms of 107
Itraconazole
4.6.2 ATR-FTIR Analysis of Reference Materials 110
4.6.3 Morphology and Particle Size Analysis of API, 112
Polymer and pH Modifier
4.6.3.1 SEM Analysis to Determine 112
Morphology
4.6.3.2 Particle Size Analysis 113
4.6.4 Content Uniformity of Itraconazole Loading and 114
Heterogeneity of Tablets
4.6.4.1 Content Uniformity and Distribution of 114

20% w/w ltraconazole with 10% w/w and 30%
w/w pH Modifier Tablets Using Near Infrared
(NIR)

Vii



4.6.4.2 Content Uniformity and Distribution of
Itraconazole and pH Modifier within the
Tablets Using Raman Microscopy

4.6.4.3 Summary of Raman Distribution Data
4.7 Summary
4.8 References

5.0 Investigation of Within-Tablet Dynamics for Extended
Release of Itraconazole from a HPMC Matrix Tablets Using ATR-
FTIR Imaging

5.1 Introduction
5.2 Materials and Methods
5.2.1 Materials
5.2.2 Preparation and Characterisation of Tablets

5.2.3 Content Uniformity of Itraconazole Loading and
Heterogeneity of Tablets

5.3 In Vitro Release Studies

5.4 Collection of ATR-FTIR Images

5.5 Hydration Experiments using ATR- FTIR Imaging

5.6 Optical Imaging to Determine to Radial and Axial Swelling
5.7 Results and Discussion

5.7.1 Content Uniformity and Distribution of 20% w/w
Itraconazole Tablets Using Near Infrared (NIR) and
Raman Microscopy

5.7.2 In Vitro Release Studies
5.7.3 ATR-FTIR Imaging of Reference Materials
5.7.4 ATR-FTIR Imaging of HPMC Tablets

5.7.5 FTIR Imaging Hydration Experiments on Pure
20% w/w IT Loaded Tablets

5.7.6 Investigating the Nature of IT Particles Within
Different pH Environments

5.7.7 Chacterisation of the Different Forms of IT

5.7.8 Physical Swelling Kinetics- Radial and Axial
Swelling results on 20%w/w IT Loaded Tablets

5.8 Summary
5.9 Conclusions
5.10 References

6.0 Optimisation of IT Release from HPMC Tablets by
Incorporating Organic Acid pH Modifiers

6.1 Introduction
6.2 Materials and Methods

viii

130

153
156
157
161

161
162
162
162
162

163
163
163
166
166
166

166
167
167
170

173

176
179

183
184
186
188

188
192



6.2.1 Materials
6.2.2 Preparation and Characterisation of Tablets

6.2.3 Content Uniformity of Itraconazole Loading and
Heterogeneity of Tablets

6.3 Morphology and Particle Size Analysis of IT, HPMC and
Organic pH Modifiers

6.4 In Vitro Release Studies

6.5 Collection of ATR-FTIR Images

6.6 Hydration Experiments Using ATR- FTIR Imaging
6.7 Optical Imaging to Determine to Radial Swelling

6.8 Multivariate Curve Resolution Alternating Least Squares
Analysis (MCR-ALS)

6.9 Results and Discussion
6.9.1 ATR-FTIR Imaging of Reference Materials

6.9.2 Content Uniformity and Distribution of 20% wi/w
Itraconazole with 10% w/w and 30% w/w pH Modifier
Tablets using Near Infrared (NIR) and Raman
Microscopy

6.9.3 Analysis of the Morphology and Particle Size
Determination of IT, HPMC and Organic pH Modifiers

6.9.4 ATR-FTIR Imaging of HPMC Tablets Containing
10% w/w and 30% w/w Organic acid

6.9.5 FTIR Imaging Hydration Experiments on 20%
w/w IT tablets With Organic Acid at 10% w/w and 30%
w/w Loading.

6.9.6 ATR-FTIR Spectra of Anhydrous and Hydrated
Organic Acids

6.9.7 MCR Analysis of 30% w/w Maodifier Placebo
Systems

6.9.8 MCR Analysis on 20% w/w IT with and without
pH Modifier

6.9.9 Determination of pH in Solution Following
Hydration Experiments using ATR-FTIR Imaging

6.9.10 In Vitro Release Studies
6.9.11 Characterisation of the Different Forms of IT

6.9.12 Physical Swelling Kinetics-Radial Swelling
Results on 20% w/w IT Loaded Tablets with and
without Organic Acid pH Modifier

6.10 Summary
6.11 References

7.0 Conclusions and Future Work

192
193
193

194

194
195
195
195
195

196
196
196

197

197

203

212

214

220

230

230
234
237

241
243
247



7.1 Conclusions 247

7.1.1 HPMC and Binary HPMC/IT System 247
7.1.2 20% wi/w IT Tablets with the Incorporation of 249
Organic Acid pH Modifiers
7.2 Recommendations for Future Work 250
7.2.1 Preparation and Characterisation of Tablets 250
7.2.2 Testing of Tablets and Optimising of Drug 250
Release
7.2.3 Refinement of MCR-ALS Methodology 251
8.0 Appendix 253
Appendix 1 Histogram Data for Tablets with 10% w/w 253
Organic Acid Modifier Formulation with 20% w/w IT
Appendix 2 ATR-FTIR images collected over the time course 257
of hydration period for placebo and 20% w/w IT loaded
tablets
Appendix 3 ATR-FTIR images collected over the time course 261

of hydration period for tablets containing organic acid pH
modifier at 10% w/w and 30% w/w loading with and without IT

Appendix 4 MCR-ALS distribution images and corresponding 279
factors tablets containing 30% w/w organic acid pH modifier
with and without IT

Appendix 5 Axial and Radial optical swelling images collected 281
over the time course of hydration period for placebo and 20%
w/w IT loaded tablets

Appendix 6 Radial optical swelling images collected over the 301
time course of hydration period for tablets containing organic

acid pH modifier at 10% w/w and 30% w/w loading with and

without IT

Appendix 7 Publication 349



Figure Numbers

Figure
Number

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

29

2.10

2.11

Figure Title

Biopharmaceutics classification system (BCS) as defined by
US FDA and Amidon et al. [1]

Schematic of variation of pH in the gastrointestinal tract
(adapted from Wikimedia Commons-public domain)

Schematic comparing (a): immediate, burst and controlled
drug release profiles; (b): immediate, biphasic burst and
controlled drug release profiles. Adapted from [39] [40] [46]

Schematic presentation of compaction flow-through cell used
in ATR-IR imaging linked to a UV detector shown on the right
for quantitative measurement of dissolved drug. Reprinted
from [65], with permission from Elsevier

The chemical structure of HPMC (taken from Wikimedia
Commons-public domain)

Overview of HPMC synthesis (R = -H, -CH3, or -
CH2CH(OH)CH3). Reprinted from [80], with permission from
the American Chemical Society

Schematic explaining nomenclature used for METHOCEL
K100M cellulose ether (adapted from The Dow Chemical
Company 2000) [77] [81]

Diagram showing the evolving fronts within a hydrating
hydrophilic matrix tablet. Reproduced with permission from
Therapeutic Delivery as agreed by Newlands Press Ltd
Timmins et al. [70]

Schematic showing the release mechanism of drugs from
hydrophilic matrix tablets. Adapted from Alderman [14]

Schematic diagram of different stages of polymeric
disentanglement. Adapted from Siepmann et al. [87]

Time series of fluorescence images in situ of hydrating HPMC
matrices in agqueous medium containing NacCl (0.5, 0.6 and
0.75 M) and 0.008% w/v Congo Red. The dashed line
represents the initial tablet boundary at t=0. The images are
coded for fluorescence intensity from white (highest) to black
(lowest) as indicated by the wedge. The bright regions
indicate areas of high fluorescence, highlighting regions of
polymer hydration where the fluorophore has penetrated.
Hydration medium maintained at 37°C. Ex 488/Em > 510 nm.
Scale bar=750 ym. Reprinted from [98], with permission
from Elsevier

Xi

Page
Number

4

16

20

23

23

24

26

27

28

33



2.12

2.13

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

Schematic showing variables that impact on drug release
mechanism and kinetics from hydrophilic matrix tablet.
Adapted from [74] by permission from Springer Nature

The chemical structure of Itraconazole
The electromagnetic spectrum highlighting the infrared region

Simplified vibrational energy level diagram showing the
transition that occurs when infrared light is absorbed by a
molecule

Schematic diagram of the vibrational modes of (a) water; (b)
carbon dioxide; (c) degenerate modes carbon dioxide

Schematic of Michelson Interferometer

Schematic overview showing the process of generating of a
mid- FTR spectrum using Attenuated Total Reflectance.
Adapted from [6]

Schematic representation of transmission experimental setup
Schematic explaining ATR principle. Adapted from [14] [17]

A summary of the energy transition processes for Near-
Infrared

Schematic of Golden Gate ATR-FTIR accessory used for
FTIR imaging. Adapted from [3] [17]

Schematic of ATR-FTIR imaging set-up with a 64 x 64 FPA
detector. Adapted from [32]

Schematic of micro FTIR imaging in (a) transmission set-up
(b) reflectance and (c) ATR. Adapted from [3] [17]

Schematic (a) Basket USP | and (b) Paddle USP Il dissolution
set-up. Adapted from [46]

Jablonski energy level diagram illustrating Rayleigh and
Raman scattering adapted from [48]

Schematic showing key constituents of a typical Raman
microscope

(a) Schematic of three-dimensional data cube recorded
during a chemical imaging experiment on a HPMC tablet and
(b) extracted images to show distribution of water, drug and
polymer within the tablet matrix. Reproduced from [72] with
permission from Elsevier

Xii

34

36

48

49

53

54

55

57

59

62

63

64

66

70

71

75

79



3.16

3.17

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

411

412

Unfolding of the hyperspectral datacube in the bi-dimensional
matrix D. bilinear decomposition of the matrix D into its
constituents: C, concentration matrix; ST,spectra matrix; E,
residual matrix. Reproduced from [72] with permission from
Elsevier

Diagrammatic representation of PLS process. Adapted from
[81]

Dissolution profiles for Sporanox (commercial form, green)
and IT cocrystals with L-malic acid (red), L-tartaric acid (blue),
succinic acid (orange) and crystalline IT in 0.1 M HCI at 25
°C. Reprinted from [7], with permission from the American
Chemical Society

Itraconazole molecule highlighting carbon position

DSC trace showing the heat profiles obtained from the
formation of amorphous itraconazole

XRPD trace obtained from the as received free base (as
received) itraconazole confirming crystalline form

XRPD trace obtained from the amorphous itraconazole

Stacked plot of all three proton NMRs showing the
deshielding shifts of the key signals at H18, H16 and H9

Structure of itraconazole highlighting the protonation sites

Average ATR-FTIR spectrum obtained from the as received
free base itraconazole

Comparison of average ATR- FTIR spectrum obtained from
the free base (black line) and amorphous (red line)
itraconazole highlighting (a) v(C=0), (b) v(C-O) and v(C-Cl)

Comparison of average ATR- FTIR spectra obtained from the
free base (black line), IT dihydrochloride (red line) and IT
monohydrochloride (blue line)

Average ATR-FTIR imaging spectra obtained from reference
materials, highlighting &(OH), v(C-O) and v(C=C) in water,
HPMC and IT respectively. Highlighted bands (indicating
which functional group was used) used for peak area
integration for images to show (representing) distribution of
water, IT and HPMC

Average ATR-FTIR imaging spectra obtained from the
organic acid modifiers, highlighting the position of v(C=0) in
citric acid, cysteine HCI, betaine HCI and glycine HCI
respectively

Xiii

82

83

94

95

104

105

105

106

107

108

109

110

111

112



4.13

414

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

Representative SEM images for itraconazole, HPMC grade
K100M, glycine HCI, betaine HCI and cysteine HCI

NIR spectra obtained from a low and high concentration IT
(0% and 45%) standard highlighting the spectral region used
for PLS model

NIR spectra obtained from a low and high concentration (8%
w/w and 70% wi/w) of modifier for (a) cysteine HCI; (b) citric
acid; (c) betaine HCI and glycine HCI highlighting the spectral
region used for PLS model

PLS plot of calculated versus actual concentration levels for
the binary system (HPMC and itraconazole

PLS plot of calculated versus actual concentration levels for
the betaine formulation (betaine HCl and IT in HPMC matrix)
for: (a) itraconazole; (b) betaine HCI

PLS plot of calculated versus actual concentration levels for
the cysteine HCI formulation (cysteine HCI and IT in HPMC
matrix) for: (a) itraconazole; (b) cysteine HCI

PLS plot of calculated versus actual concentration levels for
the citric acid formulation (citric acid and IT in HPMC matrix
for (a) itraconazole; (b) citric acid

PLS plot of calculated versus actual concentration levels for
the glycine HCI formulation (glycine HCI and IT in HPMC
matrix) for: (a) itraconazole; (b) glycine HCI

Raman spectra obtained from (a) itraconazole and (b) HPMC
highlighting the bands and the corresponding functional
group used to generate the distribution images

Raman Distribution images and corresponding histograms
obtained from the 20% IT w/w tablets for the three tablets
analysed (a) showing IT (based on the band observed at
1614 cm™and b) shows the ratio of band intensities (selected
markers) to represent IT:HPMC

Average spectra profiles (n=3) obtained from Raman maps
on 20% w/w Itraconazole tablets (binary system)

Raman reference spectra obtained from (a) citric acid; (b)
cysteine HCI; (c) glycine HCI and (d) betaine HCI

Raman distribution images and corresponding histogram for
10% wi/w citric acid with 20% wi/w itraconazole formulation
showing a) citric acid; b) IT and c¢) ratio of pH
modifier/itraconazole

Xiv

113

116

116

118

119

120

121

122

131

132

135

136

138



4.26

4.27

4.28

4.29

4.30

4.31

4.32

4.33

4.34

Raman distribution images and corresponding histogram for
10% w/w betaine HCI with 20% wi/w itraconazole formulation
showing a) betaine HCI; b) IT and c¢) ratio of pH
modifier/itraconazole

Raman distribution images and corresponding histogram for
10% w/w cysteine HCI with 20% w/w itraconazole formulation
showing a) cysteine HCIl;, b) IT and c) ratio of pH
modifier/itraconazole

Raman distribution images and corresponding histogram for
10% w/w cysteine HCI with 20% wi/w itraconazole formulation
showing a) cysteine HCI; b) IT and c) ratio of pH
modifier/itraconazole

Raman distribution images and corresponding histogram for
30% wi/w citric acid with 20% w/w itraconazole formulation
showing a) citric acid; b) IT and c¢) ratio of pH
modifier/itraconazole

Raman distribution images and corresponding histogram for
30% wiw cysteine HCI with 20% w/w itraconazole formulation
showing a) cysteine HCI; b) IT and c) ratio of pH
modifier/itraconazole

Raman distribution images and corresponding histogram for
30% w/w betaine HCI with 20% w/w itraconazole formulation
showing a) betaine HCI; b) IT and c) ratio of pH
modifier/itraconazole

Raman distribution images and corresponding histogram for
30% wi/w glycine HCI with 20% wi/w itraconazole formulation
showing a) glycine HCI; b) IT and c) ratio of pH
modifier/itraconazole

Average spectra profiles obtained from Raman maps on 10%
w/w pH moadifier with 20% w/w Itraconazole for (a) citric acid;
(b) cysteine HCI; (c) glycine HCI and (d) betaine HCI tablets

Average spectra profiles obtained from Raman maps on 30%
w/w pH moadifier with 20% w/w Itraconazole for (a) citric acid;
(b) cysteine HCI; (c) glycine HCI and (d) betaine HCI tablets

XV

140

142

144

146

148

150

152

154

155



5.1

5.2

5.3

5.4

5.5

5.6

5.7

Schematic of different fronts of a hydrating hydrophilic tablet,
looking down onto the upper tablet surface as if one could see
through it, highlighting dry core, swelling, diffusion and
erosion fronts. Adapted from [5] with permission from
Therapeutic Delivery as agreed by Newlands Press Ltd. (b):
Schematic of ATR-FTIR imaging set-up over the course of the
hydration period using a Focal Plane Array (FPA) detector.
Reprinted from [6] with permission from the American
Chemical Society

Schematic of tablet placement on ATR crystal

Dissolution profiles for 20% w/w IT loaded tablets at pH 1.5
and 7 (n=6)

Selected ATR-FTIR images were collected over the time
course of hydration experiments for placebo tablets in low
and high ionic strength solutions at pH 1.5 and pH 7 showing
(a) water and (b) HPMC distribution. Images were generated
using methods described in section 4.5. The dotted lines in
the first column of images denotes the boundary between the
tablet and air/water

ATR-FTIR images of HPMC/water peak area ratio images
over hydration period, showing HPMC gel layer evolution for
(@) pH 1.5; (b) pH 7 low ionic strength solutions; (c) pH 1.5;
(d) pH 7 high ionic strength solutions

ATR-FTIR peak area integration images over hydration
period, showing: (a) distribution of water; (b) distribution of
HPMC; (c) HPMC:water peak area ratio images, showing
HPMC gel layer evolution for pH 1.5 and 7; (d) distribution of
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1.0 Introduction

1.1 Project Rationale

One of the major challenges facing the pharmaceutical sector today is the number of
drugs that fail to translate from development stage into marketable medicinal products
due to the problems associated with their poor solubility at pH 7, which can result in
reduced or variable bioavailability [1]. It has been reported that 40—60% of new chemical
entities (NCEs) fall into the category of being poorly water soluble [2]. This presents
ongoing challenges to the pharmaceutical industry as the most common approach for

drug delivery is still by oral administration [3].

During the formulation of hydrophilic matrices, extensive screening of successive
iterations is usually necessary to achieve a desired in vitro dissolution profile. In an
industrial context, the United States Pharmacopeia ("USP") dissolution test and
discernment of drug release remains the universal tool for the development, production,
and quality control (QC) of oral solid dosage forms. However, the USP dissolution test
does not provide microscopic temporal and spatial information and its use in elucidating

the mechanism of drug release from the formulation matrix is limited.

To address this problem of poor availability there are a number of approaches that have
been adopted, some of which are explored in Chapter 2. These include salt formation,
amorphous solid dispersions, cyclodextrin complexes and the incorporation of pH

modifiers into the tablet matrix [3].

1.2 Aims and Objectives

The aim of this work will be to incorporate itraconazole - a weakly basic drug - into a
hydrophilic hydroxypropylmethylcellulose (HPMC) polymer and to explore the application
of mid-FTIR imaging to monitor the hydration of the HPMC polymer and migration of the

drug in the diffusion zone over time.



The work will aim to illustrate the procedure for mapping the drug release and water

penetration as a function of time and position within the tablet matrix, offering previously

unobtainable insights into the mechanistic phenomena underpinning the release.

To achieve the above, the following objectives will be met:

Review of the literature to gain an understanding of the experimental approach
researchers have adopted to investigate the release of poorly soluble drugs from
tablet matrices and methodology currently adopted to address the problem of
poorly soluble drugs.

Preparation and characterisation of model formulation(s) using Raman,
Attenuated Total Reflectance Fourier transform infrared (ATR-FTIR), Differential
Scanning Calorimetry (DSC) and X-ray powder diffraction (XRD).

To develop an in situ Mid-IR spectroscopic imaging technique for studying
concomitantly the release of poorly soluble drug, HPMC and other excipients
from HPMC hydrophilic matrices.

To compare the spectroscopic data of drug release to HPMC matrix performance
in standard USP Il dissolution test procedures and identify possible correlations.
To study and explore the impact of ionic strength on the gel layer behaviour and
growth of HPMC matrices using ATR-FTIR imaging.

To gain an insight into the conversion of the free base form of the drug to the
ionised state during hydration in low pH, as weakly soluble drugs are
considerably more soluble in low pH environments [4].

To incorporate an organic acid pH modifier into the HPMC and itraconazole

formulation to make use of the pH dependent solubility of the poorly soluble drug.
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2.0 Literature Review

2.1 Drug Release

2.1.1 The Biopharmaceutics Classification System (BCS)

The BCS system and the corresponding guidance issued by the food and drug
administration (FDA) in combination with work based on Aimdon et al. [1] categorises
drugs into four classes based on their aqueous solubility and permeability [2] as shown
in Fig. 2.1. The development of the BCS system has significantly aided and equipped
the pharmaceutical industry to gain greater insight into in vivo performance of BCS class
[l compounds which exhibit low solubility and high permeability. As this category of API
exhibit low in vivo absorption and bioavailability [3]. As a result of this, poorly water-
soluble drugs still present ongoing challenges in transforming these into feasible
medicinal products. The bioavailability of BCS class Il drugs is considered to be
dissolution rate limited. Therefore, understanding the drug release mechanism is

essential for improving the design and ensuring success of solid oral dosage forms.

BCS | BCS I
Highly Soluble Low Solubility
Highly Permeable Highly Permeable

BCS Il BCS IV
Highly Soluble Low Solubility
Low Permeability Low Permeability

Fig. 2.1: Biopharmaceutics classification system (BCS) as defined by US FDA
and Amidon et al. [1]



2.1.2 The Importance of Acidity and pKa values in Drug

Dissolution

Using the pKa value as a measure of strength, pharmaceuticals are categorised as acids
or bases (Table 2.1). The determination of the pK, value of an APl is a crucial parameter
for all ionisable functional groups in order to determine the strength of acids and bases.
Most pharmaceuticals can be classed as non-ionisable, ionised, weak acids, weak

bases, or salts [4].

Table 2.1: Classification of acids and bases according to strength [4]

pKa
Strength Acids Bases
Very Strong <0 14
Strong 0-4.5 9.5-14
Weak 4.5-9.5 4.5-9.5
Very weak 9.5-14 0-4.5
Extremely weak 14 <0

The release characteristics of a drug can be improved in an aqueous environment
depending on the ionisation characteristics (pKa), which in turn has a direct influence on
the drug formulation approach. Hence knowledge pertaining to the pKa and molecular

properties of the drug are essential to ensuring a successful release profile [5].

For solution-based drugs, the pKa value(s) of the drug can critically affect factors
associated with its formulation. pKa values have a large effect on the aqueous solubility
of the drug and generally the ionised form of a drug has a greater solubility in water
compared to the un-ionised form [5]. Solubility is a key physicochemical parameter to
ensuring successful drug delivery and is routinely investigated by the pharmaceutical

industry [5].



The strength of the acid, i.e. the extent of dissociation, can be determined by the following

equilibrium:

~ [H30+][A_] Equation 2.1

“ [HA]

The equilibrium constant K, provides a measure of the strength of the acid and can be

referred to in several ways. These include the following: acid dissociation constant,
ionisation constant or the acidity constant. This relates to the dissociation of the acid and

is calculated based on the concentrations of the reacting species [6]:

pK, = —logio Kq Equation 2.2

Strong acids have a high K, which relates to a high degree of dissociation. The strength
of an acid is more commonly reported as pKa (negative logarithm of K, values due to the
small numbers generated from Ka[7].

A

pH = pK, + log [[]—]_A] Equation 2.3

The pKa value is strongly related to the pH of the solution, and the Henderson-
Hasselbalch equation describes how the pH relates the equilibrium concentration of the

dissociated acid [A] and non-dissociated acid [HA] respectively:

HA+ H,0 & H;0" + A~ Equation 2.4

For new drugs to be successful, properties such as absorption, distribution, metabolism
and excretion (ADME) are critical factors that need to be taken into consideration. For

an ionisable drug these properties are highly influenced by the pKa values of the
6



functional groups [8]. Therefore, poor physicochemical properties of solid dosage forms
can drastically hinder early stage (preclinical) development and ultimate release to

market of new drugs [9].

At the early stage of drug discovery, the pKa values are determined as part of the

physicochemical profiling of the molecule and this is revisited for regulatory purposes at

the later stage of development for verification [8].

pKa determinations are generally carried out using potentiometric and
spectrophotometric methodologies [10] [11]. Alternatively, ionisation behaviour can be
predicted from the functional groups with acid-base character within a molecule using

the pKa of the conjugate acid which is sometimes referred to as pKan [12].

2.1.3 Poorly-Soluble Drugs

Drugs having an aqueous solubility below 0.1 mg/mL (100 pug/mL) have been described
as being ‘poorly soluble’ [13], although the terms ‘poorly soluble’ and ‘weakly soluble’

appear to be used interchangeably in the literature.

Poorly soluble ionisable drugs will exhibit different dissolution behaviour within the
physiological pH range. Weakly basic compounds exhibit a marked increase in solubility
at low pH while being practically insoluble at neutral pH [13] [14] [15]. A significant
number of new drugs in development fall into this category [16], although the
phenomenon may be ameliorated to a degree by incorporating pH-modifiers within the
matrix to yield improved in vivo performance [17]. A further method to achieve an
improved oral bioavailability is by the creation of a water-soluble salt form of the weakly

basic drug [18].

Oral dosage forms are the preferred route for drug administration due to factors including
lower cost associated with manufacturing and patient preferences in comparison to other
options (transdermal, inhalation, etc) [19]. However, there are a number of

considerations that can affect oral drug absorption which include the drugs

7



physiochemical properties such as pKa, crystallinity, solubility, the form in which the drug
is administered and the physiological environment, such as the range of pH values

encountered [20].

One concern with oral drug delivery is the significant variation of the bioavailability of the
drug due to a number of factors which include: limited dissolution, drug release, solubility

and rapid precipitation [19].

With poorly soluble drugs such as albendazole, danazol and felodipine [21] the solubility
is pH dependent and is affected by the range of pH encountered throughout the
gastrointestinal tract (Fig. 2.2) and therefore fall into the BCS Il category (Fig. 2.1). For
ionisable basic drugs, the pH environment plays a critical role for the solubility and
ultimately the absorption. Weakly basic drugs are protonated at low pH, leading to rapid
solubilisation; conversely these types of drugs when present in the deprotonated state
at higher pH - namely in intestinal fluid (pH7.35-7.45) - result in the presence of the poorly
soluble un-ionised form which leads to incomplete drug release [19] [22]. Achieving a
pH-independent drug release is a key factor in ensuring, reliable and consistent drug

therapy [15].



It has been reported by Loftsson and Brewster that nearly 40% of oral drugs available

on the market fall into the category of poorly soluble drugs (<100 ug/mL) [23].

Stomach pH
1.7-3.5

Duodenum
pH 5.6-7.0

Fig. 2.2: Schematic of variation of pH in the gastrointestinal tract (adapted from

Wikimedia Commons-public domain)

2.1.3.1 Strategies for Improving Bioavailability of Poorly-Soluble Drugs

For the successful development of oral formulations of poorly soluble drugs a range of
methodologies have been developed and these can be categorised as physical or

chemical modifications (Table 2.2) [24].



Table 2.2: Approaches available to enhance dissolution in Gl tract or to increase
dissolution of a poorly soluble drug [25] [26]

Physical Particle size reduction Micronisation
Modifications Nanosuspensions
Modifications of crystal Polymorphs
structure Pseudopolymorphs (e.g. hydrates)

Complexation/solubilisation Co-crystals

Use of surfactants

Use of cyclodextrins

Use of polymeric micelles
Use of further colloid-forming

excipients

Drug dispersions in carriers Eutectic mixtures
Amorphous solid dispersions and

solid solutions

Chemical Salts
Modifications Soluble prodrugs
Drug-excipient conjugates

Some examples of the chemical and physical modifications employed to enhance the

bioavailability of poorly soluble drugs are discussed in the following paragraphs.

The bioavailability of poorly soluble drugs can be improved by the formation of a prodrug:
The definition of a prodrug is a biologically inactive compound that undergoes conversion
to an active drug during the body’s metabolic process. Conversion to the active form can

occur by different mechanisms such as by the action of specific enzymes [27].
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Another method uses cyclodextrins, which can be classified as either natural or derived
cyclodextrins. These are cyclic oligosaccharides of R-D-glucopyranose units linked by
a-(1, 4) glycosidic and consists of hydrophobic central cavity with an outer hydrophilic
surface. The natural cyclodextrins are usually substituted with the addition of polar
groups which provide enhanced aqueous availability whilst maintaining the hydrophobic
cavity [28]. Thus, allowing the formation of hydrophilic inclusion complex with water-
insoluble lipophilic drugs resulting in solubilisation [29]. Cyclodextrin complexes are
widely used in drug delivery systems in the pharmaceutical industry to increase agueous

bioavailability and stability of poorly soluble drugs.

Taupata et al. explored the use of binary and ternary cyclodextrin complexes formulated
with three types of cyclodextrin derivatives in order to improve the dissolution of the
model drug itraconazole. The authors concluded that all the formulation approaches
investigated improved the in vitro bioavailability and the dissolution of the itraconazole,
with the ternary complex (HP-b-CD or HBen-b-CD and Soluplus) exhibiting the greatest

enhancement of itraconazole [28].

A drug, which is typically amorphous can be molecularly dispersed in a highly soluble
carrier to form a solid dispersion. These formulations are proving to be a promising
strategy to improve the bioavailability of poorly soluble drugs. The early work carried out
on solid dispersions by Chiou and Riegelman defined them as the dispersion of one or
more active ingredients in an inert carrier matrix at solid-state prepared by the melting

(fusion), solvent or melting-solvent method [30].

Solid dispersions are generally obtained from melt and solvent evaporation methods and
the approach involves reducing the particle size significantly and therefore improving
drug wettability, hence providing a greatly enhanced bioavailability of the drug [16]. Drug
particles incorporated into solid dispersions are found to have a higher degree of

posterity [28].
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Commonly employed methods such as milling or micronisation are used as strategies to
improve solubility of poorly soluble drugs on the basis of the increased surface area.
However, size reduction is limited to around 2-5 uym with these types of approaches and

frequently this is insufficient to improve drug dissolution rates [31].

Solid dispersions have shown to provide a faster release rate and an increased
bioavailability in comparison to the traditional formulations of the same drugs [16].
Authors have reported such improvements to be quite considerable, with increases of up
to four hundred-fold being achieved [32]. One of the main principles associated with
these formulations is to achieve an amorphous state which is more soluble than the

crystalline form [33].

Reduction of particle size is a commonly used approach to improve the bioavailability of
poorly soluble drugs [34]. A decrease in particle size provides an increase in the surface

area resulting in enhancement of solubility of the drug.

Salt formation is frequently used and has proven to be successful at increasing solubility
and dissolution rates of acidic and basic drugs. As the salts of these drugs generally
have higher solubilities in comparison to their acid and base forms [18]. The main
advantage of this approach is the considerable increase in drug solubility, potentially

greater than three orders of magnitude being achieved [35].

In the period 1995 to 2006 40% of the new chemical entities approved by the FDA were
in the salt form. From these approved salts of basic drugs, over half of these were

prepared with hydrochloric acid, indicating the predominance of this salt form [18].

However, one of the problems associated with the use of salts in drug development is
that salt forms are prepared from organic solvents (acetone, dichloromethane) and a salt
which is isolated from an organic solvent. These salts will almost certainly behave
differently when encountering an aqueous environment and could potentially lead to poor

drug stability and conversion to the free acid or base form.
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Organic pH-modifiers such as citric acid, succinic acid and tartaric acid are widely used
in oral dosage forms and have successfully shown to enhance the dissolution rate and
bioavailability of poorly water-soluble compounds [36]. In terms of formulation, this
approach is one of the simplest and is usually a first-line strategy for improving the
dissolution rate and bioavailability of poorly soluble drugs, generally used in combination
with other solubilizing methods such as the use of surfactants, cyclodextrins or
cosolvents [27]. The most frequent approach for weakly soluble basic drugs to achieve
a pH independent drug release profile is based on the incorporation of organic acids
within the formulation. They work by keeping the pH within the drug formulation low and
hence in the intestinal pH-range, resulting in enhanced dissolution behaviour and

bioavailability of the drug.

Previous researchers [37] have monitored the effects of citric acid, tartaric acid and
succinic acid on drug release in various of 10-30% from a cellulose acetate and beeswax
tablet matrix. The author concluded that the addition of an organic acids did not
sufficiently enhance the dissolution rate of the drug in the pH 7.4 environment. However,
when the pH of the dissolution medium was increased during the run, higher levels of

drug dissolution were observed.

Depending on the organic acid selected and the pKa, different dissolution rates can be

observed from the tablet matrix [37].
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2.2 Solid Oral Dosage Forms

2.2.1 Types of Drug Release Mechanism from Solid Oral Dosage

Forms

Drug release mechanisms from solid oral dosages can be described in a number of

ways and a brief overview is shown in Table 2.3 [38] [39]:

Table 2.3: Summary of different release mechanisms

Release Mechanism Characterisation
Immediate Released rapidly after administration.
Extended or controlled Within the body, the APl is released slowly at a

predetermined or constant rate.

Pulsatile Within the body, the APl is released over a period of

time in pulses.

Targeted or delayed API release is delayed until it reaches a targeted area
of the body.
Burst An initial large dose of drug is released before the

release rate reaches a stable profile.

A comparison of the immediate, burst and controlled drug release profiles is presented
in Fig. 2.3 [39] [40]. Immediate release (Fig. 2.3a) allows the drug to dissolve in the
gastrointestinal contents without delaying or prolonging the dissolution or absorption of
the drug. Many drugs fall into this category and this is particularly important if a fast onset
of action is required for therapeutic reasons such as relieving the symptoms of pain. An
example of this is a tablet containing a painkiller such as paracetamol, where a rapid

disintegration in the Gl is essential in order to allow a fast uptake into the body [41].

With burst release the drug is released at a higher rate initially, which is followed by a
more sustained release and often leads to a shorter total drug release time [42]. The
main issue with burst release is that it is not easily controlled and can be quite variable.

The underlying causes of burst release mechanisms are not fully understood and are
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thought to be attributed to a variety of physical and chemical process parameters [39].
Burst release is frequently observed in micro and nano particles prepared from poly
lactic-co-glycolic acid (PLGA). For sustained and controlled drug release formulations
containing PLGA particles, this can be problematic as they often exhibit biphasic release
profiles (with different drug release rates for each phase) [43]. Controlled drug release
systems also exhibit burst release behaviour during the first hours of immersion. This is
usually due to loss of the drug located in close proximity to the particle surface [42]. This
can also arise when a poorly entrapped drug easily diffuses out of the carrier during the
initial contact with the biological fluid. HPMC matrices often show burst release at the
start of a dissolution run. It has been proposed that this phenomenon could be the result
of release of drug from within the gel layer in the early stages of dissolution, before the
internal concentration gradients within the gel have stabilised [44]. Ravivarapu et al.
compared microparticles prepared from different molecular weight PLGA and found a
greater initial burst release due to the low molecular weight, higher porosity and surface
roughness. Differences in physicochemical properties of particles e.g. shape and size
contribute significantly to the prevalence of burst release from PLGA polymeric matrices

due to a higher surface to volume ratio.

With extended release systems the drug is released over a longer duration. This is
advantageous as the frequency of dosing is reduced. Extended release of a drug can be

achieved using sustained or controlled-release drug delivery systems [41].

In some instances, it is imperative that the drug selectively interacts with the relevant
tissue; in these scenarios, it is important to optimise drug release to achieve targeting
[41]. One example of this approach is the use of nanoparticle-based drug delivery

systems. These are extensively use for the treatment of tumours [45].
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Fig. 2.3: Schematic comparing immediate, controlled, burst and biphasic burst
drug release profiles. Adapted from [39] [40] [46]

2.2.2 Methods to Monitor Drug Release

To overcome the problems associated with BCS class Il (poorly soluble, basic drugs)
drugs, it is essential to gain an insight into the within-tablet dynamics and release
behaviour (dissolution) of the drug, including the stability and transformations to the
potential different forms (ionised, amorphous) at the molecular level. One way to
investigate this is by using Attenuated Total Reflection-Fourier Transform Infrared (ATR-
FTIR) spectroscopic imaging, which can provide detection of drug, polymer and other
excipients within the tablet matrix and which enables the monitoring of the release
behaviour simultaneously of these components when the tablet undergoes hydration

[47].

Previous studies by Kazarian [8] have shown that Mid-IR spectroscopic imaging in
Attenuated Total Reflectance (ATR) mode can successfully be applied to monitor real

time hydration processes of solid dosage forms in situ.

Currently, a common approach for pharmaceutical companies is to use the dissolution
method [48] for assessing controlled drug release from solid oral dosage forms [49]. Drug
release data can be obtained by measuring the drug content in solution as a function of

time using UV spectroscopy or High-Performance Liquid Chromatography (HPLC). This
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method provides a basic knowledge of the drug concentration in solution; however, it

does not provide an in-depth understanding on the mechanism of drug release [50].

Imaging techniques have also been used to investigate and characterise drug release

mechanisms from solid oral dosage forms and these include:

e Magnetic resonance imaging (MRI) [51],

Confocal imaging [44] [52]

Near Infrared Imaging (NIR) [53]

FTIR imaging [54] [55]

Raman Spectroscopy [56]

Several groups have used ATR-FTIR imaging to study drug release mechanisms from
solid oral dosage forms which use an HPMC polymer matrix [50] [57] [58] [59].The
advantages associated with using spectroscopic imaging techniques is that these setups
rely on the bonds between atoms in the molecule absorbing infrared energy to provide a
characteristic chemical fingerprint and are not reliant upon on the addition of chemical
dyes/labelling methods in order to identify/monitor particular chemical moieties/bonds
[50]. Other advantages include minimal sample preparation and sample size. This can
be explained by the fact that the penetration depth of IR light in the sample for ATR
measurements is independent of sample thickness and therefore tablets of any thickness
can be analysed [50]. Another advantage is that strongly absorbing molecules such as
water do not pose a problem with this type of measurement due to a smaller depth of
penetration [60]. However, a limitation of this approach is that the area analysed may not
capture the compositional changes of the tablet as a whole (~640 x 640 um?). Using the
approach of mosaic imaging (“stitching” of images together) can be used to provide an

overall view of the tablet, however this can be very time consuming [61].

Furthermore, the use of FTIR imaging techniques are proving to be popular with the
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pharmaceutical industry as they provide a greater understanding of the mechanism of
drug release. Currently this sector is very much dependent on the dissolution approach
described above, in which drug mechanism can only be inferred [50]. FTIR imaging
instrumentation uses a focal plane array detector (FPA), which contains multi - channel
detectors consisting of an array of small detector elements, facilitating the collection of
multiple spectra simultaneously. FTIR images can be obtained in transmission, reflection

or ATR mode.

e Transmission mode- the infrared light passes through the sample.
e Reflection mode - the infrared light is reflected from the surface of the sample
e ATR mode- the infrared light is totally internally reflected through sample—
crystal interface, the crystal is a material of high refractive index (such as
diamond, germanium or silicon).
To perform FTIR imaging, various methodologies have been developed. Koenig and co-
researchers [62] worked on an approach where FTIR imaging was used in transmission
mode to understand dissolution and drug release [62]. However, the major disadvantage
of using transmission is the limitation on sample thickness and a prerequisite is to have
thin samples when used in conjunction with water. Pharmaceutical tablets would require
microtoming and this has proven to be problematic. Collecting images in reflection mode
requires the sample surface to be smooth [54]. Because of this restriction, ATR-FTIR
imaging has become the preferred approach [57]. With this method, the tablet is pressed
onto the ATR crystal with the dissolution cell on top. However, this can impact on the
water penetration and the formation of the gel layer as the dissolution medium is only in
contact with the sides of the tablet [57]. In order to overcome this, Puncochova et al.
have used ATR-FTIR imaging in conjunction with magnetic resonance imaging (MRI) to
obtain a more comprehensive and in-depth understanding of the chemical and physical

processes that occur during dissolution.

Keles et al. studied the release of the growth hormone hGH from gamma-irradiated

Poly(D,L-lactide-co-glycolide) and polylactic acid (PLGA/ PLA) micro particles using
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ATR-FTIR imaging in order to gain a better understanding of how gamma radiation
impacts on the hGH release kinetics. This research focused on using FTIR imaging to
investigate the release of protein or peptides from a single micro-particle in situ, providing

important information about the release mechanism [55].

ATR-FTIR imaging enables multiple spectra to be collected simultaneously, allowing a
chemical image of the material to be generated relatively quickly [63] [64]. From this,
information about the polymer, drug and water distribution can be gained simultaneously.
The advantage of this approach is the ability to provide characterisation of the molecular
species present and morphology of the polymer matrix [64]. ATR-FTIR images consist
of spectral and spatial information and therefore requires additional steps for converting
the data into chemically and physically significant information. There are several
methodologies for doing this, the simplest being to plot the peak height or peak area of

a band from a known component.

ATR-FTIR imaging has previously been used to study the mechanism of drug release
from HPMC matrices [50] [57] [58]. Niacinamide incorporated into an HPMC matrix was
used as a model system [65]. Work by van der Weerd and Kazarian described an
approach to studying drug release from a tablet by using a combination of chemical
imaging via ATR-FTIR imaging and dissolution. The tablet was compacted directly onto
the ATR crystal and dissolution of the tablet was also investigated by flowing the
dissolution medium through the ATR cell and thence to a UV detector, to quantify the
amount of dissolved drug (Fig. 2.4) [65]. The compaction device was designed such that
the flowing medium was only introduced when the tablet had been compacted, therefore
combining imaging and the measurement of dissolved drug in the dissolution medium as
a function of time. This work focused on using a partial least squares (PLS) calibration
to obtain quantitative analysis for the concentration of water, polymer and drug as a
function of time as opposed to images based on absorbance of a particular band of each
component. Comparable data was then obtained from conventional dissolution tests for

validation [65].
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Fig. 2.4: Schematic presentation of compaction flow-through cell used in ATR-IR
imaging linked to a UV detector shown on the right for quantitative measurement
of dissolved drug. Reprinted from [65], with permission from Elsevier

Hifumi et al. have used ATR-FTIR imaging to investigate the influence of different
polymer matrices on drug release. They studied ibuprofen loaded HPMC films as a rapid
release model and ibuprofen loaded polyvinylpyrrolidone (PVP) films for extended
release. The authors used a bespoke transparent flow cell placed over the polymer film
and positioned such that at least half of the ATR crystal was covered. They were able to
discern information on the distribution of the components in each system, the rate of
water ingress, dissolution behaviour of the different components within the polymer films
and interactions between the excipients and drug. They were also able to show that, by
controlling the local pH and ionic strength around the HPMC films by incorporating a pH
modifier and a hydrophobicity modifier to the PVP-based films, drug release behaviour

could be controlled [66].

Ewing et al. used ATR-FTIR imaging combined with a polydimethylsiloxane microfluidic
device to monitor the behaviour and release of ibuprofen in situ under flowing conditions
at pH 1 and 7. It was reported that the low pH environment inhibited the release of the
drug due to conversion from the molecularly dispersed ibuprofen to the crystalline form

[67].

20



Near-IR (NIR) imaging can also be used in a similar way to ATR-FTIR imaging to monitor
and determine drug release profiles from tablets under flowing conditions [56] and it has
the advantage that analysis can be performed through the thickness of a tablet [68].
However, one of the disadvantages to this approach is the reliance upon multivariate
analysis to elucidate information from the sample due to the broad absorption bands
generated from an NIR spectrum [69]. In mid-IR spectroscopy the origin of fundamental
vibrations of chemical moieties are better understood, reducing the ambiguity of band

assignments and aiding interpretation.

Wray et al. were able to use NIR imaging with an FPA detector and Raman spectroscopy
to investigate the dissolution of a whole tablet in combination with a custom designed
flowing dissolution cell which was used for both techniques. The research focused on a
model drug with a pKa of 3.98 which readily disproportionates. This is a common problem
with pharmaceuticals and gaining a better understanding of this would be advantageous

in order to overcome these effects [56].

2.3 Hydrophilic Matrices

Hydrophilic matrix tablets based on hydroxypropyl methylcellulose (HPMC) are a
favourable choice for oral extended drug release dosage forms especially for weakly
soluble drugs. The reasons for this include the knowledge base for the technology,
regulatory status, low cost, ease of manufacture and relative inertness [70] [71] [72]. Due
to their swelling properties, they have gained considerable popularity in the formulation
of oral dosage formulations. Also, the good compression characteristics of cellulose
ethers exhibit means they can be directly compressed to form sustained release
swellable matrices. HPMC/cellulose derivatives are used in a wide range of applications,

some of which include the pharmaceutical, food and textile industries [73].

2.3.1 Structure and Chemistry of HPMC

Cellulose is a plant-based carbohydrate, the structure having repeating anhydroglucose
units. This is a hydrophilic material and a natural polymer, however due to its highly
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crystalline nature and because of the strong intramolecular and intermolecular
interactions, pure cellulose is insoluble in water. By changing the ordered crystalline
regions of cellulose by the incorporation of chemical groups, solubility can be achieved

[73].

HPMC, also known as hypromellose, is a cellulosic-based polymer with methoxylic and
hydroxypropoxylic groups substituted onto the anhydroglucose backbone. The chemical
structure of HPMC is shown in Fig. 2.5. HPMC is available in a variety of grades based
on the extent of substitution and viscosity. The ratio of methoxyl and hydroxpropyl
substitution have a significant impact on the polymer properties such as solubility and
the viscosity of the polymer solution. In addition to this the physicochemical properties of
HPMC are strongly affected by the molecular weight which ranges from 10,000 to
1,500,000 Da [74] [75]. For use in pharmaceutical applications, the United States
Pharmacopeia distinguishes four different grades of HPMC, classified according to their

relative hydroxypropyl and methoxy content as shown in Table 2.4 [76] [77].
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Fig. 2.5: The chemical structure of HPMC (taken from Wikimedia Commons-

public domain)

HPMC is produced by treating pulped cellulose with a solution of caustic soda. Burdock
reported the use of an 18% sodium hydroxide solution [78]. In order to introduce the
propyl and hydroxyl methyl groups, the caustic cellulose pulp is reacted with methylene

chloride and propylene oxide (Fig. 2.6) [79].
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Fig. 2.6: Overview of HPMC synthesis (R = -H, —CH3;, or — CH,CH(OH)CH5).
Reprinted from [80], with permission from the American Chemical Society
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Table 2.4: Grades of HPMC used for pharmaceutical oral controlled release

HPMC TYPE USP Type Methoxy % Hydroxypropoxy %
K 2208 19-24 4-12
E 2910 28-30 7-12
F 2906 27-30 4-7.5
J 1828 16.5-20 0.93-1.15

The HPMC used in this study was K100M CR Premium grade. The letter ‘K’ in the prefix
denotes the HPMC chemistry (cellulose ether type) and the K type is a hydroxypropyl
methylcellulose product as are E and F [77] [81]. The number after the letter refers to the
viscosity grade in millipascal-seconds (m.Pa.s) for the product measured in 2% agueous
solution at 20°C. The letter M is used represent a multiplication factor of 1000. The ‘CR’

denotes controlled release grades [77] [81]. This is summarised in Fig. 2.7.

@ Physical form

METHOCEL*®100M Premlum

D _

Fig. 2.7: Schematic explaining nomenclature used for METHOCEL K100M
cellulose ether (adapted from The Dow Chemical Company 2000) [77] [81]
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2.3.2 Drug Release from Hydrophilic Matrices

Oral drug delivery commonly uses a hydrophilic polymer matrix for dosing and the

control of release.

Swellable matrices consist of a compressed mixture, with key constituents being a
hydrophilic polymer and the drug. These types of matrices rapidly hydrate when in
contact with water and form a gel layer of hydrated polymer (highly concentrated
polymer, described as a highly entangled polymer chain network) around the tablet
matrix controlling release of the drug by hindering water ingress [14]. The hydration of
the polymer progresses by ingress of fluid into the tablet over time and contributes to
controlling the release of the drug by modulating the rate of water ingress [14], however,
drug dissolution in, and diffusion through the matrix, as well as erosion of the hydrated
polymer under shear at the interface between the gel layer and the bulk medium also

contribute to drug release.

2.3.3 HPMC as a Model Hydrophilic Matrix

Understanding the mechanisms controlling the rate of drug release from an HPMC
hydrophilic matrix tablet can be pursued by considering the movement of three fronts
inside the evolving matrix tablet over time (Fig. 2.8): the boundary between yet-to-be
hydrated polymer and hydrated polymer (swelling front); between hydrated polymer and
bulk aqueous medium (erosion front); within the hydrated gel where undissolved drug is
in equilibrium with dissolved drug (diffusion front) [70] [82]. These are the key factors of
understanding the mechanism of drug release from hydrophilic matrices and the key
parameters for tailoring and controlling the release of drugs from these types of matrices

[70]. Drug release kinetics can be determined from the movement of the erosion front.
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Fig. 2.8: Diagram showing the evolving fronts within a hydrating hydrophilic
matrix tablet. Reproduced with permission from Therapeutic Delivery as agreed
by Newlands Press Ltd Timmins et al. [70]

The mechanism of drug release outlined by Ford [79] is as follows: initial, rapid release
of drug on hydration, followed by either controlled diffusion through the gel layer or
continual exposure of fresh drug due to erosion. The author also concluded that the
release of water-soluble drug controls diffusion, while for poorly-soluble drugs, erosion
of the matrix is the dominating factor in release [79], thereby confirming there is a direct

correlation between drug solubility and the drug release mechanism (Fig. 2.9).

It has previously been reported [83] that in hydrophilic matrices with sparingly or slightly
soluble drugs, solid drug particles are transported within the gel layer by polymer
swelling, so-called translocation. The presence of solid drug particles in the gel layer
impaired the swelling of the polymer matrix due to restricting the disentanglement of the
polymer chains. Furthermore, a correlation between decreased drug solubility and
erosion of the matrix was observed. However, the methodology used by Bettini et al. [83]
does not provide chemical information pertaining to solid drug particles. For poorly
soluble drugs in hydrophilic matrices, the erosion mechanism of the hydrated polymer is

important as it is this erosion that results in the liberation of undissolved drug [83].
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Fig. 2.9: Schematic showing the release mechanism of drugs from hydrophilic

matrix tablets. Adapted from Alderman [14]

An important consideration for controlled drug release from hydrophilic matrices is the
glass transition temperature (Tg) of the polymer [76]. The Tg of HPMC is 154-184 °C
[84], meaning that at ambient conditions it exhibits glassy behaviour [79]. However,
exposure to water/dissolution media results in a decrease in Tg such that the polymer is

in a rubbery state at ambient temperature.

Maderuelo et al. [85] related the different stages of HMPC hydration and formation of the
so-called gel layer to these changes in glass transition temperature. The authors state
that the gel layer forms as a result of a decrease in the glass transition temperature,
whereby the polymer undergoes a progressive change (structure and composition) in the

matrix from a glassy to a rubbery state (the gel layer) resulting in swelling [85].
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Furthermore, water ingress also leads to polymer chains uncoiling and extending,

producing more sites for hydrogen bonding which in turn leads to swelling [79] [86].

The disentanglement mechanism during polymer dissolution as described by Siepmann
et al. [87] (Fig. 2.10) highlights a polymer concentration gradient (also referred to as the
gel layer [70]) when water comes into contact with HPMC tablet matrices. Siepmann
describes the polymer network as a dense matrix, in which the macromolecules are
restricted (non-swollen polymer). When the polymer comes into contact with water,
relaxation of the polymer chains occurs and the mobility of the macromolecules
increases significantly, which results in a decrease in polymer concentration and an
increase in volume expansion of the system. The entangled polymer chains can undergo
disentanglement or modification of their entanglement configuration. As its concentration
decreases the ratio of disentangled polymer chains increases in comparison to the newly
formed entangled macromolecules, meaning the HPMC matrix is eroded. The
disentangled polymer diffuses through the gel layer into the surrounding solution and is

observed by a distinct polymer concentration gradient [87].

1

Non-swollen Swelling polymer Disentangling Unstirred layer with Well-stirred release
polymer with water polymer molecules polymer medium
concentration concentration
gradient gradient

Fig. 2.10: Schematic diagram of different stages of polymeric disentanglement.

Adapted from Siepmann et al. [87]

The kinetics of the process described is affected by the polymer chain length and with

longer chains it is slower due the higher degree of entanglement within the tablet matrix
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[88] and differences in water ingress and swelling are observed between a high and low

molecular weight HPMC polymer.

Siepmann et al. suggested that the drug release mechanism from HPMC based
formulations is highly dependent on the device design parameters such as the

composition and geometry (size & shape) of the delivery system [76].

For example, the thickness of the gel layer plays a crucial role in the drug release process

and essentially depends on the drug dose and the viscosity of the polymer.

Novaka et al. identified the following factors that influence drug release from a hydrophilic

matrix [89]:

Viscosity and particle-size distribution of the polymer;
e Ratio of the polymer to drug;

e Polymer grade;

e Compression pressure;

e Thickness of the tablet;

e Particle size of the drug;

e Entrapped air in the tablets;

e Molecular geometry of the drug;

e Solubility of the drug;

The presence of excipients.

2.3.3.1 Effect of Polymer (HPMC) Concentration

There is a consensus that increased polymer concentration leads to a decrease in drug
release rate. Ford et al. studied the effects of various formulation variables on the release
rate of promethazine hydrochloride from HPMC tablet matrices and concluded the major
controlling factor was the drug to polymer ratio. It was also concluded that increasing the
particle size (45—63 to 500—-700 um) of the promethazine hydrochloride only yielded an

additional 12% increase in the dissolution rate of the drug. Concluding, changes in drug
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particle size only marginally yielded an increase in the promethazine hydrochloride [90]

[91].

2.3.2.2 Effect of Polymer (HPMC) Viscosity

Investigations carried out on how differing viscosities of HPMC impact on drug release
from hydrophilic matrices confirm that the drug release is reduced with increasing
polymer viscosity. This is due to faster swelling of the polymer side chains, which form a

stronger gel structure and which in turn hinders drug release.

Rahman et al. [92] looked at a range of different grades of viscosity for HPMC matrices
(K100M, K15M, K4M and K100LV) used for oral controlled drug release in conjunction
with the drug diclofenac sodium. The authors found significant differences in the drug
release profiles depending on the viscosity grade of the HPMC matrix, with higher
viscosity grade (K100M) producing a slower release of diclofenac sodium in comparison

to the other grades [92].

Nokhodchi et al. explored the effect of different particles sizes (<45-350 um) on the
tensile strength of HPMC compacts of different viscosity grades. The researchers
concluded that particle size had a marked effect on the tensile strength properties of the
compacts. A clear relationship was observed, with a reduction in particle size leading to
an observed increase in the tensile strength for all the different grades of HPMC
investigated (K4M, K100M, K15M and K100). The authors concluded that the smallest
particle size in combination with the lowest viscosity grade (K100) resulted in compacts
exhibiting greater mechanical strength. It was also proposed that K4M and K100 are
superior grades for sustained release formulations, due to their high tensile strength

properties [81] [93].

2.3.3.3 Effect of Polymer (HPMC) Particle Size

Ford et al. have shown that HPMC particle size can have a significant effect on drug
release from these types of matrices. Studies conducted on propranolol hydrochloride

concluded that the drug release can be impacted on by the particle size of the polymer
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matrix. The researchers found the drug release rate decreased as the particle size of
HPMC reduced from >355 um to 150-210 um, however subsequent reduction on the
particle size (75-150 um and <75um) did not impact on the release rate [79] [94].
However, coarser particles of HPMC (>355 pm) can prevent sustained release as they
are considered to hydrate too slowly, potentially leading to a burst release [79]. Studies
carried out [95] have attributed this to the HPMC particles not being able to coalesce to
adjacent particles, causing the matrix to disintegrate. It is also postulated that the coarser
particles of the polymer allow water ingress and disintegration to occur prior to the gel

layer forming which prevents the internal drug from dissolution [79].

2.3.4 Monitoring Swelling Behaviour of HPMC on Hydration

Previous studies have incorporated non-diffusing insoluble markers to gain insight and
quantify swelling within the gel layer of hydrophilic HPMC matrix tablets. The movement
of the fluorescent markers was tracked and observed using a confocal laser scanning
microscope [96]. Interestingly, analysis of the tracks indicated a wave of expansion that
started and was greatest at the exterior, moving inwards towards the core. The findings
also suggested that as deeper layers started to expand, swelling continued in the outer

layers.

HPMC is chemically stable over the physiological pH range [79], however, the swelling
properties of HPMC are strongly influenced by the ionic strength of the medium [97] [98].
The ionic strength can vary considerably in the fluid within the gastrointestinal tract (Gl)
and depending on fasted and fed states, can range from 0-0.5 mol/L, impacting on drug
release from a hydrophilic polymer matrix [97]. Many different approaches have been
used to investigate the formation of the hydrated gel layer and the impact of ionic strength

employing a range of techniques [99] [100].

Several techniques have been employed to investigate the swelling properties and
characterize the formation of the gel layer. These include optical imaging which is a

common approach to detecting the water enhancing front and works on the basis of
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detecting changes in refractive index at the interface of the polymer gel and tablet core,
also referred to as the glassy core [57]. Other techniques that are utilised to investigate
the swelling of hydrophilic matrices are: *Hydrogen nuclear magnetic resonance (NMR),

confocal laser scanning microscopy and ATR-FTIR.

Researchers have also investigated swelling of HPMC tablet matrices using a technique
based on scattered light passing through the hydrating matrix. This enabled them to
identify the swelling front and follow swelling evolution of the tablet matrix in situ without
any physical constraints in both radial and axial directions [101] [102]. Other techniques
which have been used to investigate the gel layer structure and gel thickness of these

types of matrices include texture analysis [103].

Franz Hoffmeister in 1888 discovered salts had different effects on the stability of
proteins from egg whites in water. Hoffmeister observed that some salts would cause
the proteins to precipitate out of solution whilst some would enhance the stability of the
solution. Following this, researchers have formulated an ordering of the salts which is
commonly referred to as the Hofmeister series or lyotropic series [104]. The impact of
ionic salts on the swelling of HPMC is dependent on their rank order in the Hofmeister

series with higher valency ions being more potent.

More recently, Williams et al. reported high concentrations of sugars can accelerate drug
release from hydroxypropyl methylcellulose (HPMC) matrices. This is due to the sugars
suppressing polymer hydration due to particle swelling and coalescence being inhibited.
This prevents a coherent diffusion barrier forming and therefore water penetrates the
interior of the matrix. The authors studied the effect of sucrose in a range of different
ionic strengths and found an increase in gel layer thickness with type of sugar and slower
drug release concentrations achieved below 0.5M. At higher concentrations (0.6-0.8M),
disruption of the gel formation is observed which caused a marked increase of drug

release [105].
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Bajwa et al. used real-time confocal fluorescence imaging to investigate movement and
migration during the early stages of HPMC gel layer formation in the radial direction using
the fluorophore Congo red, which selectively binds with the cellulosic unit and hence acts
as a marker for the hydrated HPMC [98]. Fluorescent images obtained from HPMC tablet
matrices hydrating in a range of different ionic strength solutions of sodium chloride
(0.5M, 0.6M and 0.75M) for selected time points were examined (Fig. 2.11). The authors
found with the 0.5M sodium chloride solution the images show a coherent gel layer
formation in contrast to the 0.75 M which show little evidence of a gel layer. The authors
concluded that gel layer growth was suppressed with increasing salt concentration of the

hydration medium [98].

Fig. 2.11: Time series of fluorescence images in situ of hydrating HPMC matrices
in aqueous medium containing NaCl (0.5, 0.6 and 0.75 M) and 0.008% w/v Congo
Red. The dashed line represents the initial tablet boundary at t=0. The images are
coded for fluorescence intensity from white (highest) to black (lowest) as
indicated by the wedge. The bright regions indicate areas of high fluorescence,
highlighting regions of polymer hydration where the fluorophore has penetrated.
Hydration medium maintained at 37°C. Ex 488/Em > 510 nm. Scale bar =750 pm.

Reprinted from [98], with permission from Elsevier
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2.3.5 Quantification of Drug Release from Hydrophilic Matrices

Higuchi [106] derived a simple equation (2.5) that allowed for the quantification of a drug
release from thin ointment films which can also be applied to other types of drug delivery
methods such as controlled release transdermal patches or films for oral controlled drug

delivery.
M,
My

Where Kk is the Higuchi Constant, Mtis the amount of drug dissolved at time t, Mo is the

= k\/? Equation 2.5

drug in the original dry tablet.

This pivotal equation allowed the possibility of facilitating device optimization and gaining
an understanding of the underlying drug release mechanisms. Also, drug release from a
matrix can be controlled by optimizing factors such as the concentration of the drug within
the matrix, drug solubility and porosity and tortuosity of the polymer matrix system (shape
and size) [74]. Therefore polymer, drug and formulation related variables that affect drug
release kinetics can be carefully manipulated to achieve the desired release kinetics (Fig.

2.12) [74].

Polymer Variables
Polymer type
Polymer viscosity grade
Polymer proportion
Particle properties
Polymer combinations

l

Drug release rate

Drug Characteristics
Drug solubility
Dose/drug content
Molecular weight and size
Particle size and shape

Formulation Aspects
* Formulation geometry
* Processing technique
* Excipients/additives

Fig. 2.12: Schematic showing variables that impact on drug release mechanism
and kinetics from hydrophilic matrix tablet. Adapted from [74] by permission

from Springer Nature
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Some authors have stated that Higuchi’s equation may not be valid for hydrophilic matrix
systems [70]. For swellable matrices such as HPMC the important rate controlling
mechanisms are diffusion, swelling and erosion [107], therefore exhibiting a mixed
mechanism of release. Diffusion can be described using Fick’'s second law and the
following mathematical models derived by Korsmeyer-Peppas (Equation 2.6). This
provides a more comprehensive description of drug release from polymeric systems
(referred to as the power law) and importantly takes into account the HPMC-based drug

delivery system [107] [108]:

Mt/M(x = ktn Equation 2.6

Where Mt/Ma represents the fraction of drug release, k is the diffusion constant, which

considers the structural and geometric characteristics of the tablet, t is the release time
and n is the release exponent indicative of the mechanism of drug release and which
varies according to geometry of the dosage form (slab n=0.5, cylinder =0.45 and

sphere=0.43).

This has been modified further (Equation 2.7) by Ford to take into account burst effects

or lag times [79].

Mt/MCZ = k(t — l)n Equation 2.7
Where | is the lag time.
It should be noted that other mathematical models have been developed to determine
the release kinetics from swellable matrices, but it is critical when applying them that the
relevant factors associated with the system under investigation are taken into

consideration [79].
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2.4 Itraconazole-a Model Poorly-Soluble Drug

As discussed in section 1.1, the pharmaceutical sector has a requirement to improve the
release of poorly soluble drugs and increase their bioavailability. Itraconazole was
selected as a model drug for this work as it fits the profile of a poorly soluble drug: a
weak base (pKa=3.7), a highly lipophilic drug and practically insoluble at pH 7 [20].
According to the BCS classification, itraconazole falls into a class Il category, which
refers to drugs that exhibit low solubility and high permeability (Fig. 2.1) [19]. Itraconazole
presents one of the most difficult challenges to the pharmaceutical industry due its
extremely low aqueous solubility (1 ng/mL at pH 7). Even in favourable conditions (pH
1) the solubility is ~4 pg/mL, which is equivalent to 1mg of dissolved IT in 250 mL of

solution [20] [109] [110].

Itraconazole is an azole antifungal agent, which contains imidazole and triazole groups
(Fig. 2.13) and is a 1:1:1:1 racemic mixture of four diastereomers (two enantiomeric
pairs), each possessing three chiral centres. It is used to treat a range of fungal
infections, which include blastomycosis, histoplasmosis paracoccidioidomycosis and

chronic disseminated aspergillosis [111].
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Fig. 2.13: The chemical structure of Itraconazole
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2.5 Conclusion

This chapter has highlighted the challenges associated with the development of
sustained release oral solid dosage formulations incorporating pH dependent sparingly
soluble drugs. HPMC, the gel forming hydrophilic polymer used to make oral dosage
forms in this study was introduced and a brief explanation as to how it functions as a
controlled release matrix was provided. Using hydrophilic matrices to form semi-
permeable gel layers thereby controlling release can be complicated by changes in the
dissolution profile of drugs at different pH along the Gl tract. Strategies to provide a
favourable/consistent local pH, such as incorporating weak organic acids, can impact on
hydration, gel layer formation and tablet swelling kinetics. A brief survey of suitable
analytical tools to help understand the competing dynamics involved in hydration and
drug release from hydrophilic matrices was provided, with a strong focus on the
vibrational spectroscopic tools used in this study. Finally, the anti-fungal drug
itraconazole, IT, which was used as a model drug in this work was introduced. The

characteristics that make it suitable for this study were highlighted.
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3.0 Experimental

3.1 Analytical Techniques

3.1.1 Infrared Spectroscopy

3.1.1.1 Electromagnetic Radiation

The electromagnetic spectrum encompasses a range of radiation types including
visible, IR and UV light, microwaves and radio waves (Fig. 3.1). These all travel at the

same speed however, they differ in their wavelength and frequency.

Frequency v is defined as the number of wave cycles that pass through a point in one

second and is measured in Hertz (Hz).
Wavelength A is the length of one complete wave cycle and is measured in metres (m).

The wavelength is inversely proportional to the frequency as shown by the following

equation:

v = C//1 Equation 3.1

Where c is the speed of light

Visible

Increasing Frequency (v, Hz)
10%° 10t 10'6 101 10'? 10%° 108 10° 104 102
Gamma Rays X-Rays Ultraviol Infrared Microwaves Radio waves

Radiation Type
—-

Nuclear Core level electrons Valence Molecular Molecular rotations Nuclear spin
Transition electrons vibrations. Electron spin
101 10° 107 10° 1073 101 1 10t 10°

Near-IR Mid-IR Far-IR
13000 30
Wavenumber (¢cm)

Fig. 3.1: The electromagnetic spectrum highlighting the infrared region

Light consists of discrete packets of energy referred to as photons. The energy of a
photon is the product of its frequency and Planck's constant. Infrared spectroscopy is
the study of transitions of molecules between different quantised energy levels. In this

process a photon from the incident infrared radiation source excites a molecule which
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undergoes a transition from ground state to a higher energy state as shown in Fig. 3.2

below.

Vibrational
energy states

> N 171
>
()
C
L
Infrared
absorption

Fig. 3.2: Simplified vibrational energy level diagram showing the transition that

occurs when infrared light is absorbed by a molecule

The difference in energy between any two energy levels determines the frequency of
light absorbed during a transition between the two levels. The energy of the light
emitted from a particular transition can be calculated according to the Bohr-Einstein

condition:

AE — |E; — Ey| = hv Equation 3.2

where v the frequency of the light absorbed/emitted and h is Planck's constant. hv is a

quantum of energy referred to as a photon.

Vibrational spectroscopists and chemists use the reciprocal wavelength (1 / 1) which is
the number of wavelengths per unit distance (typically quoted in cm) as a measure of

the frequency of radiation. This is represented by the following:

z Equation 3.3

<
I

YN
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3.1.1.2 Absorbance and Transmittance Relationship and Beer Lambert

Law

As light passes through a sample, a degree of absorption takes place and this
attenuation of radiation can be described quantitatively by transmittance and

absorbance (Equation. 3.4 and 3.5 respectively).

I I

T =— A=—-logT = —log—

IO IO
Equation 3.4 Equation 3.5

Where | is the light intensity after it passes through the sample and o is the initial light

intensity.

It is possible to quantitatively measure the degree of absorption based on the Beer-
Lambert Law and the concentration of the compound of interest can be determined

from the IR absorbance using the following equation:

A= ecl Equation 3.6

where A is the absorption, ¢ is the molar absorptivity, | is the pathlength, and c is the

concentration of the specific analyte.

Absorbance is the more accepted unit for expressing the attenuation of radiation

because it has a linear relationship with the concentration of the analyte.
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3.1.1.3 The IR Spectral Region and Molecular Spectroscopy

The IR region can be subdivided into three portions (Fig. 3.1):
1) Near IR 13,000 to 4,000 cm™

2) Mid IR 4000 to 400 cm™?

3) Far IR 400 to 10 cm™?

Infrared radiation can be considered as primarily thermal energy, which induces strong
molecular vibrations in covalent bonds. However, not all the vibrations within a given
molecule will give rise to an absorption band in the infrared region. For a material to
absorb radiation in the infrared region there must be resonance among the frequencies
of the infrared radiation and molecular vibration and a change in the dipole moment must

take place.

The simplest theoretical model of vibrational spectroscopy is that of vibrations of a
harmonic oscillator [1]. The atomic stretching can be approximated by a mechanical
model corresponding to a mass m connected to a spring with no mass displacement of

the molecule along the axis of the spring [2].

If the spring obeys Hooke’s law, the strength, f, applied is proportional to the molecule

movement according to:

f — _kx Equation 3.7

where k is the spring constant and x is displacement of the molecule.

From this equation the potential energy and vibrational energy can be determined:

k = 412 v%m Equation 3.8
With this approach the frequency is only dependent on k and m and can be improved
using quantum mechanics. Vibrational energy like all the energies of the molecule are

guantised and can be calculated from the Schroédinger equation [3] [4]:

1
E, = hv n+§

Equation 3.9
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h is Planck’s constant
v is the fundamental vibrational energy

n is the vibrational quantum number (0,1,2,3,..)

For a diatomic model the harmonic model can be used to calculate fundamental

frequencies observed in a spectrum.

Hooke’s law can be transformed to reflect this:

1 k mm, Equation 3.10

- |= ="
L — U my +m,

v = frequency
¢ = speed of light

k = force constant (bond
strength)

u = reduced mass

The vibrational frequencies of a chemical bond are affected by the mass of the atoms in
the bond and the strength of the bond. This relationship can be explained by Hooke's

law (Equation 3.10).

In accordance with Hooke's law:

1) Frequency is directly related to bond strength. The stronger the bond, the faster the
bonds vibrate and therefore absorbance will occur at higher frequencies. Therefore, a

C=C stretching vibration is observed at a higher frequency than that of C-C.

2) The lighter the atoms linked by the bond, the faster the bond vibrates, resulting in

radiation absorbance of higher frequencies.

Molecules vibrate in many different ways (vibrational modes) and these range from the
simple motions of two atoms in a diatomic molecule to the complex motions of atoms in
a polyatomic molecule. Consider a molecule with N atoms; each of these atoms can

undergo translational, vibrational and rotational motion in the x, y and z direction, i.e. 3N
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degrees of freedom. Three degrees of freedom are needed to describe the position in
Cartesian space of the molecule and, in the case of a hon-linear polyatomic, three more
degrees of freedom are needed to describe the rotational motion of the molecule. The
remaining 3N -6 degrees of freedom describe the fundamental vibrations of that
molecule, e.g. water (Fig. 3.3(a)). In the case of linear molecules, only two degrees of
freedom are required to describe the rotational motion, leaving 3N - 5 fundamental

vibrational modes. Carbon dioxide is an example of a linear molecule (Fig. 3.3(b)) [2] [5].

(a) (3X 3-6=3 vibrational modes) J =) J J

Symmetric stretch Symmetric bending Antisymmetric stretch
V;- ~3600 cm™ V,- ~1600 cm? V3. ~3750 cm’?

No dipole moment

-— —_
co, 0900 0=0-0
-5=3 vi i Antisymmetric stretch
(b) (3X 3-5=3 vibrational modes) Symmetric stretch v ~3349 et

v,- ~1330cm’!

degenerate modes

© o, M c“0-0

in plane bending out of plane bending
symmetric stretch
V,- ~667 cm!

Fig. 3.3: Schematic diagram of the vibrational modes of (a) water; (b) carbon
dioxide; (c) degenerate modes carbon dioxide
There are two types of molecular vibrations referred to as stretching and bending.
Stretching changes the bond length and bending vibrations change the bond angle and

there are four types of bending vibrations (rocking, scissoring, wagging and twisting).

3.1.1.4 Practical Aspects of IR Spectroscopy

3.1.1.4.1 FTIR spectrometer

An FTIR spectrometer is typically based on a Michelson Interferometer as shown in Fig.
3.4. This consists of a beam splitter, a fixed mirror and a moving mirror. The
interferometer divides the beam of radiation using a beam splitter, generating a path
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difference between the beams resulting in constructive and destructive interference. The
beams are recombined to produce an interference signal measured as a function of
optical path difference by a detector and known as an interferogram. The interferogram
is a function of time and is converted to the frequency domain by a mathematical

approach known as Fourier transform to provide a spectrum (Fig. 3.5).

[ | Fixed mirror
Beam ]
IR source 1 splitter

Moving mirror

Detector

Fig. 3.4: Schematic of Michelson Interferometer
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spectrum using Attenuated Total Reflectance. Adapted from [6]

3.1.1.4.2 Detectors Used for FTIR

There are two basic categories of detectors used for infrared spectroscopy, either

thermal detectors or photoconducting (also known as ‘photon’) detectors.

Thermal detectors are made from materials such as deuterated triglycine sulfate (DTGS).
These operate at room temperature and can be used over a wide spectral range. This
type of detector measures the total energy absorbed from the infrared beam by detecting
changes in temperature of an absorbing material. This category of detectors can be
further subdivided into different types i.e. thermocouples, pyroelectric detectors and

bolometers. The main disadvantages with these types of detectors are a slow response

time and lower sensitivity relative to other types of detectors [7].
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Photon detectors consist of semiconductor-based materials, such as mercury cadmium
telluride (MCT) or lead sulfide. The photons of radiation are absorbed by the
semiconductor material producing electrons which can be measured. Commercially,
these detectors are sold as narrow band gap (type A). Altering the mercury:cadmium
ratio influences the bandwidth, thereby impacting on the operating spectral range [7].
The MCT-A detectors operate at the temperature of liquid nitrogen (-196 °C). The major
advantage of this type of detector is their sensitivity and speed compared to the DTGS

resulting in an improved signal-to-noise ratio (S/N) [7] [8].

3.1.1.4.3 Optimisation of Spectral Acquisition
FTIR spectrometers are based on rapid scans and signal to noise can be reduced by
adding multiple scans together in a process known as co-adding. The SNR is directly

proportional to the square root of the number of scans used to collect the data [9].

SNR a\/number of scans Equation 3.11

In FTIR the resolution relates to the ability of the spectrometer to distinguish between
two closely spaced spectral features. An increase in spectral resolution is achieved by
increasing the optical retardation (optical path difference between stationary and

moving mirrors).

However, there is trade-off between increasing the resolution and the S/N, as high-
resolution spectra will have more noise Also, increasing the resolution and the number

of scans will generate a longer collection time [6].

Most FTIR spectrometers have a laser, usually HeNe and the main purpose of this is to
determine the precise position of the moving mirror and hence the optical path difference

[6] [10].
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3.1.1.4.4 Transmission IR Spectroscopy

This a commonly used approach for FTIR measurements and this technique can be used
for analysing solid, liquid and gas samples. In transmission mode, the sample is placed
directly into the infrared beam. As the IR beam passes through the sample, the
transmitted energy is measured (Fig. 3.6). In a transmission measurement a spectrum
is collected that is an average of the bulk properties of the sample. In order to analyse a
solid material in transmission mode, sample preparation is usually required before the
analysis and a prerequisite is that the sample must be optically transparent in order to
ensure the light is being transmitted to the detector. Sample preparation can be time
consuming and ensuring a transparent sample is produced can be problematic.
Powdered samples are diluted with a non-absorbing material such as potassium bromide
and pressed, producing a transparent disc for analysis. Other approaches include
dispersing solid materials in a nujol mull (mineral oil). Nujol mull is an ideal choice as it
as has a limited number of absorbance bands in the IR region [11]. Analysis of liquids is
carried out by sandwiching the material between two IR transparent windows usually of

an alkali halide such as sodium chloride.

The transmission approach is used extensively to analyse thin samples because of the
requirement for short pathlengths (<10 um) therefore suited for thin films or tissues,

however it cannot be used to analyse thick samples such as tablets [12].

IR Source Sample Detector

Fig. 3.6: Schematic representation of transmission experimental setup
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3.1.1.45 ATR-FTIR

Attenuated total reflectance (ATR) is based on a beam of radiation propagating through
a crystal of high refractive index at an angle greater than the critical angle which
undergoes total internal reflection when it reaches an interface with a material with a
lower refractive index (e.g. air or a sample surface). A schematic of the ATR principle is
shown in Fig. 3.7. The critical angle can be defined in accordance with Snell’s law

(Equation 3.12).

le .

— oinn—1 Equation 3.12

6, = sin (—) q
nq

Where n1 and n2 are the refractive indices of the ATR crystal and the sample in

contact respectively [13].

An evanescent wave forms which decays a few micrometres beyond the crystal surface
into the sample, consequently ATR only probes the near-surface of a sample. An
exponential decay of the evanescent field is observed in the less dense medium in

accordance with the following equation [14] [15]:

21 1 .
E = EO exp _A_ (Sinz 0 — n%l)izl Equation 3.13
1

E is the value of the electric field at distance Z into the sample
Eo is the electric field amplitude at the surface of the sample

0 is angle of incidence

A1 is wavelength of the radiation in the ATR crystal in air

Ny is the ratio of the refractive indices (21 = N2/ ny)

Harrick and du Pre provide a description for the distance through which the evanescent
wave travels using penetration depth (dp) which is defined as the depth Eo at which the
electric field amplitude falls to a value E = Eo exp™" (evanescent wave intensity
exponentially decays to e of its value at the interface (Fig. 3.7) and is defined by the

following equation [12] [14] [16]:
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A

d. =
2mn,4/sin20 — (n; /n,)?2

Equation 3.14

p

A is the wavelength of light

0 is the angle of incidence

Researchers have shown in practice the actual sampling depth is approximately 3 x dp
[15].

Sample in contact with
evanescent wave

Penetration of evanescent d

~_ '

ny

U\/

Infrared
beam

ATR crystal

To detector

Fig. 3.7: Schematic explaining ATR principle. Adapted from [14] [17]

From equation 3.14 the depth of penetration of the IR beam is determined by the
refractive index (RI) of the IR transparent ATR crystal. Because it is preferable to have
a small depth of penetration, materials with a high refractive index are predominantly
used, as attenuated total reflectance is not achievable with materials of a low refractive
index. A range of different materials are available for ATR crystals and these are outlined
in Table 3.1. The refractive index of the crystal must be significantly greater than that of
the sample or else internal reflectance will not occur. Diamond (Rl = 2.4) crystals are
generally commonly used as they are chemically inert to corrosive materials and more
robust in terms of hardness and durability. However, materials containing a high
proportion of carbon black (filler) content such as tyres are inherently difficult to analyse
with a diamond ATR crystal and the spectra generated from these materials can be

distorted and dominated by a sloping baseline. This is due to a mismatch of the refractive

59



index of the ATR crystal and that of the sample, therefore germanium (RI = 4) or silicon

(RI = 3.4) are usually more suitable crystals (Table 3.1) for these types of materials [18].

The ATR-FTIR approach is becoming increasingly popular in the medical field for
detection of brain tumours from analysis of blood serum [19]. This provides rapid
confirmation and avoids lengthy delays in diagnosis [19]. Researchers have shown this
approach to be capable of discriminating between cancerous and non-cancerous blood
serum and determine the cancer severity relatively quickly (10 min) using 1 ul of serum

from a patient with an FTIR with ATR configuration and diamond crystal [20].

One of the advantages of the ATR-FTIR methodology is that solids, liquids and powders
can be analysed without the requirement for any sample preparation or sample dilution.
However, good optical contact must be established between the ATR crystal and sample,
otherwise this can result a poor quality spectrum. Also, for comparative purposes
applying a set/constant pressure is crucial, this is generally overcome with the use of a

torque wrench set to an appropriate value.
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Table 3.1: Properties of commonly used ATR crystals [21]

Material Refractive Spectral Range Depth of Hardness
Index (cm?) penetration at 45°, | (Knoop)
1000 cm™* (um)

Diamond 2.40 45,000-10 1.66 9000
ZnSe 2.43 20,000-500 1.66 130
Germanium 4.01 5000-600 0.65 550

Silicon 3.42 10,000-100 0.81 11150

3.1.1.4.6 Near-Infrared

Near-Infrared (NIR) provides information about combination bands and molecular
overtones (Fig. 3.8) and is useful in probing bulk material because NIR can typically
penetrate much further into the sample than mid-IR. NIR spectra show overtones and
combination of fundamental vibrations e.g. for the following functional groups: C-H, N-H
and O-H [22]. These types of bands are complex, which renders them difficult to interpret
because they are typically very broad bands which arise from absorptions in overlapping
wavelengths and which are ambiguous. It is therefore very problematic when trying to
interpret specific features and assign them to specific chemical components [23]. To
address this, results generated from NIR are processed in a variety of ways, including
principal component analysis and partial least squares in order to provide quantitative

information [24] [25].
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Because NIR spectroscopy allows for samples to be analysed quickly, directly, and non-
destructively without the requirement for sample preparation, it is ideally suited for
production control purposes, for industries such as the polymer and pharmaceutical
sectors. This methodology is commonly adopted for the analysis of tablets to determine
the assay of the API within the formulation. Eustaquio et al. [24] investigated NIR for
quantification and assaying of tablets containing paracetamol. They found the technique
to be a viable alternative to the traditional UV spectrometry approach. The
pharmaceutical sector has been actively encouraged by the food and drug administration
(FDA) to implement technologies such NIR in the production of drug products as part of
the Process Analytical Technology (PAT) program [26] [27]. This is because the
technique can be used in a variety of ways in the manufacture of pharmaceuticals and
to assist in the improved quality of the final drug product, e.g. to monitor the blending
process in order determine the homogeneity of an API in a solid dosage form, moisture

content, polymorph screening method etc. [27].
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3.1.1.4.7 ATR-FTIR Imaging

Mid Infrared chemical imaging set-ups in macro mode (without the use of a microscope)
are achieved using ATR accessories with a diamond or germanium crystal and a mercury
cadmium telluride (MCT-A) detector. The ATR accessory used in this study was the
Golden Gate produced by Specac and was designed specifically for FTIR imaging
(Varian) [28]. A schematic highlighting the internal optics and the IR beam path are

shown below in Fig. 3.9.

Diamond Sample
ATR crystal
Lens Lens
\‘ /

Mirror ~

|| |_~ Mirror

IR radiation I I To FPA

Fig. 3.9: Schematic of Golden Gate ATR-FTIR accessory used for FTIR
imaging. Adapted from [3] [17]

The FTIR imaging approach permits the collection of images from an area ~640x640 pm
with a spatial resolution of ~10 uym and a temporal resolution of ~30 seconds [29].
Traditional ATR-FTIR spectroscopy is not location-specific, spectra being an average of
the sample area in contact with the ATR crystal. More recently, FTIR Imaging
spectrometers have been developed in which spectra can be acquired from specific
locations on the ATR crystal. This is achieved by using a focal plane array (FPA) detector
which was originally designed for military and surveillance purposes [30]. The FPA is a
2D device used for the infrared region of the electromagnetic spectrum and consists of
a grid array of detectors in which each pixel acts as an individual detector and therefore

an entirely separate infrared spectrum can be obtained from each pixel [31]. The FPA
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detector allows the spatially resolved spectral information from all areas of a sample

simultaneously. The principle is illustrated in Fig. 3.10.
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Fig. 3.10: Schematic of ATR-FTIR imaging set-up with a 64 x 64 FPA detector.
Adapted from [32]

One of the most challenging aspects of this approach in this project was maintaining a
good contact between the collection optics of the FTIR imaging system (ATR crystal)
and the oral solid dosage sample during hydration experiments. This is because poor
contact between the sample and ATR crystal will result in lower absorbance, leading to
weaker intensities and hence variability between images acquired [33]. However, with
swellable matrices, the contact upon hydration improves due to the differences in
refractive index of the dry versus the hydrated tablet. Over the timeframe of the
experiment successful imaging of tablet swelling can therefore be observed due to the
formation of the gel layer establishing enhanced contact with the ATR crystal [17] [33].
Researchers have shown that Mid-IR spectroscopic imaging in ATR mode can
successfully be applied to monitor real time hydration processes of pharmaceutical solid

dosage forms in situ [34].
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The resolution of the FPA detector determines the number of pixels and therefore the
number of spectra generated. Currently the best commercial FPA detectors have a pixel
resolution of 128 * 128 providing the capability to produce 16,384 individual spectra from
one image [31]. However, a 64*64 pixel detector is also commonly used and this provides

4096 spectra from a single chemical image.

For FTIR imaging using an FPA detector the achievable spectral range to collect a mid-
Infrared spectrum is typically 4000-950 cm™. Lenses are incorporated within the ATR
accessory to focus the infrared beam on to the diamond crystal which has a surface area

of 4 mm?, allowing 4 times the magnification of the imaged sample [35].

3.1.1.4.8 Micro-FTIR Imaging

Micro-FTIR imaging can also be performed in ATR, transmission or transflection mode
where an infrared microscope is used in conjunction with the FTIR spectrometer and an
FPA detector. A schematic describing the three different approaches is shown in Fig.

3.11.

For the micro-ATR approach, the spatial resolution is described by the Rayleigh criterion

as shown in Equation 3.15 [17]:

r = w NA =nsiné
NA
Equation 3.15 Equation 3.16

where NA is the numerical aperture of system and is defined as the product of the
refractive index of the medium in which the sample is immersed (n:) and sin 6, where 6

is the half angle the angular aperture [36].

A is the wavelength of light

r is the distance required to completely resolve two nearby objects (2r)
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Fig. 3.11: Schematic of micro FTIR imaging in (a) transmission set-up (b)
reflectance and (c) ATR. Adapted from [3] [17]

Unlike immersion microscopy, which has a requirement for a high index liquid, micro-
ATR imaging uses a hemispherical crystal. The infrared light enters the hemispherical
crystal without refraction and therefore an increase in the value of n is observed.
Germanium (Ge) (refractive index ~4) is commonly used as the crystal as this provides
a greater spatial resolution. This is due to the greatly increased numerical aperture of
the micro-ATR objective through the high refractive index of the crystal [17]. Authors
have demonstrated a four-fold increase in spatial resolution compared to the same
microscope used in transmission mode using a Ge crystal, with an acheivable spatial
resolution of 4 ym [33]. This is particulartly advantageous for imaging of biomedical
samples.However, the downside to a higer spatial resolution is a smaller field of view 64

x 64 um.

Researchers have carried out imaging of colon biopsies using Micro ATR-FTIR
spectroscopy with a new hemispherical large radius Ge crystal (6=28 mm) compared to
a small Ge crysal (6=3.5 mm). This permits a greater amount of infrared light to probe
the sample and collection by the detector which advantageously decreases the aquistion

time whilst improving the overall signal-to-noise ratio of the spectra [37].

In FTIR microscopy Cassegrain objectives are frequently used as glass is problematic in

that is absorbs all the IR light. The infrared beam is focused on the sample through a
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reflective Cassegrain condenser and the transmitted or reflected light is collected by a

Cassegrain objective and then focused onto the FPA detector [10].

Using micro FTIR imaging in transflection mode, the sample must be deposited on a
reflective substrate. The IR beam passes through the sample to the substrate, where it
is reflected back through the sample to the detector. The principle of transflection is

shown in Fig. 3.11(b).

Emanuel et al. have successfully used FTIR imaging in transflection mode to investigate
visualization and quantification of extracellular matrix (ECM) composition of
intervertebral discs without the requirement for the lengthy process of histopathologic
preparation and immunohistochemical staining. Using more traditional methods such as
histology and magnetic resonance it is difficult to detect or quantity subtle changes in the
ECM. The authors were able to use FTIR imaging to study subtle changes in ECM
composition and structure using chemical bonds as markers from collagens and

proteoglycans to provide insight into early-stage intervertebral disc degeneration [38].

Micro-FTIR imaging in transmission mode has been used extensively in cancer studies
with the aid of spectral biomarkers to determine the presence of cancer in biological
materials [39] [40] as molecular differences can be detected between normal and
diseased tissues. The advantage of this approach is that it allows for continuous
monitoring of treatment response and tracking of disease progression in comparison to

conventional screening and diagnostic methods [40].

Verdonck et al. carried out a feasibility study into using FTIR imaging as a potential
diagnostic tool to identify characteristics of epithelial cells in breast tissue and the stroma
(chemical changes occur in the stroma near a tumor). Using the technique, the authors
were successfully able to distinguish between the main breast tissue (nhormal) cell types

from epithelial cells associated with the tumor [41].
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3.2 Dissolution

Dissolution testing was widely adopted in the 1970s with the introduction of a
standardised approach using the United States Pharmacopeia apparatus, referred to as
USP | and Il and with the guidance published by the United States Food and Drug
Administration (FDA). However, the United States Pharmacopeia now have four
dissolution apparatus used for developing drug dissolution methodologies for solid oral

dosage forms [42]. These are as follows:

Apparatus one: Baskets (USP 1)

Apparatus two: Paddles (USP 1)

Apparatus three: Reciprocating cylinder (USP I111)

Apparatus four: Flow through cell (USP V)

Dissolution is routinely used in the pharmaceutical sector to aid drug formulation
development and more commonly in a quality control capacity for batch release and
stability testing as required and mandated by regulatory agencies. Initially this technique
was developed for solid oral dosage forms but now has a much wider scope, including
controlled release formulations, suspensions and transdermal patches [43]. However,
the main reason for using in vitro dissolution testing is to predict in vivo performance of
the drug [44]. During this time the dissolution approach was much simpler as most of the
drugs under development had sufficient solubility and were categorised as BCS 1 and 3

and were incorporated in conventional tablet or capsule formulations [45].

Monitoring the release of the API from the dosage form during dissolution test is
commonly carried out using UV spectroscopy. Before commencement of the dissolution
testing, it is important to acquire a spectrum of the drug to determine whether the UV
absorbance wavelength of the fully released drug from the tablet matrix is within the
range of the spectrophotometer. In accordance with the FDA methodology, analysis is
carried out on six of the same dosage forms in order to determine statistical significance.

The dissolution vessel is cylindrical in design with a hemispherical bottom and a paddle
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is used to stir the dissolution medium at rate specified by the USP method. USP | and
USP Il are the commonly used methods for dissolution (schematic shown in Fig. 3.12).
The temperature inside the vessel is maintained at 37° C + 0.3° C. Conventional
dissolution uses 900 mL of dissolution and sometimes with a solubiliser in order to

achieve sink conditions.

Depending on the methodology, either 500 mL or 900 mL of dissolution medium is used
(usually phosphate buffer for pH 7 or 0.1N for pH 1.2). The USP monograph for a drug
product defines the specifications, such as assay and dissolution requirements. For
known formulations the recommended methods for dissolution can be located from the

FDA dissolution methods database [46].

Known aliquots are withdrawn from each of the dissolution vessels at specified time
intervals, either manually or using an automated system and the concentration of API is
measured using UV as a function of time. Drug release profiles (percentage drug
dissolved vs. time) can be generated following completion of the dissolution test. It is
important to note that this type of analysis is not intended to provide mechanistic insight
into the drug release as the methodology does not reflect or mimic the highly complex

and dynamic in vivo conditions encountered in the Gl tract.
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Fig. 3.12: Schematic (a) Basket USP | and (b) Paddle USP Il dissolution set-up.
Adapted from [46]

3.3 Raman Spectroscopy

3.3.1 Principles of Raman Spectroscopy

The Raman effect was first reported in 1928 by Raman and Krishnan [47] and from this
understanding, the technique of Raman spectroscopy was developed. Raman
spectroscopy is a complementary technique to infrared spectroscopy and is similar in
that it also provides information about the chemical bonds within a compound. Raman
spectroscopy is a scattering technique and is based on the inelastic scattering (Raman
scattering) of incident radiation through its interaction with vibrating molecules and hence
it probes the molecular vibration (vibrational, rotational and low-frequency modes). The
process of scattering can take place with or without an exchange in energy between the

incident radiation and the molecule, as discussed in the following paragraphs.

There are three potential outcomes associated with scattering and these are represented

diagrammatically in Fig. 3.13.
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Fig. 3.13: Jablonski energy level diagram illustrating Rayleigh and Raman

scattering adapted from [48]

o Stokes scattering- (Raman) results from a scattered photon, whose energy
differs from the incident radiation. If, during the scattering process, nuclear
motion is induced, it will result in energy transfer either from the incident photon
to the molecule (referred to as Stokes Scattering) or from the molecule to the
scattered photon (referred to as Anti-Stokes Scattering). This process is
referred to as inelastic and results in the scattered photon having a lower

energy and a higher wavelength than the incident photon [49].

o Anti-stokes scattering- This type of scattering is rarely used because it is a
weaker process than the stokes scattering and is temperature dependent,
governed by Boltzmann’s law. If a molecule is in an excited vibrational state
when an incident photon is scattered, the process is known as anti-Stokes
scattering and results in the scattered photon having higher energy and a lower

wavelength than the incident photon.
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o Rayleigh scattering- With this scattering process, the light interacts with the
molecule which causes distortion (also referred to polarizability) of the
electrons around the nuclei to form a temporary state known as a virtual state.
If, in this scattering process, only the electron cloud is distorted and the photon
returns to the starting position, the photons are scattered with the same
frequency as the incident radiation. This scattering process is regarded as
elastic scattering and is the dominant process. i.e., no net change in the energy

between the incident radiation and the molecules within a sample [49].

Raman scattering is a very weak phenomenon in that one in every 10%108 photons that

are scattered are Raman scattered [49].

In order to explain the origin of Raman spectra, it is necessary to consider the classical
theory of scattering when photons from a laser interact with the electron cloud of a

covalent bond in a molecule [50].

A relationship can be established to show that the Raman scattering intensity is
proportional to the number of molecules being illuminated. This permits the use of

Raman spectroscopy for quantitative analysis.
Ip = (I ogX)PC Equation 3.17

Where Iris the measured Raman intensity, I, is the laser intensity in photons per second
and or is the absolute Raman cross section in cm?/molecule and X is the experiment

constant, P is the sample path length in cm and C is the concentration in molecules/cm?

[51].

In Raman Spectroscopy an intense source of monochromatic ultraviolet, visible or
infrared radiation, typically from a laser, irradiates a sample surface where there is then

an exchange of quantised vibrational energy.
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The Raman spectrum is obtained from the frequency difference between incident
radiation and the scattered photons. This is referred to as Raman shift and is calculated

using the equation 3.18.
1 1 _
A/V = (_ — _> Equation 3.18

Selection rules for Raman differ to those for IR. For a vibration to be IR active there must
be a change in the dipole moment during vibration and for Raman active modes there

has to be a dipole induced during the scattering of light by the molecule [52].

The Raman process arises due to the polarizability of a molecule and as such is a
measure of molecular polarisability (the degree of distortion of the electronic cloud) [47].
Distortion is easier for the electron clouds of molecules and atoms that are further away
from the nucleus in comparison to those closer to the nuclei and hence a stronger

polarisability.

Raman scattering can be described by understanding the process of an oscillating
electric field interacting with a polarisable molecule. The presence of an electric field, E,
induces polarisation (a) of an atom/molecule. The induced dipole p (sometimes shown

as P) is determined by the following equation:

u=ak Equation 3.19

Therefore, the magnitude of this induced dipole moment is proportional to the electric

field.

Understanding the results generated from Raman spectroscopy requires the
interpretation of vibrational modes in spectra where the frequencies of vibrational peaks
can be attributed to the chemical functional group of the material being analysed. The
position and intensity of a Raman band is used to characterise chemical functional
groups [53]. Also, frequency shifts of specific vibrational modes can provide insight into

potential changes in the chemical composition of the molecules within a material [54].
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Not all vibrations are active in Raman scattering. As a Raman selection rule, nonpolar
groups and ring structures are known to be Raman active chemical groups that generate
strong peaks and are often well-resolved in the Raman spectra. Conversely polar groups
containing vibrational modes assigned to stretching and bending vibrations (e.g. water)

do not dominate the spectra, unlike in NIR and IR spectroscopy [55].

3.3.2 Raman Microscopy

Raman microscopy is a combination of a Raman spectrometer with an optical confocal
microscope. Raman microscopy is a commonly used configuration of Raman
spectroscopy employed for research purposes and was the set-up used for this project.

It is described in further detail in this section.

A typical Raman microscopy set up is illustrated schematically in Fig. 3.14. The main
components of a Raman microscope are the laser source, microscope, Rayleigh filter,
grating and the detector. The excitation laser beam is directed onto the sample through
the objective lens, and the scattered light is collected along the same beam path. The
Raman light is then separated using a grating and dispersed on to a CCD detector.
Raman detectors are commonly 2D charge coupled detectors (CCDs). The configuration
also contains an aperture which allows the setup to be used in confocal mode which
narrows the focal plane. This allows the depth of field to be controlled by eliminating the
undesired signal from outside the focal plane. This approach can be adopted for depth
profiling. The laser spot size can be determined by the magnification of the objective
used and the laser optics aperture (slit size). The Raman wavenumber region can be
calibrated in a number of ways, including using a reference sample with a known Raman
spectrum such as a silicon wafer (520 cm™) or using gas emission lines such as argon

or neon to calibrate the over the entire range of the grating.

74



MICROSCOPE RAMAN SPECTROMETER

Grating
Filter — /
Mirror —_— L — CCD
Objective J
Sample
. L

Sample /

stage Mirror |

( N ]

Fig. 3.14: Schematic showing key constituents of a typical Raman microscope
The technique can be used to analyse organic and inorganic materials. Advantageously
minimal quantities of sample can be analysed and does not usually require any sample
preparation. Similarly, to FTIR the breadth of materials that can be analyzed include
solids, liquids and gases. However, Raman analysis on gases can be more difficult due
to the inherently low scattering. This is because of the low density of molecules present
in a given volume [49]. With Raman, the observed peak positions pertaining to the
chemical structure of a material are independent of the excitation wavelength. However,
variations in the intensity and resolution may be observed when using different laser

wavelengths [56].

Raman spectroscopy is generally a non-destructive technigue; however, some materials
are prone to laser damage. This is indicated by the presence of localized darkening,
which is manifested visually and can be observed from the optical image of the sample.
Also, depending on the degree of damage, bands associated with carbon may be present
in the Raman spectrum. This is usually overcome by reducing the laser power. The
resolution in a Raman spectrometer is determined by the grating. Types of grating that
are commonly used vary from 300 to 1800 groove/mm, the latter giving higher resolution
[57]. Better grating dispersion and enhanced resolution is obtained with more grooves

per millimetre [58]. With Raman, the spatial resolution is dependent on the size of the
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laser beam and the laser spot size (D) is determined by the equation below (Equation.

3.20) [59].

1224

— Equation 3.20
NA

where A is the wavelength of the laser, and NA is the numerical aperture of the

microscope objective being used.

The achievable spatial resolution (p) using an optical microscope is obtained by

modifying the above equation to give equation:

0.611 .
p= — Equation 3.21

NA
However, it should be noted that modern Raman spectrometers are computer controlled
and the software will typically display the spatial resolution to the user. With such

systems, a resolution of 2 um or less is achievable.

Raman microscopy has been used extensively over the years in the surface analysis of
works of art to determine the chemical composition of pigments in order to produce a
timeline of origin. This facilitates establishing authenticity and selecting the correct

pigments for restoration work [60].

The technique is used routinely for the analysis of different forms of the same drug
molecule (polymorphism) in preference to other techniques. This is because the risks
associated with conversion to other forms is minimized as Raman affords the advantage
of no sample contact and preparation [49]. Also, using Raman is particularly
advantageous for polymorph analysis as the technique permits the investigation of low
frequency bands (<100 cm™) which provide valuable information on crystal lattice
vibrations [61]. Researchers [62] [63] have shown that Raman analysis using near-
infrared excitation can successfully be used for the evaluation of pharmaceutical

products contained within packaging material. Niemczyk et al. were able to obtain
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quantitative information on the levels of Bucindolol using Raman spectroscopy on intact
gel capsules and from gel capsules contained within blister packs [62]. One advantage
of this approach is the ability to rapidly determine the existence of counterfeit painkillers
and to confirm if the API dosage differs significantly from that stated on the packaging or

the expected API [63].

Traditionally, the pharmaceutical industry replied on validation studies on the end product
to assess the quality of the finalised product. However, the US Food and Drug
Administration (FDA) in 2004 introduced Process Analytical Technology (PAT) which
provided a way forward for the pharmaceutical sector to assess the quality of the API
during the manufacturing process [64]. This essentially involves the use of in situ
analytical equipment such as thermocouple, pH probe and vibrational spectroscopy
techniques such as NIR and Raman and chromatography-based techniques to facilitate

a safe approach to analysis in real-time [65].

Raman spectroscopy has been widely used to determine the presence of cancer in blood
samples and tissue [66] [67] as it can detect changes associated with molecular
composition in cells and tissues, such as proteins and nucleic acids originating from a
tumor. Nargis et al. have shown that Raman spectroscopy can be used as a diagnostic

tool in the early detection of breast cancer in blood plasma samples [66].

One of the advantages of Raman spectroscopy over other techniques such as X-ray
diffraction and X-Ray fluorescence when analyzing inorganic oxides is that it can be used
to identify elements and their associated oxidation states. One example of this is iron
oxide which can exist as magnetite (FezO.), hematite (a-Fe»03), goethite (a-FeOOH),
etc. [68]. However, high laser power can be detrimental as it can cause conversion from

one oxide form to another.

One of the main problems associated with Raman spectroscopy is the issue of
fluorescence interference which arises when the laser excitation line is partially absorbed

and remitted. Fluorescence could be associated with the sample, or impurities within the
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sample that may exist. The fluorescence signal generally dominates the Raman
spectrum in the form of a large background across the spectral region as it is a much

more photon-efficient process than Raman scattering.

There are several ways to overcome fluorescent problems such as “burning out” the
fluorescence, also referred to as photo bleaching, which involves leaving the sample
exposed to the laser for a longer a period. Alternatively, a higher laser wavelength can
be used, however, this approach may give rise to reduced intensity as there is a
relationship between Raman signal and the power of laser wavelength. Raman

scattering intensity is proportional to 1/A* [69].

Other methods include using software for fluorescence subtraction, however, this
approach should be used with caution as spectral information may be lost or distorted.

Florescence is particularly prevalent in biological based materials.

On occasion, the cosmic spikes may appear in the spectrum. This is caused by high
energy photons, commonly referred to as cosmic rays, striking the CCD detector.
Another limitation of the technique is that some materials are weak Raman scatterers
and hence difficulties arise when analysing these types of materials by Raman

spectroscopy.

3.4 Data Processing Methods for Image Analysis

3.4.1 Univariate Data Analysis Approach

One of the primary advantages of using FTIR imaging over single point FTIR is that it
combines both spatial and spectral information, with the ability to generate thousands of
spectra from a single image. However, this often presents challenges when it comes to
interpreting the data and the spectral information required is not easily extractable,
particularly when dealing with large datasets. One of the simplest approaches is to
generate chemical distribution maps by plotting the intensities of a characteristic
absorption band of interest (peak area/peak height, ratios, etc.) as a function of spatial

position on a selected sample area [70] (Fig. 3.15). A colour coded scheme (“false colour
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image”) is usually applied to the intensity values in order to provide and aid interpretation.
However, applying this univariate approach can present inherent challenges when it
comes to interpretation of a complex matrix of spectral data. As these can be affected
by matrix effects, overlapping of characteristic bands [71], variations in water and carbon
dioxide levels over the duration of an experiment and the presence of dead pixels (arising

from detector anomalies which can manifest as missing or zero values).

FTIR imaging data can be considered as a “hyper cube” and can be presented as a

“hyperspectral’ image which is comprised of four dimensions [71]:

e X and y spatial dimensions
e Xx andy spectral dimensions
¢ intensity dimensions
Within the image, each pixel represents an entirely separate, complete infrared

spectrum.
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Fig. 3.15: (a) Schematic of three-dimensional data cube recorded during a
chemical imaging experiment on a HPMC tablet and (b) extracted images to show
distribution of water, drug and polymer within the tablet matrix. Reproduced
from [72] with permission from Elsevier
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The univariate approach is predominately used in Raman and mid-infrared
spectroscopy, since the spectra exhibit sharp unambiguous peaks. However, difficulty
arises when specific and well-resolved peaks are not available, such as when the imaged
samples consist of multiple compounds. In this case, it is sometimes difficult to find
specific and well-resolved peaks. It is therefore necessary to apply a statistical or

multivariate data analysis approach (MCR) [73].

The most commonly applied multivariate methods include principal components analysis
(PCA) and multivariate curve resolution - alternating least squares (MCR-ALS). Both
these statistical approaches attempt to deconvolute the data into 'factors' that can be
attributed to the individual components within the dataset and 'loadings' which are related

to the concentration of the factors.

3.4.2 Multivariate Data Analysis Approach

MCR is used for a range of analytical and the most popular MCR algorithm, due to its
flexibility, is Multivariate Curve Resolution by Alternating Least Squares (MCR-ALS),

proposed by Tauler [74].

Using an MCR-ALS algorithm with ATR-FTIR imaging, spatially resolved chemical
images and corresponding resolved FTIR spectra of the individual, pure chemical
species within a complex, unknown sample can be generated. This approach is

particularly suited to unknown compositions or quantification without a calibration set.

The first step of the chemometric data analysis procedure (MCR-ALS) is to create a data
matrix, D. Usually, the spectral region will be cropped to focus on a region of interest. As
a starting point, an estimate of the potential number of pure components is required and
this is generally obtained from methods such as principal component analysis (PCA).
MCR methods are based on a bilinear model and the assumption that Beer's law is valid

for the spectroscopic system investigated, hence the observed spectra are linear
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combinations of the spectra of the pure components within the system as shown below

(Equation 3.22).

A =log (IL> ced Equation 3.22
0

The logarithm of incident radiant intensity (I) divided by transmitted radiant intensity (lo)
is equal to the product of substance concentration (c), the molar attenuation coefficient

(¢) and the pathlength which is the depth of penetration of the evanescent wave for ATR

(d).

The experimental data matrix can be decomposed and expressed mathematically as:

D=CST+E Equation 3.23

Where C is the concentration profile matrix, S" is the resolved spectral matrix, and E is
the residual error matrix [75]. A diagrammatic representation of the decomposition of

the experimental set is shown in Fig. 3.16 [73].

MCR is an iterative method and optimisation of C and S™ are achieved using ALS until
convergence is achieved. In order to generate chemically meaningful results, constraints
can be applied in each iteration to reduce the number of possible outputs for C and S'.
The constraints for vibrational spectroscopy are usually non-negativity thereby ensuring

the concentration and the spectral profile are equal to or greater than zero [76].

The challenges with MCR arise due to co-linearity and over estimation of the initial

number of factors.
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Fig. 3.16: Unfolding of the hyperspectral datacube in the bi-dimensional matrix D.
bilinear decomposition of the matrix D into its constituents: C, concentration
matrix; ST,spectra matrix; E, residual matrix. Reproduced from [72] with

permission from Elsevier
3.4.3 Principal Components Analysis (PCA)

PCA is a multivariate statistical technique used for simplifying complex data sets and the
aim is to reduce the dimensionality of the data matrix. This is achieved by the creation of
principal components which are new, uncorrelated variables from the original data set

[77]. PCA is widely used in pharmaceutical research as an exploratory approach.

PCA decomposes the hyperspectral data cube into two matrices, a set of scores
containing the new calculated principal component and the loading profile (relates to the

weights for each variable in the dataset), as shown in the equation below [78]:

D=TPT +E Equation 3.24

where T is the M x Q score matrix, P is the N x Q loading matrix, E is the M x N model

residual matrix and Q is the number of principal components (PCs).
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3.4.4 Partial Least Squares (PLS)

PLS is another example of a multivariate data analysis method which is widely used as
the chemometric tool of choice to extract quantitative information from spectroscopic
data and is used in a variety of fields including medicine, food research, oil analysis and
pharmacology [79] [80]. This approach is based on a linear relationship and uses a
simple and convenient calibration method for resolving spectral data sets. It requires a
calibration, prepared with pure materials distributed over a suitable concentration range.
PLS is used for creating predictive models and establishes relationships between input

and output variables.

PLS uses blocks of information referred to as X and Y blocks. X blocks denote spectra
and Y blocks relate to information that needs to be predicted, e.g. concentrations or
physical properties. lllustrated diagrammatically, PLS as can be visualised as shown in

Fig. 3.17 [81].

(X —=block) Spectra

‘ PLS Calibration New measurement
model data

(y —block) | Concentrations

!

PLS Calibration
model

!

concentrationsfor
new measurements

Fig. 3.17: Diagrammatic representation of PLS process. Adapted from [81]
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4.0 Preparation and Characterisation of Tablets and Their

Constituents

In the following chapter, a description of the characterisation of the API, polymer and
excipients (highlighted in Table 4.1 and 4.2) is presented. The work was undertaken
using a range of analytical techniques to gain an insight into the components of the
system. The purpose of this was to better understand the effect of variables such as
particle size and processing parameters used on the overall tablet formulation Having
gained an understanding of the constituents, further analysis was then performed on the

blended formulations after pressing into tablets.

Because itraconazole exists in different forms such as the salt form, amorphous and
crystalline, it is important to be able ascertain which is present when conducting
dissolution studies. In order to identify potential spectroscopic markers for these
reference materials, powders of the different forms were prepared (salt, amorphous and

crystalline) [1] [2] [3].

NIR spectroscopy was applied to assess its potential for quantitative determination of the
loadings of itraconazole and the different pH modifiers explored in this study. An
additional requirement from these tests was to ensure the loadings of the API and pH
modifiers within the tablets are consistent and reproducible as this is a prerequisite for
ultimately being able to draw reliable conclusions from the various dissolution tests.

Calibration models were developed from NIR spectral data using PLS regression.

This project focused on 4 pH modifiers: cysteine HCI, betaine HCI, glycine HCI and citric
acid and tablet formulations were trialled both with and without their incorporation. The
pH modifiers were incorporated into the tablets at 10% w/w and 30% wi/w, initially with
just HPMC (referred to as placebo) to provide a benchmark. Further tests were then

undertaken using tablets which also included itraconazole at 20% wi/w.
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The API, polymer and pH modifiers used in this project are shown in Table 4.1 and 4.2.

The materials used to synthesise the different itraconazole salts are shown in Table 4.3.

Table 4.1: Drug and matrix materials used for all formulations

Material Structure Supplier

HPMC OR K100M CR Premium
o %0 grade
RO 0 o
OR
OR .

R = —H, ~CHz, ~CHp—CHOH-CH;

Itraconazole | “ o~ o — 9 Acros Organics
YR OGod 99%

N-N

60

Table 4.2: pH modifiers used for formulations

Material Structure Supplier
Citric Acid o OH Sigma Aldrich
0 o ACS reagent
299.0%
HO OH
OH
Betaine HCI o) Cr Sigma Aldrich
)J\/IL"/ o
HO ™~
Glycine HCI HCI Sigma Aldrich
O 299% (HPLC)
OH
NH>
L-Cysteine HCI 0 Acros Organics
98%
HS OH
HCl N2
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https://www.sigmaaldrich.com/catalog/product/sial/c1909?lang=en&region=GB
https://www.sigmaaldrich.com/catalog/product/sial/c1909?lang=en&region=GB
https://www.sigmaaldrich.com/catalog/product/sial/c1909?lang=en&region=GB
https://www.sigmaaldrich.com/catalog/product/sial/c1909?lang=en&region=GB
https://www.sigmaaldrich.com/catalog/product/sial/c1909?lang=en&region=GB

Table 4.3: Chemicals used for preparation of itraconazole salts

Material Supplier & grade
Dichloromethane Sigma Aldrich, HPLC grade
ltraconazole Acros Organics, 99%
Acetone Sigma Aldrich, HPLC grade
Hydrogen chloride Sigma Aldrich reagent Plus(R), >=99%
Hydrochloric acid 11.42 mmol,slgl;r(])?aﬁ;?;i(r:gagent grade

4.1 Significance of Itraconazole Forms in Pharmaceutical

Applications

Most active pharmaceutical ingredients (APIs) such as itraconazole can exist in many
forms and this can change their properties, leading to different physical, chemical,
mechanical, and biopharmaceutical performance (bioavailability, permeability, etc). Solid
forms of APIs can exist as crystalline forms including polymorphs, hydrates, solvates,
co-crystals and salts, as well as amorphous forms, all of which can impact drug release

mechanism.

Itraconazole is marketed in the amorphous solid dispersion form incorporated in HPMC
that is coated onto inert sugar beads (Sporanox). Research carried out on the formulation
showed a significant reduction (40%) in the bioavailability of the drug when administered
in humans in a fasted state [4]. To achieve maximum absorption, the Sponarox

formulation should be taken with food and in the presence of an acidic gastric
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environment, as low pH is the most favourable environment for the itraconazole release

[5].

In the literature, several strategies to enhance the bioavailability and dissolution rate of
IT have been reported [6]. These include modifying the chemical and physical properties
of the drug. Tao et al. and Bagavatula et al. have prepared IT salts by reacting IT with
concentrated HCI [2] [3]. However, difficulties with the manufacturing process for the
salts means this approach is not easily scalable and chemical instability associated with

the salts in the dosage form can cause reversion back to the free base form [6].

Remenar et al. explored the possibility of cocrystals of IT with various water-soluble
organic acids and reported improved dissolution of itraconazole using L-malic acid, L-
tartaric acid and succinic acid [7]. The researchers reported that the cocrystal forms
achieved from 4 to 20 times higher concentrations in 0.1 N HCI than the crystalline IT
and comparable concentrations to the amorphous form. A comparison of the dissolution
profiles for the cocrystal forms to the commercially available Sponarox (amorphous form)

and crystalline IT are shown in Fig.4.1.

| i i |
0 100 200 300 400
Time (min)

Fig. 4.1: Dissolution profiles for Sporanox (commercial form, green) and IT
cocrystals with L-malic acid (red), L-tartaric acid (blue), succinic acid (orange)
and crystalline IT in 0.1 M HCI at 25 °C. Reprinted from [7], with permission from

the American Chemical Society
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Badawi et al. prepared itraconazole crystalline nanoparticles as a methodology for
improving the bioavailability of the drug and reported an improvement of 3.77 to 8.59

times in the percentage drug dissolved compared to the pure itraconazole [8].

Itraconazole is a weak base and although generally only the nitrogen on the piperazine
ring (pKa ~3.7) is considered for pKa determinations, itraconazole has several potential
ionisation sites [9] [10]. The Itraconazole molecule consists of a piperazine and two
triazole groups, all of which have potential sites for protonation (Fig. 4.2). There are three
easily ionizable nitrogens which are located between C9 and C10 on the triazole group
and the two on the piperazine ring (C18-19) [11]. Peeters et al. state that there are four
possible ionisable nitrogens in the itraconazole molecule, however, the authors do not
highlight or refer to these in the structure or provide all the pKa values [12]. The authors
determined one of the pKas to ~4 using potentiometric and spectrophotometric methods
and state the pKas is ~ 1.5-2 based on predicting/calculating the expected pKa. The
authors reported the remaining ionisable nitrogens are not protonated [12]. The logical
option for the fourth protonation site would be the nitrogen located in proximity to C25 as
this is part of a ring system which is not already protonated. However, this is unlikely as

it would be energetically unfavorable to force another positive charge into the triazole.
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Fig. 4.2: Itraconazole molecule highlighting carbon position

Inkmann and Holzgrabe performed proton (*H) and carbon (**C) nuclear magnetic
resonance spectroscopy on itraconazole and the analysis confirmed the piperazine

nitrogen between C17 and C18 (N26 notation used by the authors) exhibited the highest
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proton affinity. With the addition of excess acid, the authors also postulate, using
semiempirical calculations, that the triazole ring is protonated between C9 and C10 (N11

notation used by the authors) [13].

4.2 Preparation of Different Forms of Itraconazole

4.2.1 ltraconazole Monohydrochloride

Itraconazole monohydrochloride salt was prepared in accordance with the procedure
defined by Bagavatula et al. [2] in which 1 g of itraconazole was dissolved in
approximately 10 mL of dichloromethane in a rotary evaporator flask. To this solution,
approximately 400 mg of concentrated hydrochloric acid (HCI) was added and dissolved.
The suspension was heated at 50° C for 1 hour under reflux. After one hour this was
removed and placed on a rotary evaporator and a vacuum was applied. The reaction

was continued for one hour to form a precipitate of the salt.

4.2.2 Iltraconazole Dihydrochloride

Itraconazole salt was prepared using the procedure defined by previous researchers [3].
Itraconazole (1 g) was transferred to a round bottom flask containing 20 mL of acetone.
This suspension was heated under reflux under a low flow of hydrogen chloride (HCI)
gas until a clear solution was formed (approximately 20 minutes). After a further few
minutes the precipitate was formed. The reaction mixture was left under reflux with the
HCI bubbling through the mixture for a period of 2 hours. This was allowed to cool and

the salt was collected by washing the filtrate with acetone and drying in an oven at 100°C.
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4.2.3 Iltraconazole Trihydrochloride

Itraconazole trihydrochloride preparation was conducted following the methodology
stated by Shevchenko et al. [11]. Itraconazole (5 g) was transferred to a round bottom
flask containing 100 mL of acetone. HCI gas was produced by reacting sodium chloride

with sulphuric acid and drying through magnesium sulphate.

The anhydrous HCI was bubbled through the itraconazole/acetone mixture and the
temperature was increased to 40° C and then reduced to 25° C. Approximately 15
minutes later a clear solution should have formed, followed by the formation of a
precipitate. However, despite following the procedure, precipitation of the salt did not
take place. This was possibly due to the HCI gas retaining some moisture, thus inhibiting

the precipitate formation.

4.2.4 Amorphous Itraconazole

Amorphous itraconazole was prepared by melt quenching using Differential Scanning
Calorimetry (DSC). This technique also permitted the formation of the compound to be
confirmed simultaneously, as DSC traces were recorded over the temperature range

adopted.

Approximately 60 mg of as-received (nominally crystalline) free base itraconazole was
transferred into a DSC aluminium pan and sealed by crimping. DSC was performed using
a Perkin Elmer DSC 8000 system. Under a nitrogen atmosphere, the itraconazole was
heated above its melting temperature, and then crash cooled and reheated to form
amorphous itraconazole. The parameters used were as follows: heat 25-200° C at 30°
C/min; cool 200-0° C at 100° C/min; heat 0-200° C at 30° C/min; cool to ambient

temperature.
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4.3 Characterisation of Constituent Materials

4.3.1 Determination of Itraconazole Structure Using X-Ray Powder
Diffraction (XRPD)

X-ray powder diffraction (XRPD) was performed on the itraconazole powders in order to
verify the formation of the amorphous form and to confirm the as-received free base
itraconazole was indeed crystalline. Data was collected using a Panalytical X-ray
diffractometer (Panalyitcal X'Pert PRO) equipped with a Cu K-alpha radiation source
operating at 40 kV and 40 mA, using an Xcelerator detector. 1 mg of powder was
mounted on a low-background silicon wafer for each sample, with a drop of acetone.

XRD data was collected over the range 10-80°.

4.3.2 Confirmation of Protonation of Itraconazole Structure by
Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectroscopy was conducted to confirm the formation of the monohydrochloride

and dihydrochloride salts of itraconazole.

The samples of itraconazole and the hydrochloride salts were dissolved in deuterated
dimethyl sulfoxide (d6-DMSOQ) and the spectra were recorded on a Bruker Avance DPX-
400 NMR spectrometer operating at a resonance frequency of 400 MHz (1H) or 100 MHz
(13C). The chemical environments in both molecules were fully assigned using 1H NMR
and 13C NMR experiments. The 1H and 13C chemical shifts of equivalent positions in
both compounds were then compared in order to observe any significant changes in
chemical shift. Chemical shift values were interpreted for confirmation on the sites of

protonation.

4.3.3 ATR-FTIR Imaging of Reference Materials

Reference spectra were collected of the different forms of itraconazole, HPMC, 0.1N HCI
acid, tris buffer and the organic pH modifiers using the following mid-IR spectroscopic

method. Images were collected using a Varian 680-IR spectrometer coupled to a
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temperature controlled Specac Golden Gate single reflection attenuated total reflectance
sampling accessory using a 64 x 64 focal plane array detector, at a spectral resolution
of 8 cm™ using 8 co-additions. The average spectrum from all pixels was obtained from
each image to generate reference spectra in the same configuration as the hydration

experimental data.

4.3.4 SEM Morphological Analysis of Constituents

Scanning Electron Microscopy (SEM) was used to provide images of the IT and HPMC

for the purposes of determining an insight into the morphology of the particles.

The analysis was carried out on a FEI Quanta 3D SEM equipped with a tungsten filament
as the electron source and a secondary electron (SE) detector for imaging. The powders
were dispersed on a self-adhesive conductive carbon tab mounted onto an aluminium
stub and sputter-coated with a 15 nm layer of gold to render them electrically conductive
before obtaining the SEM micrographs. All samples were examined using an electron

beam with a spot size of 4 and an accelerating voltage of 20 kV.

4.3.5 Particle Size Analysis of IT, HPMC and pH Modifier Powders

Particle size distribution of the materials was measured using Malvern Mastersizer 3000
with Aero S dry unit (Malvern Instruments Ltd., Worcestershire, United Kingdom). 1 g of
dry sample was placed into the cell and particle size parameters corresponding to the
10th, 50th, 90" (um percentile of particles (D10, Dso, Deo) Were detected and recorded. All
samples were measured in triplicate and the distribution was presented as an average

value. The data was processed using Malvern Mastersizer software v3.81.1908.020.
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4.4 Preparation of 20% w/w Itraconazole Tablets and

Formulations Containing pH Modifiers

4.4.1 Tablet Blending

Blending of powders is a key step in the pharmaceutical manufacturing process, as it
ensures a homogenous distribution of a drug and the excipients, such as sugar, starch
and cellulose lactose within the bulk matrix. The pharmaceutical sector assesses the
quality of blended powder formulations with an invisible thief sampling procedure, which
is followed by off-line chemical analysis. Another common approach is to carry out in-

line measurement when using NIR spectroscopy [14].

Blending mechanisms can be classified as convection, diffusion or shear. Convective
blending encompasses gross movement of particles within the blend, whereas diffusion
is a slow blending process where individual particles are distributed upon blending into
the newly formed interface. Lastly, the shear mechanism of blending comprises blending
of material while passing along forced slip planes which can aid in breaking

agglomerates and facilitate blending [15] [16].

Tumbler, convective, hopper and fluidization are the four main types of blending
equipment available on the market [17]. Tumble blending is the most commonly used
approach for blending powders in the pharmaceutical and food industries. This is due to
the low energy consumption (< 1 kW/m?2) [18], suitability for mixing of friable particles and
ease of cleaning after blending [18]. Mixing time and speed of mixing are the key process

parameters for this type of process.

With tumble blending, the container is mounted such that it can be rotated about an axis.

The tumbling action facilitates shear mixing and diffusive mixing [19].

In this study, prior to producing the tablets, the different formulations were mixed using
tumble blending (Stuart STR4 rotator drive) for 5 hours at approximately 30 rpm for the

binary formulation (HPMC and Itraconazole). All subsequent formulations were blended
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for 20 minutes. The powders were transferred to a container which was positioned

horizontally using Velcro straps attached to the rotating shatft.

The different formulations blended and pressed into tablets for this study are shown in

Table 4.4.

Table 4.4 Concentration of constituents used in the tablet formulations

Constituent HPMC Itraconazole pH modifier
(citric acid, cysteine
HCI, glycine HCI,

betaine HCI)
80 20 0
90 0 10

i 0

Loading (% w/w) 20 0 30
70 20 10
50 20 30

4.4.2 Tablet Compaction

Flat-faced matrix tablets (10 mm diameter) containing 90 mg total powder were
manufactured by direct compression on a Specac Atlas manual press (Specac,
Orpington, UK) using a compaction pressure of 625 MPa and a 5-minute compaction

time.
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4.5 Characterisation of Tablets

4.5.1 Quantification of Loadings Using Near Infrared Spectroscopy
(NIR)

Tablet composition was quantified using Near Infrared Spectroscopy. The tablets were
placed in a custom designed sample holder and NIR transmittance spectra were
collected using a Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with a
deuterated triglycine sulfate (DTGS) detector (ThermoScientific, Maddison, USA).
Spectra were collected by averaging 256 scans over a spectral range of 11500-2800

cm?, at a resolution of 4 cm™.

The spectral information below 7157 cm™ was discarded due to complete absorbance of
the NIR radiation. The spectral region chosen for the PLS analysis for the selected

regions ranged from 9515-7157 cm™ (TQ analyst software, version 9.7.027).

4.5.2 Distribution of Constituents Within the Tablet Matrix Using
Raman Microscopy

The distribution of IT and the pH modifiers within the HPMC matrix was determined using
Raman microscopy. Raman maps were generated using a Thermo DXR2 Raman
Spectrometer with a 633 nm laser, equipped with a CCD detector and a 600 I/mm grating.
Data was collected using an Olympus X10 microscope objective, 3.5 mW laser power,
with an estimated spot size of 2.5 um, a collection time of 2 seconds with 2 exposures
and collected over the spectral range 3500 to 100 cm™. The aperture slit size was set to
50 um. Spectra were recorded using Omnic for Dispersive Raman software (version
9.6.238). Area maps (2 mm x 2 mm) were collected across the surface of six tablets, with
a 100 um step size (441 spectra collected in total). Raman reference spectra were also
collected from the HPMC, itraconazole (as-received free base) and each of the organic
acid pH modifiers to identify distinct bands which could be used to directly discriminate

(used as markers) each of the components in the tablet maps and facilitate the
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generation of the distribution maps and the corresponding histograms. The distribution
maps and histograms were generated using ISys 5.0 chemical imaging software
(Malvern Instruments, Malvern, UK). Vector normalisation was applied to the raw data
prior to generating the chemical distribution maps. This is a commonly adopted approach
on spectroscopic data because it helps minimizes the effects of potential variations in

the sample [20] [21].

4.6 Results and Discussion

4.6.1 Analysis of Different Itraconazole Compounds

4.6.1.1 Formation of Amorphous Itraconazole Using Differential Scanning
Calorimetry (DSC)

The DSC results for the formation of the amorphous itraconazole are presented in Fig.
4.3. The results show that on the initial heating of the itraconazole, an intense melting
peak was observed at approximately 171° C. However, after crash cooling followed by
reheating, the DSC trace showed no endothermic peak at 171° C, indicating a
morphological change from the crystalline to the amorphous form. It should be noted that
a small feature at approximately 95° C is observed on the reheat cycle (red traces).

Based on the literature this could potentially relate the presence of a glass transition [22].
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Fig. 4.3: DSC trace showing the heat profiles obtained from the formation of

amorphous itraconazole

4.6.1.2 Confirmation of Amorphous and Crystalline Itraconazole Forms Using
XRPD

Fig. 4.4 and 4.5 show the XRPD results obtained from the as-received free base and
amorphous itraconazole created from the melt quenching procedure carried out using
the DSC and described in Section 4.2.4. The peaks present in Fig. 4.4 are indicative of
a crystalline structure, while the absence of peaks in Fig. 4.5 confirms the amorphous

form.
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Fig. 4.4: XRPD trace obtained from the as-received free base itraconazole
confirming crystalline form
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Fig. 4.5: XRPD trace obtained from the amorphous itraconazole
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4.6.1.3 Confirmation of Protonated Itraconazole by Proton NMR

From the NMR results (Fig. 4.6), the main site of protonation was proposed to be the
nitrogen between C17 and C18 as the environments around this position experienced a
strongly deshielding effect in transitioning from the freebase to the hydrochloride salt,
consistent with their close proximity to a cationic hypervalent nitrogen atom. The change
in chemical shifts of the adjacent aromatic ring, in particular C16 and C14, are also
consistent with disruption of the lone pair conjugation from this nitrogen into the 1
system. There are a number of basic nitrogen atoms in itraconazole and each is likely to
contribute a protonated form to an overall equilibrium mixture but based on the NMR
analysis, the major contributor to the structure is protonation at the nitrogen between
C17 and C18. This confirms that the site of protonation for the monohydrochloride is the
piperazine nitrogen (Fig. 4.7), as this has the highest proton affinity. The confirmation of

the preferential protonation site is in agreement with the literature [13].

o | |
dihydrochloride 1 ' \ h ’| H
Il

|

9
monohydrochloride

ll,'hehl | luw Ll

18

16

10 9 8 7 6 5 4 3 2 1 0 1 2 3 ppm

Free base 9‘ \ [

l 1 H_‘l’,'s _,.l\ AN

Fig. 4.6: Stacked plot of three proton NMRs showing the deshielding shifts of the

key signals at H18, H16 and H9.
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Fig. 4.7: Structure of itraconazole highlighting the protonation sites

NMR analysis carried out on the dihydrochloride shows notable deshielding of position
C9, indicating protonation of one of the two nitrogens attached to C9. Based on the
basicity of these two nitrogens, it is most likely that the bottom one (between 9 and 10)
has been protonated due to the availability of its lone pair. However, the assignment of
precisely which nitrogen on the triazole is protonated is difficult based on NMR alone.
Using the pKan approach, the nitrogen between C8 and C9 is most likely to be protonated
[23]. This is also in agreement with Inkmann and Holzgrabe [13]. Therefore, from this
analysis it can be confirmed that the nitrogen in the triazole ring is protonated for the

dihydrochloride IT. (Fig. 4.7).

4.6.1.4 ATR-FTIR of the Different Forms of Itraconazole

The ATR-FTIR spectrum obtained from the as-received free base itraconazole is
presented in Fig. 4.8. Characteristic bands of itraconazole were observed at 3124, 3067,

2962, 1694, 1508 and 1450 cm™. These are assigned in Table 4.5 [24].
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Fig. 4.8: Average ATR-FTIR spectrum obtained from the as-received free base

itraconazole

Table 4.5: FTIR spectral band assignments for itraconazole

Peak position cm™ Assignment

3124, 3068 Aromatic C-H stretching
2821, 2876, 2930, 2962 Aliphatic C-H stretching

1694 C=0 stretching

1583, 1549 C=N stretching
1508, 1450, 1377 Aromatic C=C stretching
1217,1182, 1140 C-0 and C-N stretching
1042 Aromatic C-Cl stretching

The average ATR-FTIR spectrum of the amorphous form was compared to the as-
received free base itraconazole (overlaid spectra in Fig. 4.9). The main spectral
differences observed were associated with the following bands: the v(C=0), v(C-O) and
v(C-Cl). The carbonyl of the triazol-3-one group in the amorphous itraconazole (Fig. 4.9)
was observed at 1697 cm™. In the free base form, the band is narrower and a shift of 4
cm™ to lower wavenumber was observed. A shift was also observed for the v(C-O) band
observed at 1224 and 1217 cm™ for the amorphous and free base forms. Marked

differences were also observed with the shape of the v(C-Cl) band, broader and at a
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lower wavenumber position in comparison to the spectrum obtained from the free base

form.
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Fig. 4.9: Comparison of average ATR- FTIR spectrum obtained from the free base
(black line) and amorphous (red line) itraconazole highlighting (a) v(C=0), (b)
v(C-0) and (c) v(C-ClI)

The average FTIR spectra obtained from the itraconazole hydrochloride and
dihydrochloride are presented in Fig. 4.10. Evidence of salt formation was confirmed
from the broad feature observed at approximately 2365-1946 cm™ which is typically
attributed to acid salts [3]. Also, to further corroborate the formation of the salt forms is
the loss of the band at 2821 cm™ which is present in the free base form and is assigned

to the CH symmetric stretching vibrations of the methyl group (dotted line in Fig. 4.10).
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Fig. 4.10: Comparison of average ATR- FTIR spectra obtained from the free base

(black line), IT dihydrochloride (red line) and IT monohydrochloride (blue line)

4.6.2 ATR-FTIR Analysis of Reference Materials

Averaged spectra profiles (generated as described in section 4.3.3) of the reference
materials were used to identify a suitable peak which could be attributed to a functional
group relating to the compound of interest (water, drug or polymer). From this it was
possible to generate chemical images of each component during a dissolution
experiment (Fig. 4.11). The bands of interest were shown to be the §(OH) ~1620 cm™ for
water (used as a marker for tris buffer and 0.1 N HCI, due to water being the main
component), v(C-O) ~1041 cm* for HPMC and aromatic v(C=C) ~1510 cm*for the total

IT distribution.
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Fig. 4.11: Average ATR-FTIR imaging spectra obtained from reference materials,
highlighting 8(OH), v(C-O) and v(C=C) in water, HPMC and IT respectively.
Highlighted bands (indicating which functional group was used) used for peak
area integration for images to show (representing) distribution of water, IT and
HPMC

Spectra profiles generated from the average of the ATR-FTIR images obtained from the
organic acid pH modifiers are presented in Fig 4.12. These were used to identify species-
specific bands from which it was possible to generate chemical images. For each of the
organic acids, the v(C=0) band was identified as the most suitable as this did not overlap
with the 5(OH) upon ionisation. Table 4.6 shows the peak positions of the v(C=0) used
to generate the ATR-FTIR distribution images for each of the organic acids investigated

in this study.
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Fig. 4.12: Average ATR-FTIR imaging spectra obtained from the organic acid
modifiers, highlighting the position of v(C=0) in citric acid, cysteine HCI, betaine

HCI and glycine HCI respectively

Table 4.6: Peak positions for the v(C=0) used to generate the ATR-FTIR
distribution Images for the organic acids

Organic Acid pH Modifier Peak position of v(C=0)/cm™*
Citric Acid 1742
Betaine HCI 1764
Glycine HCI 1734
Cysteine HCI 1735

4.6.3 Morphology and Particle Size Analysis of API, Polymer and pH
Modifier

4.6.3.1 SEM Analysis to Determine Morphology

The SEM images obtained from the as-received itraconazole, HPMC and the pH
modifiers used in this study are presented in Fig. 4.13. Due to the large variation in
particle size, the micrographs reproduced here were selected to best show particle

morphology and so magnifications differ in each.
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The image obtained from the itraconazole shows the needle-like crystal structure of the
API while the image of HPMC shows agglomerated fibres and particles which have

combined to form larger elongated structures.

SEM images obtained from the glycine HCI and betaine HCl show clusters of
agglomerated particles with a range of different sizes and dimensions. SEM images of
cysteine HCI featured rod-like structures with a more regular shape and size and images

of citric acid showed individual particles with a range of different sizes.

Itraconazole HPMC " Glycine HCI

Betaine HCI

Cysteine HCI
}¢ ."\ L

Fig. 4.13: Representative Secondary Electron SEM images for itraconazole,
HPMC grade K100M, glycine HCI, betaine HCI and cysteine HCI

4.6.3.2 Particle Size Analysis

The particle size results obtained from the itraconazole, HPMC and the organic acid pH

modifiers are presented below in Table 4.7.

Based on the based median 50% volume percentile (dso), the particle size analysis
confirms the itraconazole and cysteine HCI have the smallest particle sizes (8 um and 41

um respectively) followed by the glycine HCI. A similar particle size range was observed
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for the HPMC, glycine HCI betaine HCI and citric acid (128 um -171 um), with the betaine
HCI exhibiting the largest particle size (171 um). It is well documented in the literature
that particle size of the API and excipient can impact on the flowability as well as the
compression behaviour of solid dosage forms [25]. The particle size range obtained from
the starting materials was 10-300 um, apart from the itraconazole (3-8 um observed for
the Dio and Dso, respectively). These values fall within the range typically used for

manufacturing solid dosage forms, being optimal for good flow characteristics [26].

Table 4.7: Particle size distribution data obtained from the starting
materials (mean = SD, n= 3)

Material Size Distribution
Dlo/p.m ‘ Dso /p.m Dgo/p.m

Itraconazole 2.61+0.3 7.7+0.6 21.3+1.2
HPMC 65.0+1.0 128.3+0.6 211.743.8
Glycine HCI 46.3+0.6 150.0+0.0 222.0+0.0
Betaine HCI 51.3+3.5 171.3+6.7 253.0+1.7
Cysteine HCI 16.7+4.6 41.1+6.0 90.0+7.9
Citric Acid 45,7+3.8 160.3%+0.6 254.3+0.6

4.6.4 Content Uniformity of Itraconazole Loading and Heterogeneity
of Tablets

4.6.4.1 Content Uniformity and Distribution of 20% w/w Itraconazole with 10%
w/w and 30% w/w pH Modifier Tablets Using Near Infrared (NIR)

The primary purpose of using PLS was to be able to rapidly quantify the levels of drug
and pH modifier in the tablets for each of the systems prepared in this project and to

have confidence that these quantities were consistent for each tablet within a batch.

For each of the PLS models, standard mixtures were blended to generate the predictive
model. The calibration standards were prepared from the concentration ranges predicted
by the algorithm within the TQ analyst software v7.2.0.161 (Thermo Electron Corp,
Waltham, MA, USA). This avoids co-linear constituent concentrations, which would
mean that no linear relationship would be observed between the two components within
the prepared standards (drug and pH modifier). In total thirteen standards were prepared

and used for the calibration plots.
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Separate PLS calibration models were built for each modifier system, optimising the
spectral range, the number of spectral regions and the number of principal components.
The accuracy, predictive ability and robustness of the different models was
assessed using a high correlation coefficient (R). The calibration models were built using
algorithm PLS one, which uses a unique set of principal components for everything within
the system. PLS one is advantageous for systems that have a wider range of

concentrations and composition within the formulation.

No pre-processing methods were employed. Models were constructed initially using the
entire spectral region and then reduced by identifying the prominent bands representing
the IT and organic acid pH modifier (Fig. 4.14 and Fig. 4.15). These were determined by
comparing the intensity of the peaks associated with a low and a high concentration of
the constituent (see Fig. 4.14 and 4.15). For the IT, 0% w/w IT (pure HPMC) and 45%
w/w IT were used as low and high concentration standards, respectively. For each

modifier, standards were prepared containing approximately 10% w/w and 68% w/w.

The PLS parameters used (spectral regions and factors) are summarised in Table 4.8.
For all the constituents except betaine HCI, one spectral region was used for the PLS
quantification. The selected NIR spectral regions for the itraconazole and each of the pH
modifiers are shown below in the grey highlighted regions in Fig. 4.14 and 4.15. Also,

spectral areas were eliminated where no energy was reaching the detector.
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Fig. 4.14: NIR spectra obtained from a low and high concentration IT (0% and

45%) standard highlighting the spectral region used for PLS model
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Fig. 4.15: NIR spectra obtained from a low and high concentration (8% w/w and
70% wiw) of modifier for (a) cysteine HCI; (b) citric acid; (c) betaine HCI and
glycine HCI highlighting the spectral region used for PLS model
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The number of factors used for the PLS model was determined using the predicted
residual sum of squares (PRESS) plot diagnostic function in the TQ analyst software.
This determines the optimal number of factors for the model, i.e. the factors at the point
where the PRESS is minimum. No changes were made to the suggested number of
factors and a minimum number of factors were used as this ensures the avoidance of
over-fitting, which can lead to a poorly performing model which ultimately impacts on the

prediction accuracy for unknown samples.

The robustness of the model and its ability to predict the drug and pH modifier content
was tested using a validation set and a prediction set consisting of 6 tablets for each
formulation. The validation of a calibration model is an important step in the process of
verifying the suitability of a model and should take place prior to implementation of the
method. This aids verification of the accuracy of the model.

Table 4.8: Spectral regions selected for quantification of itraconazole and pH

modifiers for the PLS model

Formulation Spectral Region 1 | Spectral Region 2 | Optimal Number
(cm™) (cm™) of Factors
Modifier | IT

Itraconazole binary 9157-7774 - - 4
system

Betaine HCI+IT 9515-7671 7601-7157 4 4
Citric acid+IT 9260-7695 - 4 2
Cysteine HCI+IT 9175-7580 - 3 4
Glycine HCI+IT 9264-7552 - 3 4

Plots of the calculated concentration versus the actual concentration, so-called
concentration correlation plots, for each of the tablet components are presented in Fig.
4.16 to Fig. 4.20 for the NIR calibration models. These plots show a good correlation

between calculated and predicted values (R value of 0.99) and prediction performance
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for these PLS models with validation values closely distributed along the ideal correlation

line.

PLS Calibration Model for itraconazole in HPMC binary

system

50 T y=0.9995x
E 45 + R*=0.9995 -
§ 40 |
> 35 +
S
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2 20 ' x validation
T 15 + i :
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Fig. 4.16: PLS plot of calculated versus actual concentration levels for the binary

system (HPMC and itraconazole)
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Fig. 4.17: PLS plot of calculated versus actual concentration levels for the betaine formulation (betaine HCI and IT in HPMC matrix) for: (a)

itraconazole; (b) betaine HCI
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Fig. 4.18: PLS plot of calculated versus actual concentration levels for the cysteine HCI formulation (cysteine HCl and IT in HPMC matrix)

for: (a) itraconazole; (b) cysteine HCI
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Fig. 4.19: PLS plot of calculated versus actual concentration levels for the citric acid formulation (citric acid and IT in HPMC matrix for (a)

itraconazole; (b) citric acid
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Fig. 4.20:

PLS Calibration Model for itraconazole with glycine HCI
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PLS plot of calculated versus actual concentration levels for the glycine HCI formulation (glycine HCIl and IT in HPMC matrix) for:

(a) itraconazole; (b) glycine HCI
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Initially, quantification was carried out on the 20% w/w IT tablets (n=6) and the data

generated from this analysis is presented in Table 4.9.

Table 4.9: PLS model results based on the optimised spectral ranges for the 20%

wiw IT (binary system n=6)

Tablet 20% w/w IT tablets
(binary system)
Tablet 1 18.44
Tablet 2 19.47
Tablet 3 19.21
Tablet 4 19.17
Tablet 5 20.05
Tablet 6 20.44
Average 19.46
SD 0.7
RSD (%) 3.6
Acceptance level 12.7

The six tablets analysed by the NIR-PLS method show good agreement with regards the
expected percentage of itraconazole in each tablet (20% w/w) and a mean of 19.46%
and a relative standard deviation of 3.6% was obtained. The results confirm that the

strategy adopted successfully produced tablets with a consistent concentration of API.

Tables 4.10 and 4.11 show the calculated quantities for the components within the
tablets for the 10% w/w and 30% w/w pH modifier placebo formulations, respectively.
Values were obtained from the NIR PLS models computed over the selected spectral

ranges and six tablets were prepared and analysed for each formulation.

The data shows that the prediction performance of the PLS model is in line with the
expected levels of the pH modifier, with the relative standard deviation below 6%
(ranging from 1.6 to 5.1%) for all the 10% w/w and 30% w/w pH modifier placebo
formulations. This suggests that the values are comparable to those reported in the
literature by other researchers [27] and are within the stipulated USP criteria for
acceptance testing for content uniformity on compacting tablets, which states: “The

Relative Standard Deviation (RSD) is no greater than 6.0%” [28]. The approach adopted
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confirms that reproducible tablets are created which contain the expected concentrations

of pH modifier.

The NIR PLS data generated for the tablets containing 10% w/w modifier and 30% w/w
modifier with 20% wi/w itraconazole is presented in Tables 4.12 and 4.13. Again, a good
agreement was obtained between the calculated concentration values in comparison to
the expected concentration of organic acid modifier and itraconazole in the tablets. With
a relative standard deviation of <5.5% for the calculated itraconazole in the 10% w/w
modifier +20% w/w IT systems and for the 30% w/w modifier +20% w/w IT systems. This
indicates that all tablets are inside the United States Pharmacopeia (USP) range of up
to 6.0%, although in some cases, they were close to the acceptable limit. The USP is
used as an industry standard by the pharmaceutical sector, however, is not a regulatory

body.

A relative standard deviation of up to 6.3 %, ranging from 2.2% (30% wi/w glycine HCI)
to 6.3% (10% w/w betaine HCI), was observed for the calculated levels of the modifiers
in both the 10% w/w modifier +20% w/w IT systems and for the 30% w/w modifier +20%
w/w IT systems. Again, this confirms that the overall strategy adopted produced

consistent and as-expected concentrations of organic acid modifier within the tablets.

The data processing methodology adopted for the NIR analysis could potentially be
optimised by improving the signal-to-noise and utilising data pre-processing steps
(baseline correction, etc.) prior to applying the PLS model [29]. This could help eliminate
artefacts caused during measurement, which in turn would improve the prediction

performance or interpretation and improve the relative standard deviation [29].

The approach to quantification of API and pH modifier in oral dosage forms is commonly
carried out using chromatographic techniques such as HPLC. These methods are time-
consuming and labour-intensive and furthermore require the destruction of the tablet.
Also, several methods may have to be employed to quantify the different constituents

within the tablet. By comparison, the NIR technique adopted in this project provides a
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rapid approach to quantifying the levels of APl and pH modifier simultaneously, while the

tablet remains intact following analysis [30].

Content uniformity results are reported in the literature in several ways, either in terms
of relative standard deviation (RSD) and/or acceptance value, with the former being more
prevalent in research papers. The RSD is the standard deviation (s) of the drug content
in the samples analysed, expressed as the percentage of the mean [18] and is

determined by the following equation:

100 S/)? Equation 4.1

The use of an acceptance value is defined by several bodies, including the United States
Pharmacopeia (USP), the European Pharmacopeia and the Japanese Pharmacopeia. It
also forms the basis for assessment in the ASTM Standard E2810. The acceptance
value is determined from an analysis of either 10 or 30 tablets, based on the
recommendation as outlined in the United States Pharmacopeia (USP), European
Pharmacopoeia and ASTM standard (American Society for Testing and Materials) [28]

[31].

The acceptance value (AV) is calculated from the following equation [ [28]:
AV = |M — X| + ks Equation 4.2

Where:

¢ M is the reference value;

e X is the mean of the individual contents, expressed as a percentage of the label
claim (LC);

e ks the acceptability constant, 2.4 where n = 10 and 2.0 where n = 30;

e s isthe sample standard deviation.
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As noted, the USP criteria refers to the tablet label claim (% label claim) rather than the

mean analytical value.

The value for M is dependent on T, the target content per dosage unit. In this study, T

is 100% LC for each constituent. The following criteria then apply:

1. If Xis less than 98.5% LC, then M = 98.5% LC;

2. If Xis between 98.5 and 101.5% LC, then M =X;

3. If Xis greater than 101.5% LC, then M = 101.5 LC.
The content uniformity requirement is assumed to be met if AV is equal to or less than
15 [31] [32]. It should be noted that the value of the acceptability constant is based on a
sample of either 10 or 30 tablets. However, for the purpose of this study, it was decided
that preparation and analysis of 6 tablets per formulation was sufficient to provide

indicative results.

Applying the above criteria to the NIR data generated for all the tablets prepared in this
study, most tablets conform to the requirement (Tables 4.9-4.13). However, some of the

tablets fall just outside the range and these are as follows:

e 10% wi/w cysteine HCI +20% wi/w IT (both modifier and IT, acceptance value of
15.5 and 15.6 respectively, data in table 4.12)

e 10% w/w betaine HCI +20% w/w IT (modifier only, acceptance value of 15.7,
data in table 4.12)

e 30% w/w citric HCI +20% w/w IT (itraconazole only, acceptance value of 15.5,
data in table 4.13)

However, it should be noted that this criterion is designed for the pharmaceutical sector
where large batch of tablets are manufactured under controlled and optimised conditions

(particle size matching, blending parameters, etc).
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Table 4.10: PLS model results based on the optimised spectral ranges for the 10% w/w pH modifier placebo tablets (n=6)

Tablet % w/w betaine % w/w cysteine | % w/w citric acid % wiw glycine
HCI HCI HCI
Tablet 1 9.52 10.29 9.66 11.29
Tablet 2 10.32 10.68 9.89 10.89
Tablet 3 10.5 10.58 10.03 10.93
Tablet 4 9.73 10.33 10.24 10.61
Tablet 5 10.89 10.99 10.43 10.31
Tablet 6 10.21 10.74 9.01 10.46
Average 10.20 10.60 9.88 10.75
SD 0.5 0.3 0.5 0.4
RSD (%) 4.9 2.5 5.1 3.3
Acceptance level 12.5 10.8 12.0 14.6

Table 4.11: PLS model results based on the optimised spectral ranges for the 30% w/w tablets pH modifier placebo tablets (n=6)

Tablet % w/w betaine % w/w cysteine | % w/w citric acid % w/w glycine
HCI HCI HCI
Tablet 1 28.46 32.24 28.30 30.77
Tablet 2 31.68 32.22 28.61 33.54
Tablet 3 31.84 32.76 32.88 29.99
Tablet 4 31.34 31.79 28.85 30.87
Tablet 5 32.62 32.32 27.65 29.53
Tablet 6 30.02 31.28 29.21 31.2
Average 30.99 32.10 29.08 30.98
SD 1.5 0.5 1.5 1.4
RSD (%) 4.9 1.6 5.0 4.5
Acceptance Value 13.8 9.6 13.3 12.9
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Table 4.12: PLS model results based on the optimised spectral ranges for the 10% w/w pH modifier with 20% w/w itraconazole tablets

(n=6)
Tablet % wiw % wiw % wiw % wiw % wiw % wiw % wiw % wiw
Citric acid Itraconazole | Glycine HCI | Iltraconazole | Cysteine Itraconazole | Betaine HCI | Itraconazole
HCI
Tablet 1 10.1 21.31 9.48 20.65 9.51 21.36 9.94 19.02
Tablet 2 9.81 21.23 9.86 20.12 10.63 20.67 9.09 19.84
Tablet 3 9.32 21.81 10.04 20.21 10.09 20.86 10.73 20.55
Tablet 4 9.34 20.28 9.93 19.49 11.15 21.03 10.29 19.65
Tablet 5 10.89 21.33 10.44 19.72 10.41 21.66 10.89 20.27
Tablet 6 9.74 21.16 10.18 20.29 10.48 21.31 10.11 19.45
Average 9.87 21.19 9.99 20.08 10.38 21.15 10.18 19.80
SD 0.6 0.5 0.3 0.4 0.5 0.4 0.6 0.6
RSD (%) 5.9 2.4 3.2 2.1 5.3 1.7 6.3 2.8
Acceptance 14.0 17 7.8 6.1 15.5 15.6 15.7 12.4
Value
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Table 4.13: PLS model results based on the optimised spectral ranges for the 30% w/w pH modifier with 20% w/w itraconazole tablets

(n=6)
Tablet % wiw % wiw % wiw % wiw % wiw % wiw % wiw % wiw
Citric acid Itraconazole | Glycine HCI | Itraconazole | Cysteine Itraconazole | Betaine HCI | Iltraconazole
HCI
Tablet 1 31.25 21.25 32.19 21.85 28.18 19.88 30.00 19.25
Tablet 2 30.68 21.21 33.79 19.54 27.05 19.25 31.78 21.16
Tablet 3 29.29 20.39 33.07 20.37 27 18.99 30.13 21.9
Tablet 4 29.12 21.43 32.87 20.78 26.77 19.66 30.07 19.21
Tablet 5 32.41 20.88 32.88 20.87 26.5 18.65 29.87 19.58
Tablet 6 30.04 20.57 34.26 19.89 26.58 19.92 29.10 19.85
Average 30.47 20.96 33.18 20.55 27.01 19.39 30.16 20.16
SD 1.3 0.4 0.7 0.8 0.6 0.5 0.9 1.1
RSD (%) 4.1 2.0 2.2 4.0 2.3 2.7 2.9 5.5
Acceptance 10.1 15.5 15.0 12.7 13.4 12.8 7.1 14.2
Value
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4.6.4.2 Content Uniformity and Distribution of Itraconazole and pH Modifier

within the Tablets Using Raman Microscopy

The Raman spectra obtained from the HPMC and itraconazole are presented below in
Fig. 4.21. The spectra were used to identify the most suitable bands which represented
the HPMC and IT. The most appropriate bands were found to be the ~2839 cm™ in HPMC

(attributable to the v(CH)) and 1614 cm for itraconazole (attributable to the v(C=0)).

The band at 1614 cm™ and 2829 cm™ were then used to determine the IT:HPMC ratio
for each of the six tablets. This is a common approach adopted for analysing data
generated from vibrational spectroscopy-based techniques [33]. It eliminates issues
relating to background fluctuations etc, thereby providing a method for normalising the
data and enabling a more robust and useful method of comparing distributions relating
to a particular component within a sample [33]. The ratio for this work was produced

using peak heights.
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Fig. 4.21 Raman spectra obtained from (a) itraconazole and (b) HPMC
highlighting the bands and the corresponding functional group used to generate

the distribution images
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Fig. 4.22 (a) shows the distribution of IT, based on the v(C=0) band ~1614 cm?, in the

three tablets analysed and Fig. 4.22 (b) shows the ratio of IT:HPMC, as described.
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Fig. 4.22 Raman Distribution images and corresponding histograms obtained
from the 20% IT w/w tablets for the three tablets analysed (a) showing IT (based
on the band observed at 1614 cmand b) shows the ratio of band intensities

(selected markers) to represent IT:HPMC
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With these maps, it is possible to make a visual, qualitative assessment of the spatial
distribution of IT and pH modifier. However, without a means of quantification, the
maghnitude of any concentration variability cannot be determined and as such it is difficult
to ascertain where highly localised regions of either IT or pH modifier exist and how this
translates into differences in the concentration of the constituents within the tablet matrix.
In order to provide an additional means of assessing the uniformity of distribution for the
IT and organic acid pH modifier within the tablet matrix, the associated histogram for the
distribution maps were generated. This approach is often adopted when assessing the
homogeneity of components within oral dosage forms and for comparing sample-to-

sample variability from the same batch, or from different processing methods [34] [35].

The histogram represents the distribution of the pixel values in the image, which can be
related to the concentration of the constituent. The parameters that can be obtained from
the histogram are the mean (relative abundance), standard deviation, skewness and

kurtosis of pixel intensity distribution in the mapped/imaged area [34] [36].

The skewness indicates the level of symmetry of the distribution and for a normal
distribution this would be zero [34]. Negative values indicate the data are skewed to the

left and conversely positive values are indicative of a skew to the right [34] [37].

In the literature there seems to a variety of ways that kurtosis has been defined some of
which refer to the “degree of peakedness of distribution” (positive kurtosis shown as a
peaked distribution and a negative kurtosis indicated by a flat distribution) [38] and a
value of three is also used as a measure for a standard normal distribution (Gaussian
distribution) [34] [39]. Both the skew and kurtosis describe a deviation from a normal
distribution. The mean values relate to the abundance (concentration) of the

constituent/parameter analysed.

The Raman distribution images obtained from the peak area integrated maps obtained
from the 20% wi/w IT tablets (n=3) are presented in Fig. 4.22. The scale bar displayed

with the distribution images indicates the changes in Raman intensity, with the blue
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colour indicating the lower IT or organic acid pH modifier distribution in the mapped area.
Conversely, higher levels are shown in the red colour. The corresponding histograms
are also presented in Fig. 4.22. It should be noted that the histogram plots show the pixel

values at a particular intensity.

The results indicate that the distribution of itraconazole (Fig. 4.22a) is essentially uniform
and little difference was observed across the multiple tablets analysed. However, it
should be noted a few high intensity pixels are observed images, which can be related

to higher levels of IT in these areas (denoted by the red colour).

The corresponding histogram plots show the nhumber of pixels with a particular intensity,
which also look very similar across the tablets analysed. The statistical data (Table 4.14)
for the corresponding histograms also confirms a degree of reproducibility is observed
for the three tablets analysed, as indicated by the mean and standard deviation values.
A similar range of values observed for the kurtosis (0.99-1.5) and skew (0.10-0.34).
Although the distributions are not considered to be normal (kurtosis 3 and skew 0),

reasonable compositional homogeneity was discernible for the IT distribution.

The corresponding IT:HPMC ratio images are presented in Fig. 4.22b and again, a
similar distribution is observed. However, the corresponding images show a tall peak
with a narrow base which is more akin to a Gaussian distribution, in comparison to a
broader profile observed for the IT distribution, indicating the IT is indeed homogeneously
distributed. This engenders confidence that the method employed for the preparation of

tablets provides a uniform distribution of the IT in the HPMC matrix.
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Table 4.14: Statistical data obtained from histograms for: 20% w/w IT binary

system
Parameter Tablet Mean Standard Kurtosis Skew
Deviation

IT intensity 1 0.01 0.00 1.30 0.34
2 0.01 0.00 1.50 0.31

3 0.01 0.00 0.99 0.10

IT:HPMC ratio 1 2.50 0.06 3.70 1.30
2 2.66 0.07 2.20 0.40

3 2.67 0.06 1.80 0.25

The average spectra profiles (Fig. 4.23) generated from the Raman maps are also very

similar for the three tablets analysed. This again confirms that the strategy adopted for

synthesising the tablets was successful at producing uniformly distributed IT within the

tablet matrix.

Average spectra profiles obtained from Raman maps on
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Fig. 4.23: Average spectra profiles (n=3) obtained from Raman maps on 20% w/w

Itraconazole tablets (binary system)
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Raman reference spectra were also generated from the organic acid modifiers and these

are presented in Fig. 4.24.
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Fig. 4.24: Raman reference spectra obtained from (a) citric acid; (b) cysteine HCI;
(c) glycine HCI and (d) betaine HCI

To investigate how well the itraconazole and the pH modifiers were distributed within the
HPMC matrix, appropriate bands were identified (discrete spectral marker) which could
be assigned to the IT and each organic acid pH modifier. For IT, the carbonyl band
observed at 1614 cm™* was selected, while for the pH modifiers, bands were identified

from the spectra in Fig. 4.24. The chosen bands are identified in Table 4.15.
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Table 4.15 Selected absorption bands used to generate the Raman distribution

maps for the organic acids

Organic Acid Raman band and position
Betaine HCI v(C=0)~1728 cm™
Cysteine HCI v(S-H)~2564 cm*

Citric acid v(C=0)~1736 cm?
Glycine HCI v(C=0)~1736 cm™

Having identified appropriate bands, peak area integrated distribution maps were
generated along with peak height ratio images (itraconazole:modifier). Similar to the 20%
w/w IT system, histograms and the corresponding statistical information was obtained
from each Raman map. The statistical data produced from the histograms (mean,

standard deviation, skew and kurtosis) is shown in Tables 1-4 in Appendix 1.

The Raman distribution maps and corresponding histograms generated for the 10% w/w
citric tablets (n=3) are presented in Fig. 4.25. Comparing the image distribution maps
across the triplicate set for the citric acid, IT and ratio, it can be seen that a similar
distribution is observed in the three tablets and the distribution appears to be relatively
homogeneous, with few areas where hotspots (high concentration shown by the red
regions) are observed for the IT and citric acid. Examination of the histograms shows
some variation in the distribution of the pixels, however the corresponding statistical data
shown in Table 1 of Appendix 1 indicates a similar mean, kurtosis and skewness for each
of the constituents within the triplicate set. The skew data and kurtosis data both confirm
the distribution is not normal, i.e. the kurtosis is above 3 and the skew is above zero.
However, a high degree of asymmetry is not apparent in the histogram plots, indicating

that the distribution of the IT and citric acid is not considered to be heterogeneous [37].
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Fig. 4.25: Raman distribution images and corresponding histogram for 10% w/w
citric acid with 20% w/w itraconazole formulation showing a) citric acid; b) IT and

c) ratio of pH modifier/itraconazole
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The Raman distribution maps and corresponding histograms generated for the 10% w/w
betaine HCI +20% w/w IT tablets (n=3) are presented in Fig. 4.26. The distribution of the
betaine HCI (Fig. 4.26a) for the 3 tablets analysed looks to be very similar, with very few
areas of localised modifier, suggesting a uniform distribution. The corresponding
histogram distributions are also very similar across the three tablets analysed, exhibiting
a symmetric distribution with a narrow base and a sharp peak, supporting the assertion
that the betaine HCI is homogeneously distributed. The maps relating to the IT
distribution highlight some regions of localised IT hot spots (shown by the red colour),
implying the possibility of clumping of the IT particles. Similarities were observed in the
shape and distribution for the corresponding histograms. The images representing the
betaine HCILIT ratio show a uniform distribution, with a minimum of contrast, apart from

the areas where localised IT is observed.

Comparing the statistical data presented in Table 2 of Appendix 1 (mean, standard
deviation, kurtosis, and skew), similar values are obtained from the histograms for the
tablets analysed. This confirms that there is reproducibility of the homogeneity within the

three tablets analysed.
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: Raman distribution images and corresponding histogram for 10% w/w

betaine HCI with 20% w/w itraconazole formulation showing a) betaine HCI; b) IT

and c) ratio of pH modifier/itraconazole
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The Raman maps and histograms associated with the 10% w/w cysteine HCI +20% w/w
IT are shown in Fig. 4.27. The images for the cysteine HCI (Fig. 4.27a) are similar for the
three tablets analysed and the corresponding histogram distributions are also very
similar with a narrow base and a sharp peak, suggesting that the modifier is uniformly
distributed within the tablet matrix. The distribution images generated for the IT (Fig.
4.27b) are again very similar for the three tablets with some areas showing IT hotspots.
The corresponding histograms have a wider base in comparison to the cysteine HCI
modifier distributions, suggesting the distribution is not as homogeneous [37]. The
images representing the cysteine HCLIT ratio (Fig. 4.27c) show a relatively uniform
distribution, apart from the areas where localised IT is observed within the tablet matrix.
Similar statistical data (Table 3, Appendix 1) was obtained from the histogram plots
associated with the constituents (cysteine HCI, IT and ratio). For the ratio, the kurtosis
and skew the values are low and are near to what would be expected for normal

distribution (3.9 and 0.83 respectively, based on the average across the triplicate set).
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Fig. 4.27: Raman distribution images and corresponding histogram for 10% w/w
cysteine HCI with 20% w/w itraconazole formulation showing a) cysteine HCI; b)

IT and c) ratio of pH modifier/itraconazole
The Raman maps and histograms associated with the 10% w/w glycine HCI| +20% w/w
IT formulation are shown in Fig. 4.28. The distribution images for the glycine HCI (Fig.
4.28a) are similar for the three tablets analysed and show very little variation. However,
the corresponding histogram distributions show some differences for the tablets
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analysed, with those for tablets 1 and 3 having a narrow base, while that for tablet 2
exhibits a broader distribution. This suggests variable levels of homogeneity across the

three tablets for the glycine distribution.

The distribution images generated for the IT (Fig. 4.28b) show localised regions of high
intensity pixels (denoted by the red colour), which relate to a higher concentration of IT
particles in these areas, suggesting the IT is not evenly distributed in some parts of the
tablet. The corresponding histograms also exhibit have a broader distribution in
comparison to the glycine HCI modifier distributions, also confirming the distribution is

not as homogeneous.

The images representing the glycine HCL:IT ratio (Fig. 4.28c) show a relatively uniform
distribution, apart from the areas where localised IT is observed within the tablet matrix.
Similar histogram distributions were obtained for all three ratios. For the ratio, a
satisfactory uniformity is confirmed by the mean, standard deviation, kurtosis and skew
values of 0.8-0.83, 0.04-0.11, 0.28-0.77 and -0.36-1.11 respectively (Table 4, Appendix

1).
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Fig. 4.28: Raman distribution images and corresponding histogram for 10% w/w

cysteine HCI with 20% w/w itraconazole formulation showing a) cysteine HCI; b)

IT and c) ratio of pH modifier/itraconazole
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The Raman distribution maps and corresponding histograms obtained for the 30% wi/w citric
acid are presented in Fig. 4.29. The statistical values obtained from the histograms are shown

in Table 5, Appendix 1.

Comparing the citric acid distribution for the three tablets (Fig. 4.29a) a similar distribution is
observed, with a few localised areas of high citric acid concentration, denoted by the red
colour. The corresponding histogram profiles are also very similar, exhibiting a tall peak with
a long tail to the right, indicating a skewness greater than zero, potentially inferring a degree

of inhomogeneity.

The data obtained from the IT (Fig. 4.29b) distribution also looks to be similar across the three
tablets. It should be noted that several higher intensity pixels in the mapped region, relating to
the IT, are evident in the images. However, these represent only a small proportion of the

pixels in the overall map.

The distribution maps generated for the IT:citric acid ratio are presented in Fig. 4.29¢ and
these are not dissimilar for the three tablets analysed. The corresponding histograms all

exhibit a breadth of distribution which is indicative of a level of heterogeneity in the tablets.

The interpretation of the histograms is borne out by analysis of the statistical data (shown in
Table 5, Appendix 1), in which comparable values for the standard deviation, kurtosis, and
skew were calculated. This confirms that the method adopted for tablet preparation is capable

of producing tablets with an acceptable degree of homogeneity to be used for further study.

The statistical data (Table 5, Appendix 1) obtained from the 30% wi/w citric acid+20% w/w IT
tablets shows similar ranges of values for the standard deviation, kurtosis, and skew,

confirming the method adopted for tablet preparation produces reproducible tablets.
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Fig. 4.29: Raman distribution images and corresponding histogram for 30% w/w citric
acid with 20% w/w itraconazole formulation showing a) citric acid; b) IT and c) ratio of
pH modifier/itraconazole
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The Raman distribution maps, along with the histograms generated from the 30% w/w cysteine
HCI+20% w/w IT tablets are presented Fig. 4.30. The distribution maps relating to the cysteine
HCI (Fig. 4.30a) for tablet 1 show a small, localised region of higher intensity pixels in the
mapped region, indicating a greater concentration of cysteine HCI in this area. Tablets 2 and
3 show a very similar distribution, with some areas exhibiting higher intensity pixels in the
mapped area. The corresponding histograms all show some degree of asymmetry (narrow
distribution with a long tail). The statistical data (Table 6, Appendix 1) shows very little

difference in the skew values (2.29-2.65) and kurtosis (5.74-8.12).

The Raman images generated from the band used to represent the IT distribution (Fig. 4.30b)
again show some areas of high intensity IT (denoted by the red colour) which appear to more
abundant in tablet 1. The ratio images (Fig. 4.30c) look to be very similar for the three tablets
analysed. The statistical data (Table 6, Appendix 1) from the histograms confirms the
distribution is not considered to be normal, as confirmed by the kurtosis which is above 3 and
the skew which is greater than O for all three tablets. While this indicates that the tablets have
some heterogeneity, only a slight degree of asymmetry is apparent compared to a normal

distribution.

Comparing the 10% w/w cysteine HCI Raman data with the 30% w/w cysteine HCI, similar
distribution images (maps and histograms) for each of the parameters measured suggests
that increasing the concentration of the cysteine has had little adverse impact on the blend

uniformity of the tablets.
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Fig. 4.30: Raman distribution images and corresponding histogram for 30% w/w
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148



The content uniformity data for the 30% w/w betaine HCI+20% w/w formulation is presented
in Fig. 4.31. The distribution (Raman images) attributable to the betaine HCI (Fig. 4.31a)
appears to be very similar for the 3 tablets analysed and comparable to the 10% w/w betaine
formulation, with very few areas of localised modifier, suggesting a uniform distribution.
Comparing the statistical data (mean, standard deviation, kurtosis, and skew) shown in Table
7 Appendix 1, similar values are obtained from the histograms for the tablets analysed, thus

confirming a degree of reproducibility with the tablet production method.

The corresponding histogram distributions are again very similar to the 10% w/w betaine+20%
w/w IT formulation, exhibiting a symmetrical distribution with a narrow base and a sharp peak,
the only apparent difference being that the 30% data shows some tailing to the right, indicating
that the skewness is greater than zero. The same is observed for the 10% w/w betaine+20%
w/w IT formulation, apart from the distribution for the betaine: IT ratio which exhibits a
negatively skewed distribution (to the left) and has a value less than zero. For both
formulations, the skewness (Table 2 and 7, Appendix 1) is not greater than £1.0, essentially
confirming the skewness is not substantial and the distribution is not far from being
symmetrical [40]. This indicates that the betaine HCI is relatively homogeneously distributed

at both the 10% w/w and 30% w/w levels.

Comparison of the results were obtained (maps and histograms) for each of the parameters
measured for the 10% w/w and 30% w/w citric acid +20% w/w tablets show similar results,
confirming that increasing the pH concentration does not appear to significantly affect the

blend homogeneity.
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150



The Raman distribution images for the 30% w/w glycine +20% w/w IT, along with the

corresponding histograms, are presented in Fig. 4.32.

The images representing the glycine HCI distribution are shown in Fig. 4.32a. They confirm
that the distribution is very similar for the three tablets, with very few high intensity pixels,
suggesting the glycine HCl is uniformly distributed. The corresponding histograms are again
very similar and exhibit a long narrow peak, with evidence of minimum tailing to the right. The
statistical data from the histograms (Table 8 in Appendix 1) also shows similar values for the
mean (0.01 for all of three tablets), standard deviation (0.01-0.02), kurtosis (8.95-12.15) and
skew (2.80-3.15) for the three tablets analysed. This provides reassurance that there is a high

degree of reproducibility with the blending of the pH modifier.

The images representing the IT distribution are shown in Fig. 4.32b. Comparing these images
it can be see that tablet 2 exhibits intermediate intensity pixels (denoted by the yellow) in the
mapped area in comparison to tablet 1 and 3. However, the corresponding histogram profiles
all exhibit a broad distribution profile, with tablet 2 and 3 demonstrating a slight skewness to
the left (-0.14 and -0.10 respectively). However, the values are not too dissimilar from the

criteria used to describe a normal distribution (skewness =0) [40].

Comparable results were obtained (maps and histograms) for each of the parameters
measured for the 10% w/w and 30% w/w glycine HCI +20% w/w tablets indicating the increase

of the pH modifier concentration does not impact adversely on the blend homogeneity.
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Fig. 4.32: Raman distribution images and corresponding histogram for 30% w/w
glycine HCI with 20% w/w itraconazole formulation showing a) glycine HCI; b) IT and
c) ratio of pH modifier/itraconazole
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4.6.4.3 Summary of Raman Distribution Data

In general, it can be seen that a high intensity of IT in the distribution images corresponds to
a low intensity in the modifier/IT ratio images (anti-correlation). It can therefore be concluded
that the wavelengths/functional groups chosen as being indictive of the two components of

interest were able to permit discrimination.

Some of the features observed could be associated with differences in particle size between
the individual constituents and also the particle size distribution for each constituent. The
project was reliant on the use of commercially sourced chemicals; in commercial
pharmaceutical applications, particle size matching and control may minimise the variability

observed.

Although the distributions do not fall into the category of a normal distribution (Kurtosis=3 and
skew =0) and some degree of asymmetry is observed, none of the distributions exhibit severe
non-uniformity, which would be manifested as a binomial distribution. Furthermore, within the
triplicate sets set of tablets analysed, consistent images and histograms were acquired.
Generally, a broader distribution is observed when IT is mapped, compared to some of the pH
modifiers (cysteine HCI, glycine HCI and betaine HCI), suggesting it is less homogenously
distributed. This could be related to the small particle size of the IT (7.7 um+0.6 for d50) in

comparison to the modifiers.

The Raman mapping results indicate that a reasonable degree of uniformity was achieved for
the 20% wi/w itraconazole and each of the pH modifiers at both 10% w/w and 30% w/w
loadings. This is also verified by the average spectra profiles generated for each of the Raman
maps (Fig. 4.33 and 4.34), confirming that the strategy adopted for preparing the tablets

successfully created reproducible tablets with homogenously distributed constituents.
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Fig. 4.33: Average spectra profiles obtained from Raman maps on 10% w/w pH modifier with 20% w/w Itraconazole for (a) citric acid;
(b) cysteine HCI; (c) glycine HCI and (d) betaine HCI tablets
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4.7 Summary

The IT salts and the amorphous form were successfully prepared and their structures
confirmed using ATR-FTIR imaging and XRD. Suitable spectroscopic markers were
identified to provide differentiation between the ionised and crystalline forms.
Morphological analysis revealed that the ‘as-received’ IT powder was composed of

needle/rod-like structures with an average particle length of 25 pum.

Discrete and unique spectroscopic markers were also identified for HPMC and the pH
modifiers. These were used to generate peak area distribution images for both Raman

maps and ATR-FTIR images.

NIR spectroscopy was successfully used to rapidly and non-destructively characterise
the API and pH modifiers used for this project. The use of the PLS approach successfully
permitted quantification of the concentrations of each the components of interest within
a tablet. A calculated mean value of 19.5% w/w and a relative standard deviation of 3.6%

were obtained for the 20% w/w IT tablet binary system (n=6).

Results obtained from the NIR analysis showed that calculated loading of the pH modifier
and IT for both the 10% w/w and 30% w/w modifier formulations were in good agreement
with expected concentrations, with maximum RSD values of 5.1% and 5.0%,
respectively. This also means that all tablets are within the USP range of up to 6% RSD
and acceptance values of up to 15. This indicates that the tablet preparation technique
adopted was capable of producing tablets whose consistency is acceptable for further

dissolution experiments.

From the Raman mapping data, it can be concluded that the pH modifier and IT appear
to be uniformly distributed across the area of the mapped tablet. However, a small
number of localised areas of high intensity were also observed, which could be due to a

variation in the particle size of the different constituents (ranging from 7.7 um for IT and

171 um for betaine HCI).
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5.0 Investigation of Within-Tablet Dynamics for
Extended Release of Itraconazole from a HPMC Matrix
Tablets Using ATR-FTIR Imaging

5.1 Introduction

The aim of the work for this chapter was to use a poorly water-soluble, weakly basic and
lipophilic model drug system to develop an insight how these types of drugs behave
within the tablet matrix. Itraconazole (IT) was selected as the chosen model drug as
although it is not a candidate for oral extended delivery from a hydrophilic matrix system
it met the stated criteria for a suitable model compound for this work in that it exhibits
pH-dependent and poor solubility, close to 1 ng/mL at pH 7 and 4 ug/mL at pH 1 [1], with
a pKa of 3.7. This is well inside the physiological pH range and characteristic of the most
challenging compounds which might be considered for delivery from hydrophilic matrix
systems. It is also very amenable to the spectroscopic imaging approaches applied in
this work. In this chapter ATR-FTIR imaging was used to monitor the hydration of HPMC
and migration of the itraconazole in the diffusion front over time. The influence of ionic

strength on the formation of the HPMC gel layer was also investigated.

ATR-FTIR imaging allowed dissolution to be studied in real-time, mapping both the
location of the drug and its chemical characteristics (e.g. ionisation state) as it dissolved.
The behaviour of salt forms of a drug within polymeric systems has been characterised
previously. However, the combined assessment of poor solubility, very weakly basic drug
and excipients and water in a formulation undergoing dynamic changes including
ionisation, dissolution, hydration, swelling, particle dislocation with a view to informing
future product design has not been reported [2]. The application of this approach will
permit a greater understanding of the factors controlling drug release and enable a more

effective quality-by-design approach to formulating HPMC matrix tablets.
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5.2 Materials and Methods

5.2.1 Materials

Tablet constituents used in this chapter are listed in Chapter 4 (Table 4.1). For the
hydration studies two different hydrating media were used to investigate pH effects;
these were 0.1 M HCI solution (pH 1.5) and tris(hydroxymethyl)aminomethane
hydrochloride buffer solution (tris buffer, purchased from Sigma Aldrich, molecular
biology grade pH 7.2). The pHs were selected on the basis these are commonly used to
simulate the gastric and intestinal fluids and cover the physiological pH range of the Gl
tract. In order to explore the influence of ionic strength on the hydration of the HPMC two
different ionic strength solutions were investigated (0.1M and 1M). In order to minimise
Hofmeister series-like effects, ionic strength was managed by using monovalent
buffering agents [3]. The 0.1 M HCI was prepared by diluting concentrated HCI 37% with
deionised water having a resistivity of 18.2 MQ. For the low ionic strength tris buffer, a
0.1 M solution was prepared by carrying a 10-fold dilution of the as-received solution. To
obtain the high ionic strength solutions a 1 M concentration was used. For the 1 M tris
solution, the as-received buffer was used. For the high ionic strength solution at low pH,
sodium chloride (general purpose grade, Fischer Scientific) was added to the 0.1 N HCI

solution to increase the ionic strength to 1 M.

5.2.2 Preparation and Characterisation of Tablets

Formulations were prepared and compacted in accordance with the methodology

outlined in Chapter 4, section 4.4.

5.2.3 Content Uniformity of Itraconazole Loading and Heterogeneity
of Tablets

The PLS method used to calculate/predict the values of the API loadings within the

prepared tablet matrix is described in section 4.5.1 of Chapter 4.
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The Raman methodology for assessing the distribution of the APl within the HPMC

matrix is described in section 4.5.2 of Chapter 4.

5.3 In Vitro Release Studies

Dissolution studies were carried out using Agilent 708 (708-DS; Agilent Technologies,
Santa Clara, CA, USA) on the 20% wi/w IT formulation (n=6) in 900 mL of 0.1N HCI and
0.1M tris buffer using the USP Type-ll method. A paddle speed of 75 rpm and a
temperature of 37+0.5 °C was used in all experiments [4]. A 5 mL aliquot was withdrawn
at different time intervals and assayed for IT using ultraviolet—visible spectroscopy
(Agilent Cary 60, Agilent Technologies, Santa Clara, CA, USA) by measuring the

absorbance at 257 nm.

5.4 Collection of ATR-FTIR Images

Mid-IR spectroscopic images were collected using a Varian 680-IR spectrometer (Agilent
Technologies LDA UK Limited, Stockport, UK) coupled to a variable temperature Golden
Gate single reflection ATR sampling accessory (Specac, Orpington, UK) held at 37°C.
Images were collected at a spectral resolution of 8 cm™ with 8 co-additions. It was
observed that an S/N advantage can be obtained by using a large number of background
scans whilst maintaining the speed advantage of having fewer sample scans. Therefore,
blank ATR crystal images at a resolution of 8 cm™ and 256 co-additions were used as a

background reference for image processing.

5.5 Hydration Experiments using ATR- FTIR Imaging

Hydration studies on the tablets were performed as follows and shown schematically in

Fig 5.1.

Each tablet was placed on the ATR crystal such that approximately one-third of the ATR
crystal surface was covered, thereby ensuring the dissolution medium could only be
introduced from one side of the crystal (Fig. 5.2). Pressure was then applied to the tablet

using a sapphire anvil and a good optical contact between the sample and the ATR
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crystal was confirmed by checking the quality of the image of the dry tablet, this limited
swelling in the axial direction. A polyester ring, of larger diameter than the tablet itself to
permit unimpeded radial expansion, was sealed around the tablet and 5 mL of sonicated
pH 7 tris buffer or 0.1 N (pH 1.5) HCI (37°C) was carefully added from one side of the

crystal as hydrating medium.

Hydration was studied over a 3 hour period at a temperature of 37° C, images were
collected every 2 min for the first 10 min, every 10 min over the following 70 min and
every 20 min for the remainder of the experiment. Chemical images for each component
in the system were generated by plotting the peak area of the bands at 1630, 1510 and
1041 cm™ to show the distribution of water, IT and HPMC respectively using I1Sys 5.0

chemical imaging software (Malvern Instruments, Malvern, UK).

It should be noted that this experimental arrangement permits only observation of
swelling and water ingress, particle translocation if it occurs and dissolution/diffusion of
the drug in the hydrated matrix. It is not capable of monitoring erosion due to the low
shear environment that exists within the cell. However, this is not considered to be a
limitation in this context as it still allows assessment of within-tablet dynamics due to
hydration and swelling at pH values within the tablet where drug will be insoluble (high

pH medium) or have some solubility (low pH medium).
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Fig. 5.1 (a): Schematic of different fronts of a hydrating hydrophilic tablet,
looking down onto the upper tablet surface as if one could see through it,
highlighting dry core, swelling, diffusion and erosion fronts. Adapted from [5]
with permission from Therapeutic Delivery as agreed by Newlands Press Ltd. (b):
Schematic of ATR-FTIR imaging set-up over the course of the hydration period
using a Focal Plane Array (FPA) detector. Reprinted from [6] with permission

from the American Chemical Society
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Fig. 5.2: Schematic of tablet placement on ATR crystal
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5.6 Optical Imaging to Determine to Radial and Axial Swelling

Optical images of the axial and radial swelling were collected using two Canon 5D MK3
digital cameras equipped with 100 mm macro lenses, arranged to capture axial and
radial images of the tablets simultaneously. Images were obtained from the HPMC
placebo and the 20% w/w IT loaded HPMC formulation in dissolution media at pH 1.5
and 7 (n=6). The tablets were placed onto a 3 prong polymeric sample holder located in
a glass cell and 40 mL of either 0.1N HCI or 0.1M tris buffer was added. Images were
collected at 5 minute intervals for a period of 180 minutes. Data analysis was conducted
using image analysis software (ImageJ 1.52a) to determine to the area change in both
the axial and radial dimensions. Dimensional changes of the drug loaded tablets
immersed in media at the two different pHs were statistically compared using a two-way
analysis of variance (ANOVA) to determine the statistical significance of any differences

(Prism V 7.03).

5.7 Results and Discussion

5.7.1 Content Uniformity and Distribution of 20% w/w Itraconazole
Tablets Using Near Infrared (NIR) and Raman Microscopy

The 6 tablets analysed by NIR show a reasonable agreement with the expected levels
of itraconazole (20% w/w). The results are presented Chapter 4 section 4.6.4.1 (Table

4.8).

5.7.2 In Vitro Release Studies

Dissolution profiles obtained for the 20% w/w IT loaded tablets (Fig. 5.3) showed a
marked difference in release rate between the two pHs. At pH 1.5 sustained release of
IT was observed over the 24h experiment, although when the experiment was stopped
at this point, only 24% of the contained IT had been released. In contrast, the same IT
tablets in the pH 7 medium showed release to be less than 1% at 24 hours. There was

no evidence of burst release during these measurements at either pH for this
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APl/polymer matrix. However, the results showed clear evidence of an increase in both
dissolution rate and percentage IT release (associated with pH-dependent solubility

profile of IT) in the pH 1.5 medium, as anticipated and in full agreement with previous

studies [7].
Drug release profile for 20%w/w Itraconazole
tablets at pH 1.5 and 7
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Fig. 5.3: Dissolution profiles for 20% w/w IT loaded tablets at pH 1.5 and 7 (n=6)

5.7.3 ATR-FTIR Imaging of Reference Materials

The spectroscopic markers identified for each of the reference materials in order to

generate the chemical images are described section 4.6.2.

5.7.4 ATR-FTIR Imaging of HPMC Tablets

Mid-IR images of matrix tablet composed simply of HPMC hydrating at pH 1.5 and 7
using low and high ionic strength media over the 3-hour hydration period were generated
using the bands identified in section 4.6.2 and show the evolution of the ingress of water
into the tablet matrix and the growth of the gel layer. High intensity regions are coloured
red, while low intensity regions are blue. Increasing intensity is denoted by the numerical

values on the accompanying colour scale bars.
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From the water distribution images (Fig. 5.4a) it is evident that water ingress occurs
rapidly and full penetration throughout the tablet, visible within the field of view, occurs
by around 19 minutes irrespective of the pH or ionic strength environment. HPMC
distribution images show the (non-hydrated) tablet core is located towards the lower half
of the images (Fig. 5.4b). The intensity of this dark red/yellow HPMC distribution in the
high ionic strength medium at pH 1.5 and 7 (Fig. 5.4b (iii) and (iv)) is far greater
throughout the duration of the experiment in comparison to the low ionic strength images

(Fig. 5.4b(i) and (ii)).
Typical representative images from each data set are shown in this chapter, the
remaining data is presented in Appendix 2.

(Q) 640 um Water

(i) PH15 g ;
Low | § sl

(i) pH7
Low |
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(iv) pH7
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(b)
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'
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Fig. 5.4: Selected ATR-FTIR images were collected over the time course of
hydration experiments for placebo tablets in low and high ionic strength
solutions at pH 1.5 and pH 7 showing (a) water and (b) HPMC distribution.
Images were generated using methods described in section 4.5. The dotted lines
in the first column of images denotes the boundary between the tablet and

air/water
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To gain an insight into the gel layer behaviour, the peak area ratio of the v(C-O) in the
HPMC and the 6(OH) for water was plotted. The gel layer was defined as the cyan zone
corresponding to values between 2.2 and 3.8, on the colour scale shown in Fig. 5.5 and
consisted of a combination of water and polymer at varying concentrations. Fig. 5.5a and
b clearly highlight the rapid formation of the gel layer at pH 1.5 and pH 7 in a low ionic
strength environment. The dark red colour corresponded to regions with high polymer
content. Conversely, regions of hydrated HPMC with increasing water content are

denoted by the yellow, green and cyan zones respectively.

The gel layer behaviour is the same between the different pH environments for the pure
HPMC with the same ionic strength (Fig 5.5). For the low ionic strength media (Fig. 5.5a
and 5.5b), at both pH, initial swelling is observed from the 1 minute time point. The dry
core diminishes rapidly and the gel layer recedes towards the edge of the field of view

within the time frame of the experiment.

The images obtained from the tablets subjected to high ionic strength media at pH 1.5
and 7, show that swelling is observed from the outset the gel layer is much more stable
over the duration of the experiment (Fig. 5.5¢ and 5.5d). This confirms that the ionic
strength of the media had a significant impact on the gel layer behaviour. This is
consistent with previous studies looking at the impact of ionic strength and HPMC gel
formation [8] [9] [10], where the gel layer behaviour is shown to be independent of pH
but highly dependent on the ionic strength of the medium. At higher ionic strength, less
effective penetration of the water into the core and development of hydrated, swollen

polymer gel layer is observed.
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Fig. 5.5: ATR-FTIR images of HPMC/water peak area ratio images over hydration
period, showing HPMC gel layer evolution for (a) pH 1.5; (b) pH 7 low ionic
strength solutions; (c) pH 1.5; (d) pH 7 high ionic strength solutions

5.7.5 FTIR Imaging Hydration Experiments on Pure 20% w/w IT
Loaded Tablets

To determine the influence of pH on IT-containing tablet matrices, the ionic strength of
the hydration medium was matched whilst the pH was modified. The strategy adopted
was to use the low ionic strength medium, thereby ensuring that any changes observed

to the drug could be attributed to the pH environment alone.

Fig. 5.6 shows the results of the ATR-FTIR imaging hydration experiments performed on
20% w/w IT-loaded tablets hydrated with a low ionic strength medium (0.1 mol/L) at pH

1.5and 7.

Fig. 5.6a, 5.6b and 5.6¢ show the water, HPMC distribution and gel layer evolution over
the timeframe of the experiment. These results are similar to those observed with the IT-
free HPMC tablets in a low ionic strength medium, shown in Figs. 5.4 and 5.5. However,
interrogation of the gel layer images shown Fig. 5.6¢ over the hydration period appears

to show visible differences between the swelling behaviour in the two pH environments.

The distribution and dispersion of the total IT over the hydration period (Fig. 5.6d) differs

dramatically between the two pH environments. At pH 7, an environment where the drug
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is very insoluble, the matrix expands and swells, taking some drug particles with it but
the drug predominantly remains in the core and is not readily able to dissolve or disperse
into the hydrating matrix, reflecting the in vitro dissolution data. However, at pH 1.5, as
the HPMC matrix expands and swells the IT shows enhanced mobility and moves with
the apparent diffusion front, which has improved definition and has more inherent
structure at this pH. At pH 7 the diffusion front and the swelling front are likely to coincide.
As indicated previously, the solubility of IT is very different in the two pH environments.
It can be hypothesised that the additional structure within the diffusion front, evident at
pH 1.5, is related to the pH-dependent solubility of IT [1] [11]. This has the potential to

impact on the mechanism drug release kinetics [12] [13].

The FTIR imaging data confirms that the HPMC swelling is similar at each pH for the
placebo but is measurably different when IT is incorporated into the tablet. This suggests
the possibility of an additional mechanism affecting drug release kinetics beyond pH
enabled drug solubility in the hydrated matrix. To explore this further and to inform the
findings observed from the ATR-FTIR imaging, a program of work to determine the
swelling kinetics of IT loaded tablets was conducted using optical imaging (see section

5.7.7).

Evidence of undissolved IT particle movement was observed in both pH environments.
This phenomenon of drug particle translocation has previously been studied using optical
methods [14]. Using ATR-FTIR imaging, as the HPMC matrix swells and expands,
undissolved drug particles moving outward in the expanding hydrated gel layer can be
followed without the need for other markers, such as dyes or glass beads [9],
advantageously it is possible to also confirm the chemical form of the drug as the particle

is moving.
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Fig. 5.6: ATR-FTIR peak area integration images over hydration period, showing:
(a) distribution of water; (b) distribution of HPMC; (c) HPMC:water peak area ratio
images, showing HPMC gel layer evolution for pH 1.5 and 7; (d) distribution of
total IT. The dotted lines in the first column of images denotes the approximate

boundary between the tablet and air/water
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5.7.6 Investigating the Nature of IT Particles Within Different pH
Environments

Expanding the diffusion front area of images at selected time point permits the
exploration of the translocation of the IT particles in more detail (Fig. 5.7). In these
enlarged images, it is possible to identify and track individual particles, an example of a
tracked patrticle is highlighted at both pH 1.5 (Fig. 5.7a) and pH 7 (Fig. 5.7b) images. At
each time point, the change in the position of the interface between the IT rich area and
the surrounding medium was calculated. This was then subtracted from the measured
distance of particles relative to their original position giving a measure of the relative

movement of the particle and interface at each time point.

Five particles were tracked from the pH 1.5 and 7 datasets and their movement is plotted
in Fig. 5.7c. It should be noted that due to the limited field of view of the ATR-imaging
experimental set up, distances >400 um away from the interface could not be measured.
Differences were observed in the distribution and the number of particles between the
pH 1.5 and 7 datasets suggesting that particles at pH 1.5 are moving a greater distance
relative to the interface in comparison to those particles present in the pH 7 environment
within the same timeframe. A two-way ANOVA determined that there was a statistically
significant difference in the distance travelled by the particles in the pH 1.5 and 7
environments after 58 minutes (p=<0.05, n=5). This is most likely attributable to the low
solubility of IT at higher pH impacting on the water uptake and swelling capacity of the
tablet in comparison to that at pH 1.5. For reference, the solubility of IT at pH 7 is reported

to be 1 ng/mL and the solubility at pH 1.5 is 4 ug/mL [1].

It is postulated that as IT has much greater solubility at pH 1.5 it therefore will dissolve
out of the matrix, effectively leaving a more “porous” structure than that observed at pH
7. This more porous matrix clearly has different expansion properties upon hydration as
evidenced by the different outward IT particle translocation. Differences in the expansion

properties were not observed in the placebo. Ultimately, monitoring actual drug particle
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movement by ATR-FTIR imaging, for a compound that shows pH dependent solubility,
reveals more information pertaining to the nuances of the mechanism of drug release
when compared to methods lacking chemical specificity, such as optical microscopy, to

track glass beads.

Infrared spectra were extracted across the central line of the highlighted particles in the
images obtained after 28 minutes at pH 1.5 and pH 7, to determine if changes in particle
mobility were linked to changes in the IT chemistry (Fig. 5.7d and 5.7e). The infrared
spectra from the translocated particles were shown to be IT rich, although evidence of
water and HPMC was also observed at both pH values. Interestingly, the particle at pH
7 shows a greater intensity of HPMC across the particle in comparison to that at pH 1.5
as the edge of the diffusion front will be in different places due to the pH effect on IT
solubility. Consequently, particles monitored will be located within different evolving
fronts (swelling and diffusion) [5] [14] [15] depending on the pH environment. As the
tablet hydrates, the polymer chains start to relax creating the swelling front [16], this and
the diffusion fronts move out further as the tablet continues to hydrate, translocating any

undissolved patrticles inside the diffusion front with them.
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Fig. 5.7: ATR-FTIR images tracking an IT particle at selected time points at (a) pH
1.5 and (b) pH 7 (interface indicated by dashed white line in last pane), (c) Plot
showing movement of 5 discrete particles at each pH over time (p=<0.05), FTIR

spectra from selected pixels across the IT particle, showing that the particles are

IT rich at the 28-minute time-point for (d) pH 1.5 and (e) pH 7
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5.7.7 Chacterisation of the Different Forms of IT

FTIR is sensitive to molecular structure, therefore it is reasonable to assume that
spectroscopic differences will be associated with the different forms of IT (ionised/ non-
ionised form). For the images generated here, showing the distribution of IT in Fig. 5.6d
and Fig. 5.7a and b, the v(C=C) ~1510 cm™ was used as the spectroscopic marker for
IT. However, this band is present in both the ionised and un-ionised forms therefore it
only shows the distribution of total IT. In order to ascertain that IR was sensitive to the
different forms of IT, ATR-FTIR spectra were collected from IT salts (mono and
dihydrochloride) prepared following procedures outlined previously [1] [17]. Clear
differences were observed between spectra obtained from the free base and IT salts,
predominantly in the C-H stretching region. The free base form exhibits a strong band at
2821 cm™ associated with CH symmetric stretching vibrations of the methyl group (Fig.
5.8a) which disappears when the drug is ionised. Therefore the 2821 cm™ band was
used to generate peak area distribution images to show changes in IT chemistry over
the course of the hydration period (Fig. 5.8b). A greater intensity of undissolved free base
is observed in the tablet core (towards the bottom of the image) for the high pH medium
over the duration of the experiment. In contrast for the low pH environment, the intensity
of the free base reduces rapidly as it starts to partially ionise, as expected with IT being
more soluble at low pH. From this it can be surmised that the IT is predominantly in the
free base form in the images at the early time points at both pH 1.5 and pH 7. However,
IT remains in the free base form for the duration of the experiment behind the swelling
front, with a small number of undissolved particles extending towards the diffusion front

atpH 7.

Conversely, at pH 1.5 IT is predominantly in the ionised form at later time points, as
illustrated by the loss of the free base (Fig. 5.8b), extending through to the outer edge of
the diffusion front most probably due to its improved solubility in comparison to the free

base form.
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A more detailed interrogation of the changes in chemistry of IT during the dissolution
process can be performed by comparison of the infrared data extracted from the lowest
6 rows of pixels in these images. Binning the spectra within the pixels of the lowest six
rows from images at 0, 33 and 198 minutes at both pH, it was possible to generate
average spectra with sufficient S/N to elucidate differences in the IT chemistry between
systems (Fig. 5.8c). It was observed that over the course of the dissolution experiment
performed at pH 1.5 there was a subtle reduction in the intensity of the 2821 cm™ band
and a shift to higher wavenumber of the 2925 cm™* band over time, which was indicative
of a partial transformation of IT from the free base to the monohydrochloride form, shown
more clearly in Fig. 5.8d. Whereas at pH 7, there is no reduction in the intensity of the
2821 cm? band indicating that at pH 7, the IT remains in the free base form, with an

associated lower solubility.

ATR-FTIR imaging studies provide a direct understanding how the low solubility pH-
dependent drug, with a pKa in the physiological range, changes during the dissolution
process. Following matrix swelling and expansion whilst tracking undissolved drug
particles, in the way previous workers have tracked glass beads [14], it was possible to
directly observe the relationship between particle translocation, drug solubility, ionisation
state and distribution across the hydrated matrix at different media pHs. These factors

will be important to drug release kinetics at different pH values.
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Fig. 5.8: (a) Average ATR-FTIR imaging spectra obtained from IT free base, IT
monohydrochloride and IT dihydrochloride with dotted line indicating vs(CH) at
2821 cml(b) ATR-FTIR peak area integrated images generated using band at
2821 cm™. (c) average ATR-FTIR imaging spectra highlighting v(CH) at 0, 33 and
198 minute timepoints for 20% w/w IT loaded tablets at pH 1.5 and 7 (d) average
ATR-FTIR imaging spectra obtained from IT free base, IT monohydrochloride and
198 minute timepoint for 20% /w IT loaded tablet at pH 1.5
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5.7.8 Physical Swelling Kinetics- Radial and Axial Swelling Results
on Placebo and 20% w/w IT Loaded Tablets

To supplement the ATR-FTIR data a series of swelling experiments were performed on
both IT loaded and placebo tablets at pH 1.5 and pH 7. Examples of the optical images
obtained from the placebo and 20% w/w IT loaded tablets for the O and 180-minute
timepoint at pH 1.5 and 7 for the radial and axial measurements are shown in Fig. 5.9,
Fig. 5.10, Fig. 5.11 and Fig. 5.12. The full set of optical images are shown in Appendix

5.

The results obtained from the swelling measurements confirmed that the swelling of
placebo HPMC tablets was independent of pH (Fig. 5.13), however there were a distinct
difference in swelling behaviour of the 20% w/w IT loaded tablets in the different pH
environments (Fig. 5.14). A greater of degree of swelling was observed at pH 1.5 over
the period of the hydration. Statistical analysis was carried out on the 30, 60, 90, 150
and 180 minute time point data using a two-way ANOVA to determine if there is a
significant difference in both axial and/or radial swelling between tablets in the pH 1.5
and 7 environments. The results indicate that no statistically significant difference was
observed at the 30-minute time-point, however a significant difference (p=<0.05) was
observed for the subsequent time points analysed. Statistical analysis was also carried
out on the placebo data at the same time points, however no significant difference was
found for either the axial or radial dimensions between the pH environments (Fig. 5.13).
These findings are in agreement with the FTIR-ATR imaging data presented earlier and
support the hypothesis that the reduced swelling capacity of the IT loaded tablets at pH
7, leads to a reduction in the translocation of IT particles in the diffusion layer and
consequently, along with the poor solubility of IT under these conditions results in a

retardation of IT release from these tablets.
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Fig. 5.9: Radial optical images obtained from 0 and 180 minute timepoints for

swelling experiments conducted on HPMC placebo tablets at pH 1.5 and 7
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Fig. 5.10: Axial optical images obtained from 0 and 180 minute timepoints for

swelling experiments conducted on HPMC placebo tablets at pH 1.5 and 7
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Fig. 5.11: Radial optical images obtained from 0 and 180 minute timepoints for

swelling experiments conducted on 20% w/w IT tablets at pH 1.5 and 7
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Fig. 5.12: Axial optical images obtained from 0 and 180 minute timepoints for

swelling experiments conducted on 20% w/w IT tablets at pH 1.5 and 7
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5.8 Summary

Using ATR-FTIR imaging it has been shown that increasing the ionic strength of the
hydration medium inhibits/restricts the formation of the HPMC swelling and gel layer
formation. Rapid formation of the gel layer was observed with low ionic strength media,
whilst high ionic strength was shown to interfere with the polymer hydration, resulting in

the suppression of the expansion of the gel layer.

Evidence of particle translocation was observed in both pH 1.5 and 7 environments. The
hydration experiments performed using ATR-FTIR imaging have also shown that the
undissolved drug particles migrate with the gel layer as the outer shell of the polymer
matrix hydrates and expands. The particles at pH 1.5 were shown to move a greater
distance relative to the interface in comparison to the particles present in the pH 7
environment due, possibly as a result of the enhanced solubility of the ionised form of

the itraconazole.

This was verified using optical swelling measurements conducted on the 20% w/w
loaded tablets and confirmed a difference in swelling rate at pH 1.5 and 7. The tablets
exposed to the low pH medium show a greater swelling rate and higher overall
percentage swelling in comparison to those exposed to the pH 7 environment. No

significant differences in the swelling behaviour were observed for placebo tablets.

As the matrix swells and hydrates at different pH, it was possible to gain an insight into
the chemical characteristics of the drug, distinguish and detect the un-ionised form in
both low and high pH environments. Un-ionised IT was observed predominately in the
tablet core and remained localised in the pH 7 medium, in contrast, in pH 1.5 medium,
as the drug dissolved and diffused through the matrix, it transformed from the un-ionised
to the ionised form. Due to a combination of a low signal to noise ratio and the detection
limits of ATR-FTIR imaging, it was not possible to verify the presence of the ionised
itraconazole form in the surrounding medium at pH 1.5, despite observing an overall

reduction of free base IT within the tablet images over time. Complementary dissolution
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data clearly suggests that the concentration of IT in the surrounding medium does
increase with time at pH 1.5. As stated previously, the aqueous solubility of IT is ~1
ng/mL at pH 7 and 4 ug/mL at pH 1 [1] these values are likely to be below the detection

limits of the ATR-FTIR imaging method.

The methodology used in this work permits an understanding of the within-matrix
dynamics of the drug and shows that drug mobility is very different in the two pH
environments. It was possible to follow matrix swelling and expansion and track
undissolved drug particles in the way previous workers have tracked glass beads [14].
However, it was possible to observe the changing chemical nature of the drug as a
particle moved within the diffusion front. At pH 7 the drug remained in the free base form,
which is poorly soluble and therefore largely stayed within the core and the swelling front.
At pH 1.5 however, the IT was ionised, becoming more soluble and was able to migrate

into the diffusion front and eventually out into the surrounding medium.

5.9 Conclusions

This work highlights the value of utilising ATR-FTIR imaging to elucidate factors affecting
the release of a pH-dependent, poorly-soluble drug from a hydrophilic matrix. This
approach permits an understanding of the within-matrix dynamics of the drug and shows
that although evidence of particle translocation was observed in both pH 1.5 and 7

environments, drug mobility was very different between the two.

Using ATR-FTIR imaging to follow matrix swelling and expansion and track undissolved
drug particles in the way previous workers have tracked glass beads [14], it was possible
to observe the changing chemical nature of the drug as a particle moved within the
diffusion front. At pH 7 the drug remained in the free base form, which is poorly-soluble
and therefore largely stayed within the core and the swelling front. At pH 1.5 however,
the IT was partially ionised, becoming more soluble and was able to migrate into the
diffusion front and eventually out into the surrounding medium. The IT containing tablets

exposed to the low pH medium show a higher swelling rate and greater overall
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percentage swelling in comparison to those exposed to the pH 7 environment. No

significant differences in the swelling behaviour were observed for placebo tablets.

Therefore, it can be concluded that differential drug solubility observed across the pH
range is not the sole reason for different release rates within different pH environments.
Additionally, the presence of non-dissolved drug negatively impacts upon matrix swelling
resulting in translocated free base drug particles being in the swelling front at pH 7 and
partially ionised drug particles in the diffusion front at pH 1.5. In combination, differences
between the solubility of the two drug forms and swelling of the matrix affect the rate and

percentage drug release at the two different pHs.
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6.0 Optimisation of IT Release from HPMC Tablets by
Incorporating Organic Acid pH Modifiers

6.1 Introduction

The aim of this programme of work was to investigate how the addition of pH modifiers
(citric acid, betaine HCI, cysteine HCI and glycine HCI), differing in their pKs and
solubility, impacts on drug release from a hydrophilic matrix of a poorly-soluble drug with
a pKa in the physiological range. In an extension of the work carried out in Chapter 5,
the same ATR-FTIR imaging methodology was also adopted to characterise the within-
tablet dynamics for an HPMC polymer matrix incorporating 20% w/w itraconazole, with
the addition of an organic acid pH modifier. As previously stated, itraconazole (IT) was
selected as a model drug in this work as it exhibits the characteristics of having a pKa of
3.7 and being practically insoluble at pH 7. This puts it into the biopharmaceutics
classification system (BCS) of class Il drugs, which are those having low solubility and
high permeability. IT also has good infrared spectroscopic properties to facilitate imaging

approaches [1].

Many strategies have been adopted to overcome the bioavailability problems associated
poorly-soluble drugs to achieve a pH-independent dissolution profile from drugs of this
classification. Approaches have included formation of salts [2], solid—lipid nanopatrticles
[3] and solid dispersions [4]. Another strategy is to incorporate a pH modifier into the

tablet formulation [5] and it was this approach that was adopted for this study.

Tablets were prepared using 10% w/w and 30% w/w of the selected pH maodifier, with a
view to regulating the pH microenvironment within the tablet and hence enhancing drug

release from the HPMC polymer matrix.

Incorporation of acidic pH modifiers within an oral dosage form is an advantageous
approach for weakly basic drugs, because these are selected to manipulate the

microenvironmental pH to provide a low pH environment within the tablet matrix and in
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the gastrointestinal tract, therefore providing increased drug availability due the
ionisation of the drug in the favorable pH conditions created [6]. The term
‘microenvironment’ has been coined by researchers in this field to identify a microscopic

layer of saturated solution which forms around a solid particle during hydration [7].

The key to ensuring success with this approach is to ensure a pH modifier is selected
that has adequate solubility and an appropriate pKa to maintain the low pH environment.
Ensuring the most appropriate pH modifier is selected for optimal release of a specific
drug can be rather challenging and is quite involved. For example, if the pH modifier
diffuses out of the tablet matrix more rapidly in comparison to the drug this will result in
a decrease in the pH modifying effect over time. Therefore obtaining the desired
microenvironment pH as a result of incorporating a pH madifier is a major challenge for
regulating drug ionisation within a tablet matrix over the entire drug release period [6]
and understanding the release behaviour of the pH modifier from an oral dose form is

crucial to appreciate the impact on drug release [8].

Typically, organic acids such as citric, fumaric, tartaric and sorbic acid are used as pH
modifiers in solid oral dosage forms. There are many characteristics associated with
organic acids such as pKa, solubility, chemical structure, particle size and molecular
weight that can influence the drug dissolution profile of weakly soluble drugs. Also, the
drug that the organic acid will be used with will also have an impact on the dissolution
profile and properties such as solubility, pKa and the composition of the dosage form
would need to be taken into consideration [5] [9] [10]. It is well understood that the
dissolution medium pH impacts on the dissolution rate of API's with a pH dependent

solubility [11].

Due consideration to the concentration of the selected pH modifier within the formulation
is required as it will impact on drug dissolution, manufacturability and tablet stability. High
levels of pH modifier within a formulation could advantageously increase drug
dissolution, while conversely leading to poor stability within the formulation [8]. In order

to achieve complete dissolution of the drug, it has been suggested that the pH maodifier
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and drug particles need to coexist in the solid dosage form for the drug to fully dissolve

or be released [12].

Siepe et al. have reported that the incorporation of poorly water-soluble organic acids
such as fumaric acid were more effective than water-soluble organic acids in enhancing
the dissolution rate of the drug dipyridamole from an HPMC tablet matrix due to their low
agueous solubility. The release of the organic acid coincided with that of the drug and
provided a suitable acidic environment for the optimal release of the drug. The authors
investigated the release rate of the drug using a range of different organic acids and
found that fumaric acid provided 86.8% release followed by the citric acid at 65.6%,

succinic acid at 51.7% and ascorbic acid at 4.18%, after a 6 hour dissolution time [13].

Adachi et al. investigated a range of organic acid pH modifiers (tartaric, citric, malic,
succinic and aspartic acid) to improve the dissolution and bioavailability of a
ketoconazole which is a weakly soluble drug with a pKa of 6.5. The authors found that
the water-soluble organics (citric acid and tartaric acid) provided an eight-fold increase
in the dissolution of the drug at pH 6 compared to the ketoconazole only system [14].
The authors concluded that the poorly water-soluble acids were not as effective as the
water-soluble organic acids. With the least effective water-soluble organic acid (succinic
acid) exhibiting a lower drug release rate of ketoconazole in comparison to the citric,
tartaric and malic acid modifiers, all of which have a higher aqueous solubility and a lower
pKa value in comparison to the succinic acid [14]. It should be noted, however, that these

findings seem to contradict those of Siepe et al.

Cysteine HCI has been used as a pH modifier in the HPMC-based Wellbutrin 100 mg
tablets to provide the API bupropion hydrochloride (pKa 7.9) an acidic environment and
stability due to the protonation of the of the N-H of the t- butyl amino group in the drug
molecule. However, in the original formulation, a significant increase in dissolution rate
was observed under storage conditions at 25° C/60% relative humidity. This was thought
to be attributable to slow acid hydrolysis of HPMC under the storage conditions. This

highlights the importance of HPMC to cysteine HCI ratio in stabilising the formulation.
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The product was reformulated by increasing the ratio of HPMC to cysteine HCI
(Hypromellose 2910: cysteine HCl 20% and 6% in the original formulation and

Hypromellose 2910: cysteine HCI 33% and 6% in the revised formulation) [15] [16].

Authors conducted a pilot study to investigate the use of betaine HCI as a hydrochloric-
based gastric supplement to produce a decrease in the gastric pH, therefore assisting
the absorption of weakly basic drugs that exhibit a pH-dependent solubility. The betaine
HCI was incorporated into solid dosage forms such as capsules and tablets, the
advantage being that commencement of the acidification would only take place when the
dosage form reaches the stomach, allowing the salt to dissociate and form the free HCI.
The advantage of using betaine is that it is a naturally occurring substance which is
present in foods such as beetroot, spinach and whole wheat foods. The authors
concluded that the strategy of using betaine HCl was an effective methodology to rapidly
reduce the gastric pH. Also, because the effect was temporary, it provided sufficient

window for the dissolution of weakly soluble basic drugs [17].

Citric acid is a tricarboxylic acid and is a naturally occurring substance found in citrus
fruits. It is widely used as an acidifying agent in pharmaceutical solid dosage forms. Citric
acid is commonly used in pharmaceutical formulations, cosmetics dietary supplements
and as a preservative in the food and beverage industry. The advantages of using citric

acid are that it is relatively inexpensive and inherently safe [18] [19].

Others have reported incorporating high concentrations of extremely soluble organic acid
modifiers such as citric acid or tartaric acid to generate a high osmotic pressure and /or
ionic strength which undoubtedly impacts on the formation of the gel layer and release
mechanism of the drug [10] [16] [20]. Also, other factors could potentially impact on the
processing and stability of the solid dosage form when high levels of pH modifier are
incorporated. Factors such as blending and compression of the solid dosage form could
be influenced by the compaction properties of the pH modifier when present in high levels

within the formulation [16].
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The effect of amino acid pH modifiers incorporated into HPMC matrices with a poorly-
soluble weakly basic drug and how these types of modifiers influence dynamics of the
gel layer behaviour has not extensively been investigated. The strategy adopted for the
current study was to use an organic pH madifier that is commonly used in oral dosage
forms (citric acid) and to investigate amino acid-based modifiers such that the pKa is
around 2 units lower than itraconazole, thus providing favourable acidic conditions to
enhance the dissolution of the drug. To elucidate the potential release enhancement of
IT in an HPMC tablet matrix using organic acid pH modifiers, the following were
investigated: citric acid, cysteine HCI, glycine HCI and betaine HCI at a loading of 10%

w/w and 30% w/w.

6.2 Materials and Methods

6.2.1 Materials

Tablet constituents used in this chapter are listed in Chapter 4 (Table 4.1 and 4.2). The
tris(hydroxymethyl)aminomethane hydrochloride buffer solution (tris buffer, Sigma
Aldrich, molecular biology grade pH 7.2) was used for the hydration, dissolution and
optical imaging studies, the 0.1 M solution being prepared by carrying a 10-fold dilution
of the as-received standard solution using 18 MQ water. A 10% w/w and 30% w/w
loading of the organic acid was incorporated into the HPMC-IT formulation. Table 6.1

shows the physiochemical properties of the organic acids used in this study.
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Table 6.1: Comparison of pKa and aqueous solubility of various pH modifiers
(values taken from the literature)

Organic acid Structure pKay Solubility Data
pH Modifier g/100 mL
o) OH
0 0
Citric Acid 3.1 59.2 [21]
HO OH
OH
(@] | Cl
Betaine HCI )J\/ - 2.4 64.7 [22]
N
HO N
HCI
0]
Glycine HCI 2.3 82.5 [23]
OH
NH,
O
Cysteine HCI HS/\‘)‘\OH 1.7 74 [24]
HCI NFz

6.2.2 Preparation and Characterisation of Tablets

Formulations were prepared and compacted in accordance with the methodology

outlined in Chapter 4.4.

6.2.3 Content Uniformity of Itraconazole Loading and Heterogeneity

of Tablets

Whole tablets were analysed (n=6) using Near Infrared (NIR) spectroscopy and a PLS

method was used to calculate/predict the values of the APl and pH modifier loadings.

The methodology adopted is described in section 4.5.1 of Chapter 4.
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Uniform distribution of the IT and organic acid modifier across the tablets was determined
by Raman microscopy. The Raman methodology for assessing the distribution of the API

and pH modifier within the HPMC matrix is described in section 4.5.2 of Chapter 4.

Raman microscopy has been demonstrated to be a suitable technique for determining
content uniformity of an APl and other excipients (organic acids) in tablet matrices due
to enhanced spatial resolution (spot sizes less than 2 um) and the capability to map

larger areas, compared to other chemical mapping techniques [25].

6.3 Morphology and Particle Size Analysis of IT, HPMC and
Organic pH Modifiers

Scanning Electron Microscopy (SEM) was used to generate images of the organic acids,
IT and HPMC powders, for the purposes of determining the morphology of the starting
materials. Particle size analysis was conducted using a Malvern Mastersizer particle size

analyser. The methodology adopted is outlined in Chapters 4.3.4 and 4.3.5 respectively.

6.4 In Vitro Release Studies

Dissolution studies were carried out on the 20% w/w IT incorporated with the organic
acid pH modifier at loadings of 10% w/w and 30% w/w (n=6). Analysis was carried out
using an Agilent 708 dissolution tester in 900 mL of 0.1M tris buffer using the USP Type-
I method. A paddle speed of 75 rpm and a temperature of 37+0.5° C was used in all
experiments [26]. A 5 mL aliquot of dissolution medium was withdrawn at different time
intervals and assayed for IT using ultraviolet—visible spectroscopy (Agilent Cary 60) by

measuring the absorbance at 257 nm.
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6.5 Collection of ATR-FTIR Images

Mid-IR spectroscopic images were collected using the approach described in Chapter 5,

section 5.4 [27].

6.6 Hydration Experiments Using ATR- FTIR Imaging

Hydration studies on the tablets (n=3) were performed using the experimental

arrangement described in Chapter, section 5.5.

6.7 Optical Imaging to Determine to Radial Swelling

Swelling experiments were performed in which optical images were collected using a
Canon 5D MK3 digital camera equipped with a 100 mm macro lens, arranged to capture
radial images of the tablet, as described previously in section 5.6 of Chapter 5. Images

were obtained for all tablet formulations used in this study (n=6).

The tablets were placed onto a 3-prong polymeric sample holder located in a glass cell
and 40 mL of 0.1M tris buffer was added. Images were collected at 5 minute intervals for
a period of 180 minutes. Data analysis was conducted using image analysis software
(ImageJ version 1.52a) to determine the area change in the radial dimension. Previous
work (Chapter 5, section 5.6) focused on both radial and axial swelling measurements,
however due to both of these providing similar results (Chapter 5, section 5.7.8), this

chapter will only consider the radial dimension.

6.8 Multivariate Curve Resolution Alternating Least Squares
Analysis (MCR-ALS)

MCR-ALS was performed using MCRv3.19.04 (V 1.6; Copyright ® 2003-2001 Unilever)
on the ATR-FTIR images for the combined pH 1.5 and 7 datasets with IT and the 30%
w/w system without and without pH modifier. The spectral region selected was 1900-950
cm™ and the MCR-ALS was carried out using 4 and 5 factors for the combined pH 1.5
and 7 dataset and factors 8 and 9 for the 30% w/w modifier formulation. User defined

software parameters selected for the MCR-ALS analysis were non-linear iterative partial
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least squares (NIPALS) decomposition method, alternating least squares was used to
determine the optimal loadings (ALS constraints) and for decomposition of the images,
non-negativity modified alternating least squares method was used within the software

(MALS).

6.9 Results and Discussion

6.9.1 ATR-FTIR Imaging of Reference Materials

The spectroscopic markers identified for each of the reference materials, including the
organic acid pH modifiers used for the generation of the chemical images, are described

Chapter 4.6.2.

The v(C=0) band was used as a discrete marker to be representative of the
concentration, nature and position of the organic acid modifier. These bands/markers
were used to generate maps to show the distribution of each of the organic acid modifiers

within the tablet.

6.9.2 Content Uniformity and Distribution of 20% w/w Itraconazole
with 10% w/w and 30% w/w pH Modifier Tablets using Near Infrared
(NIR) and Raman Microscopy

The NIR and PLS data generated from the tablets containing 10% w/w and 30% w/w pH
modifier with and without itraconazole is presented in Chapter 4, section 4.6.4.1. In
summary, a good agreement between the actual and predicted concentration levels was

obtained for all components in all systems investigated.

Raman spectra were obtained from the organic acid modifiers to identify the most
suitable (discrete marker) band to represent the modifier and generate the distribution
maps from the prepared tablets. The methodology adopted is outlined in Chapter 4,

section 4.6.4.2.

To summarise, the v(C=0) band was used as a marker to represent the betaine HCI

(~1728 cm™), citric acid (~1736 cm™) and glycine HC | (~1736 cm™). The S-H stretching
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mode observed at ~2564 cm™? was found to be the most suitable for generating the

Raman distribution maps for the cysteine HCI.

6.9.3 Analysis of the Morphology and Particle Size Determination of
IT, HPMC and Organic pH Modifiers

The secondary electron images obtained from the itraconazole, HPMC, glycine HCI,
betaine HCI and citric acid powders are presented and discussed in section 4.6.3.1 of

Chapter 4.

6.9.4 ATR-FTIR Imaging of HPMC Tablets Containing 10% w/w and
30% w/w Organic acid

Mid-IR images of matrix tablets composed solely of HPMC and the different loadings
(10% w/w and 30% wi/w) of each of the organic acids hydrating in the pH 7 medium over
the 3 hour hydration period were generated using the bands identified in Chapter 4,
section 4.6.2 and show the evolution of the hydration medium ingress into the tablet
matrix and the growth of the gel layer (Fig. 6.1 and Fig. 6.2). Images were generated
using methods described in Chapter 5, section 5.5. Typical representative images from

each data set are shown in this chapter, the remaining data is presented in Appendix 3.

High intensity regions, which correspond to high concentrations, are coloured red, while
low intensity regions, representing low concentrations, are blue. Differences in intensity
for each component are denoted by the numerical values on the accompanying colour

scale bars.

From the water distribution images for both the 10% w/w and 30% w/w loadings (Fig.
6.1a and Fig. 6.2a) it was evident that water ingress, determined by observing the colour
change (blue to red) in the water distribution maps over time, was rapid and full
penetration throughout the area of tablet visible within the field of view, occurred by ~19

minutes irrespective of the nature of the organic acid.

HPMC distribution images showed the (non-hydrated) tablet core located towards the

lower half of the images (Fig. 6.1b and Fig. 6.2b) and this intensity is comparable for all
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the weak acids, independent of loading. Upon hydration, the intensity of this dark
red/yellow HPMC distribution in the 100% HPMC tablet image (Fig. 6.1b (i)) is similar to
that obtained from tablets containing the citric acid, cysteine HCI and glycine 10% w/w
pH modifiers. Conversely, high intensity, HPMC rich regions remain prevalent for longer
for the 100% HPMC tablet throughout the duration of the experiment compared with
tablet formulations containing each of the 30% w/w pH modifiers. This suggests a greater
concentration of pH modifier within the formulation impacts on the hydration properties
of HPMC. This could potentially be due to the highly soluble nature of the weak acid
'wicking' water through the HPMC. The betaine HCI exhibited a marked difference at
both the 10% and 30% w/w loading in comparison with the other pH modifiers and the
100% HPMC. The tablet containing the 30% w/w betaine HCI (Fig. 6.2b (iv)) shows a
rapid disappearance of the high intensity HPMC (dark red) in comparison to the citric
acid, cysteine HCI and glycine HCI organic acids. This suggests that the presence of

betaine HCI at 10% and 30% loadings disrupts the HPMC gel layer formation.

The ATR-FTIR distribution images shown in Fig. 6.1c and 6.2c represent the distribution
of the 10% w/w and 30% w/w organic acid pH modifier. The images show a rapid
dissolution of all the organic acids investigated in this study, with no non-hydrated citric
acid, cysteine HCI, betaine HCI or glycine HCI detectable in the tablet matrix after 33

minutes in the ATR-FTIR images.
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Fig. 6.1: Selected ATR-FTIR images collected over the hydration period for 10%
w/w organic acid placebo tablets at pH 7 showing: (a) distribution of water; (b)
distribution of HPMC; (c) distribution of ionised organic acid (citric acid, cysteine
HCI, betaine HCI and glycine HCI). The dotted lines in the first column of images

denote the approximate boundary between the tablet and air/water
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Fig. 6.2: Selected ATR-FTIR images were collected over the time course of
hydration experiments for 30% w/w organic acid placebo tablets at pH 7
showing: (a) distribution of water; (b) distribution of HPMC; (c) distribution of
ionised organic acid (citric acid, cysteine HCI, betaine HCI and glycine HCI). The
dotted lines in the first column of images denotes the approximate boundary

between the tablet and air/water
To gain an insight into the gel layer behaviour, the peak area ratio of the v(C-O) of the
HPMC and the shoulder (1566-1678 cm™) of the §(OH) for water was plotted. The
shoulder was used as opposed to all the 5(OH), as in chapter 5, to ensure no contribution

from the ionised pH modifier was included. As described in Chapter 5, section 5.7.4, the
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gel layer was defined as the cyan zone corresponding to values between 2.2 and 3.8, on
the colour scale shown in Fig. 6.2 and consisted of a combination of water and polymer

at varying concentrations.

The dark red colour corresponded to regions of high intensity which correlate with high
HPMC content. Conversely, regions of hydrated HPMC with increasing water content

are denoted by the yellow, green and cyan zones, respectively.

Comparing the formulations containing the 10% w/w loading of the pH modifiers (Fig.
6.3a (ii)-(v)) to the 100% HPMC (Fig. 6.3a (i), the citric acid and cysteine HCI exhibit the
greatest similarity to the placebo for the gel layer development over the time frame of the
experiment. It can be seen that the high intensity polymer region shown by the dark red
colouration is more apparent and less diffuse across the hydration period. The images
for the 10% w/w betaine HCI (Fig. 6.3a (iv)) pH modifier show a rapid reduction of the
dark red colours assigned to the high polymer content regions. The 10% w/w glycine HCI
(Fig. 6.3a (v)) images exhibit a more controlled reduction of the high intensity HPMC in

comparison to the betaine HCI over the course of the experiment.

The gel layer behaviour for hydration of formulations containing 30% w/w organic acid
modifier (Fig. 6.3b) was markedly different in comparison to that of the 100% HPMC (Fig.
6.3b (i). A similar behaviour to the 10% w/w formulations was observed with the 30%
w/w betaine HCI (Fig. 6.3b (iv)), in that the dry core diminishes more rapidly and the gel
layer recedes towards the edge of the field of view within the time frame of the experiment
in comparison to the other organic acid modifiers. The increased loading of the citric acid,
betaine HCI and cysteine HCI modifier appears to accelerate the disappearance of the
high intensity HPMC-rich regions. This suggests that not only are the citric acid, cysteine
and betaine facilitating the rapid formation of the gel layer, but that the increased loading
also affects the gel layer formation, which is potentially related to the ionic strength of

the pH modifier and hence exerting a Hoffmeister like effect.
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Comparing the ionic strength distribution images obtained from hydrating the 10% w/w
and 30% w/w loadings of the glycine HCI modifier (Fig. 6.3a (v) and Fig. 6.3b (v)),
increasing the loading does not appear to significantly impact on the gel layer formation.

Comparable distributions are obtained for both 10% w/w and 30% wi/w.
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Fig. 6.3: ATR-FTIR images of HPMC/water peak area ratio images over hydration

period, showing HPMC gel layer evolution at pH 7 for: (a) (i) 100% HPMC; (ii) 10%

w/w citric acid; (iii) 10% w/w cysteine HCI; (iv) 10% betaine HCI w/w; (v) 10% w/w

glycine HCI and (b) (i) 100% HPMC; (ii) 30% w/w citric acid; (iii) 30% w/w cysteine
HCI; (iv) 30% w/w betaine HCI; (v) 30% w/w glycine HCI
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6.9.5 FTIR Imaging Hydration Experiments on 20% w/w IT tablets
With Organic Acid at 10% w/w and 30% w/w Loading

The ATR-FTIR peak area distribution images generated for water, HPMC, total IT and
pH modifiers for the formulations containing the 20% w/w IT with a 10% w/w loading of

the organic acid modifiers used in this study are presented in Fig. 6.4.

The peak area integrated images showing the water distribution (Fig. 6.4a) over the
timeframe of the experiment are similar to those obtained for the 10% w/w modifier
images without IT, in that water ingress is rapid and is present across the entirety of the

field of view by 19 minutes.
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Fig. 6.4: ATR-FTIR peak area integration images for 20% w/w IT and 10% w/w pH
modifier over the hydration period, showing: (a) distribution of water; (b)
distribution of HPMC; (c) distribution of total IT; (d) distribution of ionised

organic acid. The dotted lines in the first column of images denote the

approximate boundary between the tablet and air/water
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The ATR-FTIR images showing the total IT distribution for each system are presented
in the Fig. 6.4c. The peak area integrated images were generated using the IT band at
1550 cm corresponding to the v(C=N) (Fig. 6.5) instead of the band used previously
(Chapter 5, section 5.5) at 1508 cm™ (v(C=N)) due to overlap observed with bands in

the pH modifiers (cysteine HCI, betaine HCI and glycine HCI).
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Fig. 6.5: Overlaid ATR-FTIR spectra of IT free base, cysteine HCI, betaine HCI and
glycine HCI highlighting overlap of band v(C=C) from IT and the discrete v(C=N)

used for the total IT distribution

IT distribution observed for the 10% w/w cysteine HCI and glycine HCI (Fig. 6 4c (iii) and
Fig. 6.4c (iv)) formulations show a distinct reduction in the high intensity free base IT
over the course of the hydration period which is denoted by the red colour on the scale
bar. A subtle decrease for the citric acid intensity is observed, however this is not as
pronounced as the cysteine HCI and glycine HCI systems. The IT images for the betaine
formulation show enhanced mobility of the IT, however, from the images it is difficult to

ascertain if the there is a reduction of the free base over the timeframe of the experiment.

The peak area distribution images generated to track the pH modifier in each system are

shown in Fig. 6.4d. As expected, due to the high solubility, the pH modifier rapidly
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disappeared into the surrounding medium and out of the field of view. However, low
levels of glycine HCI ((Fig. 6.4d iv)) are still evident in spectra obtained at the later
timepoints (33 minutes Fig. 6.6a). This is confirmed by the presence of the carbonyl band
observed at 1734 cm™ which is associated with the glycine HCI and is not present in the

ATR-FTR spectrum of itraconazole free base.

(a)

Evidence of glycine HCI-33 minute timepoint

0.6

3 —Glycine HCl
E 0.3 T —Pixel x=381 y=23
& 0.2 - —IT free base
—
0.0 — | |
1700 1500 1300

: Wavenumber (cm)

(b)

Fig. 6.6: Extracted ATR-FTIR spectrum from pixel x=381, y=23 (denoted by the
red dotted line) from 30% w/w glycine+20% w/w IT ATR-FTIR imaging experiment,
compared with the average ATR-FTIR imaging reference spectrum of glycine HCI
and free base itraconazole; b) The image distribution based on the carbonyl band

at 1735cm representing glycine HCI
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Fig. 6.7 shows the results of the ATR-FTIR imaging hydration experiments performed on
20% w/w IT-loaded tablets containing 30% w/w organic acid used in this study (citric
acid, cysteine HCI, betaine HCI and glycine HCI) hydrated at pH 7 using 0.1 MJ/L tris

buffer.

Fig. 6.7a and 6.7b show the water and HPMC distribution evolution over the duration of
the experiment. The results appear to show a different behaviour of the HPMC during
the process of hydration in comparison to the corresponding IT-free HPMC tablets with
just the 30% w/w pH modifier (Fig. 6.2b) when hydrated at pH 7. This is shown in Fig.
6.7b (i) to 6.7b (v). After the incorporation of IT, the HPMC-rich areas in the tablets
dissipate more quickly over the time frame of the experiment (denoted by the red colour
changing to yellow). However, overall, the ingress of water into the tablet matrix was
found to be very similar to the 30% w/w placebo formulations (Fig. 6.2a), the inference

being that the HPMC is being dissolved into the surrounding medium.

The distribution and dispersion of the total IT over the hydration period for the different
modifiers are presented in Fig. 6.7c¢ (ii) to 6.7c (v). The mobility and release of the IT for
the citric acid tablets appears to be very similar to the 20% w/w IT formulation without
madifier (Fig. 6.7c (i)), which is somewhat expected as the pKa of the citric (3.1) is similar
to that of the itraconazole (3.7). In comparison to the 10% w/w, the higher loading of citric
seems creates an environment in which the drug remains more localised and less

mobile.

However, in contrast, the formulation containing the glycine HCI, Fig. 6.7c (v), shows
markedly enhanced itraconazole mobility, the IT moving with the apparent diffusion front.
The betaine HCI Fig. 6.7c (iv) also shows greater enhanced mobility/dissolution of the
itraconazole, although not to the same extent as the glycine HCI pH modifier. The
cysteine HCI, betaine HCI and glycine HCI all show a reduction in the total IT over the

timeframe of the experiment.

207



The movement of the organic acid pH modifiers is shown in Fig. 6.7d (i) to 6.7(iv). The
behaviour of the organic acid modifiers in the IT-containing tablet appears to be very
similar to that for the placebo formulations in that the rapid disappearance of the pH

modifier is observed.

Researchers have concluded that for adopting the approach of using an organic acid
within a solid dosage form, the organic acid modifier must be present over the entire drug
release period to sustain the pH modifying effect. Thoma and Zimmer concluded that the
amount of organic acid pH modifier present with the tablet core is directly related to the
total release rates achieved [28]. A high percentage of acid is therefore required to
maintain the acidic micro-pH. They also concluded that highly soluble organic acid pH
modifiers such as citric acid and tartaric acid were less effective than modifiers such as

succinic acid which are not as soluble [29].

One strategy adopted is to use a coating barrier to prevent the rapid diffusion of the
organic acid out of the tablet matrix. This ensures an acidic micro-pH inside the tablet
matrix, creating a favourable environment for a weakly basic drug to be released [28]

[30].

The addition of weak acid to the formulation results in a faster overall reduction of IT in
the tablet, although most of the IT still remains within the matrix However, the nature of
the IT loss is different. In the case of tablets containing pH modifier, exemplified most
clearly in Fig. 6.7c (iii), the IT ionises, solubilises and moves from the field of view but
once all the acid has dissolved this phenomenon stops. This therefore suggests that a
decrease in the microenvironmental pH of the dosage form provides favourable
conditions for the IT release. In the case of the 20% w/w IT tablet, clear evidence of IT
translocation was observed for the duration of the experiment, indicating that the IT

moving away from the tablet core remained unionised.
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Fig. 6.7: ATR-FTIR peak area integration images for tablets containing 20% IT
w/w and 30% w/w pH modifier over the hydration period, showing distribution of:
(a) water; (b) HPMC; (c) total IT; (d) ionised organic acid. The dotted lines in the
first column of images denote the approximate boundary between the tablet and

air/water
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Similarly, to the 10% wi/w glycine HCI +20% w/w IT formulation, the distribution images
for the 30% wi/w glycine HCI loading also exhibit evidence of the modifier at the later time

points (Fig. 6.8)

(a)
Evidence of glycine HCI-33 minute timepoint
05
0.4 + A
= 0 - —Glycine HCI
E —Pixel x=314, y=41
w 02 T —IT free base
] :
0.1 + :
0.0 i % |
1700 1500 1300
i Wavenumber (cm?)
(b) ’

Fig. 6.8: Extracted ATR-FTIR spectrum from pixel x=314, y=41 (denoted by the
red dotted line) from 30% w/w glycine+20% w/w IT ATR-FTIR imaging experiment,
compared with the average ATR-FTIR imaging reference spectrum of glycine HCI
and free base itraconazole; b) the image distribution based on the carbonyl band

at 1735cm™ representing glycine HCI
The gel layer (ratio of HPMC/water band) images are presented in Fig. 6.9 for both the
10% w/w and 30% w/w moadifier formulations containing the 20% w/w IT. These were
compared to the images obtained from 20% w/w IT tablets without modifier. With the
10% w/w modifier, differences are observed with the formation of the gel layer, but the
behaviour is more comparable to the unmodified system than when 30% w/w modifier is

used.

Comparing the ratio images obtained from the 10% w/w and 30% w/w modifier tablets,
differences in the gel layer behaviour are apparent. For the tablets containing 10% w/w

modifier, the gel layer (cyan regions) formation is less rapid. With 30% w/w modifier in
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the tablet, the HPMC-rich regions (denoted by the red colour) disappear more quickly
over the hydration period in comparison to the 10% w/w loadings. Furthermore, the gel
layer formed in systems containing 10% w/w modifier is less voluminous than those with

30% w/w modifier.

Interrogation of the 30% w/w organic acid modifier images (Fig. 6.9b) over the hydration
period show differences in swelling behaviour exhibited for the organic acid pH modifiers.
In each case, a rapid disappearance of the high intensity band associated with HPMC
(essentially representing the dry core) is observed. However, this is more pronounced
for the cysteine and glycine HCI formulations with the gel layer receding towards the
edge of the field of view, suggesting the combination of these pH modifiers and IT
enhance the hydration kinetics of the HPMC polymer or better allow water penetration
into the tablet. It is possible that the pH modifiers dissolve out quickly (due to their high

solubility) and leave a porous matrix into which water can easily flow.

In summary the results suggest that increasing the pH modifier loading from 10% w/w to
30% w/w has a considerable impact on the gel layer, with the presence of greater
concentrations of highly soluble pH modifier leaving a porous structure. This is further

explored with macro swelling and is described later.
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Fig. 6.9: ATR-FTIR peak area integration ratio images (HPMC:water) showing gel

layer evolution for 10% w/w and 30% w/w pH modifier tablets with 20% w/w IT for

(i) 20% IT tablet; (ii) citric acid; (iii) cysteine HCI; (iv) betaine HCI and (v) glycine
HCI

6.9.6 ATR-FTIR Spectra of Anhydrous and Hydrated Organic Acids

The ATR-FTIR spectra of carboxylic acid-based organic acids exhibit strong absorption
bands between 1690 cm? and 1750 cm™ corresponding to the v(C=0) and v(C-OH)
vibrations observed in the region of 1200 cm™ to 1300 cm™. Deprotonation of the
carboxylic acid results in the formation of the carboxylate ion, as shown in Fig. 6.10. The
Mid-IR exhibits strong vibrational changes for the deprotonation of carboxylic acids (Fig.

6.11).
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Y/
R—C{ = R—cl + W
OH O
carboxylic acid carboxylateion hydrogenion

Fig. 6.10: Equation showing deprotonation of carboxylic acids to form the
carboxylate ion

The ATR-FTIR spectrum obtained from anhydrous citric acid is shown in Fig. 6.11(a)
(red spectrum) and the carbonyl groups are shown by two absorption bands observed at
1742 cm*and 1691 cm™. Hydration of the citric acid (blue spectrum) results in the shift
of the v(C=0) to lower frequency and the formation of the carboxylate ion. The
deprotonation of the organic acid results in a peak observed at ~1396 cm- which can be
assigned to the symmetric stretching of the COO- group and a strong band at 1218 cm-

associated with the v(C-OH) stretching vibrational mode [31].

Strong spectral changes are also observed with the protonated amino acid organic
modifiers ((Fig. 6.11(b)-Fig. 6.11(d)) with the shift of the v(C=0) 1734 cm™ to 1741 cm*

along with the peak observed at ~1257 cm which is assigned to v(C-O) stretching [32]

[33].
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Fig. 6.11: ATR-FTIR spectra of (a) anhydrous citric acid and ionised citric acid (b)
anhydrous betaine HCI and ionised betaine HCI (c) anhydrous cysteine HCI and
ionised cysteine HCI and (d) anhydrous glycine HCI and ionised glycine HCI

6.9.7 MCR Analysis of 30% w/w Modifier Placebo Systems

Using the peak area integration approach to generate infrared images can be very
problematic if the system under investigation contains several components with
overlapping peaks of interest. The limiting factor with this approach is that either an
isolated band is required or partial area of a peak to generate truly representative distinct
images corresponding to the component of interest. Peak area integration (heat map
intensities) and PCA are routine methodologies used for disseminating vibrational
spectroscopy-based data. An alternative approach which can be used for imaging

datasets generated from FTIR and Raman imaging is MCR-ALS.

The advantages of using an algorithm such as MCR-ALS is that the process takes into
consideration the entire spectral region in order to identify the chemical compound/s
present and provides a corresponding visual distribution of that compound within the
sample [34].The MCR approach can be used for chemical and biological based systems
and data analysis can be performed comparatively quickly. The interpretation can be
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relatively straightforward compared to approaches such as PCA and peak area
integration [34].The outputs that are obtained from an MCR-ALS analysis are a spectral
signature for the pure component within a mixture, which is referred to as a factor and a

corresponding distribution map of that component.

One of the disadvantages of using the MCR approach is that generation of distribution
maps that do not reflect what is expected of the sample can be produced. These are
generally artefacts that may be associated with the lack of data pre-processing or the
poor quality of data or the volume of data submitted for analysis. Also, another issue with
the MCR approach is that resolved contributions are more ambiguous. However, the pre-
processing stage, i.e. using the appropriate constraints, can help to reduce or eliminate
this and provide a unique output [35]. Additionally, the inherent problem with the
presence of negative peaks can be problematic, however, this could also be resolved

with a pre-processing step.

The types of pre-processing steps that are commonly employed prior to MCR analysis
are baseline corrections, smoothing and area normalisation. The pre-processing steps
are particularly important to remove any variation/interference that is not related to the
chemical information in the spectra. With Raman spectra, a common example of
interference is the issue of background fluorescence which could potentially be

problematic for MCR analysis unless a pre-processing step was applied to correct for it.

The MCR approach was investigated in a feasibility study using the 30% w/w placebo
and 30% w/w+20% w/w IT systems. The systems with 30% w/w pH modifier loading were
selected in the expectation that the higher concentration would render the different forms
of IT detectable and more readily distinguishable during MCR analysis, specifically the
ionised form which is more likely to be prevalent at lower pH. Also, the technique could
be useful to gain an insight into the dissolution behaviour of the non-hydrated and ionised

forms of the pH modifiers over the course of the hydration period.
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The factors and distribution images associated with the IT and pH modifiers are shown
and discussed in this section. The remaining factors and images associated with the

components (HPMC and water) are shown in Appendix 4.

Advantageously, organic acids that have carboxylic acids when hydrated and become
ionised exhibit strong spectral changes. FTIR spectral bands observed in the anhydrous
ATR-FTIR spectrum of citric acid exhibit carbonyl bands at 1742cm™ and 1696 cm™
which disappear in aqueous solution to give one carbonyl band at 1714 cm™ and a strong

band at 1218 cm™.

The MCR results obtained for the 30% w/w citric acid placebo (Fig. 6.12) generated
factors (spectrum) and distribution images that corresponded to the anhydrous and
ionised forms of citric acid. The MCR distribution images for the citric acid (Fig. 6.12 a (i)
and 6.12 a (ii)) are very similar to the peak area distribution images and the factors
obtained from the analysis show a good spectral match with the corresponding ATR-
FTIR reference spectra generated from the anhydrous and ionised citric acid are shown
in Fig. 6.12b (i) and 6.12b (ii). The distribution images generated by the MCR-ALS
analysis for the ionised citric acid which are presented in Fig. 6.12a (iii) show the
presence of this form over the duration of the hydration period, however, it rapidly

diminishes in intensity.
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Fig. 6.12(a): Distribution images for 30% w/w citric acid placebo formulation
showing (i) citric acid (ATR-FTIR imaging); (ii) MCR-ALS citric acid; (iii) MCR-ALS
ionised citric acid and (b): MCR-ALS factor with a comparison to the
corresponding ATR-FTIR reference spectrum for (i) citric acid; (ii) ionised citric

acid
The MCR results obtained for the 30% w/w glycine HCI placebo are presented in Fig.
6.13. The MCR distribution images for the glycine HCI (Fig. 6.13a (ii)) show strong
similarities with the peak area distribution FTIR images (Fig. 6.13a (i)) and the factors
obtained from the analysis show a good spectral match with the corresponding ATR-
FTIR reference spectra generated from the anhydrous and ionised glycine HCI (Fig 6.13b
(i) and 6.13b (ii)). It should be noted that the ATR-FTIR reference spectrum of ionised
glycine HCI included for the purpose of comparison exhibits a greater water content,
indicated by the intense §(OH) at ~1635 cm™. The distribution images generated by the
MCR-ALS analysis for the anhydrous and ionised glycine HCl are presented in Fig. 6.13a
(i) and Fig. 6.13a (iii). The images show low intensity presence of both forms over the

duration of the hydration period.
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Fig. 6.13 (a): Distribution images for 30% w/w glycine HCI w/w placebo
formulation showing (i) glycine HCI (ATR-FTIR imaging); (ii) MCR-ALS glycine
HCI; (iii) MCR-ALS ionised glycine HCI and (b) MCR-ALS factor with a
comparison to the corresponding ATR-FTIR reference spectrum for (i) glycine

HCI; (ii) ionised glycine HCI
The MCR results generated for the 30% w/w cysteine HCI placebo are shown in Fig.
6.14. Only one factor associated with the cysteine HCI was observed from the analysis.
The MCR distribution images for the cysteine HCI (Fig. 6.14a (ii)) do not show a good
agreement with the peak area distribution FTIR images and evidence of low intensity
cysteine HCI (light blue region) predominates in all of the images (Fig. 6.14a (i)).
Similarly, the factors produced for the cysteine HCI show broad and less defined peaks
in comparison to the sharp, well-resolved peaks observed in the reference spectrum of
cysteine HCI (Fig. 6.14b). The system was investigated using 5, 6 and 7 factors and a

reasonable output was not obtained for the modifier.
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Fig. 6.14 (a): Distribution images for 30% w/w cysteine HCI placebo formulation
showing (i) cysteine HCI (ATR-FTIR imaging); (ii)) MCR-ALS cysteine HCI
distribution and (b): MCR-ALS ionised cysteine HCI factor shown with a

comparison to the cysteine HCI ATR-FTIR reference spectrum
The results from the MCR-ALS data analysis conducted on the 30% w/w betaine HCI
placebo system are shown in Fig. 6.15. Only one factor was generated that could
potentially be assigned to the ionised betaine HCI and this exhibited predominately a

high degree of water, shown by the intense §(OH) observed at ~1635 cm™.

The MCR-ALS distribution images show a small region of high intensity betaine HCI in
the 1 minute timepoint, which is similar to what was obtained from the peak area
integrated images. However, subsequent timepoints appear to be dominated by a

background aberration.

Using the MCR-ALS approach for this system generated factors and distribution images
that were not comparable to the reference data and from this it can concluded that the
approach adopted did not work as well for this system, compared to the other modifier

systems studied.
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Fig. 6.15 (a): Distribution images for 30% w/w betaine HCI placebo formulation
showing (i) ionised betaine HCI (ATR-FTIR imaging); (ii) MCR-ALS ionised
betaine HCI distribution and (b): MCR-ALS factor (predominantly showing 3(OH))

and corresponding ATR-FTIR reference spectrum of ionised betaine HCI

6.9.8 MCR Analysis on 20% w/w IT with and without pH Modifier

To investigate to the presence of other IT forms (amorphous and ionised) forming during
the hydration of the tablets with incorporation of the pH modifiers, MCR analysis was
carried out on the 20% wi/w IT tablets hydrated at pH 1.5 and 7. The results from the
MCR-ALS analysis (distribution images and corresponding factors) are presented below

in Fig. 6.16.

Two potential IT forms were extracted from the analysis. The predominant form was
shown to be the free base IT which agrees with the findings from Chapter 5. However,
the additional IT factor reported from the MCR results does not correspond well to the
spectra profile of the reference spectrum of the free base or amorphous form, however,
there are some bands that are indicative of itraconazole, e.g. v(C=0), v(C=C) and v(C-

Cl) observed at 1691 cm™, 1505 cm™ and 1035 cm™ respectively.
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Fig. 6.16 (a): Distribution images of 20% w/w IT formulation at pH 1.5 and 7
showing distribution of (i) IT free base at pH 1.5; (ii) IT free base at pH; (iii)) MCR-
ALS free base IT at pH 1.5; (iv) MCR-ALS free base IT at pH 7; (v) MCR-ALS
possible different form of IT at pH 1.5; (vi) MCR-ALS possible different form of IT
at pH 7 and (b): MCR-ALS factor and corresponding ATR-FTIR reference
spectrum for (i) IT free base; (ii) MCR-ALS factor and corresponding ATR-FTIR
reference spectrum for IT free base, amorphous IT and possible different form of
IT

The distribution images along with the factors from the MCR-ALS data analysis
performed on the 30% wi/w citric acid with the 20% w/w IT are presented below in Fig.
6.17a and Fig. 6.17b. Interestingly, two potential IT forms are generated from the MCR-
ALS analysis. The distribution images for both IT forms bear strong similarities to the
peak area integrated ATR-FTIR images of the IT free base, Fig. 6.17a (i). The factor
presented in Fig. 6.17b (i) exhibited the strongest spectral match to the ATR-FTIR
reference spectrum of IT free base. The second IT factor (Fig. 6.17b (ii)) generated from

the MCR-ALS analysis also shows similarities to the free base and amorphous IT.
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However, for this factor to be definitively assigned to the amorphous IT, the
corresponding image would exhibit a diffuse distribution of IT as the amorphous IT would

be expected to be more soluble [36].

For the anhydrous citric acid (Fig. 6.17a (v)) the MCR-ALS distribution images showed
a rapid reduction of intensity from the 1 minute to the 5 minute time point, however, from
19 minutes onwards a residual amount of citric acid is present throughout the remaining
hydration period, with little change in the intensity. This is somewhat unexpected due to
the high solubility of citric acid, indeed it would be expected to disappear rapidly as
indicated by the peak area integrated images (Fig. 6.17a (iv). The corresponding factor
((Fig. 6.17b (iii)) is not a good spectral match in comparison the to the ATR-FTIR
reference spectra of the anhydrous form. The factor also exhibits characteristic peaks
from the itraconazole (see highlighted region in Fig. 6.17b (iii)). The spectra profile
appears to be a mixture anhydrous citric acid and free base itraconazole. This potentially
implies a citric acid-itraconazole complex but is more likely due to the hydrophobic nature

of the itraconazole preventing hydration of the citric acid.

The MCR-ALS data for the ionised citric is presented in Fig. 6.17a (vi). This form remains
throughout the hydration period, with a rapid reduction observed over the timeframe of
the experiment. The corresponding factor is a good spectral match in comparison to the
ATR-FTIR reference spectrum of the ionised form. However, the reference spectrum

exhibits evidence of water, which is apparent from the 5(OH) observed at 1634 cm™.
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Fig. 6.17 (a): ATR-FTIR peak area Integrated images for 30% w/w citric acid with
20% wiw IT formulation showing distribution of (i) IT free base; (ii) MCR-ALS
possible different form of IT; (iii) MCR-ALS citric acid distribution; (vi) ionised

citric acid distribution and (b): MCR-ALS corresponding factor and
corresponding ATR-FTIR reference spectrum for (i) IT free base; (ii) possible

different form of IT; (iii) citric acid; (iv) ionised citric acid

223



The distribution images obtained from the MCR-ALS data analysis performed on the
30% w/w betaine HCI with the 20% w/w IT are shown below in Fig. 6.18(a). Similarly to
the citric acid system, two possible IT forms (Fig. 6.18a (ii) and 6.18a (iii)) were observed
from the MCR-ALS analysis. The MCR IT distribution image shown in Fig. 6.18a (ii)
exhibits the closest match to the peak area integrated ATR-FTIR images of the IT free
base ((Fig. 6.18a (i)). The corresponding factor shown in Fig. 6.18b (i) was also the

strongest spectral match to the ATR-FTIR reference spectrum of IT free base.

The second distribution image assigned to IT shown in Fig. 6.18a (iii) shows a less
intense and more diffuse distribution of the IT in comparison to the image assigned to
the IT free base. The corresponding factor (Fig. 6.18b (ii)) also displays strong similarities

to the average ATR-FTIR reference spectrum of amorphous IT.

The MCR-ALS distribution image obtained for the betaine HCI modifier is shown in Fig.
6.18a (v). The betaine HCI disappears rapidly after the 1 minute timepoint, which is also
observed in the peak area integrated images for betaine HCI (Fig. 6.18a (iv)). However,
the MCR images show evidence of low intensity betaine HCI (yellow region) throughout
the hydration period. The corresponding factor from the MCR analysis is shown in Fig.
6.18b (iii) and exhibits broad bands in comparison to the ATR-FTIR reference spectrum
of betaine HCI and appears not to be a good spectral match although there are some

spectral similarities.
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Fig. 6.18(a): Distribution images for 30% w/w betaine HCI with 20% w/w IT
formulation showing distribution of (i) IT free base (ATR-FTIR imaging); (ii) MCR-
ALS free base IT; (iii) MCR-ALS possible different form of IT (iv) betaine HCI
(ATR-FTIR imaging); (v) MCR-ALS betaine HCI and (b) MCR-ALS corresponding
factor and corresponding ATR-FTIR reference spectrum for (i) IT free base; (ii)

possible different form of IT; (iii) betaine HCI

The distribution images (MCR and ATR-FTIR imaging) for the 30% w/w glycine HCI and
20% wiw IT system are shown below in Fig. 6.19(a). Similar to the citric acid and betaine
HCI formulations, a good match was obtained with the peak area integrated images of
the IT free base, shown in Fig. 6.19a (i) and 6.19a (ii). The corresponding factor is also
a good spectroscopic match with the ATR-FTIR reference of IT free base, 6.19b (i). In
addition to the IT free base, a distribution image and factor assigned to another form of

IT was also observed (Fig. 6.19a (iii) and Fig. 6.19b (ii)). The IT distribution is more
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diffuse and less intense than that observed for the IT free base form. The corresponding

factor appears to be a better spectral match to the amorphous form (Fig. 6.19b (ii)).

Interestingly, a factor for the glycine HCI was not obtained from the MCR-ALS data
analysis, which is most likely due to the rapid hydration and hence the rapid
disappearance of this form. However, a factor and corresponding distribution image for
the ionised form was produced. A good spectral match was obtained with the ATR-FTIR

reference spectrum of the ionised glycine HCI, Fig. 6.19b (iii).
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Fig. 6.19(a): Distribution images for 30% w/w glycine HCI with 20% w/w IT
formulation showing distribution of (i) IT free base (ATR-FTIR imaging); (ii) MCR-
ALS free base IT; (iiil) MCR-ALS possible different form of IT; (iv) MCR-ALS
ionised glycine HCI and (b): MCR-ALS corresponding factor and corresponding
ATR-FTIR reference spectrum for (i) IT free base; (ii) possible different form of IT;

(iii) ionised glycine HCI

The results from MCR-ALS data analysis performed on the 30% w/w cysteine HCI+20%

w/w IT are shown in Fig. 6.20.

The output from the MCR analysis produced strong similarities (factors and distribution
images) for the IT free base when compared to the ATR-FTIR reference spectrum and
peak area integrated images for the IT free base. Two additional IT factors were also
obtained from the MCR-ALS analysis (distribution images shown in Fig. 6.20a (iii) and
Fig. 6.20a (iv)). From the additional IT factors, the one which produced the closest
spectral match to the amorphous form is the one shown in Fig. 6.20b (ii) and the
corresponding distribution image is shown in Fig. 6.20a (iii). However, the distribution

profile is somewhat different to that which would be expected for an amorphous form, as
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the IT is very much localised but is has lower intensity compared to images obtained for

the free base form (red regions).

A distribution image for the cysteine HCI ((Fig. 6.20a (vi)) obtained from the MCR-ALS
analysis is initially (1 minute timepoint) in a good agreement with the ATR-FTIR peak
area integrated images (Fig. 6.20a (v)). However, similarly to the citric acid system, low
intensity residual cysteine HCI is observed throughout the hydration period. The
corresponding factor shown in Fig. 6.20b (iv) is a reasonable spectroscopic match to the

corresponding cysteine reference spectrum (shown in red).
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Fig. 6.20(a): Distribution images for 30% w/w cysteine HCI with 20% w/w IT
formulation showing distribution of (i) IT free base (ATR -FTIR imaging); (ii) MCR-
ALS free base IT; (iii) MCR-ALS possible different form of IT; (iv) MCR-ALS
possible different form of IT; (v) cysteine HCI (ATR-FTIR imaging); (vi) MCR-ALS
cysteine HCI and (b): MCR-ALS corresponding factor and corresponding ATR-
FTIR reference spectrum for (i) IT free base; (ii) possible different form of IT; (iii)

possible different form of IT; (iv) cysteine HCI
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6.9.9 Determination of pH in Solution Following Hydration
Experiments using ATR-FTIR Imaging
Following the hydration experiments of the 20% w/w IT with 30% w/w organic acid
modifier, the pH of the hydration solution was determined. All the solutions showed a
considerable decrease from the initial pH of the tris buffer (pH 7) to a lower pH (Table
6.2). However, the cysteine HCI, betaine HCI and glycine showed a greater reduction in
the pH (to values less than 2) which is associated with the release of the amino acids
into the hydration medium. By comparison, the tablets containing the citric acid
engendered a reduction of pH in the dissolution medium to pH 2.7. This may be
somewhat expected due to the pKa of the citric acid. It should be noted that the initial pH
of the citric acid was tested in deionised water, in addition to 0.1M tris buffer and similar
pH values were obtained. The results confirm that the release of cysteine HCI, betaine
HCI or glycine HCI from the tablet formulation drives the pH of the tris hydration medium
to a lower pH compared to the citric acid.

Table 6.2: pH measurements obtained from remaining hydration solution after

ATR-FTIR imaging experiments from the 30% w/w modifier + 20% w/w IT

formulations

Formulation Start pH End pH
(30% w/w Modifier+20% w/w IT)
Glycine HCI 1.8 1.8
Betaine HCI 1.8 1.5
Cysteine HCI 1.8 1.9
Citric Acid 2.5 2.7

6.9.10 In Vitro Release Studies

Dissolution profiles obtained from the 20% w/w IT with the 10% w/w organic acid loaded
tablets are shown in Fig. 6.21. The release profiles are very similar between the different
modifiers investigated. Approximately 3% release is observed by the end of the
dissolution period. The 10% w/w loading of the different organic acid modifiers did not

achieve the 24% release obtained from the 20% w/w IT at pH 1.5 medium (Fig. 6.21).
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However, all the organic acid pH modifiers provided a slightly higher release in

comparison to the 20% w/w IT in pH 7 medium (Fig. 6.21).

Dissolution profiles obtained for the 20% w/w IT with the 30% w/w organic acid loaded
tablets are presented in Fig. 6.22. The addition of the organic acid pH modifiers showed
a similar IT release rate ranging from 2.3% to 2.8% for the citric acid and glycine HCI,
respectively, after 24 hours. A slightly higher release rate was achieved by the end of
the dissolution period by the incorporation of the betaine HCI and cysteine HCI (3.6%
and 4.8% respectively). All the formulations achieved a greater release in comparison to
the 20% wi/w IT placebo under the same pH conditions. This also correlates with the
findings from the ATR-FTIR imaging. However, none of the organic acid modifiers
achieved the 24% release obtained from the 20% w/w IT in the pH 1.5 medium (Fig.
6.23). This can be rationalised due to the inability of the pH modifier to achieve the
necessary pH change (from pH 7 to ~1) in the volume of tris buffer used in the dissolution
set-up following release from the tablet matrix. To investigate this hypothesis further, pH
measurements were obtained from the dissolution solutions from the 30% w/w organic
acid modifier formulations (Table 6.3) at different timepoints (30, 60, 120 and 180
minutes). The pH values obtained from the solutions at the selected timepoints from the
organic acid pH modifiers formulations all show an inability to reach the desired low pH
for the itraconazole release (~1.5). All the solutions measured at the different timepoints
showed a reading of approximately pH 4. The results from the dissolution work (Fig.

6.22) cannot therefore be directly correlated with the ATR-FTIR imaging results.

Also, the ATR-FTIR imaging data confirms the rapid release of the organic acid modifiers
as the hydration medium penetrates the tablet matrix. It is well-documented that micro-
environmental pH is influenced by release rates of pH modifiers, which in turn impacts
on drug dissolution. Therefore, the rapid release of the organic acid modifier could
potentially result in insufficient quantities remaining to modulate the required micro-

environmental pH [37].
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Comparing the 10% w/w and 30% w/w modifier systems, the 30% w/w cysteine HCI

provides the greatest release of IT (Fig. 6.23).

Table 6.3: pH measurements obtained from 0, 30, 60, 120 and 180 minute

dissolution solutions remaining from the 30% w/w modifier + 20% w/w IT

formulations

Formulation pHatO | pHat 30 | pHat 60 pH at pH at
(30% w/w Modifier+20% mins mins mins 120 mins |180 mins
wiw IT)
Glycine HCI 7 4.1 3.5 3.6 3.6
Betaine HCI 7 3.8 3.9 3.9 3.8
Cysteine HCI 7 3.5 3.7 3.8 3.8
Citric Acid 7 4.1 4.3 3.9 3.9
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Fig. 6.21: UV dissolution profiles showing the percentage itraconazole released

from the HPMC matrix as a function of time for the 10% w/w pH modifier+20%

w/w IT formulations (citric acid, cysteine HCI, betaine HCI and glycine HCI) at pH
7 and 20% w/w IT placebo at pH 1.5 and 7
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Fig. 6.22: UV dissolution profiles showing the percentage itraconazole released
from the HPMC matrix as a function of time for the 30% w/w pH modifier+20%
w/w IT formulations (citric acid, cysteine HCI, betaine HCI and glycine HCI) at pH
7 and 20% w/w IT placebo at pH 1.5 and 7
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Fig. 6.23: UV dissolution profiles showing the percentage itraconazole released
from the HPMC matrix as a function of time for the 10% w/w and 30% w/w pH
modifier+20% w/w IT formulations (citric acid, cysteine HCI, betaine HCI and

glycine HCI) at pH 7 and 20% w/w IT placebo at pH 1.5 and 7
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6.9.11 Characterisation of the Different Forms of IT

To ascertain if the organic acid pH modifiers investigated in this study have the potential
to influence the ionisation of the itraconazole, spectroscopic differences associated with
the different forms of IT (ionised/non-ionised) were investigated. The band at 2821 cm?
associated with CH symmetric stretching vibrations of the methyl group was used, as per
previous studies [1], to generate peak area distribution to elucidate changes in IT

chemistry over the course of the hydration period (Fig. 6.24a and 6.25a (i)-(iv)).

A similar strategy was adopted to the previous research (documented in Chapter 5,
section 5.7.7) in order to carry out a more detailed analysis of the chemical changes
occurring to the IT over the hydration period. Binning the spectra within the pixels of the
lowest six rows from images at 1, 33, 128 and 198 minutes for all four formulations
consisting of the IT and organic acid modifier generated average spectra with sufficient

S/N to elucidate differences in the IT chemistry between systems (Fig. 6.24 and 6.25 (b)-

(€)).

From the distribution images and the average ATR-FTIR spectra generated for the 10%
w/w modifier +20% w/w IT formulations, a reduction in the free base intensity over the
time frame of the experiment is observed with all formulations. The cysteine HCI showed

a greater reduction in the free base intensity (Fig. 6.24a (ii) and Fig. 6.25c).

For the 30% wi/w citric acid +20% w/w IT system, a greater intensity of undissolved free
base is observed in the tablet core (towards the bottom of the image) and is seen to be
increasing over the timeframe of the experiment. This is also highlighted in the
corresponding average ATR-FTIR spectra shown in Fig. 6.25b. This can be rationalized
by taking into account how the measurement is performed. With this technique,
everything present within the evanescent field is measured and with the rapid
disappearance of the citric acid, this leads to an increase in concentration of the other

components within the system, i.e. the itraconazole.
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The distribution images for the 20% w/w IT with the 30% w/w betaine HCI, 30% w/w
cysteine HCI and 30% w/w glycine HCI (Fig. 6.25 (ii)-(iv)) modifier systems all show a
small reduction in the free base intensity over the time frame of the experiment. This is
shown more clearly in the corresponding average ATR-FTIR spectra shown in Fig. 6.25
(c) to 6.25 (e), suggesting that these pH modifiers are somewhat partially ionising the
itraconazole, although the free base form is still predominating. From Fig. 6.25 (c) and
(e), the cysteine HCI and glycine HCI show a greater reduction in the free base form in

comparison to the betaine HCI.
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Fig. 6.24 (a): ATR-FTIR peak area integrated images generated using band at
2821 cm™ for the formulations containing 20% w/w IT with the 10% w/w organic
acid modifier; (b) average ATR-FTIR imaging spectra highlighting v(CH) at 2821
cm™ obtained from IT free base, IT monohydrochloride reference spectra and for
the 1, 19, 128 and 198 minute timepoints for 20% w/w IT loaded tablets with 30%

w/w organic acid modifier (b) citric acid (c) cysteine HCI (d) betaine HCI (e)

glycine HCI
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Fig. 6.25 (a): ATR-FTIR peak area integrated images generated using band at
2821 cm for the formulations containing 20% w/w IT with the 30% w/w organic
acid modifier; (b) average ATR-FTIR imaging spectra highlighting v(CH) at 2821

cm™ obtained from IT free base, IT monohydrochloride reference spectra and for
the 1, 19, 128 and 198 minute timepoints for 20% w/w IT loaded tablets with 30%
w/w organic acid modifier (b) citric acid (c) cysteine HCI (d) betaine HCI (e)

glycine HCI
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6.9.12 Physical Swelling Kinetics-Radial Swelling Results on 20% w/w
IT Loaded Tablets with and without Organic Acid pH Modifier

To gain further insight into the swelling behaviour of the pH modifier formulations and to
complement the ATR-FTIR data, a series of swelling experiments were performed on
both IT loaded (20% wi/w) tablets containing organic acid pH modifiers (citric acid,
cysteine HCI, betaine HCI and glycine HCI) and placebo tablets containing just the
organic acid modifier (10% w/w and 30% w/w). Examples of the optical images obtained
from the placebo (10% w/w organic acid modifier in HPMC) and 20% wi/w IT with 10%
w/w organic acid modifier loaded tablets for the 0 and 180 minute timepoints for the radial
measurements are shown in Fig. 6.26b and Fig. 6.26d, respectively. The full set of optical

images are shown in Appendix 6.

Macro swelling measurements conducted on the 10% w/w modifier containing
formulations with and without IT are presented in Fig. 6.26a and Fig. 6.26¢. The results
show that the betaine HCI with and without the presence of the 20% w/w IT exhibits the
greater volume of swelling. This also correlates with the ATR-FTIR imaging data
generated by interrogating the gel layer behaviour of the organic acid modifiers (Fig.
6.3a). Similarities in the rate of swelling were observed with the other modifiers (glycine
HCI, cysteine HCI and citric acid) when incorporated with the 20% w/w IT and without.

For the systems containing 10% w/w pH modifier, the swelling behaviour over the
hydration period was similar regardless of whether or not IT was incorporated into the
tablet. Furthermore, in each case, the magnitude of swelling which occurred was
comparable to the tablets without modifier, with the exception of the betaine HCI tablets.
Both with and without IT, the swelling of betaine HCI-containing tablets was marginally
higher than the others and this difference in percentage swelling increases over the

hydration period.
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Fig. 6.26: Percentage swelling data obtained from the radial measurements from
(a) 10% w/w placebo organic acid pH modifier formulations (b) 10% w/w organic
acid pH modifier formulations with 20% w/w IT. Examples of optical images
obtained from 0 and 180 minute timepoints for citric acid, betaine HCI, glycine
HCI and cysteine HCI (c) 10% w/w placebo organic acid pH modifier formulations

and (d) 10% w/w organic acid pH modifier formulations with 20% w/w IT
The results obtained from the swelling measurements from the 30% w/w organic acid pH
modifier formulations with and without the 20% w/w IT are presented in Fig. 6.27. The
data supports the ATR-FTIR findings in showing differences are observed with swelling
rate for the different placebo formulations (Fig. 6.27 (a)). HPMC with the betaine HCI
showed the greatest swelling rate, followed by the citric acid. With the cysteine HCI and
glycine HCI, collapsing of the tablet structure was observed as the hydration progressed.

This was more noticeable with the glycine HCI modifier, which starts to show loss of
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tablet structure from approximately 25 minutes, in comparison to the cysteine HCI which
was observable after 55 minutes. This is potentially due to glycine HCI and cysteine HCI
having higher aqueous solubilities in comparison to citric acid and betaine HCI and
thereby impacting on the structural integrity of the tablet. A similar swelling behaviour
was observed with the IT and organic acid formulations (Fig. 6.27c and Fig. 6.27d) in
that a greater amount of swelling was observed with the betaine HCI and citric acid in
comparison to the cysteine HCI and glycine HCI (Fig. 6.27c and Fig. 6.27d). This
therefore suggests that the swelling properties of the IT loaded tablets is somewhat

related to the solubility of the pH modifier (Table 6.1).

Comparison of the 30% w/w modifier formulations with the pure HPMC swelling data
(Fig. 6.27a) shows a trend which is comparable for the betaine HCI and citric acid

modifiers over the course of the hydration period.

Comparing the 30% w/w modifier +20% w/w IT formulations (Fig. 6.27c), a greater
degree (approximately 10-15%) of swelling is observed in comparison to the 20% wi/w
IT tablets without modifier. The 20% w/w IT data is more comparable to the results

obtained from the cysteine HCI and glycine modifiers.
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Fig. 6.27: Percentage swelling data obtained from the radial measurements from

(a) 30% w/w placebo organic acid pH modifier formulations (b) 30% w/w organic

acid pH modifier formulations with 20% w/w IT. Examples of optical images

obtained from 0 and 180 minute timepoints for citric acid, betaine HCI, glycine

HCI and cysteine HCI (c) 30% w/w placebo organic acid pH modifier formulations

and (d) 30% w/w organic acid pH modifier formulations with 20% w/w IT
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6.10 Summary

The macroscopic swelling data obtained from the 10% w/w betaine tablets exhibit a
greater volume of swelling regardless of the presence of IT. The glycine HCl and cysteine
HCI at the 30% wi/w also appear to impact the swelling regardless of whether or not IT is
present. However, in this case, visual observation suggests that the pH modifier affects
the stability of the tablet. This is especially apparent when IT is not present and the
swelling measurements suggest that, after initial swelling, the size of the tablets again
decreases. This could be related to the solubility properties of these modifiers: as the
glycine HCI and cysteine HCI are more soluble than the betaine HCI, it could be
postulated that the modifier dissolves out of the tablet matrix, leaving a more porous and

unstable structure.

At 10% w/w loading of organic acid modifier, the impact on gel layer formation rate
appears to be greatest for tablets containing betaine HCI, followed by glycine HCI, while
citric acid and cysteine HCI appear to have a lesser effect. In the case of the betaine-
containing tablets, the HPMC-rich areas are almost entirely converted to gel layer, as
indicated by the colours in the ATR images. At 30%, this trend remains the same, but
the magnitude of the change brought about by the presence of the modifier is greater in

every case.

Considering the tablets containing 20% wi/w IT, differences in gel layer behaviour are
observed between those tablets containing 10% pH modifier and those with 30%. All the
organic acid modifiers at the 30% w/w loading show a rapid reduction in the high intensity
HPMC-rich regions and a corresponding rapid formation of the gel layer, indicating the
higher loading affects the kinetics of the hydration process. While this same trend was

apparent in the tablets without IT, the effect is more pronounced in those containing IT.

Investigation into changes associated with the free base IT form to the ionised form show

that 30% w/w cysteine HCI and glycine HCI provides the greatest reduction in the
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observed IR signal from the free base form in comparison to the same loading for the

citric acid and betaine HCI containing formulations.

The dissolution studies, of the same formulations, indicate the tablets with the cysteine
HCI at 30% w/w loading provide a slightly enhanced release of the IT (4.8%) from the
tablet matrix compared to the other modifiers at the same loading (glycine HCI, betaine
HCI and citric acid). However, it should be noted that none of the modifiers were able to
achieve dissolution profiles analogous to the tablets consisting only of 20% w/w IT

(~24%) at pH 1.5.

The incorporation of the four organic pH modifiers explored in this study (citric, betaine
HCI, cysteine HCI and glycine HCI) at the different loadings (10% w/w and 30% wi/w)
provided some degree of enhanced release (between 2.3% and 4.8%) of the

itraconazole from the tablet matrix when compared to tablets containing no modifier.

The MCR analysis has provided further insight into the different forms of IT (for example
amorphous) that may be formed when the tablet matrix undergoes dissolution. However,
further refinement of this technique is required in order to ensure the approach is

optimised for the formulations investigated in this study.
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7.0 Conclusions and Future Work

The overall conclusions are presented in this chapter along with proposed future work
for the application of ATR-FTIR spectroscopic imaging to investigate the within-tablet

dynamics of a poorly water-soluble drug in a HPMC matrix.

The aim of the work in this thesis was to explore the use of Mid-IR imaging as the primary
technique to study the release mechanism of a weakly basic drug (IT) from an HPMC
tablet matrix. The current knowledge gap with this category of drugs is the lack of
understanding of the within-tablet dynamics due to the complexity of the mechanisms by
which these drugs are released. This is further exacerbated by the limited information

provided by conventional dissolution testing.

7.1 Conclusions

7.1.1 HPMC and Binary HPMC/IT System

The initial part of the study focused on the analysis of HPMC and HPMC tablets

containing 20% w/w IT. From this work, the following conclusions were made:

HPMC tablets containing 20% w/w IT were successfully prepared by tumble blending

and direct compression and compacted using a press. IT loading was confirmed

using NIR-PLS spectroscopy; analysis of six tablets gave a mean IT loading of

19.46% w/w with standard deviation of 0.7.

o Determination of blend uniformity was carried out by Raman microscopy on the 20%
w/w IT tablets (n=3) and confirms the strategy adopted was successful at producing
homogeneously distributed IT within the HPMC tablet matrix.

e The IT salts (monohydrochloride and dihydrochloride) and polymorphs (amorphous
form) were successfully prepared, and their structures confirmed using ATR-FTIR
imaging and XRD.

e The work undertaken in this project has successfully developed an ATR-FTIR

spectroscopic imaging methodology to study the gel layer formation and release
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behaviour of poorly-soluble weakly basic drug (IT) from a HPMC matrix in different
pH environments (pH 1.5 and 7).

Discrete spectroscopic markers for ATR-FTIR imaging were identified from all the
starting materials and these were found to be the following: &(OH), v(C-0O), v(C=C)
and v(C-H) in water, HPMC, IT (total IT) and free base IT, respectively. These bands
were successfully used to generate the peak area distribution maps from the data
generated from ATR-FTIR imaging hydration experiments.

Initial work carried out on the HPMC placebo tablets confirmed that high ionic
strength hydration medium has a considerable impact on the HPMC gel layer
formation and was shown to interfere with the polymer hydration, resulting in the
suppression and expansion of the gel layer growth.

Macro swelling conducted on the pure HPMC placebo tablets showed no significant
difference between the different pH environments. However, the 20% w/w IT loaded
tablets exhibited a greater swelling rate and higher overall percentage swelling in the
pH 1.5 hydration medium in comparison to those exposed to the pH 7 for both axial
and radial dimension, confirming that pH does indeed impact on the swelling
properties.

The ATR imaging was able to show that pH has an impact on the dissolution
behaviour of the IT. At pH 7 the drug remained predominantly in the free base form
and largely stayed within the tablet core and the swelling front. At pH 1.5 however,
the IT was partially ionised as evidenced by the reduction of the v(C-H) observed at
2821 cm™ (CH symmetric stretching vibration of the methyl group). This implies that
at pH 1.5 the IT becomes more soluble and able to migrate into the diffusion front

and eventually out into the surrounding medium, as proposed by other researchers.
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7.1.2 20% w/w IT Tablets with the Incorporation of Organic Acid pH
Modifiers

¢ NIR spectroscopy in conjunction with PLS was shown to be a successful technique

for quantifying the IT and the organic acid pH modifier loadings simultaneously within

the same tablets, for the different formulations prepared for this study. Furthermore,

the calculated values were comparable to the predicted values, with all mean IT

loadings lying within 1.2% of the intended value and 0.4% of the intended value for

all pH modifiers mean loadings for the 10% w/w organic acid pH modifier formulations

with 20% w/w IT. For the 30% w/w organic acid pH modifier formulations with IT, the

mean IT and pH modifier loadings were within 1.0% and 3.2% of the predicted values

respectively.

¢ Increasing the modifier loading from 10% w/w to 30% w/w with the incorporation of

IT has a considerable impact on the rate the gel layer is formed, with a rapid formation

when the organic acid modifier levels are increased. This was observed for all the

organic acid modifiers used in this study.

e |n-vitro dissolution studies showed that IT release from the tablet matrix is enhanced

by the incorporation of the four organic pH modifiers explored in this study (citric,

betaine HCI, cysteine HCI and glycine HCI). This was the case with both the 10%

wiw and 30% w/w loadings and irrespective of the pKa or water solubility of the

modifier.

Cysteine HCI provided the greatest enhancement (approximately 5%) in comparison

to the citric acid, betaine HCI and glycine for both the 10% w/w and 30% w/w loading.

The low release of the IT from the tablet matrix with the incorporation of the pH

modifiers can be explained by the fact that none of the pH modifiers were effective

at reducing the pH of the dissolution medium to a sufficiently low value to provide

favourable conditions for the optimal release of the IT.

249



¢ Investigation into changes associated with the free base IT form to the ionised form
show that cysteine HCI at both 10% w/w and 30% w/w loadings provides the greatest
reduction in the free base form in comparison to the organic acid pH modifiers.

¢ MCR analysis has provided valuable insights into the different forms of IT that exist,

however further optimisation with the use of data pre-treatment would be required.

7.2 Recommendations for Future Work

7.2.1 Preparation and Characterisation of Tablets

Confidence in the tablets used for dissolution experiments requires optimal tablet
preparation and appropriate characterisation. For further work on this project, the

following are proposed:

e Optimization of the tablet preparation procedure would be advantageous to
ensure that all the raw materials used within the formulation are particle size
matched and are similar in morphology to ensure differences attributable to these
parameters can be eliminated when assessing their dissolution. Ideally, the
particle size of the API should be similar to the excipients to reduce the potential
for segregation and to avoid problems with powder flow when blending the
mixtures. The blend uniformity and segregation of the APl and excipient is
markedly controlled by the particle size distribution.

¢ Raman imaging of the whole tablet would be advantageous to determine
homogeneity of the API and pH modifier at a macro scale, rather than a small

section of the tablet.

7.2.2 Testing of Tablets and Optimising of Drug Release

This study has shown that the incorporation of a pH modifier provides enhanced release
of the IT, however due to time constraints of the project this could not be explored further.

In order to optimise the IT release, the following should be considered:
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Shelf life (stability testing) and studies of gel strength by rheology/ texture
analysis of the different tablet formulations with the incorporated organic acid
modifier may be able to shed some light on the differences observed with the
integrity of the tablet structure during the macro swelling experiments.
Quantification of the pH modifier release from the tablet matrix, in addition to that
of the IT levels obtained from the in-vitro dissolution studies, to facilitate further
understanding of the release behaviour of the modifier and provide additional
insight into the mechanism of drug release from the tablet matrix.

Measurement of the microenvironmental pH (pHw) of the tablet matrix using a pH
meter or indicator dye media or nuclear magnetic resonance to determine the pH
of the hydrated matrix; this is an important factor which influences the drug
dissolution characteristics and is the key to achieving a pH independent release
profile. Understanding of this will permit the comparison and effectiveness of the
pH modifiers selected in this study to be determined. In addition to the pHwm, pH
measurements of the tablet surface using a contact pH electrode to monitor pH
changes of HPMC gel layer as the tablet matrix swells will permit further insight

into the impact of the pH modifier on the gel layer.

7.2.3 Refinement of MCR-ALS Methodology

The feasibility study conducted on the tablets containing the 30% w/w organic acid pH

modifier with and without the incorporation of IT provided a valuable insight into the

chemical changes to the IT during the hydration of the tablet matrix. To explore this

further the following would be beneficial:

Further refinement of the MCR-ALS methodology including comparison of data
pre-treatment methods (spectral pre-processing) such as de-noising, spectral

correction and normalization.
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e Using a more focused spectral region to aid with the detection and changes
associated with the IT during the hydration process (free base and amorphous

form) and the use of data binning to develop a more robust MCR-ALS model.
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8.0 Appendix

Appendix 1: Histogram data for tablets with 10% w/w organic acid modifier formulation with 20% w/w IT

Table 1 Histogram data for: 10% w/w citric acid+20% w/w IT

Table 2: Histogram data for: 10% w/w betaine HCI+20% w/w IT

Parameter Tablet | Mean | Standard | Kurtosis | Skew Parameter Tablet | Mean Standard | Kurtosis | Skew
Deviation Deviation
1 0.002 0.002 6.78 2.49 1 0.001 0.004 15.06 3.70
Citric acid 2 [ 0003 | 0004 9.89 | 3.43 Betaine HC| 2 | 0001 | 0003 12.86 | 3.15
intensity intensity

3 0.002 0.002 5.69 2.07 3 -0.001 0.002 12.70 2.54

1 0.02 0.01 1.25 1.91 1 0.05 0.04 2.95 1.72

IT intensity 2 0.03 0.02 7.51 2.43 IT intensity 2 0.04 0.03 2.42 1.47
3 0.04 0.02 1.90 1.22 3 0.04 0.03 1.87 1.45

1 0.86 0.040 7.46 -1.76 1 0.80 0.10 1.09 -1.04

C'”'Cr aAti%'di IT 2 0.84 0.069 9.79 | 2.23 Betau?aetgu: T 0.82 0.10 1.02 | -0.77
3 0.80 0.056 1.87 -0.81 3 0.81 0.10 0.51 -0.91
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Table 3: Histogram data for 10% w/w cysteine HCI+20% w/w IT

Table 4: Histogram data 10% w/w glycine HCI+20% w/w IT

Parameter Tablet | Mean Standard Kurtosis | Skew Parameter Tablet | Mean Standard Kurtosis | Skew
Deviation Deviation
. 1 0.003 0.003 4.44 2.05 1 0.0015 0.003 5.38 0.92
Cysteine HCI Glvcine HCI
intensity 2 0.007 0.012 6.97 2.57 |)r/1(t:(l=)r;165 ty 2 0.0015 0.002 7.74 2.44
3 0.007 0.013 10.09 3.05 3 0.0014 0.005 7.56 2.44
1 0.03 0.02 1.34 1.01 1 0.05 0.02 4.6 1.7
IT Intensity 2 | 003 0.02 3.68 | 1.83 IT intensity 2 0.03 0.02 0.93 | 0.85
3 0.04 0.03 3.37 1.72 3 0.03 0.05 3.6 1.87
1 0.50 0.06 4.81 1.44 1 0.80 0.07 0.77 -0.36
Cysteine HCI: 2 0.51 0.06 3.21 0.18 Glycine HCI: IT 2 0.83 0.04 028 | -0.14
IT ratio ratio
3 0.51 0.07 3.78 0.88 3 0.80 0.11 0.33 -1.11
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Histogram Data for Tablets with 30% w/w Organic Acid Modifier Formulation with 20% w/w IT

Table 5: 30% w/w citric acid+20% w/w IT formulation Table 6: 30% w/w cysteine HCI+20% w/w IT formulation
Parameter Tablet | Mean | Standard | Kurtosis | Skew Parameter Tablet | Mean | Standard | Kurtosis | Skew
Deviation Deviation
G . 1 0.02 0.01 0.98 1.26 Cysteine HCI 1 0.04 0.05 5.74 2.29
|rI1trIe(;12|(t:I 2 0.01 0.01 1.11 1.32 intensity 2 0.03 0.03 4.57 2.03
Y 3 0.01 0.01 2.02 | 1.54 3 0.04 0.05 8.12 | 2.65
1 0.08 0.04 0.83 0.92 1 0.04 0.03 1.28 1.13
IT intensity 2 0.03 0.02 211 | 1.26 IT intensity 2 0.11 0.06 345 | 152
3 0.04 0.02 2.83 1.57 3 0.06 0.03 4.56 1.62
1 0.78 0.11 0.28 -0.43 1 0.57 0.15 572 2.23
Citric Acid: IT 2 0.88 0.10 0.35 | -0.39 Cysteine HCI: 2 0.52 0.18 472 | 1.80
ratio IT ratio
3 0.77 0.10 0.83 -0.10 3 0.54 0.11 3.85 1.68
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Table 7: 30% w/w betaine HCI+20% w/w IT formulation

Table 8: 30% w/w glycine HCI+20% w/w IT formulation

Parameter Table | Mean Standard | Kurtosis | Skew Parameter Table | Mean Standard | Kurtosis | Skew
t Deviation t Deviation

1 0.002 0.008 6.56 2.60 1 0.01 0.02 10.67 2.96

Betaine HCI 2 | 0.008 0.020 9.94 | 3.01 Glycine HCI 2 | 0.01 0.01 895 | 2.80

Intensity intensity

3 0.004 0.007 10.32 2.96 3 0.01 0.01 12.15 3.15

1 0.10 0.05 3.12 1.26 1 0.04 0.02 -0.23 0.33

IT intensity 2 0.11 0.05 -0.03 0.45 IT intensity 2 0.05 0.02 -0.27 0.38

3 0.12 0.05 0.06 0.37 3 0.05 0.03 0.34 0.82

1 0.68 0.11 0.76 0.22 1 0.82 0.10 2.24 0.87

Beta”'r‘gﬁgc'i IT 0.66 0.12 041 | 052 G'YC":zti';C': IT ™2 1 o082 0.10 086 | -0.14

3 0.63 0.11 0.29 0.25 3 0.78 0.10 0.83 -0.10
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Appendix 2
(a) HPMC
pH 1.5 low -1

pH 1.5 low I-2

pH1.5lowl-3

pH7 lowI-1

pH7 low I-2
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(b) Water
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Fig. 1: ATR-FTIR images collected over the time course of hydration period for
placebo tablets in low ionic strength solutions at pH 1.5 (n=3) and pH 7 (n=2)
showing (a) water and (b) HPMC distribution. Images were generated using

methods described in section 4.5
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(a)

pH 1.5 high I-1

pH 1.5 high -2

pH 7 high I-1

pH 7 high I-2
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Fig. 2: ATR-FTIR images collected over the time course of hydration period for

placebo tablets in high ionic strength solutions at pH 1.5 (n=2) and pH 7 (n=3)

showing (a) water and (b) HPMC distribution. Images were generated using

methods described in section 4.5
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(a) HPMC/water peak area ratio images

pH 1.5 low I-1

pH 1.5 low I-2

pH 1.5 low -3

pH 7 low I-1

pH 7 low I-2

1 min 5 min 19min  33min 68min 83min 128 min 148 min 198 min

HPMC/water peak area ratio images

(b)

pH 1.5 high I-1

pH 1.5 high I-2

pH 7 high I-1

pH 7 high I-2

pH 7 high I-3

A .

1 min 5 min 19min 33 min 68 min 83min 12 mi 18 n 198 mn

Fig. 3: ATR-FTIR images of HPMC/water peak area ratio images over hydration

period for placebo tablets, showing HPMC gel layer evolution for (a) pH 1.5 and
pH 7 low ionic strength solutions; (b) pH 1.5 and pH 7 high ionic strength

solutions
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(a) HPMC
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Fig. 4: ATR-FTIR peak area integration images over hydration period for 20% w/w
IT tablets (n=3), showing: (a) distribution of water; (b) distribution of HPMC; (c)
distribution of total IT; (d) distribution of free base IT
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Appendix 3
(a) HPMC
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(b) Water
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(c) ionised glycine HCI
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Fig. 5: ATR-FTIR images collected over the hydration period for 10% w/w glycine
HCI tablets (n=3) at pH 7 showing: (a) distribution of HPMC; (b) distribution of

water; (c) distribution of ionised glycine HCI
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(a) HPMC
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Fig. 6: ATR-FTIR images collected over the hydration period for 10% w/w citric
acid tablets (n=2) at pH 7 showing: (a) distribution of HPMC; (b) distribution of
water; (c) distribution of ionised citric acid
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(a) HPMC
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Fig. 7: Selected ATR-FTIR images collected over the hydration period for 10%
w/w cysteine HCI tablets (n=2) at pH 7 showing: (a) distribution of HPMC; (b)
distribution of water; (c) distribution of ionised cysteine HCI
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(a) HPMC/water peak area ratio images
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10% glycine HCI-2

10% glycine HCI-3

T O ‘wia
r p » 5
1 min 5 min 19min 33 min 68 min 83min 128 min 148 min 198 min

(b)

R

E »

10% citric acid-1 . 0 o Al S

10% citric acid-2

1 min 5 min 19min 33 min 68 min 83min 128 min 148 min 198 min

(c)
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1min 5min 19 min 33 min 68min 83 min 128 min 148 min 198 min

Fig. 8: ATR-FTIR images of HPMC/water peak area ratio images over hydration
period for 10% w/w cysteine HCI tablets, showing HPMC gel layer evolution at pH
7 for (a) 10% w/w glycine HCI; (b) 10 % w/w citric acid; (c) 10% w/w cysteine HCI
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(e) IT free base
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Fig. 9: Selected ATR-FTIR peak area integration images for 20% w/w IT and 10%
w/w betaine HCI pH modifier tablets (n=3) over the hydration period, showing
distribution of: (a) HPMC; (b) distribution of water; (c) distribution of total IT; (d)

distribution of ionised betaine HCI
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HPMC
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Fig. 10: Selected ATR-FTIR peak area integration images for 20% w/w IT and 10%
w/w glycine HCI pH modifier tablets (n=3) over the hydration period, showing
distribution of: (a) HPMC; (b) distribution of water; (c) distribution of total IT; (d)

distribution of ionised glycine HCI
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(a) HPMC
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Fig. 11: Selected ATR-FTIR peak area integration images for 20% w/w IT and 10%
w/w cysteine HCI pH modifier tablets (n=3) over the hydration period, showing
distribution of: (a) HPMC; (b) distribution of water; (c) distribution of total IT; (d)

distribution of ionised cysteine HCI

267



(a) HPMC
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Fig. 12: Selected ATR-FTIR peak area integration images for 20% w/w IT and 10%
w/w citric acid pH modifier tablets (n=3) over the hydration period, showing
distribution of: (a) HPMC; (b) distribution of water; (c) distribution of total IT; (d)

distribution of ionised citric acid
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(a) HPMC/water peak area ratio images
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Fig. 13: Selected ATR-FTIR peak area integration ratio images (HPMC:water)
showing gel layer evolution for 10% w/w pH modifier+20% w/w IT tablets (n=3) at
pH 7 for: (a) glycine HCI; (b) betaine HCI; (c) citric acid and (d) cysteine HCI
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(a) HPMC
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Fig. 14: Selected ATR-FTIR peak area integration images for 30% w/w betaine HCI
pH modifier tablets (n=3) over the hydration period, showing distribution of: (a)
HPMC; (b) distribution of water; (c) distribution of ionised betaine HCI
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(a) HPMC
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Fig. 15: Selected ATR-FTIR peak area integration images for 30% w/w citric acid
pH modifier tablets (n=2) over the hydration period, showing distribution of: (a)

HPMC; (b) distribution of water; (c) distribution of ionised citric acid
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(a) HPMC
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Fig. 16: Selected ATR-FTIR peak area integration images for 30% w/w cysteine

30% cysteine HCI-3
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HCI pH modifier tablets (n=3) over the hydration period, showing distribution of:
(a) HPMC,; (b) distribution of water; (c) distribution of ionised cysteine HCI
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(a) HPMC/water peak area ratio images
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Fig. 17: Selected ATR-FTIR peak area integration ratio images (HPMC:water)
showing gel layer evolution for 30% w/w pH modifier for tablets containing (a)
glycine HCI (b) betaine HCI; (c) citric acid; and (d) cysteine HCI
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Fig. 18: Selected ATR-FTIR peak area integration images for 20% w/w IT and 30%
wiw glycine HCI pH modifier tablets (n=3) over the hydration period, showing
distribution of: (a) HPMC; (b) distribution of water; (c) distribution of total IT; (d)
distribution of ionised glycine HCI
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Fig. 19: Selected ATR-FTIR peak area integration images for 20% w/w IT and 30%
w/w betaine HCI| pH modifier tablets (n=3) over the hydration period, showing
distribution of: (a) HPMC; (b) distribution of water; (c) distribution of total IT; (d)

distribution of ionised betaine HCI
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Fig. 20: Selected ATR-FTIR peak area integration images for 20% w/w IT and 30%
w/w citric acid pH modifier tablets (n=3) over the hydration period, showing
distribution of: (a) HPMC; (b) distribution of water; (c) distribution of total IT; (d)

distribution of ionised citric acid
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Fig. 21: Selected ATR-FTIR peak area integration images for 20% w/w IT and 30%
w/w cysteine HCI pH modifier tablets (n=3) over the hydration period, showing
distribution of: (a) HPMC; (b) distribution of water; (c) distribution of total IT; (d)

distribution of ionised cysteine HCI
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(a) HPMC/water peak area ratio images
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Fig. 22: ATR-FTIR peak area integration ratio images (HPMC:water) showing gel
layer evolution for 30% w/w pH modifier+20% w/w IT tablets (n=3) at pH 7 for: (a)
glycine HCI; (b) betaine HCI; (c) citric acid and (d) cysteine HCI
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Appendix 4
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Fig. 23: Selected MCR-ALS distribution images and corresponding factors for

30% w/w modifier placebo tablets for a) betaine HCI; b) cysteine HCI; c) citric

acid and d) glycine HCI
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Fig. 24: Selected MCR-ALS distribution images and corresponding factors for
30% w/w modifier with 20% w/w IT tablets for a) betaine HCI; b) cysteine HCI; c)
citric acid and d) glycine HCI
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Appendix 5
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Fig. 27: Radial optical images obtained from swelling experiments (n=6)
conducted on placebo tablets at pH 1.5
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Fig. 30: Radial optical images obtained from swelling experiments (n=6)
conducted on 20% w/w IT tablets at pH 7
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Fig. 34: Radial optical images obtained from swelling experiments (n=6)

conducted on tablets containing 10% w/w citric acid at pH 7
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Fig. 35: Radial optical images obtained from swelling experiments (n=6)
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conducted on tablets containing 10% w/w cysteine HCl at pH 7
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Fig. 37: Radial optical images obtained from swelling experiments (n=6)

conducted on tablets containing 30% w/w betaine HCI at pH 7
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Fig. 38: Radial optical images obtained from swelling experiments (n=6)

conducted on tablets containing 30% w/w citric acid at pH 7
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Fig. 39: Radial optical images obtained from swelling experiments (n=6)

conducted on tablets containing 30% w/w cysteine HCl at pH 7
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Fig. 40: Radial optical images obtained from swelling experiments (n=6)
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conducted on tablets containing 30% w/w glycine HCI at pH 7
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Fig. 44: Radial optical images obtained from swelling experiments (n=6)
nducted on tablets containing 10% w/w glycine HCI with 20% w/w IT at pH 7
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Fig. 45: Radial optical images obtained from swelling experiments (n=6)
nducted on tablets containing 30% w/w betaine HCI with 20% w/w IT at pH 7
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Fig. 46: Radial optical images obtained from swelling experiments (n=6)
onducted on tablets containing 30% w/w citric acid with 20% w/w IT at pH 7
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Fig. 47: Radial optical images obtained from swelling experiments (n=6)
nducted on tablets containing 30% w/w cysteine HCI with 20% w/w IT at pH 7
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Fig. 48: Radial optical images obtained from swelling experiments (n=6)
nducted on tablets containing 30% w/w glycine HCI with 20% w/w IT at pH 7




Appendix 7

A journal article published on the work included in Chapter 5 is presented in this appendix

in the original format, as published.

The paper appeared in the Journal of Molecular Pharmaceutics, volume 17, issue 4

(2020), pages 1090-1099.
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ABSTRACT: Hydrophilic matrices are an effective option for oral Tab'e'.i" Hydration medium Hydrated gel layer
controlled release but can face challenges in terms of bioavailability h"y‘i:’ais::‘ Dry core

and efficacy when used in conjunction with poorly soluble, weakly

basic drugs. Attenuated total reflectance Fourier transform infrared :>
(ATR-FTIR) imaging provides dynamic information relating to o

the location and chemical nature of both the sustained release :‘2:” e
matrix and the active pharmaceutical ingredient (API) during IR beam
hydration/dissolution. In this study, we have identified a model

system combining itraconazole (IT), a poorly soluble, weakly basic

API that has pK, in the physiological range, and hydroxypropyl
methylcellulose, which is a commonly used oral tablet matrix. This system was investigated to determine the swelling kinetics at
different pH values at a fixed ionic strength and to facilitate the study of the influence of hydrating media pH on the drug particle
movement (translocation). Using ATR—FTIR imaging, we were able to show that gel layer formation and swelling were independent
of pH but highly dependent on the ionic strength of the hydrating medium in placebo tablets. When the ionic strength was fixed, gel
layer formation and radial swelling were both shown to be pH-dependent when IT was incorporated into the matrix. This was
verified using optical imaging. The chemical specificity of ATR—FTIR imaging permitted the observation of transformational
changes of IT from the free base to the ionized form in the tablet core during hydration. This phenomenon was shown to be greater
at pH 1.5 than at pH 7. ATR—FTIR imaging was able to follow drug particle translocation at both pH 1.5 and pH 7; however, the
extent of migration away from the tablet core was shown to be greater at lower pH. The location of the translocated particles within
the gel layer was different between the two studied pH values, with particles being located close to the swelling front at pH 7 and
within the diffusion front at pH 1.5. In both pH environments, the translocated IT particles were shown to be predominantly in the
free base form. No evidence of fully solubilized IT was observed in the surrounding medium because of the inherent aqueous
solubility of IT being below the instrument detection limits. This work highlighted the value of utilizing a chemically specific
spectroscopic tool to increase the understanding of the nature of the factors affecting the release of a pH-dependent, poorly soluble
drug from a hydrophilic matrix at different pH values and permitted greater insights into what happens inside the polymer matrix
during drug release.

pH 1.5 pH7

KEYWORDS: real time imaging, poorly soluble drug, itraconazole, gel layer, HPMC, extended release

1. INTRODUCTION processes that contribute to drug release. Understanding the

Hydrophilic matrix tablets based on hydroxypropyl methyl- mechanisms controlling the rate of drug release from an

cellulose (hypromellose, HPMC) are a favorable choice for HPMC hydrophilic matrix tablet can be pursued by

oral extended drug release dosage forms for a number of considering the movement of three fronts inside the evolving
reasons, including the knowledge base for technology, matrix tablet over time (Figure 1a): the boundary between the
regulatory status, low cost of rate control polymer, ease of yet-to-be hydrated polymer and the hydrated polymer

manufacture, and relative inertness.' In contact with water,
HPMC rapidly undergoes hydration and swelling with the
formation of a gel layer, a dynamic “shell” around the tablet
core. The extent of the hydrated polymer increases through
ingress of fluid into the tablet over time and contributes to
controlling the release of the drug by modulating the rate of
water ingress.2 Drug dissolution in, and diffusion through, the
matrix as well as erosion of the hydrated polymer under shear
at the interface between the gel layer and the bulk medium are

(swelling front), between the hydrated polymer and the bulk
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Figure 1. (a) Schematic of different fronts of a hydrating hydrophilic tablet, looking down onto the upper tablet surface as if one could see through
it, highlighting the dry core, swelling, diffusion, and erosion fronts, adapted from Timmins et al. and reproduced with permission from Therapeutic
Delivery as agreed by Newlands Press Ltd.' (b) Schematic of the ATR—FTIR imaging setup over the course of the hydration period using a focal

plane array detector.

aqueous medium (erosion front), and within the hydrated gel
where the undissolved drug is in equilibrium with the dissolved
drug (diffusion front)."” The presence of solid undissolved
drug particles in the hydrated gel layer can impair the swelling
of the polymer matrix by restricting the disentanglement of the
polymer chains, which may be an important parameter in the
case of poorly water-soluble compounds with marked pH-
dependent solubility. There is also a correlation between poor
drug solubility and erosion of the matrix." For poorly soluble
drugs in hydrophilic matrices, the erosion mechanism of the
hydrated polymer is important as it is this erosion that results
in the liberation of the undissolved drug.”

Previous studies have incorporated nondiffusing insoluble
markers to gain insight and quantify swelling within the gel
layer of hydrophilic matrix tablets (HPMC). The movement of
the fluorescent markers was tracked and observed using a
confocal laser scanning microscope.” Interestingly, analysis of
the tracks indicated a wave of expansion that started and was
the greatest at the exterior, moving toward the core. The
findings also suggested that as the deeper layers started to
expand, swelling continued in the outer layers.

HPMC is chemically stable over the physiological pH
range;(’ however, the swelling properties of HPMC are strongly
influenced by the ionic strength of the medium.”® The ionic
strength can vary considerably in the fluid within the
gastrointestinal tract, and depending on fasted and fed states,
it can range from 0 to 0.5 mol/L, impacting the drug release
from a hydrophilic polymer matrix.” Many different approaches
have been used to investigate the formation of the hydrated gel
layer and the impact of ionic strength employing a range of
techniques.”'® Bajwa et al. used real-time confocal fluorescence
imaging to investigate the movement and migration of the
early stages of HPMC gel layer formation using the
fluorophore Congo red, which selectively binds with the
cellulosic unit and hence acts as a marker for the hydrated
HPMC.® The authors concluded that the gel layer growth was
suppressed with increasing salt concentration of the hydration
medium.
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Poorly soluble ionizable drugs will exhibit different
dissolution behaviors within the physiological pH range.
Weakly basic compounds exhibit a marked increase in
solubility at low pH while being practically insoluble at neutral
pH.”"" A significant number of new drugs in development fall
into this category,'> although the phenomenon may be
ameliorated to a degree by incorporating pH modifiers within
the matrix to yield improved in vivo performance.'” A further
method to achieve an improved oral bioavailability is by the
creation of a water-soluble salt form of the weakly basic drug."*

Fourier transform infrared (FTIR) imaging enables multiple
spectra to be collected simultaneously, allowing a chemical
image of the material to be generated relatively quickly.">™"”
From this, information about the polymer, drug, and water
distribution can be gained simultaneously. The advantage of
this approach is the ability to provide characterization of the
molecular species present and the morphology of the polymer
matrix.'® FTIR images consist of spectral and spatial
information and therefore require additional steps for
converting the data into chemically and physically significant
information. There are several methodologies for doing this;
the simplest involves plotting the peak height or peak area of a
band from a known component.

Attenuated total reflectance Fourier transform infrared
(ATR—FTIR) imaging has previously been used to study the
mechanism of drug release from HPMC matrices.'*™*° A work
by van der Weerd and Kazarian described an approach to study
drug release from a tablet by using a combination of chemical
imaging via ATR—FTIR imaging and dissolution. Niacinamide
incorporated into a HPMC matrix was used a model system.”'
Using a partial least-squares regression calibration, quantitative
analysis for the concentration of water, polymer, and drug as a
function of time was possible.

Hifumi et al. used ATR—FTIR imaging to investigate the
influence of different polymer matrices on drug release. They
studied ibuprofen-loaded HPMC films as a rapid release model
and ibuprofen-loaded polyvinylpyrrolidone films for extended
release. By controlling the local pH by incorporating a pH
modifier and ionic strength around the HPMC via a

https://dx.doi.org/10.1021/acs.molpharmaceut.9b01063
Mol. Pharmaceutics 2020, 17, 1090—1099
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hydrophobicity modifier, the drug release behavior could be
controlled.”

Ewing et al. used ATR—FTIR imaging combined with a
polydimethylsiloxane microfluidic device to monitor the
behavior and release of ibuprofen in situ under flowing
conditions at pH 1 and 7. It was reported that the low pH
environment inhibited the release of the drug because of
conversion from the molecularly dispersed ibuprofen to the
crystalline form.>

The aim of the current study was to use a poorly water
soluble, weakly basic, and lipophilic model drug system to
develop an insight into how these types of drugs behave within
the tablet matrix. We have selected itraconazole (IT) as the
chosen model drug; although it is not a candidate for oral
extended delivery from a hydrophilic matrix system, it met the
stated criteria for a suitable model compound for this work in
that it exhibits pH-dependent poor solubility, close to 1 ng/mL
at pH 7 and 4 pg/mL at pH 1,°* with a pK, of 3.7. This is well
inside the physiological pH range and characteristic of the
most challenging compounds which might be considered for
delivery from hydrophilic matrix systems. It is also very
amenable to the spectroscopic imaging approaches we have
applied in this work. As a basis for future work, in this
exploration of the behavior of IT within the hydrating matrix,
the methodology adopted permitted an opportunity to gain an
insight into how such drugs behave when the environmental
pH changes and in the absence of a pH modifier within the
matrix.

This study used ATR—FTIR imaging to monitor the
hydration of the polymer and the migration of the drug in
the diffusion front over time and examined the influence of
ionic strength on the formation of the HPMC gel layer. ATR—
FTIR imaging allowed dissolution to be studied in real-time,
mapping both the location of the drug and its chemical
characteristics (e.g., ionization state) as it dissolved. The
behavior of the salt forms of a drug within polymeric systems
has been characterized previously. However, the combined
assessment of the effects of a poorly soluble and weakly basic
drug, of excipients and of water together in a formulation
undergoing dynamic changes (including ionisation, dissolution,
hydration, swelling and particle dislocation) with a view to
informing future product design has not been reported.”” The
application of this approach will permit a greater under-
standing of the factors controlling the drug release and enable a
more effective quality-by-design approach to formulating
HPMC matrix tablets.

2. MATERIALS AND METHODS

2.1. Materials. IT (99% Acros Organics) and HPMC
(grade METHOCEL K100M CR Premium grade) powders
were used as received. For the hydration studies, two different
hydrating media were used to investigate the pH effects: 0.1 M
HCl solution (pH 1.5) and tris(hydroxymethyl)aminomethane
hydrochloride buffer solution (tris buffer, purchased from
Sigma-Aldrich, molecular biology grade pH 7.2). In order to
explore the influence of ionic strength on the hydration of
HPMC, two different ionic strength solutions were inves-
tigated. In order to minimize Hofmeister series-like effects, the
ionic strength was managed by using monovalent buffering
agents.”> HCI (0.1 N) was prepared by diluting concentrated
HCI 37% with deionized water having a resistivity of 18.2 MQ.
For the low ionic strength tris buffer, a 0.1 M solution was
prepared by carrying a 10-fold dilution of the as-received
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solution. In order to obtain high ionic strength solutions, 1 M
concentration was used. For the 1 M tris solution, the as-
received buffer was used. For the high ionic strength solution
at low pH, sodium chloride (general purpose grade, Fischer
Scientific) was added to the 0.1 N HCI solution to increase the
ionic strength to 1 M.

2.2, Preparation and Characterization of Tablets.
HPMC tablets containing 20% w/w IT were prepared by
tumble blending (Stuart STR4 rotator drive) for S h at
approximately 30 rpm. Flat-faced matrix tablets (10 mm)
containing 90 mg of total powder were manufactured by direct
compression on a Specac Atlas Manual press (Specac,
Orpington, UK) using a compaction pressure of 625 MPa
and a S min compaction time. The average IT content (n = 6)
was determined using near-infrared (NIR) and shown to be
19.37% w/w with a uniform distribution across the tablet, as
determined by Raman microscopy (Supporting Information,
Figures S1 and S2). The advantages of using Raman
microscopy rather than ATR—FTIR imaging to determine
content uniformity of an active pharmaceutical ingredient
(API) include enhanced spatial resolution, the possibility of
achieving spot sizes less than 2 ym, the ability to map larger
areas’® (the mid-IR ATR method is limited to a field of view
~640 X 640 pum? in our system), and easier discrimination of
an aromatic API in an HPMC matrix.

2.3. In Vitro Release Studies. Dissolution studies were
carried out by using an Agilent 708 apparatus on the 20% w/w
IT formulation (n = 6) in 900 mL of 0.1 N HCL and 0.1 M tris
buffer using the USP type-II method. A paddle speed of 75
rpm and a temperature of 37 + 0.5 °C were used in all
experiments.”” A § mL aliquot was withdrawn at different time
intervals and assayed for IT using ultraviolet—visible spectros-
copy (Agilent Cary 60) by measuring the absorbance at 257
nm.

2.4. Collection of ATR—FTIR Images. Mid-IR spectro-
scopic images were collected using a Varian 680-IR
spectrometer (Agilent Technologies LDA UK Limited, Stock-
port, UK) coupled to a variable temperature Golden Gate
single reflection ATR-imaging accessory (Specac, Orpington,
UK) held at 37 °C. Images were collected at a spectral
resolution of 8 cm™" with eight coadditions. It was observed
that an S/N advantage can be obtained by using a large
number of background scans while maintaining the speed
advantage of having fewer sample scans. Therefore, blank ATR
crystal images at a resolution of 8 cm™' and 256 coadditions
were used as a background reference for image processing.

2.5. Hydration Experiments Using ATR—FTIR Imag-
ing. Hydration studies on the tablets were performed as
follows and are shown schematically in Figure 1. Each tablet
was placed on the ATR crystal such that approximately one-
third of the ATR crystal surface was covered. Pressure was then
applied to the tablet using a sapphire anvil, and a good optical
contact between the sample and the ATR crystal was
confirmed by checking the quality of the image of the dry
tablet; this limited the swelling in the axial direction. A
polyester ring, of diameter larger than the tablet itself to permit
unimpeded radial expansion, was sealed around the tablet, and
S mL of sonicated pH 7 tris buffer or 0.1 N (pH 1.5) HCI (37
°C) was carefully added from one side of the crystal as the
hydrating medium.

Hydration was studied over a 3 h period at a temperature of
37 °C; images were collected every 2 min for the first 10 min,
every 10 min over the following 70 min, and every 20 min for

https://dx.doi.org/10.1021/acs.molpharmaceut.9b01063
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the remainder of the experiment. Chemical images for each
component in the system were generated by plotting the peak
area of the 1630, 1510, and 1041 cm™ bands to show the
distribution of water, IT, and HPMC, respectively, using ISys
5.0 chemical imaging software (Malvern Instruments, Malvern,
UK).

It should be noted that this experimental arrangement
permits only observation of swelling and water ingress, particle
translocation if it occurs, and dissolution/diffusion of the drug
in the hydrated matrix. It is not capable of monitoring erosion
due to the low shear environment that exists within the cell.
However, this is not considered to be a limitation in this
context as it still allows assessment of within-tablet dynamics
due to hydration and swelling at pH values within the tablet
where the drug will be insoluble (high pH medium) or have
some solubility (low pH medium).

2.6. Optical Imaging To Determine the Radial and
Axial Swelling. Optical images of the axial and radial swelling
were collected using two Canon 5D MK3 digital cameras
equipped with 100 mm macro lenses, arranged to capture axial
and radial images of the tablets simultaneously. Images were
obtained from the HPMC placebo and the 20% w/w IT-
loaded HPMC formulation in dissolution media at pH 1.5 and
7 (n = 6). The tablets were placed onto a 3-prong sample
holder located in a glass cell, and 40 mL of either 0.1 N HCL
or 0.1 M tris buffer was added. Images were collected at S min
intervals for a period of 180 min. Data analysis was conducted
using image analysis software (Image] 1.52a) to determine the
area change in both the axial and radial dimensions.
Dimensional changes of the drug-loaded tablets immersed in
media at the two different pH values were statistically
compared using two-way analysis of variance (ANOVA) to
determine the statistical significance of any differences (Prism
V 7.03).

3. RESULTS AND DISCUSSION

3.1. In Vitro Release Studies. Dissolution profiles
obtained for the 20% w/w IT-loaded tablets (Figure S3)
showed a marked difference in the release rate between the two
pH values. At pH 1.5, sustained release of IT was observed
over the 24 h experiment, although when the experiment was
stopped at this point, only 24% of the contained IT had been
released. In contrast, the same IT tablets in the pH 7 medium
showed the release to be <1% at 24 h. There was no evidence
of burst release during these measurements at either pH for
this API/polymer matrix. However, the results showed clear
evidence of an increase in both the dissolution rate and the
percentage IT release (associated with increased solubility of
IT) in the pH 1.5 medium, as anticipated and in full agreement
with previous studies.”®

3.2. ATR—FTIR Imaging of Reference Materials.
Reference spectra for IT, HPMC, 0.1 N HC], and tris buffer
were generated by calculating the mean of the spectra obtained
from a single image obtained as described in Section 2.4.

Reference spectra were used to identify species-specific
bands from which it was possible to generate chemical images
(Figure 2). The bands of interest were shown to be 6(OH)
~1620 cm™ for water (used as a marker for tris buffer and 0.1
N HCl because of water being the main component), 2(C—0)
~1041 cm™ for HPMC, and aromatic (C=C) ~1510 cm™
for the total IT distribution.

3.3. ATR—FTIR Imaging of HPMC Placebo Tablets.
Mid-IR images of the matrix tablet composed simply of HPMC
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Figure 2. Average ATR—FTIR imaging spectra obtained from
reference materials, highlighting 5(OH), ¥(C—0), and ¥(C=C) in
water, HPMC, and IT respectively. Highlighted bands used for peak
area integration of images to show distribution of water, IT, and
HPMC.

hydrating at pH 1.5 and 7 using low and high ionic strength
media over the 3 h hydration period were generated using the
bands identified in Section 3.2. The images show the evolution
of the ingress of water into the tablet matrix and the growth of
the gel layer (Figure 3). High-intensity regions are colored red,
whereas low-intensity regions are blue. Increasing intensity is
denoted by the numerical values on the accompanying color
scale bars.

@
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Figure 3. Selected ATR—FTIR images were collected over the time
course of hydration experiments for placebo tablets in low and high
ionic strength solutions at pH 1.5 and pH 7 showing (a) water and
(b) HPMC distributions. Images were generated using methods
described in Section 2.5 and 3.2. The dotted lines in the first column
of images denotes the boundary between the tablet and air/water.

From the water distribution images (Figure 3a), it is evident
that water ingress occurs rapidly, and full penetration
throughout the tablet, visible within the field of view, occurs
by around 19 min irrespective of the pH or ionic strength
environment. HPMC distribution images at t0 show that the
(nonhydrated) tablet core is located toward the lower half of
the images (Figure 3b). The intensity of this dark red/yellow
HPMC distribution in the high ionic strength medium at pH

https://dx.doi.org/10.1021/acs.molpharmaceut.9b01063
Mol. Pharmaceutics 2020, 17, 1090—1099



Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

(a)

(b)

(c)

(d)

0 min

1 min

5min 19 min

33 min

68min  83min 128 min 148 min 198 min

Figure 4. ATR—FTIR images of HPMC/water peak area ratio over the hydration period, showing the HPMC gel layer evolution for (a) pH 1.5
and (b) pH 7 low ionic strength solutions and (c) pH 1.5 and (d) pH 7 high ionic strength solutions.
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Figure 5. ATR—FTIR peak area integration images over the hydration period, showing the (a) distribution of water, (b) distribution of HPMC, (c)
HPMC/water peak area ratio images, showing HPMC gel layer evolution for pH 1.5 and 7, and (d) distribution of total IT.

1.5 and 7 (Figure 3b(iii),(iv)) is far greater throughout the
duration of the experiment in comparison to the low ionic
strength images (Figure 3b(i),(ii)).

To gain insight into the gel layer behavior, the peak area
ratio of £(C—0) in HPMC and §(OH) in water was plotted.
The gel layer was defined as the cyan zone corresponding to
values between 2.2 and 3.8, on the color scale shown in Figure
4 and consisted of a combination of water and polymer at
varying concentrations. Figure 4a,b clearly highlights the rapid
formation of the gel layer at pH 1.5 and pH 7 in a low ionic
strength environment. The dark red color corresponded to
regions with a high polymer content. Conversely, regions of
hydrated HPMC with increasing water content are denoted by
the yellow, green, and cyan zones.

The gel layer behavior is the same between different pH
environments for the pure HPMC with the same ionic strength
(Figure 4). For the low ionic strength media (Figure 4a,b), at
both pH values, initial swelling is observed from the 1 min time
point. The dry core diminishes rapidly, and the gel layer
recedes toward the edge of the field of view within the time
frame of the experiment.

For the high ionic strength images at pH 1.5 and 7, swelling
is observed from the outset. The gel layer is much more stable
over the duration of the experiment (Figure 4c,d), thus
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confirming that the ionic strength of the media had a
significant impact on the gel layer behavior. This is consistent
with previous studies looking at the impact of ionic strength
and HPMC gel formation,”*'" where the gel layer behavior is
shown to be independent of pH but highly dependent on the
ionic strength of the medium. At higher ionic strength, less
effective penetration of the water into the core and
development of hydrated, swollen polymer gel layer are
observed.

3.4. FTIR Imaging Hydration Experiments on Pure
20% w/w IT-Loaded Tablets. To determine the influence of
pH on IT-containing matrices, the ionic strength of the
hydration medium was matched while the pH was modified.
The strategy adopted was to use the low ionic strength
medium as described in Section 3.3, thereby ensuring that any
changes observed to the drug could be attributed to the pH
environment alone.

Figure S shows the results of the ATR—FTIR imaging
hydration experiments performed on 20% w/w IT-loaded
tablets hydrated with a low ionic strength medium (0.1 mol/L)
at pH 1.5 and 7.

Figure Sa—c shows the water, HPMC distribution, and gel
layer evolution over the timeframe of the experiment. These
results are similar to those observed with the IT-free HPMC

https://dx.doi.org/10.1021/acs.molpharmaceut.9b01063
Mol. Pharmaceutics 2020, 17, 1090—1099



Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

(@
pH1.5
(b)
pH7
* *
F 1
(c) 5 7 epuis .
g *pH7 . -
£ 300
= $ :
- b *
3 £ 200 ¢ . 4
g i » s
g 100 - s .
g . :
2 .
o 0 e + X + + — 4§
0 20 40 60 80 100
Elapsed Time (min)
d (e)
( )o.oa 0.04
pH 1.5 - pH7 v
0.03 iy ey
Xe62 Y237
o
=
=
S

1750 1650 1550 1450 1350 1250 1150 1050 950
Wavenumber cm™

1750 1650 1550 1450 1350 1250 1150 1050 950
Wavenumber cm™

Figure 6. ATR—FTIR images tracking an IT particle at selected time points at (a) pH 1.5 and (b) pH 7 (interface indicated by dashed white line in
last pane). (c) Plot showing movement of five discrete particles at each pH over time (p = <0.05). FTIR spectra from selected pixels across the IT
particle, showing that the particles are IT rich at the 28 min time-point for (d) pH 1.5 and (e) pH 7.

tablets in a low ionic strength medium, as shown in Figures 3
and 4. However, evaluation of the gel layer images shown in
Figure Sc over the hydration period appears to show visible
differences in the swelling behavior in the two pH environ-
ments.

The distribution and dispersion of the total IT over the
hydration period (Figure Sd) differ dramatically between the
two pH environments. At pH 7, an environment where the
drug is very insoluble, the matrix expands and swells, taking
some drug particles with it, but the drug predominantly
remains in the core and is not readily able to dissolve or
disperse into the hydrating matrix, reflecting the in vitro
dissolution data. However, at pH 1.5, as the HPMC matrix
expands and swells, IT shows enhanced mobility and moves
with the apparent diffusion front, which has improved
definition and has a more inherent structure at this pH. At
pH 7, the diffusion front and the swelling front are likely to be
almost coincident. As indicated previously, the solubility of IT
is very different in the two pH environments. We hypothesize
that the additional structure within the diffusion front, evident
at pH 1.5, is related to the pH-dependent solubility of T2
This has the potential to impact the mechanism of drug release
kinetics.”>*"

The FTIR imaging data confirms that the HPMC swelling is
similar at each pH for the placebo but is measurably different
when IT is incorporated into the tablet. This suggests the
possibility of an additional mechanism affecting the drug
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release kinetics beyond the pH-enabled drug solubility in the
hydrated matrix. To explore this further and to inform the
findings observed from the ATR—FTIR imaging, a program of
work to determine the swelling kinetics of IT-loaded tablets
was conducted using optical imaging (see Section 3.7).

Evidence of undissolved IT particle movement was observed
in both the pH environments. This phenomenon of drug
particle translocation has previously been studied using optical
methods.* Using ATR—FTIR imaging, as the HPMC matrix
swells and expands, undissolved drug particles moving outward
in the expanding hydrated gel layer can be followed without
the need for other markers, such as dyes or glass beads;®
advantageously, it is also possible to confirm the chemical form
of the drug as the particle is moving.

Expanding the diffusion front area of images at selected time
points permits the exploration of the translocation of the IT
particles in more detail (Figure 6). In these enlarged images, it
is possible to identify and track individual particles; an example
of a tracked particle is highlighted at both pH 1.5 (Figure 6a)
and pH 7 (Figure 6b) images. At each time point, the change
in the position of the interface between the IT rich area and
the surrounding medium was calculated. This was then
subtracted from the measured distance of particles relative to
their original position, giving a measure of the relative
movement of the particle and interface at each time point.

Five particles were tracked from the pH 1.5 and 7 datasets,
and their movement is plotted in Figure 6¢. It should be noted

https://dx.doi.org/10.1021/acs.molpharmaceut.9b01063
Mol. Pharmaceutics 2020, 17, 1090—1099
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Figure 7. (a) Average ATR—FTIR imaging spectra obtained from IT free base, IT monohydrochloride, and IT dihydrochloride with dotted line
indicating v,(CH) at 2821 cm™. (b) ATR—FTIR peak area integrated images generated using the band at 2821 cm™. (c) Average ATR—FTIR
imaging spectra highlighting (CH) at 0, 33, and 198 min timepoints for 20%w/w IT-loaded tablets at pH 1.5 and 7. (d) Average ATR—FTIR
imaging spectra obtained from IT free base, IT monohydrochloride, and 198 min timepoint for 20%w/w IT-loaded tablets at pH 1.5.

that because of the limited field of view of the ATR-imaging
experimental setup, distances >400 ym away from the interface
could not be measured. Differences were observed in the
distribution and the number of particles between the pH 1.5
and 7 datasets, suggesting that particles at pH 1.5 are moving a
greater distance relative to the interface in comparison to those
particles present in the pH 7 environment within the same
timeframe. A two-way ANOVA determined that there was a
statistically significant difference in the distance travelled by
the particles in the pH 1.5 and 7 environments after 58 min (p
<0.05, n = S). This is most likely attributable to the low
solubility of IT at higher pH impacting the water uptake and
swelling capacity of the tablet in comparison to that at pH 1.5.
For reference, the solubility of IT at pH 7 is reported to be 1
ng/mL, and the solubility at pH 1.5 is 4 ,ug/mL.zA'

We propose that as IT has much greater solubility at pH 1.5,
it therefore will dissolve out of the matrix, effectively leaving a
more “porous” structure than that observed at pH 7. This more
porous matrix clearly has different expansion properties upon
hydration, as evidenced by the different outward IT particle
translocation. Differences in the expansion properties were not
observed in the placebo. Ultimately, monitoring the actual
drug particle movement by ATR—FTIR imaging for a
compound that shows pH-dependent solubility reveals more
information pertaining to the nuances of the mechanism of
drug release when compared to methods lacking chemical
specificity, such as optical microscopy, to track glass beads.

3.5. Investigating the Nature of IT Particles within
Different pH Environments. IR spectra were extracted
across the central line of the highlighted particles in the images
obtained after 28 min at pH 1.5 and pH 7 to determine if
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changes in the particle mobility were linked to changes in the
IT chemistry (Figure 6d,e). The IR spectra from the
translocated particles were shown to be IT rich, although
evidence of water and HPMC was also observed at both pH
values. Interestingly, the particle at pH 7 shows a greater
intensity of HPMC across the particle in comparison to that at
pH 1.5 as the edge of the diffusion front will be in different
places because of the pH effect on IT solubility. Consequently,
particles monitored will be located within different evolving
fronts (swelling and diffusion)"”* depending on the pH. As
the tablet hydrates, the polymer chains start to relax, creating
the swelling front;*” this and the diffusion fronts move out
further as the tablet continues to hydrate, translocating any
undissolved particles inside the diffusion front with them.
3.6. Characterization of the Different Forms of IT.
FTIR is sensitive to molecular structure, and therefore it is
reasonable to assume that spectroscopic differences will be
associated with the different forms of IT (ionized/nonionized
form). For the images generated here, showing the distribution
of IT in Figures 5d and 6ab, v(C=C) ~1510 cm™" was used
as the spectroscopic marker for IT. However, this band is
present in both ionized and unionized forms. Therefore, it only
shows the distribution of total IT. In order to ascertain that IR
was sensitive to the different forms of IT, ATR—FTIR spectra
were collected from IT salts (mono and dihydrochloride)
prepared following the procedures outlined previously.”**
Clear differences were observed between the spectra obtained
from the free base and IT salts, predominantly in the C—H
stretching region. The free base form exhibits a strong band at
2821 cm™ ! associated with CH symmetric stretching vibrations
of the methyl group (Figure 7a), which disappears when the

https://dx.doi.org/10.1021/acs.molpharmaceut.9b01063
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Figure 8. Percentage swelling data obtained from 20% w/w IT-loaded tablets from (a) axial and (b) radial measurements.

drug is ionized. Therefore, the 2821 cm™ band was used to
generate peak area distribution images to show changes in IT
chemistry over the course of the hydration period (Figure 7b).
A greater intensity of undissolved free base is observed in the
tablet core (toward the bottom of the image) for the high pH
medium over the duration of the experiment. In contrast, for
the low pH environment, the intensity of the free base reduces
rapidly as it starts to partially ionize, as expected with IT being
more soluble at low pH. From this, we can surmise that IT is
predominantly in the free base form in the images at the early
time points at both pH 1.5 and pH 7. However, IT remains in
the free base form for the duration of the experiment behind
the swelling front, with a small number of undissolved particles
extending toward the diffusion front at pH 7.

Conversely, at pH 1.5, IT is predominantly in the ionized
form at later time points, as illustrated by the loss of the free
base (Figure 7b), extending through to the outer edge of the
diffusion front most probably due to improved solubility. A
more detailed evaluation of the changes in the chemistry of IT
during the dissolution process can be performed by
comparison of the IR data extracted from the lowest six rows
of pixels in these images. Binning the spectra within the pixels
of the lowest six rows from images at 0, 33, and 198 min at
both pH values, it was possible to generate average spectra
with sufficient S/N to elucidate differences in the IT chemistry
between systems (Figure 7c). It was observed that over the
course of the dissolution experiment performed at pH 1.5,
there was a subtle reduction in the intensity of the 2821 cm™
band and a shift to higher wavenumber of the 2925 cm™ band
over time, which was indicative of a partial transformation of
IT from the free base to the monohydrochloride form, shown
more clearly in Figure 7d. At pH 7, there is no reduction in the
intensity of the 2821 cm™ band indicating that at pH 7, IT
remains in the free base form, with an associated lower
solubility.

ATR—FTIR imaging studies provide a direct understanding
of how the low solubility pH-dependent drug, with a pK, in the
physiological range, changes during the dissolution process.
Following matrix swelling and expansion while tracking
undissolved drug particles, in the way previous workers have
tracked glass beads,® it was possible to directly observe the
relationship between particle translocation, drug solubility,
ionization state, and distribution across the hydrated matrix at
different media pH values. These factors will be important for
drug release kinetics at different pH values.

3.7. Physical Swelling Kinetics: Radial and Axial
Swelling Results on 20%w/w IT-Loaded Tablets. To

1097

supplement the ATR—FTIR data, a series of swelling
experiments were performed on both IT-loaded and placebo
tablets at pH 1.5 and pH 7. Examples of the optical images
obtained from the placebo and 20% w/w IT-loaded tablets for
the 0 and 180 min timepoints at pH 1.5 and 7 for the radial
and axial measurements are shown in Figures S4, SS, S7, and
S8. The results obtained from the swelling measurements
confirmed that the swelling of placebo HPMC tablets was
independent of pH; however, there were a distinct difference in
the swelling behavior of the 20% w/w IT-loaded tablets in the
different pH environments (Figure 8). A greater degree of
swelling was observed at pH 1.5 over the period of hydration.
Statistical analysis was carried out on the 30, 60, 90, 150, and
180 min time point data using the two-way ANOVA to
determine if there is a significant difference in both axial and/
or radial swelling between tablets in the pH 1.5 and 7
environments. The results indicate that no statistically
significant difference was observed at the 30 min time point;
however, a significant difference (p = <0.05) was observed for
the subsequent time points analyzed. Statistical analysis was
also carried out on the placebo data at the same time points;
however, no significant difference was found for either the axial
or radial dimensions between the pH environments (Figure
S6). These findings are in agreement with the FTIR—ATR
imaging data presented earlier and support the hypothesis that
the reduced swelling capacity of the IT-loaded tablets at pH 7
leads to a reduction in the translocation of IT particles in the
diffusion layer and consequently, along with the poor solubility
of IT under these conditions, results in the retardation of IT
release from these tablets.

4. CONCLUSIONS

This work highlights the value of utilizing ATR—FTIR imaging
to elucidate factors affecting the release of a pH-dependent,
poorly soluble drug from a hydrophilic matrix. This approach
permits an understanding of the within-matrix dynamics of the
drug and shows that although evidence of particle translocation
was observed in both pH 1.5 and 7 environments, drug
mobility was very different between the two.

Using ATR—FTIR imaging to follow matrix swelling and
expansion and track undissolved drug particles in the way
previous workers have tracked glass beads,” it was possible to
observe the changing chemical nature of the drug as a particle
moved within the diffusion front. At pH 7, the drug remained
in the free base form, which is poorly soluble, and therefore
largely stayed within the core and the swelling front. At pH 1.5,
however, IT was partially ionized, becoming more soluble, and

https://dx.doi.org/10.1021/acs.molpharmaceut.9b01063
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was able to migrate into the diffusion front and eventually out
into the surrounding medium. The IT-containing tablets
exposed to the low pH medium show higher swelling rate and
greater overall percentage swelling in comparison to those
exposed to the pH 7 environment. No significant differences in
the swelling behavior were observed for placebo tablets.

Therefore, we conclude that the differential drug solubility
observed across the pH range is not the sole reason for
different release rates within different pH environments.
Additionally, the presence of a nondissolved drug negatively
impacts matrix swelling, resulting in translocated free base drug
particles in the swelling front at pH 7 and partially ionized drug
particles in the diffusion front at pH 1.5. In combination,
differences in the solubility of the drug and the swelling of the
matrix affect the rate and percentage drug release at the two
different pH values.
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