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Abstract

The main aim of the work undertaken in this thesis was to investigate the potential of ultrasound-
targeted microbubble destruction (UTMD) mediated chemo-sonodynamic therapy (chemo-SDT) for the
treatment of prostate cancer (PCa). Chapter 1 provides an introductory overview to the challenges
associated with PCa, current treatments / limitations, SDT and the potential for combining SDT with
UTMD. Chapter 2 details the methods used in chapters 3-6. Chapter 3 (the first results chapter)
describes how the sonosensitiser Rose Bengal (RB) can be loaded onto microbubbles (MBs) using the
avidin-biotin interaction with docetaxel (DTX) incorporated in the core to produce DTX-MB-RB that
were subsequently tested for UTMD mediated efficacy in 3D spheroid and murine models PCa. This
treatment produced improved efficacy when compared to standard DTX monotherapy. Chapter 4 aimed
to address some of the shortcomings associated with the preparation of DTX-MB-RB in chapter 3. In
particular, the requirement for the avidin-biotin linkage was eliminated and RB loading was achieved
by synthesising a RB modified lipid which was used as a constituent lipid of the MB shell. This
approach enabled the preparation of DTX-MB-RB in a single step from a pre-MB suspension following
activation for 45 sec using a VialMix® shaker. The pre-MB suspension displayed good stability when
stored for 3 months at 5 °C and these DTX-MB-RB were used in the efficacy experiments undertaken
in Chapter 5. This involved testing the DTX-MB-RB in DU145 and LNCaP 3D spheroid models as
well as PC3 (androgen resistant) and 22Rv1 (androgen dependent) murine models of PCa. The results
demonstrated the effectiveness of UTMD mediated chemo-SDT in all the models tested and was more
effective than UTMD mediated DTX-MB or MB-RB treatment in the 3D spheroid models and DTX
monotherapy in the murine models. Chapter 6 involved the preparation of two new drug functionalised
lipids: one functionalised with 5-fluoruridine (5-FUR) and the second with irinotecan (IRIN). These
lipids were used to manufacture MBs carrying the drug payloads which were investigated for efficacy
in 3D DU145 3D spheroid model of PCa. While these chemotherapies are not normally used in the
treatment of PCa, the results demonstrated the potential of UTMD mediated 5FUR-MB-IRIN as the
cell viability was reduced by 91.32%. Final conclusions and a future outlook are provided in Chapter
7.



Tables and figures

Table 1.1 Summary of hallmarks of cancer and their respective treatment strategy 3
Figure 1.1 Location of the prostate 4
Table 1.2 Genes associated with hereditary PCa and their functions 8
Table 1.3 Genes associated with sporadic PCa and their functions 9
Table 1.4 Prostate cancer stage characterised by the TNM staging 13
Figure 1.2 Graphical Depiction of Treatment Options for Prostate Cancer 14

Table 1.5 Outline of the EAU-EANM-ESTRO-ESUR-SIOG prostate cancer guidelines

panel’s risk grouping based on the characteristics of a patients BCR 16
Figure 1.3 Chemical structure of DTX 22
Table 1.6 Description of the main classes of targeted drug cancer therapies 24
Figure 1.4 Mechanism of type I and 11 PDT 26
Figure 1.5 Proposed mechanisms of SDT 27
Figure 1.6 Chemical structure of Rose Bengal 28

Figure 1.7 MB shell formulated with different compositions i) lipid, ii) protein and iii)
polymer 29

Figure 1.8 Sonograms using MB contrast agents a) traditional gray-scale image with no MB

contrast agent, b) the image 8 seconds after administration of MBs, c) the image 35 seconds

after MB administration and d) the image 2 min after MB administration 31
Table 1.7 Commercially available MB contrast agents for ultrasonic imagining 32
Figure 1.9 Compression and rarefaction of a soundwave in tissue 33

Figure 1.10 Mechanisms of MB induced sonoporation caused by stable and inertial
cavitation 34

Figure 1.11 Ultrasound targeted drug delivery via non-destructive mechanisms 35

Figure 3.1 Confocal laser scanning microscope micrographs of tissue from PC3 tumours

excised from mice. The tumours were stained with DAPI, fluorescence of DAPI and DOX



were imaged, differential interference contrast micrographs were taken and a merged image

was created. The mice received a tail vein injection of MBs with DOX and subsequent US for

a) 5 mins, b) 10 mins and c) 15 mins [204]. 57
Scheme 3.1 Synthetic procedure of Rose Bengal Biotin 60
Figure 3.2 'H-NMR of RB-biotin in DMSO-d6 62
Figure 3.3 *C-NMR of RB-biotin in DMSO-d6 63
Figure 3.4 The ESI-MS spectrum of RB-biotin in methanol (positive mode) 64
Figure 3.5 Schematic depicting DTX, and RB loaded MBs 65

Figure 3.6 (a) UV-vis spectra for concentrations of RB (b) Plot of absorbance against
concentration of RB (mg/mL) (absorbance 565nm) 67

Figure 3.7 (a) HPLC chromatogram of DTX (b) Plot of peak area against concentration
of DTX (mg/mL) (absorbance 231nm) (n=2) 68

Figure 3.8 (a) Optical microscope image at 40x objective lens magnification of
DTX-MB-RB after 1 in 25 dilution in Unger’s solution. (b) size distribution of
DTX-MB-RB obtained from optical microscope images through MATLAB software 69

Table 3.1 Mean bubble count (humber/mL), bubble size (um), RB loading
concentration (uM) and DTX loading concentration (mg/mL) batches of DTX-MB-RB
(n=3). 70

Figure 3.9 DTX loadings for MBs prepared with 2.5, 5 or 10mg DTX, determined
using HPLC (n=6) nsP>0.05, *P<0.05. 71

Table 3.2 Mean bubble count (bubbles/mL) and bubble size (um), for MBs prepared
with 2.5, 5 or 10 mg of DTX. 72

Figure 3.10 RB loadings for MBs prepared with 2.5, 5 or 10mg DTX, determined
using UV/vis spectrophotometry (n=4) nsP>0.05. 73

Figure 3.11 Plot of percentage bubble number (%) of DTX MB RBs prepared with 2.5,
5.0 or 10.0 mg DTX over a period of 90 min. *P>0.05. 74

Vi



Figure 3.12 Cell viability of LNCaP-Luc spheroids treated with i) Untreated ii) US only
(iif) MB (iv) MB + US (v) MB-RB (vi) MB-RB + US (vii) DTX-MB (vii) DTX-MB +
US (viii) DTX-MB-RB (ix) DTX-MB-RB + US. [DTX] in all cases is 6.2uM. [RB] in
all cases is 30uM. **P<0.01, ***P<0.001 and ****P<0.0001. Error bars show + SEM
(n=4).

Figure 3.13 Plot of percentage tumour growth in SCID mice bearing PC3 prostate
tumours that received (i) no treatment (n=3) (ii) IP injection of DTX (10mg/kg) (n=4)
(iii) 1V injection of DTX-MB-RB — US (n=4) and (iv) 1V injection of DTX-MB-RB +
US (n=4). Treated on days 0, 4, 7, 10, 14, 18 and 21. ** P <0.01.

Figure 3.14 Plot of mice weights over 21 days as percentage weight change of day 0
weights. Mice received (i) no treatment (ii) IP injection of DTX (10mg/kg) (iii) IV
injection of DTX-MB-RB — US and (iv) IV injection of DTX-MB-RB + US. *P>0.05
(n=4)

Figure 4.1 SonoVue® (Bracco) vial with powder form MBs (left), MiniSpike (middle)
and saline filled syringe (right).

Figure 4.2 a) DEFINITY Vialmix shaker, shakes vial for 45s. b) The MBs are produced

within the vial to be removed via a needle for administration.
Scheme 4.1 Synthetic scheme for the manufacture of RB-DSPE.

Figure 4.3 Stacked 'H-NMR for RB-DSPE.

Figure 4.4 *C-NMR for RB-COOH (top) and RB-DSPE (bottom).

Figure 4.5 The MALDI-TOF spectrum of RB-DSPE.

Figure 4.6 Production of DTX-MB-RB using the revised VialMix® method.

Table 4.1 Composition of components (mol%) for formulations a-g.

Figure 4.7 Formulations a-g with i) size distribution, b) optical micrograph (40x

76

79

80

84

85

87

89

90

91

93

94

objective lens) and iii) sample image of MB cake in vial. 94-96

vii



Table 4.2 The bubble size (um), bubble number (x10%/mL) and flowability ranked 1-3.

1 = Not flowable, 2 = somewhat flowable and 3 = freely flowable. 97

Figure 4.8 Images of pre-MB colloidal formulation a) formulation F and b) formulation
G. 97

Figure 4.9 Images of a) pre-MB suspension for vials stored at i) room temperature and
i) in the fridge. The corresponding MB cakes for the pre-MB suspensions stored at
b) room temperature and c) in the fridge and i) representative size distribution and

ii) 40x optical micrograph and iii) MB cake in the vial. 98-99

Table 4.3 The bubble size (um), bubble number (x10%/mL), pre-MB suspension

clearness (clear or cloudy) and flowability ranked 1-3. 1 = Not flowable,

2 = somewhat flowable and 3 = freely flowable of MBs and pre-MB suspension

produced after room temperature and fridge storage. 99

Figure 4.10 The bubble numbers for the batches stored at room temperature and fridge

temperature. 100
Figure 4.11 Image of the vial after formulation 6 scale up batch was sonicated. 101

Figure 4.12 Image of vials rehydrated at 90°C for 60 mins. Pre-MB suspension 1 & 2
and the corresponding MB cakes 3 & 4 101

Figure 4.13 Size distributions and optical micrographs for each repeat of the scaled
batch. 102

Figure 4.14 Size of liposomes after 3-month fridge storage. 104

Figure 4.15 Effect on liposome size determined by DLS analysis of the DTX-MB-RB after 3-
month fridge storage (n=3). 105

Figure 4.16 Figure 4.16 Optical micrographs i) and size distribution plots ii) of DTX-MB-RB
generated from pre-MB suspensions stored for a) 0 months, b) 1 month, ¢) 2 months and d) 3
months. 105

viii



Figure 4.17 The effect on bubble number on DTX-MB-RB after 3-month fridge storage
(n=3). 106

Figure 4.18 The effect on bubble size on DTX-MB-RB after 3-month fridge storage
(n=3). 106

Table 4.4 Composition of components (mol%) for formulations blank MBs, DTX-MBs
and MB-RBs. 107

Figure 4.19 Effect on liposome size determined by DLS analysis of the DTX-MB-RB
after 3-month fridge storage (n=3). 108

Table 4.5 MB size and MB number for control formulations blank MBs, DTX-MBs and
MB-RBs. 108

Figure 4.20 Formulations blank MBs, DTX-MBs and MB-RBs with i) size distribution, b)

optical micrograph (40x objective lens) and iii) sample image of MB cake in vial. 109

Figure 4.21 Plot of percentage bubble number (%) of blank MBs, MB-RB, DTX-MB and
DTX-MB-RB over 90 min. (N=3) 110

Figure 5.1 Cell viability of LNCaP spheroids treated with i) Untreated ii) blank MBs +

US (iii) MB-RB (iv) MB-RB + US (v) DTX-MB (vi) DTX-MB + US (vii) DTX-MB

-RB (vii) DTX-MB-RB + US. For experiment a) [DTX] was 16.67uM, [RB] was 50uM.

For experiment b) [DTX] was 8.33uM, [RB] was 25uM. *P<0.05, **P<0.01 and
***p<(0.001. Error bars show = SEM (n=4). 117

Figure 5.2 Cell viability of DU145 spheroids treated with i) Untreated ii) blank MBs +

US (iii) MB-RB (iv) MB-RB + US (v) DTX-MB (vi) DTX-MB + US (vii) DTX-MB-RB
(vii) DTX-MB-RB + US. For experiment a) [DTX] was 16.67uM, [RB] was 50uM. For
experiment b) [DTX] was 8.33uM, [RB] was 25uM. **P<0.01 and ***P<0.001.

Error bars show = SEM (n=4). 119

Figure 5.3 Individual tumour growth delay plots for nude balb/c mice implanted with
22Rv1 tumours, treated with a) untreated, b) DTX (matched dose) + US, ¢) enzalutamide, d)
DTX-MB-RB, e) DTX-MB-RB + US and f) DTX-MB-RB enzalutamide + US. 122

Figure 5.4 Plot of a) percentage tumour growth and b) and b) percentage weight change

for nude balb/c mice bearing 22Rv1tumours. The mice were treated with i) untreated, ii)

iX



DTX (matched dose) + US, iii) enzalutamide, iv) DTX-MB-RB, v) DTX-MB-RB + US
and vii) DTX-MB-RB enzalutamide + US. **P < 0.01 (N=5) 123

Figure 5.5 Kaplan Meier survival plot for nude balb/c mice bearing 22Rv1tumours, treated
with i) untreated, ii) DTX (matched dose) + US, iii) enzalutamide, iv) DTX-MB-RB, V)
DTX-MB-RB + US and vii) DTX-MB-RB enzalutamide + US. (N=5) 124

Figure 5.6 Mean survival for nude balb/c mice bearing 22Rv1tumours, treated with i)
untreated, ii) DTX (matched dose) + US, iii) enzalutamide, iv) DTX-MB-RB, v) DTX-
MB-RB + US and vii) DTX-MB-RB enzalutamide + US. **P < 0.01 (N=5). 125

Figure 5.7 Individual tumour growth delay plots for nude CD-1 mice implanted with
PC3, treated with a) untreated, b) DTX (matched dose) + US, ¢) DTX (standard dose +
US), d) DTX-MB + US, e) MB-RB + US, f) DTX-MB-RB and g) DTX-MB-RB + US. 128

Figure 5.8 Plot of a) percentage tumour growth and b) and b) percentage weight change

for nude CD-1 mice bearing PC3 tumours. The mice were treated with 1) untreated,

i) DTX (matched dose) + US, iii) DTX (standard dose + US), iv) DTX-MB + US,

v) MB-RB + US, vi) DTX-MB-RB and vii) DTX-MB-RB + US. *P < 0.05 and

**P < 0,001 (N=5) 129

Figure 5.9 Kaplan Meier survival plot for nude CD-1 mice bearing PC3 tumours,

treated with i) untreated, ii) DTX (matched dose) + US, iii) DTX (standard dose + US),

iv) DTX-MB + US, v) MB-RB + US, vi) DTX-MB-RB and vii) DTX-MB-RB + US.

(N=5) 130

Figure 5.10 Mean survival for nude CD-1 mice bearing PC3 tumours, treated with i)
untreated, ii) DTX (matched dose) + US, iii) DTX (standard dose + US), iv) DTX-MB

+ US, v) MB-RB + US, vi) DTX-MB-RB and vii) DTX-MB-RB + US. ***P < 0.001

(N=5) 131

Figure 5.11 Plot of percentage weight change for healthy non tumour bearing mice. The
mice were treated with i) untreated, ii) DTX-MB-RB or iii) DTX (10 mg/kg). (N=8) 134

Figure 5.12 Safety study in healthy non tumour bearing mice where mice received i)
remained untreated, ii) DTX MB RB + US or iii) DTX (standard dose). Where biological
markers were used to determine the health of mice in a) the kidney (glomerular

cellularity, glomerular basement membrane, tubular vacuolation, interstitial

X



inflammation, interstitial fibrosis and collecting system), b) the liver (portal

inflammation, lobular inflammation and steatosis) and c) a range of blood biomarkers

(urea, ALT, RBC, Hb, HCT, MCV, MCH, MCHC, platelets, WBC, neutrophils,
lymphocytes, monocytes and eosinophils). (N=8). (*P<0.05). 135

Figure 5.13 a) VIS images of mice bearing 22Rv1 tumours, that received i) IR780 loaded
MBs without US (top images), or ii) IR780 loaded MBs with US (bottom images). The

images were taken at 0 hours; before treatment (left images) or 3 hours post treatment; (right

images). b) Plot of tumour/back radiance for each treatment and timepoint. (n=3) 136
Scheme 6.1 for synthesis of 5SFUR-DSPE. 143
Figure 6.1 Stacked *H-NMR spectra of 5FUR-DSPE. 145
Figure 6.2 *C-NMR spectra of SFUR-DSPE. 146
Figure 6.3 ESI-MS spectrum of 5SFUR-DSPE (negative mode). 147
Scheme 6.2 for synthesis of IRIN-DSPE. 148
Figure 6.4 Stacked *H-NMR spectra of IRIN-DSPE. 150
Figure 6.5 *C-NMR spectra of IRIN-DSPE. 151
Figure 6.6 ESI-MS spectrum of IRIN-DSPE (negative mode). 152
Table 6.1 Formulation for 5SFUR-MB-IRIN components. 153

Figure 6.7 5FUR-MB-IRIN produced to determine quality of bubble number and size, a) vial
of 5SFUR-IRIN liposomes, b) vial of 5SFUR-MB-IRIN, c) 40x optical image of 5SFUR-MB-
IRIN, d) size distribution of 5SFUR-MB-IRIN. 154

Figure 6.8 Stability of SFUR-MB-IRIN at 37.5°C. 155

Figure 6.9 DU145 spheroids treated with (i) control, (ii) US only, (iii) blank MBs, (iv) blank
MBs + US, (v) 5FUR-MB-IRIN 5pM, (vi) 5SFUR-MB-IRIN 5uM + US, (vii) 5SFUR-MB-
IRIN 10uM, (viii) 5FUR-MB-IRIN 10uM + US, (ix) 5FUR-MB-IRIN 20uM and (x) 5FUR-
MB-IRIN 20uM + US. N=4. ***p>(.001. 157

Xi



Figure 9.1 (a) Optical microscope image at 40x objective lens magnification of blank
MBs after 1 in 25 dilution in Unger’s solution. (b) size distribution of blank MBs
obtained from optical microscope images through MATLAB software. 191

Table 9.1 Mean bubble count (humber/mL), bubble size (um) for blank bubbles (n=3) 192

Table 9.2 Mean bubble count (hnumber/mL), bubble size (um), Rose Bengal loading
concentration (M) batches of MB-RB (n=3). 193

Figure 9.2 (a) Optical microscope image at 40x objective lens magnification of MB-RB
after 1 in 25 dilution in Unger’s solution. (b) size distribution of DTX-MB-RB obtained
from optical microscope images through MATLAB software. 194

Table 9.3 Mean bubble count (hnumber/mL), bubble size (um), DTX loading
concentration (mg/mL) batches of DTX-MB (n=3). 195

Figure 9.3 (a) Optical microscope image at 40x objective lens magnification of DTX-MB
after 1 in 25 dilution in Unger’s solution. (b) size distribution of DTX-MB obtained from
optical microscope images through MATLAB software. 195

xii



Table of contents

Chapter 1 — General introduction

1.1 Cancer

1.2 Prostate cancer

1.2.1 The prostate

1.2.2 Incidence and mortality

1.2.3 Molecular pathway of prostate cancer
1.2.3.1 Hereditary prostate cancer

1.2.3.2 Sporadic prostate cancer

1.2.4 Prostate cancer diagnosis

1.2.4.1 Prostate specific antigen (PSA) and digital rectal examination (DRE)

1.2.4.2 Gleason scoring, biopsies and magnetic resonance imaging (MRI)

1.2.5 Prostate cancer staging and treatments
1.2.5.1 Localised prostate cancer therapies

1.2.5.2 Biochemical recurrence

1.2.5.3 Salvage therapies for BCR prostate cancer
1.2.5.3.1 Salvage external beam radiotherapy (EBRT)
1.2.5.3.2 Salvage brachytherapy (BT)

1.2.5.3.3 Cryotherapy

1.2.5.3.4 High-intensity focused ultrasound (HIFU)
1.2.5.4 Locally advanced prostate cancer

1.2.5.5 Metastatic prostate cancer

1.2.6 Androgen depravation therapy (ADT)

1.2.7 Docetaxel (DTX)

xiii

11

11

12

12

14

15

17

17

17

18

19

19

20

20

21



1.2.7.1 Docetaxel side effects

1.3 Targeted cancer therapy

1.3.1 Photodynamic therapy (PDT)

1.3.2 Sonodynamic therapy (SDT)

1.3.2.3 Rose Bengal (RB)

1.4 Microbubbles (MB)

1.4.1 Clinically approved use of MBs

1.5 Properties of ultrasound

1.5.1 Ultrasound therapy

1.5.2 Ultrasound-targeted microbubble destruction (UTMD)
1.5.2.1 UTMD mediated chemo-sonodynamic therapy
1.6 Aims and objectives

1.6.1 Chapter 3

1.6.2 Chapter 4

1.6.3 Chapter 5

1.6.4 Chapter 6

Chapter 2 — Methodology

2.1 Materials and reagents

2.2 Synthesis of Rose Bengal — biotin

2.2.1 Synthesis of rose bengal amine (7) 2-Aminoethyl 2,3,4,5-tetrachloro-6-(6-
hydroxy-2,4,5,7-tetraiodo-3-0x0-3H-xanthen-9-yl)benzoate

2.2.2 Synthesis of biotin rose bengal (8) 2-(5-(2-Oxohexahydro-1H-thieno[3,4- d]
imidazol-4-yl)pentanamido)ethyl2,3,4,5-tetrachloro-6-(6-hydroxy-2,4,5,7- tetraiodo-

3-0x0-3H-xanthen-9-yl)benzoate

2.3 Synthesis of Rose Bengal — DSPE

Xiv

22

23

25

27

28

29

30

32

33

35

36

37

37

37

37

38

39

40

41

41

41

42



2.3.1 Synthesis of 8-((2, 3, 4, 5-tetrachloro-6-( 6-hydroxy-2, 4, 5, 7 -tetraiodo-3- oxo-
3H-xanthen-9-yl)henzoyl)oxy)octanoic acid (8).

2.3.2 Synthesis of 3-((hydroxy(2-(8-((2,3,4,5-tetrachloro-6-(6-hydroxy- 2, 4, 5, 7-
tetraiodo-3-0xo0-3H-xanthen-9-yl)henzoyl)oxy)octanamido)ethoxy) phosphoryl)oxy)
propane-l ,2-diyl distearate (9).

2.4 Synthesis of Irinotecan — DSPE

2.4.1 Synthesis of (19S)-19-[(2-{[(tert-butoxy)carbonyl]amino }acetyl)oxy]-10,19-
diethyl-14,18-dioxo-17-oxa-3,13-diazapentacyclo[11.8.0.02,11.04,9.015,20]
henicosa-1(21),2,4,6,8,10,15(20)-heptaen-7-yl [1,4'-bipiperidine]-1'-carboxylate
hydrochloride salt (IR-GLY-BOC)

2.4.2 Synthesis of (19S)-19-[(2-aminoacetyl)oxy]-10,19-diethyl-14,18-dioxo-17-0xa-3,
13-diazapentacyclo[11.8.0.02,11.04,9.015,20]henicosa-1(21),2,4,6,8,10,15(20)-heptaen-
7-yl [1,4'-bipiperidine]-1'-carboxylate mixed hydrochloride/trifluoroacetate salt
(IR-GLY)

2.4.3 Synthesis of 3-[(2-{[(19S)-7-{[1,4'-bipiperidine]-1'-carbonyloxy}-10,19-diethyl-
14,18-dioxo-17-o0xa-3,13-diazapentacyclo[11.8.0.02,11.04,9.015,20]henicosa-
1(21),2,4,6,8,10,15(20)-heptaen-19-yl]oxy } -2-oxoethyl)carbamoyl]propanoic acid
(IR-GLY-ACID)

2.4.4 Synthesis of (2-{3-[(2-{[(19S)-7-{[1,4'-bipiperidine]-1'-carbonyloxy}-10,19-
diethyl-14,18-dioxo-17-0xa-3,13-diazapentacyclo[11.8.0.02,11.04,9.015,20]henicosa-
1(21),2,4,6,8,10,15(20)-heptaen-19-ylJoxy}-2

oxoethyl)carbamoyl]propanamido } ethoxy)[(2R)-2,3-bis(octadecanoyloxy)propoxy]
phosphinic acid (IRIN - DSPE)

2.5 Synthesis of 5-Fluorouradine — DSPE

2.5.1 Synthesis of 5-fluoro-1-[6-(hydroxymethyl)-2,2-dimethyl-tetrahydro-2H-furo[3,4-
d][1,3]dioxol-4-yl]-1,2,3,4-tetrahydropyrimidine-2,4-dione (SFUR-Ketal)

2.5.2 Synthesis of 4-{[6-(5-fluoro-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-1-yl)-2,2-
dimethyl-tetrahydro-2H-furo[3,4-d][ 1,3]dioxol-4-ylJmethoxy } -4-oxobutanoic acid
(5FUR-Ketal-ACID)

XV

42

42

43

43

43

44

44

45

45

45



2.5.3 Synthesis of [(2R)-2,3-bis(octadecanoyloxy)propoxy][2-(4-{[6-(5-fluoro-2,4-
dioxo-1,2,3,4-tetrahydropyrimidin-1-yl)-2,2-dimethyl-tetrahydro-2H-furo[ 3,4-d][ 1,3]
dioxol-4-yl]methoxy }-4-oxobutanamido)ethoxy]phosphinic acid (SFUR-Ketal-DSPE)

2.5.4 Synthesis of [(2R)-2,3-bis(octadecanoyloxy)propoxy][2-(4-{[(2S,5S)-5-(5-fluoro
-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-1-yl)-3,4-dihydroxy-2,5-dimethyloxolan-2-
yllmethoxy } -4-oxobutanamido)ethoxy|phosphinic acid (SFUR-DSPE)

2.6 Preparation of DTX and Rose Bengal — biotin loaded microbubbles (DTX-MB-RB)
2.6.1 Characterisation of drug loading of DTX-MB-RB

2.7 Preparation of DTX-MB-RB from a pre-MB colloidal liposomal suspension

2.8 Preparation of 5SFUR-MB-IRIN from a pre-MB colloidal suspension

2.9 Characterization of MB number and size

2.10 Determination of MB stability at 37.50C

2.11 Determination of pre-MB colloidal liposomal suspension stability at 2-8°C

2.12 Culture of LNCaP-Luc/LNCaP spheroids

2.13 Culture of DU145 spheroids

2.14 In vitro efficacy determination of LNCaP-Luc/LNCaP spheroids

2.15 In vitro efficacy determination of DU145 spheroids

2.16 In vivo efficacy determination in PC3 xenografts treated with DTX-MB-RB

2.17 In vivo efficacy determination in 22Rv1 xenografts treated with DTX-MB-RB
2.18 In vivo safety determination and blood analysis in healthy non tumour bearing mice
2.19 Preparation of IR780-MB-RB from a pre-MB colloidal suspension.

2.20 Localisation of IR780 labelled MB-RB in mice bearing 22Rv1 tumours.

Chapter 3 — Docetaxel and Rose Bengal loaded MBs for ultrasound activated chemo-

sonodynamic therapy of prostate cancer
3.1 Introduction
3.2 Aims and objectives

XVi

46

47

47

47

48

49

49

49

50

50

50

50

51

52

53

54

54

56

57

59



3.3 Results and discussion 60

3.3.1 Synthesis of Rose Bengal — biotin 60
3.3.2 Preparation of DTX-MB-RB conjugates 65
3.3.2.1 Characterisation of DTX-MB-RB conjugates 66
3.3.2.2 Optimisation of DTX drug loading on DTX-MB-RB 70
3.3.2.3 Effect of increasing DTX content on RB loading 70
3.3.2.4 Effect of increasing DTX content on stability of DTX-MB-RB at 37°C 73
3.3.4 Efficacy of DTX-MB-RB in Spheroids. 74

3.3.5 Efficacy of MB mediated chemo-SDT therapy using the DTX-MB-RB conjugates

in mice bearing subcutaneous PC3 tumours. 77
3.4 Conclusions 81

Chapter 4 — Development of a single-vial, pre-MB colloidal suspension of the rapid

preparation of docetaxel and Rose Bengal loaded MBs 82
4.1 Introduction 83
4.2 Aims and objectives 86
4.3 Results and discussion 87
4.3.1 Synthesis and Characterisation of RB-DSPE 87
4.3.2 Preparation of a DTX-MB-RB from a pre-MB suspension 92

4.3.2.1 Determining optimum temperature for storage of the pre-MB colloidal

suspension 98

4.3.3 Scaling up manufacture of Pre-MB colloidal suspension 100
4.3.4 Extended stability of the Pre-MB colloidal suspension at 5°C. 102
4.3.5 Preparation of Blank MB, DTX-MB and MB-RB formulations. 107
4.3.6 Stability of Blank MB, DTX MB, MB-RB and DTX-MB-RB at 37°C. 110

4.4 Conclusion 111

XVii



Chapter 5 — UTMD mediated chemo-SDT treatment of androgen sensitive and
insensitive models of prostate cancer using DTX-MB-RB prepared from a pre-MB

colloidal suspension

5.1 Introduction

5.2 Aims and objectives
5.3 Results and discussion

5.3.1 Efficacy of UTMD mediated chemo-SDT using DTX-MB-RB prepared from a

MB colloidal suspension in a LNCaP spheroid model of prostate cancer

5.3.2 Efficacy of UTMD mediated chemo-SDT using DTX-MB-RB prepared from a

MB colloidal suspension in a DU145 spheroid model of prostate cancer

5.3.3 Efficacy of UTMD mediated chemo-SDT using DTX-MB-RB prepared from a

112

113

114

115

pre-
115

pre-
118

pre-

MB colloidal suspension in murine model of prostate cancer bearing ectopic 22Rv1tumours

5.3.4 Efficacy of UTMD mediated chemo-SDT using DTX-MB-RB prepared from a

120

pre-

MB colloidal suspension in a murine model of prostate cancer bearing ectopic PC3 tumours

5.3.5 Safety study of DTX-MB-RB prepared from a pre-MB colloidal suspension in

healthy non tumour bearing mice

5.3.6 UTMD mediated localisation of MBs loaded with IR780 in a murine model of

prostate cancer.

5.4 Conclusions

Chapter 6 — Development of a single vial, pre-MB colloidal suspension loaded with 5-

fluorouradine and irinotecan for the treatment of prostate cancer
6.1 Introduction

6.2 Aims and objectives

6.3 Results and discussion

6.3.1 Synthesis of 5Fur-DSPE

XViii

126

131

136

138

139

140

142

143

143



6.3.2 Synthesis of IRIN-DSPE 148

6.3.3 Preparation of 5FUR-MB-IRIN 153
6.3.3.1 Characterisation of 5SFUR-MB-IRIN 153
6.3.4 Determination of 37.5°C stability of 5SFUR-MB-IRIN 155

6.3.5 Efficacy determination of 5SFUR-MB-IRIN in vitro spheroidal DU145 prostate cancer

model 156
6.4 Conclusion 158
Chapter 7 — Conclusions and future outlook 159
Chapter 8 — References 163
Chapter 9 — Appendices 190
9.1 Control formulations - blank MBs 191
9.2 Control formulations — MB-RB 192
9.3 Control formulations — DTX-MB 193
9.4 Publications and conferences 195
9.4.1 Publications 195
9.4.2 Publications resulting from thesis — under review 196
9.4.3 Conferences 196

XiX



[Drug] Drug concentration

5-FU 5-Fluorouracil

5-FUR 5-Fluorouradine

ADT Androgen depravation therapy

ALT Alanine transaminase

AR Androgen receptor

BCR Biochemical recurrence

BT Brachytherapy

CDMO Contract development and manufacturing organization
CRPC Castration resistant prostate cancer

DBPC 1,2-dibehenoyl-sn-glycero-3-phosphocholine
DCM Dichloromethane

DHT Dihydrotestosterone

DLS Dynamic light scattering

DMF Dimethylformamide

DNA Deoxyribonucleic acid

DOX Doxorubicin

DPTAP 1,2-dipalmitoyl-3-trimethylammonium-propane
DRE Digital rectal examination

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine
DSPE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
DTX Docetaxel

EBRT External beam radiotherapy

Enz Enzalutamide

XX



ESI-MS Electrospray ionisation mass spectrometry

FBS Foetal bovine serum

GMP Good manufacturing practice

HDR High dose rate

HIFU High-intensity focused ultrasound
IC50 Half maximal inhibitory concentration
IP Intraperitoneal

IRIN Irinotecan

v Intravenous

LDR Low dose rate

MALDI-TOF Matrix-assisted laser desorption ionisation — time of flight

MB(s) Microbubble(s)

MeOH Methanol

MHRA Medicines and Healthcare products Regulatory Agency
miRNA Micro ribonucleic acid

MRI Magnetic resonance imaging
NMR Nuclear magnetic resonance
0S Overall survival

PBS Phosphate buffered saline
PCa Prostate cancer

PDT Photodynamic therapy

PEG Propylene glycol

PFB Perfluorobutane

PFS Progression free survival

XXi



Pl

PNP

PPP

PRF

PS

PSA

PTX

RB

ROS

RP

RPMI

SCID

SDT

SEM

SN2

TFA

TLC

us

UTMD

uv

Propidium iodide

Peak negative pressure

Peak positive pressure

Pulse repetition frequency
Photosensitiser

Prostate specific antigen

Paclitaxel

Rose Bengal

Reactive oxygen species

Radical prostatectomy

Roswell Park Memorial Institution
Severe combined immunodeficiency
Sonodynamic therapy

Standard error of the mean
Bi-molecular Nucleophilic Substitution
Trifluoroacetic acid

Thin-layer chromatography

Ultrasound

Ultrasound-targeted microbubble destruction

Ultraviolet

XXii



Chapter One:

General Introduction



1.1 Cancer

Cancer is the second leading cause of death worldwide, resulting in approximately 9.6
million deaths in 2018 [1]. In the UK alone, 164,901 people died of cancer between 2015
and 2017, equating to 28% of all deaths in 2017 [2]. The likelihood of being diagnosed
with cancer increases with age and is most prevalent in those aged over 65 or with a history
of cancer in the family. Other lifestyle risks such as smoking, diet, body weight or
ultraviolet (UV) light exposure can also increase a person’s likelihood of developing cancer

[3]. The most common forms of cancer are breast, lung, prostate and bowel [4].

Cancer can be classed as a disease formed by the abnormal proliferation of cells. Generally,
it derives from a genetic mutation that causes abnormal cell proliferation or alters cellular
differentiation or survival. These mutations may prove beneficial to the cancer cell if such
a mutation enhances the rate of cell proliferation, the cells become more dominant and
establish a tumour or they alter the ability of a cell to terminate itself through apoptosis.
The cancer cells may then proliferate to the point they invade surrounding tissues,

spreading outwards from the original tumour site causing a metastatic state of the disease
[5].

There are 10 main processes that are commonly used as targets for cancer therapy.
These are referred to as ten “hallmarks of cancer”: (i) self-sufficiency for growth signalling,
(i) resistance to growth suppressors, (iii) evasion of apoptosis, (iv) limitless cellular
replication, (v) increased angiogenesis, (vi) induction of metastasis, (vii) metabolic
reprogramming, (viii) evasion of immune response, (ix) genome mutation and (x) tumour

inflammation [6].



Table 1.1 Summary of hallmarks of cancer and their respective treatment strategy [7].

Hallmark of Cancer Treatment

Self-sufficiency for growth signalling EGRF inhibitors

Resistance to growth suppressors Cyclin-dependent kinase inhibitors
Evasion of apoptosis Proapoptotic BH3 mimetics
Limitless cellular replication Telomerase inhibitors

Increased angiogenesis Inhibitors of VEGF signalling
Induction of metastasis Inhibitors of HGF/c-Met

Metabolic reprogramming Aerobic glycolysis inhibitors

Evasion of immune response Immune activating anti-CTLA-4 mAb
Genome mutation PARRP inhibitors

Tumour inflammation Selective anti-inflammatory drugs

Targeting a single hallmark has proven in many cases to provide only a short duration of
therapeutic effect before encountering resistance [8]. For example, resistance to anti-
CLTA-4 drugs has been reported — these drugs act as a blockade for the CTLA-4 receptor
on tumour cells that downregulate T-cell proliferation. It has been reported by Barrueto et
al that cells are able to downregulate the proliferation of T-cells by VISTA, a potent T-cell
downregulation molecule [9,10]. This is due to the tumours adaptive ability to operate via
different mechanisms and pathways to bypass the treatment against a specific targeted
hallmark. This has led to an increasing trend in the field of utilising multiple treatments to
target more than one hallmark, in a strategic combinatorial manner to increase therapeutic

effect by stopping resistance pathways and encouraging drug synergism.



1.2 Prostate cancer
1.2.1 The prostate

The prostate is a small walnut sized gland found in front of the rectum, at the base of the
bladder with the urethra passing through the centre from the bladder to the penis (Figure
1.1) [11]. The prostate is made up of three main zones, the central zone at the base of the
prostate surrounding the ejaculatory ducts making up 5-8% of the prostate, the peripheral
zone surrounds the distal urethra making up 75% of the prostate and the transition zone that
surrounds the proximal urethra making up 20% of the prostate [12-13].

Prostate gland
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Figure 1.2 Location of the prostate. (Taken from [12]).
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The prostate functions primarily as part of the reproductive system. It is responsible for the
production of the fluidic component of semen which also comprises sperm cells from the
testes. The prostate also functions to contract muscles involved during ejaculation and to
convert testosterone into its more potent relative dihydrotestosterone (DHT), the deficiency

of which is attributed to low sperm counts, low semen volume and semen coagulation [13].

1.2.2 Incidence and mortality

In the UK, prostate cancer (PCa) is the most frequent form of cancer diagnosed in men.
Approximately 48,500 cases are diagnosed each year, which is roughly 132 per day [14].
PCa has also become the third highest cause of cancer related death in the UK, surpassing
deaths from breast cancer for the first time in 2015, with around 11,700 deaths, compared
to 11,399 for breast cancer [14-15]. PCa is becoming a bigger killer due to increasing
population age, this leads to more men being diagnosed with PCa as well as improvements
in the treatment of breast cancer, highlighting that research is proving advantageous for
new patients of these diseases. However, whilst extensive research has been undertaken
into improving methods of diagnosis and treatment, in 2020 the charity PCUK stated that
PCa deaths had exceeded 12,000 for the first time in a calendar year [16, 17].

PCa like many other cancers has a long list of risk factors. Some risk factors are non-
lifestyle based such as age, race and family history [18]. Age is the most significant risk
factor of men with PCa, it has been reported that more than half of all PCa diagnoses in the
UK occur in men over the age of 70 [19]. Men of black Caribbean ethnicity show a much
higher incidence rate of PCa than those of Caucasian ethnicity. In a study carried out by
PRostate Cancer in Ethnic SubgroupS (PROCESS) between 1998 and 2001 it was reported
that the age-adjusted incidence rate for white men in the UK was 56.4 per 100,000
compared to 173 per 100,00 and 139 per 100,000 for black Caribbean and black African
ethnicities respectively [20]. While the incidence rate is higher when one or more close
relatives has had PCa, there are numerous genes which may mutate to cause PCa. Work
into the area of determining which mutated genes are most related to PCa is currently
ongoing, which may aid the screening of PCa via diagnostic genetic testing [21]. Other risk
factors for PCa may be lifestyle related. There is no defined set of lifestyle risk factors that
are directly related to PCa incidence however there are some that show a correlation. These
include diet, physical activeness, BMI, alcohol and tobacco usage. Other risk factors of

PCa are disease related, a study carried out by Pacheo et al. (22) showed that patients with
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a history of prostatitis made up 15% of PCa patients within their study, compared to the

usual prevalence of 2-10% [22].

1.2.3 Molecular pathway of prostate cancer

PCa development can either be 1) hereditary or 2) sporadic. Hereditary PCa is caused by
inheritance of a gene that causes the disease, there are numerous genes that have been
identified for both hereditary and sporadic PCa. However, it is not possible to distinguish
between hereditary and sporadic gene mutations that lead to PCa development. This is
because the genes that have been identified in hereditary PCa can also be identified in
sporadic PCa. Some of the PCa associated hereditary genes identified are ELAC2,
RNASEL, MSR1, NSB1, and CHEK?2 [23]. Sporadic PCa can be caused by specific genes
that increase the risk of the disease or by activation of PCa oncogenes. The genes that have
been identified are TLR4, CDKN1B (p27) and the androgen receptor (AR) genes, CYP17
and SRD5A2. Identified PCa oncogenes are c-myc, bcl-2, c-Kit/tyrosine kinase receptor
and STAT5 [23].

1.2.3.1 Hereditary prostate cancer

Mutations in the genes mentioned in Table 1.2 have been associated with hereditary PCa.
ELAC2 was the first gene to be associated in cases of familial PCa, mutations in this gene
have been determined to be responsible for <5% of PCa cases and there have been
conflicting studies in determining the significance of this gene on PCa risk [24]. However,
a meta-analysis carried out by Xu et al discovered that both polymorphisms of ELAC2 gene
caused a significant increase in the risk of PCa [24]. Mutations in this gene are rare
however, the mutations that can occur lead to either Ser217Leu which results in a structure
alteration or Ala541Thr which reduces protein function [25]. The mechanism isn’t
completely understood but it is thought to aid driving cell cycle progression. However, in
vitro studies carried out by Korver et al statesthat overexpression of the gene causes a
greater entry of cells in G2 phase and showed an interaction between ELAC2 and y-tubulin,
abnormalities in this process have been suggested to be a potential reason for uncontrolled

cellular division [26].



Both RNASEL and MSR1 are genes that are activated in response to a viral infection.
RNASEL as mentioned in Table 1.2, codes for RNase L which is a ribonuclease that
operates by degrading uracil-rich single stranded RNA of either the infecting virus or the
host cell initiating apoptosis [27]. RNASEL is considered a tumour suppressor gene due to
its function in stress-mediated apoptosis. As is common amongst all hereditary PCa
aetiology there have been conflicting studies determining the significance of risk associated
with RNASEL deletion and PCa. A meta-analysis by Zuo et al confirmed this for the
general population and that Hispanic Caucasians and Black Africans may be at a higher
risk of PCa development due to RNASEL mutation [28].

MSR1 like RNASEL is also involved in immune response to pathogens, however, MSR1
codes for receptor proteins involved in recognition of foreign low-density lipoproteins via
endocytosis. In PCa cells, the region that MSR1 gene is located (chromosome 8 p22) is
deleted, suggesting that both RNASEL and MSR1 gene deletions may increase the risk of
PCa due to inflammation caused by failure to carry out bacterial and viral RNA degradation
[29].

NBS1 and CHEK? are cell cycle checkpoint genes. NBS1, as mentioned in Table 1.2, is a
gene that causes a recessive genetic condition known as Nijmegen breakage syndrome, a
condition characterized by small head size, distinct facial features, immunodeficiencies and
a greater susceptibility to cancers namely breast cancer, colorectal cancer and PCa [30 and
31]. NBS1 deletion impairs the ability of histone y-H2AX to bind after DNA damage which
leads to a delay in double stranded DNA re-joining post double stranded breakage [32].

CHEK?2 is cell checkpoint inhibitor regulator involved in recognition and processing of
DNA damage, cell cycle progression and apoptosis. It also stabilises tumour suppressor
protein p53, which is involved in maintaining the cell cycle and responds to DNA-damage
and oncogene activation by activating cell cycle arrest and apoptosis [33]. P53 protein
irregularities may prevent damaged DNA repair and the ability to undergo apoptosis, or
cell cycle arrest upon activation of oncogenes which cause the cell to replicate in a rapid

uncontrolled manner [34].



Table 1.2 Genes associated with hereditary PCa and their functions.

Gene

Function

References

ELAC2

Codes for a protein that catalyses removal of 3" trailer
on pre-tRNA. The protein can also interact with
activated SMAD?2 and FAST-1, lower expression may
lead to suppression of transforming growth factor

mediated cell cycle arrest.

[23, 24, 35, 36 and
37]

RNASEL

This gene codes for RNase L which is a ribonuclease
that degrades the RNA of the cell and virus, inducing

apoptosis of the virus infected cell.

[23, 38 and 39]

MSR1

MSR1 codes for macrophage scavenger receptors
involved in activating endocytosis of low-density
lipoproteins.

[23, 29 and 40]

NBS1

NBS is a recessive genetic disorder caused by mutation
of NBS1, expression of the gene produces Nibrin, which
operates as a cell cycle checkpoint protein. It aids in
repair of double DNA strand damage.

[23, 41, 42 and 43]

CHEK?2

Expression of this gene produces checkpoint kinase 2
which operates as a cell checkpoint regulator. It contains
a forkhead-associated protein interaction domain,
important in activation in response to DNA damage, it
becomes phosphorylated and prevents cell from
beginning mitosis. It has been shown to stabilise tumour

suppressor protein p53.

[23, 44, 45 and 46]




1.2.3.2 Sporadic prostate cancer

Risk of sporadic PCa can be increased by mutation in certain genes including some
mentioned in the hereditary prostate cancer section 1.2.3.1. However, other genes are

also involved, and these are summarised in Table 1.3.

Table 1.3 Genes associated with sporadic PCa and their functions.

Gene Function References

TLR4 Member of toll-like receptor (TLR) family. Mediate [22, 47 and 48]
cytokine production in response to gram-negative

bacteria upon recognition of lipopolysaccharide (LPS).

CDKN1B Codes for protein p27, a cell cycle mediator, [22, 49 and 50]
(p27) preventing the cell from replicating DNA stopping the

cell from dividing too quickly.

AR gene Codes for the synthesis of the protein androgen [22, 51 and 52]
receptor (AR). AR binds androgens such as
testosterone, essential in male sexual development

during puberty and proliferation of prostate cells.

CYP17 Codes for P-450c17a, this enzyme is responsible for [22, 53 and 54]
the synthesis of testosterone.

SRD5A2 Codes for the enzyme steroid 5-alpha reductase 2. It [22, 55 and 56]

processes testosterone to DHT.

Mutations of the TLR4 gene, a member of the toll-like receptor (TLR) family, have
been associated with a small increase in PCa risk. The TLR4 receptor is found on the
surface of cells and is responsible for recognising pathogen associated molecular
patterns (PAMPs) from bacteria and fungi such as lipopolysaccharides (LPS) common
within gram-negative bacteria and thus mediating cytokine production to regulate the
innate immune response [57]. TLR4 receptors are expressed more on PCa cells
compared to normal prostate cells. The increased number of TLR4 receptors lead to a
more aggravated response to bacterial infection and a greater cytokine production with

a greater pro-inflammatory induction [58]. Inflammation in the prostate from bacterial
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infection including prostatitis are known to elevate the risk of PCa as mentioned in
section 1.2.2 [59]. It has been shown that knockout of the TLR4 gene by transfection
of TLR4 SiRNA into the PC3 cell line has shown reduced cellular migration and

invasion [60].

CDKN1B, codes for p27, a protein involved in the mediation of the cell cycle.
Competition for p27 by cyclin E/CDK complex and cyclin D/CDK is essential in
driving cell cycle progression. p27 has a negative effect on cyclin E/CDK whereas it
has a promotor effect on cyclin D/CDK complex [50]. In normal proliferating cells p27
expression is high, as it controls and mediates normal cell cycle progression and cellular
proliferation, however in tumour tissue levels of p27 are almost non-existent [61].
Deletion of the gene or polymorphisms in critical regions such as the single
polynucleotide polymorphism (SNP) 326 T/G, which is most common in sporadic PCa
cases than hereditary where the SNP -79C/T has a greater association according to a
study carried out by Kibel et al [62]. It has been shown in a study by Sirma et al
analysing over 4,000 patients that approximately 20% of cases show p27 expression
loss [63].

The AR gene is responsible for the expression of AR in PCa cells. AR binds
testosterone and DHT which stimulates male sexual development and prostate cell
proliferation. Two main polymorphisms in the AR gene are CAG and GGN repeats in
the gene. The number of CAG repeats influences the transcriptional rate in prostate
cells, usually between 10 to 35, with variation amongst different ethnicities. Repeats of
over 40 have shown a downregulation on transcription whereas a lower number of CAG
repeats have shown an upregulation of transcription and greater risk of prostate
carcinogenesis [64]. Whilst the length of the CAG sequence has shown conflicting risk
on PCa, it has been noted that it poses a risk of earlier development of the disease rather
than an overall increased risk. [65]. The GGN repeats are usually from 10 to 30, shorter
GGN repeats have shown to increase transcriptional activity and thus aid in
development of PCa. A retrospective analysis carried out in 2017 by H Weng et al,
showed that shorter CAG (<22) and GGN (<16) compared to longer CAG (>22) and
GGN repeats (>16) showed an increase PCa risk of 1.31 and 1.38-fold respectively
[64].
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CYP17 gene codes for the enzyme P-450c17a, which is responsible for the synthesis
of testosterone and DHT from less potent precursor androgens which drives prostate
cell proliferation [66]. Mutation of this gene has been known to increase transcription
of the gene leading to greater testosterone production, via a mutation in the promoter
site known as the A2 allele [67]. It has been suggested that men who have heterozygous
CYP17 A1/A2 gene or have homozygous CYP17 A2/A2 gene have a slightly greater
risk than those with homozygous CYP17 A1/Al gene. Haiman et al demonstrated that
patients who are A1/A2 or A2/A2 have odds ratios of developing PCa of 1.26 and 1.17

respectively, compared to those who were A1/Al [68].

1.2.4 Prostate cancer diagnosis
1.2.4.1 Prostate specific antigen (PSA) and digital rectal examination (DRE)

In the UK there is currently no screening programme for PCa, this is partially due to
the unreliability of PCa testing. The current gold standard test for PCa, available in the
UK for men over 50, consists of the digital rectal examination (DRE) and prostate-
specific antigen (PSA) blood test [69]. The DRE test consists of a doctor feeling the
abdomen and the rectum for signs of irregularity such as lumps and non-uniformly
enlarged prostates that are not age-appropriate in size [70]. PSA testing is a blood test
that checks for blood levels of the protein PSA. As PSA is produced in the prostate,
levels of PSA that are considered abnormal for the patients age indicates possible
cancerous growth due to the presence of more cells [71]. The importance of both tests
has been extensively researched due to the invasive nature of the DRE test, however,
retrospective analysis studies such as that carried out by Walsh et al in 2015 concluded
that the DRE was an essential complementary test to PSA testing, due to the ability of
DRE to detect PCa in the setting of a normal PSA level [69]. However, PCa screening
remains a controversial issue due to PSA testing increasing prostate cancer diagnosis
whilst having zero impact of PCa mortality [72]. The CAP randomized clinical trial
concluded single PSA testing as a PCa screening system was not accurate. They
reported that 189,386 men aged 50-69 attended a PSA testing clinic with 4.3%
diagnosis rate (intervention group) compared to 219,439 men in the same age bracket
who did not undergo PSA testing had a diagnosis rate of 3.6% (control group). Despite

the increased diagnosis rate the difference in 10-year mortality rate was not significant,
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the intervention group recorded a mortality rate of 0.30 per 1000 person-years

compared to the control group with 0.31 per 1000 person-years [72].

1.2.4.2 Gleason scoring, biopsies and magnetic resonance imaging (MRI)

PCa is graded using the Gleason scoring system, a grading system developed by Donald
Gleason in the 1960s and 1970s [73]. The Gleason grading system currently operates
by analysis of biopsy samples under microscopy to determine the differentiation of the
cells within the prostate. The scale uses 5 grades depending on the score assigned, grade
1 (Gleason score >6), grade 2 (Gleason score 3 + 4 = 7), grade 3 (Gleason score 4 + 3
=T7), grade 4 (Gleason score 8) and grade 5 (Gleason score 9-10) [74]. Grade 1 being
considered well differentiated with 5 being poorly differentiated. Gleason scores of 7
are split to signify a grade where there are differing prognoses. A Gleason score 3 + 4
= 7 refers to most of the tumour cells being a grade 3 with some being a grade 4. The
opposite is true for Gleason score 4 + 3 = 7 where most of the tumour is grade 4 and
some grade 3. Patients with a 4 + 3 diagnosis tend to have a more aggressive cancer
[75]. Higher Gleason score grading leads to a higher prevalence of cancers more likely
to metastasise and a higher rate of biochemical recurrence (BCR) [76]. Magnetic
resonance imaging (MRI) is used in two different stages of PCa diagnosis. The first
example of MRI usage is in post biopsy, to determine the spread of the tumour [77].
Multi-parametric (mp) MRI is another example which combines a series of imaging
techniques such as T2 weighted image (T2WI) with diffusion weighted imaging (DW1)
to produce a more detailed view of the prostate, any cancer within the prostate and an

exact target for biopsy. [78].

1.2.5 Prostate cancer staging and treatments

A PCa patients’ treatment is determined by the classification of their disease. The gold
standard method of classifying prostate cancer is the TNM staging system which stands
for tumour, node and metastasis. The tumour description progresses through four stages
which have subcategorizations, node refers to any spread into the lymph nodes and
metastasis describes the presence of distant disease (Table 1.4) [79, 80]. These detailed

staging characterisations aid physicians to decide the best treatment regimen for the
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patient. This varies from early-stage disease where treatment is with curative intent or

later stage palliative treatment.

Table 1.4 Prostate cancer stage characterised by TNM staging [80, 81].

Tumour
T1 | Cancer undetectable on scans or through DRE testing
Sample contains < 5% cancerous cells, incidentally, found during sampling or surgery for other
Tla | condition
Sample contains > 5% cancerous cells, incidentally, found during sampling or surgery for other
T1b | condition
T1c | Found after biopsy following PSA testing
T2 | Cancer found completely within the prostate
T2a | Found within half of one side of the prostate
T2b | Found within more than half of one side of the prostate
T2c | Found within both sides of the prostate
T3 | Tumour advancing through the prostatic capsule
T3a | Advancement into the bladder neck
T3b | Advancement into the seminal vesicles
T4 | Advancement into surrounding tissue such as the pelvic wall, rectum or bladder
Node
NO | No advancement of cancerous cells into local lymph nodes
N1 | Advancement of cancerous cells into local lymph nodes
Metastasis
MO | No metastatic spread to non-regional organs
M1 | Metastatic spread to non-regional organs
M1a | Cancerous cells found in non-regional lymph nodes
M1b | Cancerous cells found in the bones
M1c | Cancerous cells found in other distant tissue
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1.2.5.1 Localised prostate cancer therapies
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Figure 1.2 Graphical Depiction of Treatment Options for Prostate Cancer

Figure 1.2 summarises the disease stages of PCa and the possible treatments for each
stage. Localised disease is the earliest treatable disease state of PCa, it is characterised
by the entirety of the tumour remaining within the prostatic capsule. If the patient’s
disease has not metastasised or causing symptoms a clinician may recommend watchful
waiting or active surveillance. Watchful waiting uses less invasive techniques of
screening than active surveillance which is carried out by periodical biopsies. The use
of these methods can prevent the need for patients to undergo unnecessary treatments
that have severe side effects and can impact the rest of a PCa patients’ life [82, 83].
Loeb et al has shown active surveillance to have a more beneficial outcome on patient
survival and metastatic spread than watchful waiting. Patients that undertake watchful
waiting had a lifetime risk of PCa death and metastasis of 8.72% and 10.30%
respectively, compared to patients that received active surveillance with 5.42% and

6.50% [84]. The two main treatment options for localised PCa are radical
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prostatectomy (RP) or external beam radiotherapy (ERBT) [85]. RP is the primary
treatment for PCa patients, which involves total surgical removal of the prostate gland
and some surrounding tissue. Despite this being the primary treatment option the rates
of BCR are between 20-40% and the side effects of this treatment tend to be severe
[86]. The most common side effects of RP in the long term after surgery include urinary
incontinence and, erectile dysfunction if certain nerves are damaged during surgery.
Other more severe side effects include loss of fertility due to the prostate no longer
being able to provide the fluidic component of semen, therefore banking sperm may be
suitable for the patient prior to operation [87-89]. EBRT is the other main treatment
option for patients with localised PCa, which involves irradiating cancer cells with
ionizing radiation causing alterations in the DNA of the cells that result in cell death
[90]. The BCR of EBRT for localised PCa is between 30-50% [91]. These high rates of
BCR for RP and EBRT highlight the complex nature of the disease and requirement for

salvage treatments.

1.2.5.2 Biochemical recurrence

Cancer recurrence refers to the return of the disease after a treatment regimen ends [92].
BCR specifically refers to the detection of a rising PSA level after PSA blood testing,
indicating the presence of remaining PCa cells post treatment. Despite the high levels
of BCR in patients who received initial RP (20-40%) and EBRT (30-50%) [91, 93], it
is widely accepted that most patients who have BCR tend to die of other causes than
PCa itself [94]. There is current research into forming guidelines to suggest the best
treatment regimen and the timing of salvage therapy initiation on an individual patient
basis.

A systematic review carried out by the European Association of Urology (EAU)-
European Association of Nuclear Medicine (EANM)-European Society for
Radiotherapy and Oncology (ESTRO)-European Society of Urogenital Radiology
(ESUR) and International Society of Geriatric Oncology (SIOG) (EAU-EANM-
ESTRO-ESUR-SIOG prostate cancer guidelines panel) recommended the stratification
of BCR PCa patients into severity-based groups. The severity-based groups displayed
in Table 1.5 indicate the characteristics of BCR PCa that outline the risk group of the

patient in developing a possibly life threatening from of the disease. Patients that
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received initial RP are considered low-risk BCR if the PSA level doubling time is
greater than 1 year and have a pathological Gleason scoring of less than 8 - the
recommendation is that these patients can safely delay salvage EBRT. Patients are
considered to have high-risk BCR if the PSA level doubling time is less than or equal
to 1 year or have a pathological Gleason scoring of 8-10 - it is recommended that these
patients receive early salvage radiotherapy. Patients that received initial EBRT are
considered to have low-risk BCR if they have an interval from treatment to BCR of
greater than 18 months and a biopsy Gleason score of less than 8- again it is
recommended that these patients are offered a delayed salvage treatment. Patients are
considered to be high-risk if the interval from treatment to BCR is less than or equal to
18 months and the biopsy Gleason score is between 8-10. These patients may benefit
from early salvage therapies such as androgen depravation therapy (ADT) [95]. Salvage
therapies for BCR PCa include EBRT for patients who initially received RP,
brachytherapy for patients who initially received EBRT, cryotherapy, high intensity
focused ultrasound (HIFU), ADT or RP for patients who initially received EBRT [96].

Table 1.5 Outline of the EAU-EANM-ESTRO-ESUR-SIOG prostate cancer
guidelines panel’s risk grouping based on the characteristics of a patients BCR (Taken

from [96]).

'RiskGroup ~~ Characteristes

BCR after radical prostatectomy

Low-risk BCR PSA-DT >1 yr and pGS <8 (ISUP grade <4)

High-risk BCR PSA-DT >1 yr or pGS 8-10 (ISUP grade 4-5)

BCR after radiation therapy

Low-risk BCR IBF >18 mo and bGS <8 (ISUP grade <4)

High-risk BCR IBF <18 mo or bGS <8 (ISUP grade 4-5)

BCR = biochemical recurrence; PSA-DT = prostate-specific antigen doubling time;

pGS
Pathology; IBF = Interval from primary therapy to biochemical failure; bGS = biopsy

pathological Gleason score; ISUP = International Society of Urological

Gleason score.
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1.2.5.3 Salvage therapies for BCR prostate cancer
1.2.5.3.1 Salvage external beam radiotherapy (EBRT)

Salvage EBRT is offered to BCR PCa patients based on several conditions, firstly they
must have received initial RP. It has also been suggested that patients with an estimated
life expectancy of less than 10 years may not benefit from salvage EBRT [97-99]. Due
to the emergence of other salvage therapies clinical trials have been undertaken to
determine the effects of salvage EBRT vs adjuvant EBRT on recurrence and survival-
based outcomes. Salvage EBRT is classified as a radiotherapeutic regimen applied after
the detection of BCR, adjuvant EBRT is classified as a radiotherapeutic regimen
applied within 5 months of the initial RP [100]. The three clinical trials designed to
determine the outcomes of these treatments were European Organisation for Research
and Treatment of Cancer (EORTC) 22,911, Southwest Oncology Group (SWOG) 8794
and ARO 96-02 trial [101, 99]. The ARO 96-02 trial concluded that men who received
adjuvant EBRT had a significantly reduced risk of BCR with a median disease
recurrence at 13.8 years compared to the observation only group with 9.9 years.
However, there was no significant benefit on overall survival (OS) with the adjuvant
EBRT group having a median survival of 14.7 years vs the observation group with 13.8
years [101]. The EORTC 22,911 trial supported the finding of the ARO 96-02 trial. It
found that the biochemical progression-free survival was 39.4% for the adjuvant EBRT
compared with 61.8% in the observation group [101]. The SWOG 8794 showed a
different outcome on survival showing a that adjuvant EBRT improved median (OS)
(15.2 years) compared to the observation group (13.3 years) [99]. Evidence from these
trials would suggest utilising EBRT in the immediate post-operative timeframe rather
than allowing the usual observation period before beginning salvage EBRT on the BCR

PCa patient.

1.2.5.3.2 Salvage brachytherapy (BT)

Brachytherapy (BT) is defined by the implantation of radioactive seeds into the prostate
to irradiate the tumour and can be a salvage therapy for PCa patients that received initial
EBRT [102]. BT comes in low dose rate (LDR) and high dose rate (HDR), LDR-BT
uses the isotopes 1-125, Pd-103 and Cs-131 while HDR-BT uses the isotope 1r-192
[103]. The main issues with salvage therapies such as ADT, cryotherapy and HIFU is
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their high levels of side effects. Brachytherapy benefits from reduced side effects
presented by other salvage therapies. LDR-BT generally does not cause toxicity to other
surrounding tissues and HDR-BT is only applied for a matter of min [104]. Limited
data exists on the success of salvage BT on BCR PCa patients. One meta-analysis by J.
Zhong et al in 2021 looked at 12 LDR-BT studies and determined 2- and 5-year BCR
free survival rates of 71% and 52.5% respectively whilel1 HDR-BT studies showed 2-
and 5-year BCR free survival rates of 74% and 51% respectively. The meta-analysis
also showed acceptable toxicity levels for LDR-BT and HDR-BT showing mean grade
3 or higher toxicities of 2 and 1.8% respectively. However, they highlighted some
issues with their data that included differences in patient demographics, some BT
treatments were salvage, and some were primary treatments as well as some studies
using combined ADT. These limitations were attributed to inconsistencies in the
reported data [105].

1.2.5.3.3 Cryotherapy

Cryotherapy is a salvage treatment that involves the freezing of the prostate to kill PCa
cells. [106]. Advancements in the technology have improved specificity of the
treatment which is referred to as focal cryotherapy [107]. The freezing was initially
done using liquid nitrogen, more up-to-date methods utilise argon gas through a series
of needles to freeze and helium gas to thaw the target area. The 5-year progression free
survival (PFS) rates for cryotherapy in a data set in 1198 patients produced by Jones et
al. (108) was 72.9% following the USAs phoenix definition of biochemical disease-
free survival [107, 108]. The PFS of patients treated with focal cryotherapy was
compared to those treated with whole gland cryotherapy by Tan et al in 2019 which
investigated 385 men. They found that BCR following salvage cryotherapy was 22.2%
for focal cryotherapy vs 21.5%for whole gland cryotherapy suggesting that both
techniques are effective salvage treatments. However, they did not find a significantly
different reduction in rates of impotence for focal and whole gland cryotherapy (52.6%
and 59.6% respectively), or urinary function rates (9.3% and 15.1% respectively) within
12 months of treatment [109].
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1.2.5.3.4 High-intensity focused ultrasound (HIFU)

HIFU is a relatively new form of BCR PCa salvage therapy that involves the use of
directed high frequency ultrasound (US) to cause necrosis of the target PCa tissue by
means of thermal ablation and acoustic cavitation [110, 111]. HIFU is only available to
patients as part of a clinical trial, it has not been approved for widespread use due to the
lack of safety data associated with the novel technology [112]. The first clinical study
looking at long term outcome of patients treated with HIFU salvage treatment
determined the 5-year disease-free survival rate with and without ADT - the rates were
87% and 86% respectively [113, 114].

HIFU has recently been identified as being an immunostimulant. The ablative nature of
HIFU can cause tissue fractionation resulting in tumour specific antigens entering the
lymphatic system where a T-cell mediated immune response can be initiated. Such a
response would result in an immune system related anti-cancer effect at non-HIFU
treated sites, a process that has been referred to as the “abscopal effect” [115, 116]. Pre-
clinical studies have investigated the possibility of using PD-1 and CTLA-4 checkpoint
inhibitors to compliment HIFU treatment [117]. In an in vivo murine study carried out
by Orrason et al. (118), a small portion of the tumour was treated with HIFU rather than
the whole tumour to limit vascular damage of the prostate enabling maximum blood
flow to the target site and enable the newly generated antigens to enter circulation. The
treated mice then received CTLA-4 and PDL-1 inhibitors and the results showed OS at
300 days was 62.5% compared to 0% for the other control groups. They also
rechallenged the mice with the same cell-line to determine the effect of memory effector
cells and determined that no tumour growth occurred up to 75 days after the rechallenge
[118].

1.2.5.4 Locally advanced prostate cancer

Locally advanced PCa is defined as tumours that extend beyond the prostate boundaries
but is not yet metastatic [119]. Patients with locally advanced prostate cancer who are
considered low-risk of metastatic spread may be offered radical prostatectomy leading
to 15-year survival rates of 74%. Patients considered higher risk of locally advanced
prostate cancer may be offered EBRT and/or ADT [19, 120]. Neoadjuvant ADT is
commonly utilised prior to EBRT and has been shown in the RTOG 86-10 trial to be
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more beneficial than radiotherapy alone with OS of 50.5 and 41% respectively,
however this was not statistically significant. However, for PCa patients with Gleason
score 2-6 the difference was statistically significant (66.2% and 41.4%) for neoadjuvant
ADT plus EBRT compared to EBRT alone. The proposed theory for the difference
between these groups of patients was the greater levels of oxygenation which is known

to increase the therapeutic outcomes of radiotherapy [121].

1.2.5.5 Metastatic prostate cancer

Metastatic PCa is described as the spread of the PCa primary tumour beyond the local
area surrounding the prostate and into distant sites. The most common PCa metastases
were identified in a 74,826-patient review which showed bone to be the most common
at 84%, lymph nodes 10.6%, liver 10.2% and thorax 9.1% [123]. The NICE guidelines
for metastatic PCa options was informed by two major clinical trials: ChemoHormonal
Therapy versus Androgen Ablation Randomized Trial for Extensive Disease
(CHAARTED) and Systemic Therapy in Advancing or Metastatic Prostate Cancer:
Evaluation of Drug Efficacy (STAMPEDE) [124, 125]. The CHAARTED trial
compared the median OS of a total of 790 patients who were treated with either a
combination of ADT and DTX or ADT alone, they observed median OS for these
groups to be 57.6 months and 44.0 months respectively [125]. The STAMPEDE trial
aimed to determine if any benefit could be obtained by combining the standard of care
(SOC) ADT, with either DTX or zoledronic acid (ZA). The results demonstrated that
SOC + ZA produced no statistical difference in 5-year survival (57%) compared to SOC
only (55%). However, the SOC + DTX group did produce a survival benefit when
compared to SOC with a 5-year survival of 63% vs 55% and a overall median survival
of 81 months vs 71 months [126].

1.2.6 Androgen depravation therapy (ADT)

ADT is defined as surgical or medical castration to prevent androgen stimulated
prostate growth [127]. ADT was first used to treat PCa by surgically removing the testes
or through administration of oestrogen, to supress testosterone production, which is

known to advance growth in PCa. In patients surgically castrated via removal of the
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testes the growth of the prostate was inhibited but not stopped, this was due to androgen
production in the adrenal glands [128]. Advancements in ADT in the 60s and 70s led
to the development of a class of antiandrogen drugs that compete for the AR with the
androgens [129]. Antiandrogens block androgen function by preventing the AR
undergoing nuclear translocation [130]. First-generation antiandrogens inlcuded
flutamide, bicalutamide and nilutamide [131]. Second-generation antiandrogens such
as enzalutamide (Enz) differ to first-generation antiandrogens due to their higher
affinity for the AR. This is evidenced by clinical trials such as the Safety and Efficacy
Study of Enzalutamide Versus Bicalutamide in Men with Prostate Cancer (STRIVE)
trial. The STRIVE trial compared nonmetastatic and metastatic castration resistant PCa
patients and observed a higher median OS of 19.4 months versus 5.7 months for the

Enz second-generation antiandrogen vs the first generation bicalutamide [132].

1.2.7 Docetaxel (DTX)

Docetaxel (DTX) is an antimicrotubular taxane which was developed and licensed as
Taxotere and was given Food and Drug Administration (FDA) approval in 1996 for the
treatment of breast cancer, before being approved for PCa in 2004 [133-135]. DTX is
derived via a semi-synthetic pathway from compounds extracted from the needles of
the European yew tree Taxus baccata [136, 137]. Today, DTX is a mainstay treatment
for breast and metastatic PCa, as well as stomach, lung, and head and neck cancer [138].
Prior to the approval of DTX in 2004 by the FDA for PCa treatment, the most common
chemotherapy for metastatic PCa was mitoxantrone. Clinical trials undertaken between
2000 and 2002 involving 1006 men determined that mitoxantrone plus prednisone was
less effective in treating PCa patients than DTX every three weeks with median OS of
16.5 months and 18.9 months respectively [139].
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Figure 1.3 Chemical structure of DTX

DTX is as an antimicrotubule agent. a-tubulin and B-tubulin form a heterodimer subunit
of the microtubule polymer which is an essential step in G2 phase of the cell cycle
[140]. DTX binds to B-tubulin which stabilises the microtubule polymer, preventing
depolymerization and in turn halting mitosis [141, 142]. A second mechanism of action
for DTX is to downregulate the expression of B-cell lymphoma 2 (Bcl-2), which is an
apoptosis regulation protein, the expression of Bcl-2 can prevent apoptosis [143]. Bcl-
2 is more highly expressed in PCa cells, therefore treatment with DTX can make PCa

more susceptible to apoptosis [144, 145].

1.2.7.1 Docetaxel side effects

DTX treatment like many chemotherapies has numerous side effects. Despite having a
slightly better aqueous solubility than its taxane counterpart paclitaxel (PTX), it is still
extremely hydrophobic. Taxotere, the commercial name for DTX, is formulated in
polysorbate 80 (Tween 80) and ethanol to combat its poor aqueous solubility [146].
Polysorbate 80 has both systematic side effects (hypersensitivity, nonallergic
anaphylaxis and rashes) as well as effects at the infusion site (pain, erythema, and
thrombophlebitis) [147]. The drug itself is also known to have extensive side effects
including increased infection risk due to white blood cell counts dropping, bruising,
bleeding, lethargy, nausea, hair loss, anaemia, loss of appetite, mouth ulceration,

diarrhoea, constipation, skin problems (dryness, rashes or itching), slower more brittle
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nail growth, conjunctivitis, blurred vision, muscle and joint pain, lung problems
(wheezing cough, fever and breathlessness), fluid build-up in limbs, chest pain and
heart arrythmia [148, 149]. The reason these side effects are so prevalent are because
DTX chemotherapy is not targeted. This is further compounded as most patients
diagnosed with prostate cancer are elderly men, many with other co-morbidities.
Therefore, better targeted treatments and delivery systems are required which increase

the amount of drug reaching the tumour but limiting systemic exposure.

1.3 Targeted cancer therapy

Targeted cancer therapies differ from systemic cancer therapies such as DTX as they
are designed to specifically be delivered or activated at the target site after
administration. The goal of this is to maintain or improve therapeutic outcomes of a
disease whilst reducing the severity of systemic side effects [150]. The first known
targeted therapy was tamoxifen. First synthesised in 1962, tamoxifen was developed to
inhibit oestrogen binding to the oestrogen receptor in oestrogen sensitive breast cancer
and is now one of the best-selling breast cancer therapies worldwide [151, 152]. Since
then, the field of targeted cancer therapies have developed massively with a wide
variety of drug classes including hormone therapies such as tamoxifen and the
antiandrogens described for PCa treatment, signal transduction inhibitors, gene
expression modulators, apoptosis inducers, angiogenesis inhibitors, immunotherapies
and drug conjugated monoclonal antibodies (Table 1.6) [153]. It is widely accepted that
targeted drug therapies are the most important aspect of cancer therapy research for
improving the therapeutic outcomes of cancer therapy and reducing the toxicity of

traditional methods of cancer treatments.
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Table 1.6 Description of the main classes of targeted drug cancer therapies [153-160].

Class of target Description References
cancer therapy
Hormone therapy Treatment of hormone sensitive cancers suchas  [154]
breast, cervical and prostate cancer using
hormone blockades and hormone synthesis
suppressants.
Signal transduction  Blocks signal pathways that are utilised by [155]
inhibitors cancer cells to promote cancerous growth
leading to cell death.
Gene expression Protein based drugs that modulate the expression [156]
modulators of genes by targeting the activity of transcription
factors. These transcription factors could cause
upregulation of genes that protect or promote
cancerous growth.
Apoptosis inducers Target apoptosis related proteins to cause the cell ' [157]
to undergo controlled cell death — apoptosis.
Angiogenesis Inhibition of angiogenesis (the formation of new  [168]
inhibitors blood vessels in the tumour microenvironment)
preventing the ability of the tumour to increase
circulation to the tumour.
Immunotherapy Stimulation of the immune system to recognise [159]
tumour antigens and overcome cancerous
evasion of the immune system.
Antibody-drug Immunoconjugates comprised of monoclonal [160]

conjugates

antibodies conjugated to an anticancer therapy,
to deliver a drug payload after the monoclonal

antibody binds to a tumour specific receptor.
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1.3.1 Photodynamic therapy (PDT)

Outside the major classifications of targeted cancer therapy there are other more
nuanced technologies available such as photodynamic therapy (PDT). PDT requires the
use of photosensitiser (PS) administered topically or parenterally to the tumour, which
is then irradiated by light of an appropriate wavelength activating the PS, causing the
production of reactive oxygen species (ROS) and causing tumour specific cytotoxicity.
As the sensitiser remains inactivated until exposed to light, the ability of PDT to cause
cytotoxicity in a site-specific manner overcomes the major problem with traditional
chemotherapy [161]. The ideal PS should be non-toxic until activated and produce
enough ROS upon activation at a clinically suitable wavelength. Clinically suitable
wavelengths refer to a wavelength of light that can penetrate tissue to the maximum
extent possible. As a result, sensitisers that absorb in the red region of the visible
spectrum or near infrared (NIR) spectrum are desired as these wavelengths penetrate

deepest into human tissue [162].

The mechanism of PDT operates by excitation of an electron in the PS from a singlet
ground state (So) to a singlet excited state (S1) upon absorption of a photon of light. The
So electron can either return to S via the production of light through fluorescence or it
can undergo a undergo a process known as intersystem crossing. Intersystem crossing
involves the S; electron changing its spin-state to form a triplet excited state (T1). T1
has a longer lifetime, opening up the possibility for other non-radiative processes. A
Type | photodynamic process involves a redox reaction where the Ty electron of the PS
is transferred to an appropriate substrate to form free radicals such as hydroxyl radicals
(OHe). A Type Il photodynamic process involves the transfer of the T1 excited state
energy to ground state molecular oxygen, which has an uncharacteristic triplet ground

state, to form singlet excited state oxygen (O2) (Figure 1.4) [163].

25



Radicals

Intersystem
crossing

state (S,)
4 Triplet excited
state (T,)

Light
source

10, singlet excited
/ state oxygen

Absorption
Fluorescence
Internal
conversion
uojeal

Qedﬁl
'

Phosphorescence

30, triplet ground
state oxygen

Singlet ground state (S,)

Figure 1.4 Mechanism of type I and |1 PDT

The ROS generated by the Type I and 11 photodynamic processes cause cytotoxicity by
several pathways. One pathway involves the oxidation of proteins involved in key
cellular functions such as enzymes and growth factors. These proteins are susceptible
to oxidation particularly in cysteine and methionine rich amino acid chains [164, 165].
ROS can also cause cytotoxicity via the peroxidation of lipids that form the cell
membrane leading to apoptosis upon the release of ceramide. The oxidation of DNA
can also occur leading to DNA stand breakage which in turn leads to cellular necrosis
[166, 167]. This variety of mechanisms that can cause cell death means it is difficult

for cancer cells to generate resistance to PDT.

PDT is also known to have immunostimulatory effects. This is attributed to the
inflammatory damage caused by PDT that causes an influx of dendritic cells,
monocytes, macrophages, neutrophils and mast cells to the treatment site. As a result,
PDT has been shown to stimulate the immune response by recruitment of B and T cells.
Consequently, PDT has been combined with emerging immunotherapies to determine
if the immune response caused by PDT can be complimented by these
immunotherapies. In addition, this opens the potential for PDT, which has largely been
viewed as a localised treatment to also be used in the treatment of systemic disease.
[168].
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A major drawback of PDT that has limited its clinical utility is the inability of light to
penetrate deeply into tissue. Even light in the phototherapeutic window (600-850nm)
can only penetrate tissue to depths of approximately 5 mm. This has restricted the use
of PDT to the treatment of superficial lesions and limited its application in the treatment
of larger deeper-seated solid tumours. The use of interstitial fibreoptic light delivery
has provided moderate success in overcoming this limitation but this is a relatively

complicated procedure with limited possibility of widespread clinical use [169].

1.3.2 Sonodynamic therapy (SDT)

Sonodynamic therapy (SDT) shares many similarities with PDT, but low-intensity
ultrasound (US) is used instead of light to activate the sensitiser. The major benefit of
SDT is that US can permeate tissue to depths of tens of centimetres depending on the
frequency used. This is evident during the use of US in sonography for the detection of

solid cancerous tumours and the imaging of foetuses during pregnancy [170].
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Figure 1.5 Proposed mechanisms of SDT (taken from [171]).

The US conditions used in SDT does not cause cellular damage itself but instead
activates the sonosensitiser which is responsible for the observed cytotoxic effect. This
is distinctly different to HIFU (section 1.2.5.3.4), which causes cellular necrosis by
thermal ablation [172]. Two mechanisms have been proposed for the cytotoxic effect
generated by SDT. The first is pyrolysis where the ultrasound generates microbubbles

(MBs) which rapidly expand and collapse (inertial cavitation) producing extremely
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high localised temperatures and pressures up to 10,000 °K and 81 MPa, respectively.
These extreme localised conditions can cause pyrolysis of the sensitiser into radical
fragments and / or ROS [173-175]. The second mechanism involves sonoluminescence.
In this mechanism, inertial cavitation leads to the release of light photons which activate
the sensitiser as in PDT [176]. The detection of light within a US frequency relevant to
SDT (1.93 MHz) was reported by Umemura et al who observed broadband
sonoluminescence over 250-650 nm, with a peak intensity detected between 400-450
nm [177]. Further evidence was provided by Beguin et al. (178) who demonstrated the
activation of Rose Bengal (RB) by sonoluminescence resulting in singlet oxygen
detected using the by singlet oxygen sensor green (SOSG). While some debate still
exists as to the exact mechanism of SDT mediated cytotoxicity, it opens the potential
for the targeted treatment of more deep-seated tumours, such as those localised in the
prostate [178].

1.3.2.3 Rose Bengal (RB)

Rose Bengal (RB) is a xanthene dye, used medically for detecting ocular dryness by
staining dead and damaged cells, but not healthy cells [179, 180].

Figure 1.6 Chemical structure of Rose Bengal.

It has also been demonstrated to be an effective PS for PDT and SS for SDT. RB is
weakly fluorescent and has excitation and emission maxima of 550nm and 572nm
respectively [181]. McEwan et al have tested the PDT and SDT effectiveness of RB in
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RIF-1, HeLa and B16 melanoma cell lines. The PDT and SDT mediated toxicity were
comparable in the RIF-1 and HeLa cell lines. However, in the highly pigmented B16
melanoma cell line, SDT was significantly better than PDT with cell viabilities of 60%
and 82% respectively at the same RB concentration. In addition, SDT treated B16
melanoma tumours in mice were 380% smaller than their PDT counterparts 4 days after
treatment. This difference was attributed to the highly pigmented melanin acting as a
filter for the excitation light that reduces PDT efficacy. The use of ultrasound

circumvents this problem in SDT [182].

1.4 Microbubbles (MBs)

MBs comprise a gas filled core stabilised by an outer shell of phospholipids, polymers
or proteins. The main clinical application of MBs are as contrast agents for ultrasonic
imaging. The shell stabilises the MB which would otherwise be unstable due to the
surface tension effects of bubbles in the micro size range. Backscatter for ultrasonic
imaging is provided by the gas core which improves the quality of the image the

sonographer receives [183].
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Figure 1.7 MB shell formulated with different compositions i) lipid, ii) protein and iii)

polymer. (Taken from [183])

The most common production methods for MBs are mechanical agitation or sonication.

Upon production and dispersion in agueous media, two forms of bubbles are identified
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and can be observed separating by size. The first are smaller singular bubbles with high
flowability and with a greater ability to remain in suspension, generally found at the
bottom of the dispersion. The second are larger interlinked polyhedral MBs which are
more static in terms of flowability, this is also considered the foam layer which is
generally disposed of [184].

1.4.1 Clinically approved use of MBs

MBs are currently clinically approved as contrast agents for use in ultrasonic imaging.
The MBs oscillate when US is applied, they produce acoustic scattering that provides
an US impedance that is distinguishable from the surrounding tissue. Figure 1.8
illustrates the ability of MBs to scatter US and produce a contrast over time to reduce
background noise from surrounding tissue and produce total image washout allowing
for the tumour mass to be seen clearly. Figure 1.8 a) shows traditional gray-scale
ultrasound image showing a mass in the centre of the image, b) shows a small
improvement of the image 8 seconds post MB administration, c) at 35 seconds there is
washout of the mass in the centre and d) shows that after 2 min the mass appears
completely black with total washout of the image, where the images are providing
enough contrast to completely distinguish the central mass from the surrounding tissue
[185-187].

30



Figure 1.8 Sonograms using MB contrast agents a) traditional gray-scale image with no MB
contrast agent, b) the image 8 seconds after administration of MBs, c) the image 35 seconds after

MB administration and d) the image 2 min after MB administration. (Reproduced from [185])

There are several commercially available MBs used as contrast agents that comprise
various types of shell and internal gas compositions. Table 1.7 displays the
commercially available MB contrast agents; the list highlights the fact that lipid shells
are the most common [188]. Lipid shells are reported to be advantageous for MB
production due to the ability of phospholipids to self-assemble. Phospholipids comprise
of hydrophobic acyl tails and hydrophilic phosphate heads; this aids the phospholipids
to spontaneously form into a monolayer with the acyl layer orientating towards the core
of the MB. The acyl tail undergoes lateral compression allowing them to form a low
surface tension below their phase transition temperature, this in turn maintains stability

of the gaseous core [189].
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Table 1.71 Commercially available MB contrast agents for ultrasonic imagining, (reproduced
from [188]).

Shell composition Core gas Mean diameter
(Hm)
Levovist Galactose/palmitic acid Air 2-8
Optison Human albumin Octafluoropropane  1-2.25
SonoVue Lipid Sulfur hexafluoride 3
Definity Lipid Octafluoropropane 2.5
Sonazoid Lipid Perfluorobutane 3.2

1.5 Properties of ultrasound

Ultrasound is a form of mechanical sound energy that is inaudible to humans with a
frequency of greater than 20 Hz [190]. The speed in which ultrasound travels through
a medium is known as propagation. Propagation occurs when US travels through a
medium such as human tissue where the alternating pressures of the oscillating
soundwave cause mechanical vibration of particles as the soundwave travels. As
ultrasound propagates through tissue it loses energy through attenuation. This is when
the ultrasonic waves are absorbed and released as heat rather than as sound [191-193].
Ultrasound comprises two types of waves i) longitudinal waves and ii) transverse
waves. Longitudinal waves correspond to a high-pressure portion where the particles
are compressed. Transverse waves correspond to a low-pressure portion where the

particles are scattered, known as rarefaction (Figure 6) [194].
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Figure 1.9 Compression and rarefaction of a soundwave in tissue (reproduced from
[194])).

1.5.1 Ultrasound therapy

US forms a component part of several therapeutic and drug delivery strategies: i) HIFU,
i) SDT, iii) sonoporation and iv) gene transfer [195]. HIFU and SDT have been
described in Sections 1.2.5.3.4 and 1.3.2 respectively.

Sonoporation involves the application of US during drug delivery to cause the
formation of transient pores in the cell membrane of target tissue to improve drug
uptake. This pore formation is facilitated by the MB cavitation local to the target tissue.
Wang et al. (196) investigated the potential of sonoporation-induced cell membrane
permeabilization using exogenous MBs. They used propidium iodide (PI) as a drug
surrogate and the effect of MB cavitation on the uptake of PI into the cells was
investigated. Cells that had MBs adjacent showed an uptake of Pl over time, whereas
cells with no adjacent MBs showed no change [196]. Two mechanisms of this have

been postulated, the first is due to inertial cavitation of MBs under US near a tissue
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boundary which causes deformities in the pattern of cavitation of the MB, the energy
of which causes a liquid jet to extend through the internal portion of the MB. This jet
can place large amounts of energy on the impact site causing pores to form in the target
tissue. If the MB collapses shockwaves can be formed causing damage to the target
tissue also. The second mechanism operates by the ‘pushing and pulling’ of the cell
membrane during stable cavitation. MBs adjacent to tissue push on the cell membrane
as they expand causing it to open and pulling in on the cell membrane as the MB shrinks
(Figure 1.10) [197, 198]. Gene transfer utilises sonoporation to deposit DNA or RNA
into a cell using the mechanisms described above. It is a non-viral method of gene
transfer that provides a less toxic alternative to traditional viral vectors for gene transfer.
[199].
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Figure 1.10 Mechanisms of MB induced sonoporation caused by stable and inertial
cavitation (reproduced from [198]).
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1.5.2 Ultrasound-targeted microbubble destruction (UTMD)

MBs provide the ability to deliver drugs directly to a specific site. MBs are administered
systemically via intravenous infusion, US is immediately applied to the target site such
as a tumour. The US focused on the tumour causes MBs to oscillate, if the US is at a
high enough intensity the MBs will undergo inertial cavitation causing MB collapse.
The collapse of the MB in the vicinity of the tumour increases the uptake of the drug in
the surrounding tissue. Further uptake is driven by processes such as sonoporation,
microjetting and microstreaming. The MBs can also be loaded with drugs themselves
when the shrinking, expanding and liquid jetting causes the leakage of drugs from the
MB into the target tissue that has been permeated by the mechanical effects of the MBs
(Figure 1.11) [200]. The ability of UTMD to deliver drugs directly to the intended site
both allows for much lower doses of toxic drugs to be used which can have the same
therapeutic effect as high dose standard treatments. The other benefit is reduced
systemic release of toxic chemotherapies reducing harmful side effects [201]. As
described before, the main chemotherapy used in the treatment of PCa is DTX despite
the severity of observed side effects. These side effects could be reduced by

incorporation within a US targeted MB drug delivery system.

Microbubbles
co-injected with drugs

Targeted
Microbubbles
Invagination @ o %0 Poking
Drug-loaded (bubble shrink) ¢ (liguid jetting)
Microbubbles Distention

(bubble expansion)

Figure 1.11 Ultrasound targeted drug delivery via non-destructive mechanisms (taken from

[200]).
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1.5.2.1 UTMD mediated chemo-sonodynamic therapy

Chemo-SDT combines conventional chemotherapy with SDT. MB have commonly
been used to deliver both the chemotherapy and SDT sensitiser, with the US conditions
used to cause MB cavitation also activating the sensitiser. McEwan et al. (202, 204)
first described the potential of UTMD mediated chemo-SDT using lipid stabilised MBs
attached to the antimetabolite 5-FU and Rose Bengal. The MBs were shown to target
delivery of the drug payloads to pancreatic tumours in mice and combined chemo-SDT
was significantly more effective than chemotherapy or SDT alone. Interestingly, the
amount of chemotherapy used was a fraction of a normal dose used in mice and as a
result the treatment was well tolerated. Since this study, the same group has investigated
other chemotherapies in combination with Rose Bengal, such as gemcitabine,
doxorubicin and paclitaxel [202, 204]. Various methods have also been adopted for
incorporation of the drugs within the MB. This includes use of the biotin-avidin-biotin
interaction, covalent attachment of the drugs to the lipid, or hydrophobic incorporation
of drugs in the hydrocarbon component of the MB shell. More detail on these studies

will be provided in the chapter introductions.
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1.6 Aims and objectives

The main aims of the work described in this thesis were to investigate the potential of
UTMD mediated chemo-SDT therapy as a treatment for prostate cancer. The specific

objective of the work undertaken in each result chapter is provided below.

1.6.1 Chapter 3

Chapter 3 outlines the development of a UTMD chemo-SDT formulation utilising the
thin-film, sonication production of MBs loaded with DTX in the core and RB-biotin
attached to the shell via the avidin-biotin linkage. The loading of DTX was optimised
whilst maintaining the MB size, number, stability, and RB loading. The effectiveness
of this formulation to treat PCa was determined in a 3D LNCaP spheroid model, as well

as a PC3 murine model.

1.6.2 Chapter 4

While the results obtained in Chapter 3 were promising, the method used for the
preparation of drug loaded MB presented challenges when considering potential
clinical translation of the technology. In particular, the requirement to use the biotin-
avidin-biotin interaction to load RB would require several steps to be undertaken in a
hospital pharmacy prior to administration. Therefore, chapter 4 describes the synthesis
of a RB modified lipid and the development of a method for its incorporation with DTX

into a pre-MB suspension that can generate drug-loaded MBs in a single mixing step.

1.6.3 Chapter 5

In Chapter 5, the DTX/RB loaded MBs generated in Chapter 4 were tested for efficacy
in a range of in vitro/ in vivo models of Pca. Specifically, 3D DU145 and LNCaP
spheroid models were employed to determine the efficacy in both castration resistant
and androgen sensitive cell lines of Pca. In addition, castrate resistant (PC3) and
androgen sensitive (22Rv1) murine models were also employed. The efficacy was
compared to MBs loaded with either RB or DTX alone and the free drugs (i.e., non-
MB bound) DTX and enzalutamide.
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1.6.4 Chapter 6

Chapter 6 differed slightly from Chapters 3-5 as it did not comprise a SDT component.
The combination of 5-FU and IRIN in regiments has proven effective in colorectal
cancer but is associated with significant off target toxicity. By utilising UTMD as a
delivery mechanism this toxicity could be reduced. Chapter 6 therefore explored the
development of MBs loaded with combined 5-FUR and IRIN and their efficacy ina 3D
DU145 spheroid model of Pca.

38



Chapter 2:

Methodology
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2.1 Materials and reagents

Chemicals were purchased from commercial sources at the highest possible grade. PC3, RM-
1, DU145, LNCaP and 22Rv1 cells were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA, USA) and Matrigel from BS sciences (San Jose, CA, USA). SCID
mice, nu/nu balb/c and C-57 mice were bred in house, nu/nu CD-1 mice were obtained from
Axis BioServices (Coleraine, UK). Phospholipids were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Rose Bengal, biotin, and cholesterol were purchased from Sigma
Aldrich (St. Louis, MO, USA). Docetaxel was purchased from XABC (Shaanxi, China).
Avidin from egg white was purchased from Thermo Fisher (Waltham, MA, USA). MBs were
formed using a Microson ultrasonic cell disruptor, 100 W, 22.5 kHz, from Misonix Inc.
(Farmingdale, NY, USA). Optical microscope images were obtained using an AmScope 40x-
2000x Lab Trinocular Lab Microscope from AmScope (Irvine, CA, USA). Analysis of MB
size and concentration was determined using a bespoke MATLAB algorithm (2010B,
MathWorks, Natick, MA, USA). UV-Vis spectra were recorded with a Varian Cary
spectrophotometer (Palo Alto, CA, USA), using quartz cells (path length = 1 cm). UV
absorbance of MTT was analysed using a Fluostar Omega plate reader (BMG Labtech,
Ortenberg, Germany). NMR spectra were obtained on Varian 500 MHz instrument at 25.0 + 1
°C (Palo Alto, CA, USA) and processed using TopSpin software (Bruker, Billerica, MA, USA).
ESI-MS were obtained using a Finnegan LCQ-MS instrument (San Jose, CA, USA). HPLC
analysis was carried out on a Shimadzu LC-8 preparative pump system (Shimadzu Corp.,
Kyoto, Japan). Dynamic light scattering (DLS) analysis was carried out on a Malvern Zetasizer
3000HSA (Malvern, Worcestershire, UK). Fluorescent IVIS images were obtained using a
IVIS Spectrum In Vivo Imaging System from PerkinElmer (Waltham, MA, USA). Error in
experimental data was displayed as standard error of the mean (SEM), while statistical analysis
was carried out using either a 2-tailed students t-test or one-way ANOVA, on Prism GraphPad
software v5.01 (GraphPad, San Diego, CA, USA). Power calculations were carried out to
provide the sample size to inform the grant in which the work in this thesis was funded from.
The sample size was determined based on a 25% change between each group at the
experimental end point, with a SD of 10% at 90% power with a significance level of 0.05.

These metrics yielded a sample size per group of 4.
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2.2 Synthesis of rose bengal — biotin

2.2.1 Synthesis of 2-Aminoethyl 2,3,4,5-tetrachloro-6-(6- hydroxy-2,4,5,7-tetraiodo-3-

oxo-3H-xanthen-9-yl)benzoate (rose bengal - amine)

To a stirred solution of rose bengal disodium (1.0 g, 1.0 mmol) in anhydrous DMF (10 mL)
was added 2-bromoethylamine (0.32 g, 1.5 mmol). The resultant mixture was stirred at 80°C
for 7 hours. The DMF was then removed under reduced pressure and the residue stirred for 18
hours in diethyl ether (200 mL). The solution was filtered, and the resulting solid stirred in
water (200 mL) for 18 hours. The suspension was filtered, the solid residue was recrystallised
from methanol, the product obtained was a dark red solid. *H-NMR (500 MHz, DMSO-d6):
2.42 (t, CHz, 2H), 3.80 (t, OCH_, 2H), 7.26 (s, ArH, 2H), 7.60 (s, NH2, 2H). 3C-NMR (500
MHz, DMSO-d6): 19.0, 37.5, 49.3, 56.5, 62.7, 76.6, 97.9, 129.6 130.6, 132.4, 133.4, 10.6,
110.9, 134.7, 135.7, 136.4, 137.0, 139.6, 157.5, 163.2, 172.3. ESI-MS: calculated for
C2HoC14lsNO> = 1016.53, found 1016.13

2.2.2 Synthesis of 2-(5-(2-Oxohexahydro-1H-thieno[3,4- d]imidazol-4-
yl)pentanamido)ethyl2,3,4,5-tetrachloro-6-(6-hydroxy-2,4,5,7- tetraiodo-3-0xo-3H-

xanthen-9-yl)benzoate (rose bengal - biotin)

To a solution of rose bengal - amine (74 mg, 74 umol) in DMF (2 mL), was added biotin-N-
hydroxysuccinimide ester (25 mg, 74 pumol) dissolved in DMF (2mL). Triethylamine (TEA,
10 pl, 0.71 pmol) was subsequently added to the mixture and then stirred at room temperature
for 12 hours. The resulting solution was added to a solution of hexane: chloroform (200 ml,
4:1) and stirred for 24 hours at room temperature. The solution filtered and the filtrate retained
which was washed three times with diethyl ether and dried in a vacuum oven to yield biotin
rose bengal as a red powder (14 mg, 10% yield). *H-NMR(500 MHz, DMSO-d6): 1.40 (m,
CHz, 2H), 1.65 (m, CH2x2, 4H), 2.05(m, CH2, 2H), 2.85 (t, CHz, 2H), 2.90 (q, CHz, 2H), 3.15
(m, CH,1H), 4.00 (t, OCH,, 2H), 4.15 (t, CH, 1H), 4.30 (m, CH, 1H), 6.35 (s, NH, 1H), 6.40
(s, NH, 1H), 7.45 (s, ArH, 2H)..3C-NMR (125 MHz, DMSO-dg): 8.98, 9.03, 25.52, 28.57,
29.45, 31.72, 35.52, 37.34, 46.07, 53.13, 55.86, 59.66,61.48, 64.65, 76.50, 97.69, 110.56,
124.271, 129.37, 130.48, 132.34,134.79, 135.50, 136.41,139.79, 157.42, 163.13, 163.57,
172.23, 172.68, 228.31, 230.86. ESI-MS (-ve mode): calculated for Csz2H23ClslsN3O7S =
1242.15 found = 1241.13
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2.3 Synthesis of rose bengal — DSPE

2.3.1 Synthesis of 8-((2, 3, 4, 5-tetrachloro-6-( 6-hydroxy-2, 4, 5, 7 -tetraiodo-3- 0xo-3H-

xanthen-9-yl)henzoyl)oxy)octanoic acid (rose bengal — carboxylic acid).

To a stirred solution of Rose Bengal disodium salt (10.00 g, 9.80 mmol) in anhydrous DMF
(100 mL) was added 8-bromooctanoic acid (2.20 g, 9.80 mmol) and the solution was stirred at
80°C for 8 hours or until no starting material was visible by TLC (CHCI3:CH30H 8:2 v/v).
Following completion of the reaction, the solvent was removed under reduced pressure and the
residue was stirred in diethyl ether (200 mL) for 24 hours after which time the suspension was
filtered and the solids were stirred in distilled water (200 mL) for 24 hours. This suspension
was then filtered and dried to afford the carboxylic acid derivative 8 as a deep purple powder
(8.70 g, 80%). *H-NMR (DMSO-d6) : 7.49 (s, 2H, Aromatic-CH X2), 3.89 (brs, 2H, O-CH>-),
2.09 (brs, 2H, -CH,-COOH), 1.39 (brs, 2H, -CH>-), 1.21-1.12(m, 6H, -CH>- X 3), 0.89 (brs,
2H, -CHy-). ESI-MS: 1114.47 (-ve mode).

2.3.2 Synthesis of 3-((hydroxy(2-(8-((2,3,4,5-tetrachloro-6-(6-hydroxy- 2, 4, 5, 7-
tetraiodo-3-ox0-3H-xanthen-9-yl)henzoyl)oxy)octanamido)ethoxy)

phosphoryl)oxy)propane-l ,2-diyl distearate (rose bengal — DSPE)

To a stirred solution of DSPE (0.50 g, 0.60 mmol), 8 (0.90 g, 0.80 mmol) and HBTU (0.30 g,
0.8 mmol) in CHCI3:CH3OH:H20 (65:35:8 v/v) was added DIPEA (0.43 g, 3.3 mmol) and the
solution was stirred at room temperature for 24 hours or until no starting material was visible
by TLC (CHCIl3 CH3OH 8:2 v/v). After completion of the reaction the solvent was removed
under reduced pressure and the resultant crude product was purified using column
chromatography (CHCIs:CHz OH 8:2 v/v) to afford 9 as a deep purple powder (0.63 g, 43%).
!H-NMR (CDCl3:MeOH, 2:1): 7.40 (s, Aromatic-CH X 2, 2H), 5.20 (m, -CH, 1H), 4.38 (m,
OCHz, 2H), 4.25 (m, CHz, 2H ), 3.85 (m, CH2, 2H), 3.42 (m, CHz, 2H), 3.31 (m, CHg, 2H),
2.28 (m, CH2, 2H), 2.19 (m, CH>, 2H), 1.58 (m, CH>, 2H), 1.51 (m, CHa, 2H), 1.25 (m, CH2x
28, 56H), 1.25 (m, CHz, 2H), 1.10 (m, CHz, 2H), 0.84 (m, CHy, 2H), 0.68 (m, CH_, 2H). !3C-
NMR (CDCl3:MeOH, 2:1): 175.8(C0O), 173.9 (CO), 173.5 (CO), 173.2 (C), 163.3(C0O),
157.8(CH), 150.8 (C), 141.5 (C), 136.8(C), 135.6 (C), 132.1 (C), 130.3 (C), 129.5 (C),
112.8(C), 101.6 (C), 96.2 (C), 80.1 (C), 79.3(C), 77.0 (CH2), 75.9 (CH.), 72.0 (CHy),
49.4(CHy), 49.0 (CH2), 40.0(CHz2), 36.0(CH), 34.1(CHz2), 33.9(CH), 31.7(CH2),31.3(CH>),
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29.5(CHz), 29.2(CH), 29.0(CHy), 28.6(CHz), 28.0(CHz), 25.0(CH2), 24.7(CHz), 22.5(CHy),
13.7(CHs). MALDI-TOF-MS: 1844.31 (-ve mode).

2.4 Synthesis of Irinotecan — DSPE

2.4.1 Synthesis of (19S)-19-[(2-{[(tert-butoxy)carbonyl]amino}acetyl)oxy]-10,19-diethyl-
14,18-dioxo-17-0xa-3,13-diazapentacyclo[11.8.0.0%11.04°.01?] henicosa-
1(21),2,4,6,8,10,15(20)-heptaen-7-yl [1,4'-bipiperidine]-1'-carboxylate hydrochloride salt
(IR-GLY-BOC)

Irinotecan hydrochloride trihydrate (800 mg, 1.18 mmol equivalent to 736 mg of anhydrous
irinotecan hydrochloride) was dissolved in DMF (20 mL) and evaporated to dryness at 60°C
under reduced pressure. The resulting residue was dissolved in anhydrous DCM (20 mL) and
N-(tert-Butoxycarbonyl)glycine (270 mg, 1.54 mmol), 4-Dimethylaminopyridine (16 mg, 0.13
mmol) and N,N’-Dicyclohexylcarbodiimide (397 mg, 1.93 mmol) were added and the solution
was stirred overnight at 20°C under an atmosphere of N2. The resulting suspension was filtered,
and the filtrate was reduced in vacuo followed by the addition of isopropanol (100 mL). This
solution was then reduced in vacuo to approximately 15 mL total volume. Heptane (150 mL)
was then added, and the suspension was stirred for 15 mins and then filtered and washed twice
with heptane (15 mL) to yield a pale-yellow solid which was used in the next step without
further purification (950 mg, 95% yield). *H-NMR(500 MHz, DMSO-d6): 0.90 (m, CHs, 3H),
1.28 (m, CH3s, 3H), 1.40 (m, CH>, 2H), 1.49 (m, CHs, 3H), 1.82 (m, CHz> X 4, 8H), 2.19 (m,
CHz2, 4H), 3.18 (m, CH2 X5, 10H), 3.85 (d, CH2, 2H), 5.39 (m, CH2N, 2H), 5.58 (m, CH-0,
2H), 7.24 (s, ArH, 1H), 7.42 (s, ArH, 1H), 7.64 (d, ArH, 1H), 7.98 (d, ArH, 1H), 8.42 (m, NH,
1H). ESI-MS: 744.3 (+ve mode)

2.4.2 Synthesis of (195)-19-[(2-aminoacetyl)oxy]-10,19-diethyl-14,18-dioxo-17-0xa-3,13-
diazapentacyclo[11.8.0.0%!.0*°.01>| henicosa-1(21),2,4,6,8,10,15(20)-heptaen-7-yl [1,4'-
bipiperidine]-1'-carboxylate mixed hydrochloride/trifluoroacetate salt (IR-GLY)

To a stirred ice-cold solution of IR-GLY-BOC (950 mg, 1.22 mmol) in DCM (10 mL) was
added trifluoroacetic acid (2 mL). The resulting bright yellow solution was stirred at 20°C for
3 hours before the solvent was removed in vacuo and replaced with acetonitrile (50 mL). The
resulting solution was then reduced in vacuo to approx. 15 mL total volume and diethyl ether
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(150 mL) was added, and the suspension was stirred for 15 mins before filtering and washing
with diethyl ether (15 mL) to yield a mixed TFA/HCI salt which was used in the next step
without further purification (700 mg, ~96% yield). *H-NMR(500 MHz, DMSO-d6): 0.93 (m,
CHjs, 3H), 1.25 (m, CH3, 3H), 1.42 (m, CHa, 2H), 1.81 (m, CH2 X 4, 8H), 2.19 (m, CH2 X2,
4H), 2.90 — 3.41 (m, CH2 X5, 10H), 3.90 (d, CH2, 2H), 5.39 (m, CH2N, 2H), 5.58 (m, CH-0,
2H), 7.22 (s, ArH, 1H), 7.48 (s, ArH, 1H), 8.01 (d, ArH, 1H), 8.17 (d, ArH, 1H), 8.41 (m, NH3",
3H), 10.03 (brs, NH, 1H). ESI-MS: 643.73 (+ve mode)

2.4.3 Synthesis of 3-[(2-{[(19S)-7-{[1,4'-bipiperidine]-1'-carbonyloxy}-10,19-diethyl-
14,18-dioxo-17-0xa-3,13-diazapentacyclo[11.8.0.0211.04°.0'>2°| henicosa-
1(21),2,4,6,8,10,15(20)-heptaen-19-yl]oxy}-2-oxoethyl)carbamoyl]|propanoic acid (IR-
GLY-ACID)

To a stirred solution of IR-GLY (700 mg, 0.88 mmol) in anhydrous DCM (20 mL) was added
succinic anhydride (176 mg, 1.76 mmol) and triethylamine (568 mg, 5.6 mmol). The resulting
solution was stirred at 25°C for 24 hours under an atmosphere of N2 followed by removal of
the solvent in vacuo. To the resulting residue was added isopropanol (100 mL) and the solvent
was reduced by 50% of the total volume. The resulting suspension was then filtered and washed
with ice cold isopropanol (2 x 20 mL) to yield a pale-yellow powder which was used in the
next step without further purification (340 mg, 51% yield). *H-NMR(500 MHz, DMSO-d6):
0.94 (m, CHg, 3H), 1.23 (m, CH3, 3H), 1.42 (m, CH>, 2H), 1.78 (m, CH; X 4, 8H), 1.81-2.10
(m, CH2 X2, 4H), 2.39 (d, CHz, 4H), 2.60 — 3.23 (m, CH2 X5, 10H), 4.04 (d, CH2, 2H), 5.38
(m, CH2N, 2H), 5.50 (m, CH20, 2H), 7.11 (s, ArH, 1H), 7.62 (s, ArH, 1H), 7.99 (d, ArH, 1H),
8.19 (d, ArH, 1H), 8.43 (m, NH, 1H). ESI-MS: 743.32 (+ve mode)

2.4.4 Synthesis of (2-{3-[(2-{[(19S)-7-{[1,4'-bipiperidine]-1'-carbonyloxy}-10,19-diethyl-
14,18-dioxo-17-0xa-3,13-diazapentacyclo[11.8.0.0>11.0%°.0'>20]henicosa-
1(21),2,4,6,8,10,15(20)-heptaen-19-yljoxy}-2-
oxoethyl)carbamoyl]propanamido}ethoxy)[(2R)-2,3-
bis(octadecanoyloxy)propoxy]phosphinic acid (IRIN-DSPE)

To a stirred solution of IR-GLY-ACID (340 mg, 0.46 mmol), HATU (197 mg, 0.52 mmol),
and diisopropylamine (196 mg, 1.52 mmol) in anhydrous DCM (30 mL) was added DSPE (283
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mg, 0.38 mmol) and the suspension was stirred at 45°C for 30 mins under an atmosphere of
N2. Following complete dissolution of the starting materials, the temperature was lowered to
25°C and stirring was continued for a further 3 hours. The solvent was then removed in vacuo
and to the residue was added acetonitrile (100 mL). The resulting suspension was stirred for
30 mins and then filtered and washed with ice cold acetonitrile (2 x 20 mL). The crude product
was purified by flash column chromatography (DCM:MeOH 90:10 to 80:20 v/v) (350 mg, 54%
yield). 'H-NMR (CDCl3:MeOH, 2:1): 0.68 (m, CHz X 2, 6H), 0.98 (m, CH3, 3H), 1.50 (m, CH;
X28, 56H), 1.54 (m, CH3, CH2, 5H), 2.02 (m, CH X5, 10H), 2.18 (m, CHz, 2H), 2.29 (d, CHy,
2H), 3.09 (m, CH, CHz2, 5H), 3.30 (d, CH2 X3, 6H), 3.71 (m, CH2, 2H), 3.78 (m, CH2, 2H),
3.95 (m, CHy, 2H), 4.15-4.26 (d, CH>, 2H), 4.19 (m, CH>, 2H), 5.30 (m, CHO, 1H), 5.12 (d,
CH2 X2, 4H), 7.58 (s, ArH, 1H), 7.72 (s, ArH, 1H), 7.80 (d, ArH, 1H), 8.13 (d, ArH, 1H). 13C-
NMR (CDCls:MeOH, 2:1): 11.0, 19.0, 26.7, 28.9, 33.8, 36.0, 38.1, 44.0, 45.1, 48.0, 54.0, 66.5,
67.8, 71.2, 74.2, 81.8, 100.9, 123.9, 131.8, 135.0, 150.5, 151.9, 154.3, 155.1, 157.9, 161.9,
171.8, 173.7,177.9. ESI-MS: 1471.7 (-ve mode)

2.5 Synthesis of 5-Fluorouradine — DSPE

2.5.1 Synthesis of 5-fluoro-1-[6-(hydroxymethyl)-2,2-dimethyl-tetrahydro-2H-furo[3,4-
d][1,3]dioxol-4-yl]-1,2,3,4-tetrahydropyrimidine-2,4-dione (SFUR-Ketal)

To astirred, ice-cooled suspension of 5-fluirouridine (4.50 g, 17.16 mmol) in acetone (315 mL)
was added concentrated sulfuric acid (4.1 g, 41.98 mmol) dropwise over 2 min. The reaction
mixture was then warmed to 25°C and stirring was continued for a further 6 hours. The solvent
was then removed in vacuo and the crude residue purified by recrystallisation from ethanol to
yield a crystalline white powder (3.86 g, 74% yield). *H-NMR (DMSO-d6) 1.29 (s, CHas, 3H),
1.45 (s, CHgs, 3H), 4.21 (m, CHO X3, 3H), 4.78 — 5.04 (d, CH>, 2H), 5.78 (m, CHO, 1H), 8.03
(s, ArH, 1H).

2.5.2 Synthesis of 4-{[6-(5-fluoro-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-1-yl)-2,2-
dimethyl-tetrahydro-2H-furo|3,4-d][1,3]dioxol-4-yl|methoxy}-4-oxobutanoic acid
(5FUR-Ketal-ACID)

To a stirred solution of 5FUR-Ketal (3.86 g, 12.77 mmol) in anhydrous DCM (80 mL) was
added succinic anhydride (1.53 g, 15.29 mmol) and 4-Dimethylaminopyridine (1.87 g, 15.31
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mmol). The resulting solution was stirred at 25°C under nitrogen for 24 hours. The solvent was
then removed in vacuo and the residue was taken up in sodium bicarbonate solution (10% wi/v,
40 mL) and washed with DCM (2 x 20 mL). The pH of the aqueous phase was then adjusted
to pH = 5 using HCI (2N) and the product extracted with ethyl acetate (4 x 100 mL). The
combined organic extracts were dried with anhydrous sodium sulfate, filtered, and reduced in
vacuo to yield a white crystalline solid (3.60 g, 70% yield). *H-NMR (DMSO0-d6) 1.29 (s, CHs,
3H), 1.45 (s, CHs, 3H), 4.21 (m, CHO X3, CHs, 5H), 4.78 - 5.04 (d, CHO, 1H), 5.78 (m, ArH,
1H), 8.03 (s, COOH, 1H). *C-NMR (DMSO-d6): 24.9, 27.4, 29.1, 31.4, 40.2, 64.8, 80.3, 84.0,
84.3,92.8,114.0, 127.8, 139.9, 141.8, 149.9, 158.9, 172.8, 174.1.

2.5.3 Synthesis of [(2R)-2,3-bis(octadecanoyloxy)propoxy]|[2-(4-{[6-(5-fluoro-2,4-dioxo-
1,2,3,4-tetrahydropyrimidin-1-yl)-2,2-dimethyl-tetrahydro-2H-furo[3,4-d][1,3]dioxol-4-
yljmethoxy}-4-oxobutanamido)ethoxy|phosphinic acid (SFUR-Ketal-DSPE)

DSPE (500 mg, 0.69 mmol) was added to a stirred solution of 5FUR-Ketal-ACID (300 mg,
0.75 mmol), HATU (254 mg, 1.34 mmol), and diisopropylamine (346 mg, 2.68 mmol) in
anhydrous DCM (30 mL) and the suspension was stirred at 45°C for 30 mins under an
atmosphere of N2. Following complete dissolution of the starting materials, the temperature
was lowered to 25°C and stirring was continued for a further 3 hours. The reaction mixture was
then washed with HCI (1N, 2x 10 mL), dried with sodium sulfate, filtered, and reduced in
vacuo. To the residue was added acetonitrile (100 mL) and the resulting suspension was stirred
for 30 mins, filtered and washed with ice cold acetonitrile (2 x 20 mL). The crude product was
purified by flash column chromatography (DCM:MeOH 90:10 to 80:20 v/v) (469 mg, 60%
yield). *H-NMR (CDCl3:MeOH, 2:1): 0.88 (m, CHz X2, 6H), 1.22 (m, CH2 X28, 56H), 1.51
(m, CHy, 2H), 2.61 (m, CH2, 2H), 2.59 (m, CHa, 2H), 2.36 (m, CH>, 2H), 3.43 (d, CH>, 2H),
3.61 (m, CH20, CHO X3, 5H), 3.91 (d, CH2, 2H), 3.99-4.40 (m, CH2, 2H), 4.40 (m, CHz, 2H),
5.01 (m, CH, 1H), 5.75 (s, OCHN, 1H), 7.72 (s, ArH, 1H).
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2.5.4 Synthesis of [(2R)-2,3-bis(octadecanoyloxy)propoxy][2-(4-{[(2S,5S)-5-(5-fluoro-2,4-
dioxo-1,2,3,4-tetrahydropyrimidin-1-yl)-3,4-dihydroxy-2,5-dimethyloxolan-2-
yllmethoxy}-4-oxobutanamido)ethoxy]phosphinic acid (5SFUR-DSPE)

To a stirred solution of 5SFUR-Ketal-DSPE (600 mg, 0.53 mmol) in DCM (6.5 mL) was added
TFA (90% v/v (water), 300 pL). The solution was stirred for 3 hours at 25°C followed by
removal of the solvent in vacuo. To the resulting residue was added acetonitrile (20 mL) and
the suspension was stirred for 30 min, filtered, and washed with acetonitrile (2 x 20 mL) to
yield an off-white solid (534 mg, 90% yield). *H-NMR (CDCls:MeOH, 2:1): 0.78 (m, CH3 X2,
6H), 1.23 (m, CH2 X28, 56H), 1.52 (m, CH>, 2H), 2.25 (m, CH2, 2H), 2.51 (m, CH2 X2, 4H),
3.35 (d, CH2, 2H), 3.91 (d, CH>, 2H), 4.12 (m, CH20, CHO X3, 5H), 4.25-4.40 (m, CHa, 2H),
4.30 (m, CHa, 2H), 5.30 (m, CH, 1H), 5.65 (s, OCHN, 1H), 7.782 (s, ArH, 1H). *3C-NMR
(CDCl3:MeOH): 18.0, 23.0, 25.0, 29.5, 32.0, 34.0, 40.0, 63.0, 64.0, 66.0, 66.5, 69.0, 69.5, 75.0,
82.0,91.0, 125.0, 140.0, 143.0, 150.0, 158.0, 173.0, 174.0, 174.5. ESI-MS: 1090.3 (-ve mode).

2.6 Preparation of DTX and Rose Bengal loaded microbubbles (DTX-MB-RB) using the
avidin-biotin interaction to load Rose Bengal.

DTX-MB-RB were prepared by dissolving 1,2-dibehenoyl-sn-glycero-3-phosphocholine
(DBPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
2000] (DSPE-PEG(2000)) and DSPE-PEG(2000)-biotin in chloroform, molar ratio of 82:9:9,
along with 5mg of DTX. The chloroform was evaporated at 40°C in a glass vial to leave a dried,
lipid/drug film. The film was reconstituted in 2mL of Ungers’ solution [PBS (pH 7.4 £ 0.1),
propylene glycol and glycerol (8:1:1 v/v)] the solution was heated at 80°C and stirred for 45
min. The resultant suspension was sonicated using a Microson ultrasonic cell disrupter at
amplitude 22% for 60 seconds and again at amplitude of 90% under an atmosphere of
perfluorobutane (PFB) gas for 30 seconds. The subsequent DTX-MBs were centrifuged at
700RPM for 5 min, the infranatant (below the MB cake) was removed and the bubbles were
washed in 2mL of PBS (pH 7.4 + 0.1). The washing step was repeated a further two times and
the PBS was removed by centrifugation. The MBs were dispersed in PBS (pH 7.4 £ 0.1) (1
mL) and an avidin (10mg/mL) solution (1 mL) was added and the contents mixed on an orbital
shaker for 5 min in an ice bath. The MBs were centrifuged at 700RPM for 5 mins, the
infranatant removed and washed with PBS (pH 7.4 £ 0.1) (2 mL) which was removed following
centrifugation. The MBs were functionalised with RB-biotin by adding 1mL of PBS (pH 7.4 +
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0.1) and 1mL of RB-biotin (5mg/mL) and mixed on an orbital shaker for 5 mins in an ice bath.
The DTX-MB-RB were subsequently centrifuged at 700RPM for 5 mins and the infranatant
removed. The MBs were washed twice to remove any excess RB-biotin and the final MB cake
was reconstituted in 2mL of PBS (pH 7.4 £ 0.1). When the MBs required an oxygen core for
treatments, the MBs were sparged for 2 min with oxygen, to replace the PFB gas in the core of

the MBs with oxygen gas.

2.6.1 Characterisation of drug loading of DTX-MB-RB

To determine DTX loading, an aliquot of DTX-MB-RB was diluted in a solution of acetonitrile
/ water (6:4 v/v) and sonicated to rupture the MBs. The resulting sample was analysed by
reverse phase HPLC. 50pL was injected onto a Phenomenex Cig column (250 x 4.6mm, 5um)
and eluted using a mobile phase of acetonitrile and water (6:4 v/v), a flow rate of 1.5mL/min
and UV/Vis detection (231nm). The loading of DTX was determined using the peak area on

the chromatogram and the equation of the line for the DTX calibration curve.

The drug loading of RB-biotin was determined by taking an aliquot of the DTX-MB-RB and
diluting with PBS (pH 7.4 + 0.1). The resulting sample was sonicated for 60 seconds to rupture
the DTX-MB-RB and the absorbance recorded 560nm. The final RB loading was determined

using the intensity of absorbance at 560 nm with reference to an RB calibration curve.

2.7 Preparation of DTX-MB-RB from a pre-MB colloidal suspension using RB-DSPE to
load the Rose Bengal.

A pre-MB colloidal suspension was prepared by dissolving DBPC, RB-DSPE, cholesterol,
DSPE-PEG(2000) and DTX in a molar ratio of (30:37.5:10:10:12.5) to a total mass of 10mg
of components, in 2mL of a chloroform/ethanol mixture (2:1) in a 5mL round bottom flask.
The chloroform and ethanol were evaporated at 40°C under vacuum to form a dry, thin
lipid/drug film. The film was reconstituted in 2mL of Ungers’ solution and mixed at 90°C using
a rotary evaporator. The drug/lipid solution was sonicated at an amplitude of 25% using a
Microson ultrasonic cell disrupter to produce the pre-MB colloidal suspension. 1mL aliquots
of the liposomal suspension were transferred to 2mL crimp vials. The vials were crimped after

displacing the air atmosphere with PFB gas. The vials were stored at 2-8°C until required when
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they were then activated by shaking for 45 seconds on a Vialmix® shaker to produce the DTX-
MB-RB.

2.8 Preparation of 5SFUR-MB-IRIN from a pre-MB colloidal suspension

A pre-MB colloidal suspension was prepared by dissolving DBPC, 5FUR-DSPE, IRIN-DSPE,
cholesterol and DSPE-PEG(2000) in a molar ratio of (30:25:25:10:10) to a total mass of 10mg
of components, in 2mL of a chloroform/ethanol mixture (2:1) in a 5SmL round bottom flask.
The chloroform and ethanol were evaporated at 40°C under vacuum to form a dry, thin
lipid/drug film. The film was reconstituted in 2mL of Ungers’ solution and mixed at 90°C using
a rotary evaporator. The drug/lipid solution was sonicated at an amplitude of 25% using a
Microson ultrasonic cell disrupter to produce the pre-MB colloidal suspension. 1mL aliquots
of the liposomal suspension were transferred to 2mL crimp vials. The vials were crimped after
displacing the air atmosphere with PFB gas. The vials were stored at 2-8°C until required when
they were then activated by shaking for 45 seconds on a Vialmix® shaker to produce the 5FUR-
MB-IRIN.

2.9 Characterization of MB number and size

The MB number and size were determined by taking an aliquot of the MBs and diluting them
1:25 in Ungers’ solution. A sample of this suspension was loaded onto a haemocytometer and
images (n=20) were taken using an optical microscope (x 40 objective). Size distribution and
MB concentration (MB number/mL) were determined by analysis using a purpose-made
algorithm on MATLAB software (MathWorks, Natick, MA, USA) (205).

2.10 Determination of MB stability at 37.5°C

Where relevant, MBs were placed in an incubator at 37.5°C. Samples were taken at the
timepoints 0, 30, 60, 90 mins. The samples were characterised in terms of MB number and size

following method 2.9.
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2.11 Determination of pre-MB colloidal suspension stability at 2-8°C

The pre-MB colloidal liposomal suspension was produced following method 2.6. 15 vials in
total were prepared and stored for a period of 3 months. At timepoints 0, 1, 2 and 3 months, 3
vials were activated using the Vialmix® shaker and characterised in terms of MB number and
size following method 2.9. The remaining 3 vials were used to characterise the pre-MB
suspension using DLS at the same timepoints.

2.12 Culture of LNCaP-Luc or LNCaP spheroids

LNCaP-Luc/LNCaP cells were cultured using Roswell Park Memorial Institute (RPMI) culture
media: 100 U/mL penicillin, 100 mg/mL streptomycin, and 20% foetal bovine serum (FBS) in
a humidified 5% CO atmosphere at 37°C. Spheroids were cultured in ultralow attachment
(ULA) 96-well plates from Corning. The polystyrene coating ensures cells do not attach to the
plate and the curved nature of each well allows gravity to pull the cells together where
intracellular matrices is formed to allow cells to form in a 3D spherical fashion, rather than a
2D monolayer. Cells were seeded at 1,000 cells/well in 200pL of RPMI media. Media was
replenished every 4 days by discarding 100uL from the well and replacing it with 100uL of
fresh RPMI.

2.13 Culture of DU145 spheroids

DU145 cells were cultured as described for LNCaP-Luc/LNCaP spheroids in 2.12 using the
same plates. Cells were seeded at 5,000 cells/well in 200uL of RPMI media. Media was
replenished every 3 days by discarded 100uL from the well and replacing it with 100uL of
fresh RPMI.

2.14 In vitro efficacy determination of MB based treatments in LNCaP-Luc/LNCaP

spheroids.

LNCaP-Luc or LNCaP spheroids were used in Chapter 3 and Chapter 5 respectively. In chapter
3, spheroids were treated with: US only, blank MB, blank MB with US, MB-RB, MB-RB +
US, DTX-MB, DTX-MB + US, DTX-MB-RB and DTX-MB-RB + US. [DTX] = 6.2uM and
[RB] = 30uM, [MB] = 2.88x108 MB/mL. Untreated spheroids served as a control.
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In chapter 5 the groups were: untreated, MB with US, DTX-MB, DTX-MB + US, MB-RB,
MB-RB + US, DTX-MB-RB and DTX-MB-RB + US. Two different treatment doses were
used. In experiment 1: [DTX] = 8.33uM and [RB] = 25uM while in experiment 2 [DTX] =
16.67uM and [RB] = 50uM, in both cases [MB] = 3.56x108/mL.

Where US was used, it was applied using a Sonidel SP100 sonoporator with US transmission
gel and directly applying the probe to the bottom of each well with US for 1 second and for 30
seconds after 30 min (frequency — 1MHz, power density — 3.0 W/cm?, duty cycle — 30% and
PRF — 100Hz). The MB treatments were diluted in RPMI to the appropriate concentration,
100pL of media was removed from the well and 100puL of MBs in RPMI was added. After 24
hours, 3 spheroids were collected in an Eppendorf (repeated 4 times for each condition). The
spheroids were subsequently centrifuged, and the media removed. This was replaced with
200uL of MTT (5mg/mL) prepared in RPMI, the spheroids were destroyed mechanically by
pipetting repeatedly and vigorously for 30 seconds each, they were then incubated for 3 hours,
in a humidified 5% CO. atmosphere at 37°C. After incubation, media was removed and 100pL
of DMSO was added, the contents of each Eppendorf were transferred to a 96-well plate. The
absorption of each well was determined at 570nm using FLUOstar Omega microplate reader,

and the data displayed as percentage cell viability against the untreated spheroids.

2.15 In vitro efficacy determination of MB based treatments in DU145 spheroids

DU145 spheroids were used in Chapters 5 and 6. In chapter 5, the spheroids were treated with:
untreated, blank MB + US, DTX-MB, DTX-MB + US, MB-RB, MB-RB + US, DTX-MB-RB
and DTX-MB-RB + US. Two experiments were conducted: in experiment 1 [DTX] = 8.33uM
and [RB] = 25uM while in experiment 2 [DTX] = 16.67uM and [RB] = 50uM. In both cases
[MB] = 4.11x108/mL.

In chapter 6, the spheroids were allocated into the groups: untreated, US only, blank MB, blank
MB + US, 5FUR-MB-IRIN and 5FUR-MB-IRIN + US. 3 experiments were undertaken where
[IRIN and 5-FUR] = 5, 10 and 20puM. [MB] = 7.02x108/mL.

Where appropriate, US was applied using a Sonidel SP100 sonoporator with US transmission
gel and directly applying the probe to the bottom of each well with US for 1 second
immediately and for 30 seconds after 30 min (frequency — 1MHz, power density — 3.0 W/cm?,
duty cycle — 30% and PRF — 100Hz). MB treatments were diluted in RPMI to the appropriate

51



concentration, 100pL of media was removed from the well and 100uL of MBs in RPMI was
added. After 24 hours, 3 spheroids were collected in an Eppendorf (repeated 4 times for each
condition). The spheroids were subsequently centrifuged, and the media removed. This was
replaced with 200puL of MTT (5mg/mL) prepared in RPMI, the spheroids were destroyed
mechanically by pipetting repeatedly and vigorously for 30 seconds each, they were then
incubated for 3 hours. After incubation, media was removed and 100puL of DMSO was added,
the contents of each Eppendorf were transferred to a 96-well plate. The absorption of each well
was determined at 570nm using FLUOstar Omega microplate reader, and the data displayed as

percentage cell viability against the untreated spheroids.

2.16 DTX-MB-RB treatment of mice bearing PC3 tumours.

All animals employed in this study were treated in accordance with the licenced procedures
under the UK Animals (Scientific Procedures) Act 1986. All murine in vivo studies were
carried out under project license number 2835 and personal licence number 1979. For the
experiment conducted in chapter 3, PC3 cells (5x10°) in 100uL of Matrigel: PBS (50:50) were
subcutaneously implanted into the rear dorsum of SCID mice (C.B-17/lcrHan®Hsd-
Prkdcscid). For the experiment conducted in chapter 4 nu/nu SCID CD-1 mice were used.
Palpable tumours were present after 2 weeks post implantation, and the tumour dimensions
measured using Vernier callipers. Tumour volume was calculated according to the formula:
length x height x width / 2.

Once the tumours reached a mean volume of 100mm?3 the animals were allocated to treatment
groups (n=5). For the experiment outlined in chapter 3 the groups were: group 1 was untreated,
group 2 received a 100uL intraperitoneal injection (IP) injection of DTX standard dose
(10mg/kg), group 3 and 4 received a 100uL intravenous (V) tail vein injection of DTX-MB-
RB ([RB] =1.34 mg/kg and [DTX] =0.28 mg/kg) without US (group 3) or with US (group 4).
Animals were treated on days 0, 4, 7, 10, 14, 18 and 21.

For the experiment outlined in chapter 5 the groups were: group 1 remained untreated, group
2 and 3 received a 100uL IV infusion of DTX-MB-RB ([RB] = 6.35 mg/kg and [DTX] = 0.94
mg/kg) without US (group 2) or with US (group 3), group 4 received a 100uL IV injection of
DTX (matched dose [DTX = 0.94 mg/kg]) with US, group 5 received a 100pL IV injection of
DTX (standard dose [DTX] = 10 mg/kg), group 6 received a 100uL IV injection of DTX-MB
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with US ([DTX] = 0.94 mg/kg) and group 7 received a 100pL IV injection of MB-RB with US
([RB] = 6.35 mg/kg). These animals were treated on days 0, 4, 7, 11, 14, 19, 22, 26 and 29.

In both experiments, US was applied directly to the tumour using a Sonidel SP100 sonoporator
(3.5 W/cm?, 1 MHz, 30% duty cycle, and PRF = 100 Hz; PNP = 0.48MPa; M.I. = 0.48) using
US gel to transmit US and provide contact.

2.17 DTX-MB-RB treatment of mice bearing 22Rv1 tumours.

All animals employed in this study were treated in accordance with the licenced procedures
under the UK Animals (Scientific Procedures) Act 1986. In the experiment conducted in
chapter 5, 22Rv1 cells (5x10°) in 100uL of Matrigel: serum free media (50:50) were implanted
subcutaneously into the rear dorsum of nu/nu SCID balb/c mice. Palpable tumours appeared
after 2-3 weeks, once palpable were measured using Vernier callipers and the tumour volume

calculated using the formula: length x height x width / 2.

Once the tumours reached a mean size of 80mm? the animals were allocated to treatment groups
(n=5). Group 1 remained untreated, group 2 received a 100uL IV injection of DTX (matched
dose) ([DTX] = 1.11 mg/kg), group 3 received a 100uL IP injection of enzalutamide (Enz)
daily ([Enz] = 10 mg/kg), group 4, 5 and 6 received a 100pL IV injection of DTX-MB-RB
(IRB] = 7.54 mg/kg and [DTX] = 1.11 mg/kg) without US (group 4), with US (group 5) or
with US and a 100uL IP injection of Enz daily ([Enz] = 10 mg/kg). Mice were treated on days
0, 4,6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 unless culled due to tumour size earlier than the
treatment day, Enz was administered daily.

US was administered directly to the tumour using a Sonidel SP100 sonoporator (3.5 W/cm?, 1
MHz, 30% duty cycle, and PRF = 100 Hz; PNP = 0.48MPa; M.l. = 0.48) using US gel to
transmit US and provide contact.

2.18 Safety study in healthy non tumour bearing mice

Healthy non-tumour bearing CD-1 mice were separated into the groups (n=8): group 1
remained untreated, group 2 received a 100pL 1V injection of DTX-MB-RB ([RB] = 7.60
mg/kg and [DTX] = 1.12 mg/kg) with US or a 100 pL IV injection of DTX (standard dose)
(IDTX] = 10 mg/kg). The body weights of the mice were recorded every second day, blood
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samples were taken before treatment, at day 10 and day 15 and analysed for urea and alanine
aminotransferase (ALT). Blood smears were also taken and analysed for cell counts including
red blood cells (RBC), haemoglobin (Hb), haematocrit level (HCT), mean corpuscular volume
(MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration
(MCHC), platelets, white blood cell count (WBC), neutrophils, lymphocytes, monocytes, and
eosinophils. Histological markers for glomerular cellularity, glomerular basement membrane,
tubular vacuolation, interstitial inflammation, interstitial fibrosis, collecting system, portal
inflammation, lobular inflammation and steatosis were also analysed. Blood smear analysis
was carried out by the Veterinary Pathology Group (VPG) (Leeds, UK), the histological
analysis of tissues was carried out by Paul Kelly and Declan O’Rourke at the Department of
Pathology, Belfast Health and Social Care Trust (Belfast, UK).

2.19 Preparation of IR780-MB-RB from a pre-MB colloidal suspension.

A pre-MB colloidal suspension was prepared by dissolving DBPC, RB-DSPE, cholesterol,
DSPE-PEG(2000) and IR780 in a molar ratio of 30:37.5:10:10:12.5 to a total mass of 10mg of
components, in 2mL of a chloroform/ethanol mixture (2:1) in a 5SmL round bottom flask. The
chloroform and ethanol were evaporated at 40°C under vacuum to form a dry, thin lipid/drug
film. The film was reconstituted in 2mL of Ungers’ solution and mixed at 90°C using a rotary
evaporator. The drug/lipid solution was sonicated at an amplitude of 25% using a Microson
ultrasonic cell disrupter to produce the pre-MB colloidal suspension. 1mL aliquots of the
liposomal suspension were transferred to 2mL crimp vials. The vials were crimped after
displacing the air atmosphere with PFB gas. The vials were stored at 2-8°C until required when
they were then activated by shaking for 45 seconds on a Vialmix® shaker to produce the IR780-
MB-RB.

2.20 Localisation of IR780 labelled MB-RB in mice bearing 22Rv1 tumours.

22Rv1 tumours were implanted in 6 mice as describe in section 2.16. MB-RB, prepared with
IR-780 in place of DTX (see 2.19). Once tumours reached ~500mm?® the animals were
separated into 2 groups (n=3). Both groups 100uL injection of IR780 loaded MB-RB ([RB =
8.86 mg/mL and [IR780] = 0.89 mg/mL, [MB] = 2.84x10%mL), with one group also receiving
US during injection and for 3.5 min total (Sonidel SP100 sonoporator (3.5 W/cm?, 1 MHz,
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30% duty cycle, and PRF = 100 Hz; PNP = 0.48MPa; M.I. = 0.48) using US gel to transmit US
and provide contact. The mice were imaged using an VIS Spectrum In Vivo Imaging System
before IV administration of the MBs and 3 hours later. Regions of Interest (ROI’s) were
identified on the tumour, and a secondary ROl was taken on the back to control for background

radiance. Mice were imaged at time points 0 and 3 hours.
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Chapter 3:

Docetaxel and Rose Bengal Loaded Microbubbles for
Ultrasound Activated Chemo-Sonodynamic Therapy of

Prostate Cancer.
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3.1 Introduction

As described in section 1.5.2, UTMD has the potential to enhance drug uptake in tumours due
to mechanisms such as cavitation, microstreaming, microjetting and sonoporation. This
highlights the potential for using UTMD for the treatment of PCa where radical prostatectomy
has not been attempted. The ability to increase drug uptake utilising UTMD within PCa was
investigated by Lee et al. [204]. Mice bearing subcutaneous PC3 tumours received a tail vein
IV injection of MBs loaded with doxorubicin (DOX). They received US for a) 5 min, b) 10
min and c) 15 min (2 w/cm?, 60% DC). Figure 3.1 shows that increasing the treatment time

subsequently increased the fluorescent intensity of DOX within the sampled tumour tissue.

C

Figure 3.1 Confocal laser scanning microscope micrographs of tissue from PC3 tumours
excised from mice. The tumours were stained with DAPI, fluorescence of DAPI and DOX
were imaged, differential interference contrast micrographs were taken and a merged image
was created. The mice received a tail vein injection of MBs with DOX and subsequent US for
a) 5 mins, b) 10 mins and c) 15 mins. Taken from Lee et al. [204]
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UTMD has also been investigated in the microRNA (miRNA) treatment of PCa. MiRNAs are
small non-coding, ~22 nucleotide sequences that are transcribed from DNA. They are critical
for several biological processes and in recent years their potential diagnostic (biomarkers) and
therapeutic (regulation of gene expression) capability has been investigated [206]. Qin et al
[207], investigated the potential of UTMD using the miRNA, miR-205 in the treatment of PCa.
This involved UTMD using 1,2-distearoyl-3-trimethylammoniumpropane (DPTAP) and PEG-
2000 stearate stabilised MBs combined with the miR-205. DU145 and PC3 cells were treated
with cisplatin and transfected using UTMD mediated miR-205 UTMD. It was determined that
UTMD-mediated miR-205 delivery promotes cisplatin-modulated apoptosis and scratch-assay
results suggested that cells treated with cisplatin and UTMD-mediated delivery of miR-205
showed decreased cell migration and invasion compared to cells treated with either treatment
separately [207]. The ability to increase both the uptake of chemotherapy and miRNA
treatments using UTMD, highlights a possibility to increase the uptake of current
chemotherapies such as DTX. However, loading the drug within the MBs, rather than
administering alongside the MBs, may provide improved efficacy with reduced systemic
overspill due to better targeting.

The main aim of the work carried out in this chapter was to prepare MBs loaded with RB and
DTX to determine the potential of chemo-SDT as a treatment for prostate cancer. DTX was
loaded hydrophobically into the acyl chain layer of the MB shell while a biotin derivative of
RB was prepared to enable sensitiser attachment to the shell of the MB using the avidin-biotin
interaction. The formulated MBs were tested for efficacy in a prostate LNCaP 3D spheroid

model as well as PC3 and RM-1 murine models of the disease.
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3.2 Aims and objectives:

The main aim of the work reported in this chapter was to prepare a single MB formulation
loaded with DTX and RB to determine the efficacy of UTMD mediated treatment using the

MBs in in vitro and in vivo models of prostate cancer. The specific objectives were:

1. Synthesis and characterisation of a RB-biotin ligand suitable for the attachment to the
surface of avidin functionalised lipid stabilised MBs.

2. Prepare DTX loaded avidin functionalised MBs (DTX-MB) and investigate the impact
of DTX loading on the ability to attach RB-biotin ligand to produce DTX-MB-RB.

3. Determine efficacy of UTMD mediated chemo-SDT in 3D spheroid models of prostate
cancer.

4. Determine efficacy of UTMD mediated chemo-SDT in SCID mice ectopically
implanted with PC-3 and LNCaP tumours.

5. Determine efficacy of UTMD mediated chemo-SDT in C57 mice ectopically implanted

with RM-1tumours.
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3.3 Results and discussion
3.3.1 Synthesis of Rose Bengal — Biotin

The method chosen for attaching RB to the MBs was to utilise the biotin-avidin-biotin
interaction. Therefore, it was necessary to derivatise Rose Bengal with biotin functionality. RB
— Biotin was synthesised according to a literature protocol [208], following the scheme shown

in Scheme 3.1.

HBr.NH,CH,CH,Br I

L -
Y

DMF/ 60°C, ON

Water/Ether purification Cl Rose Bengal - amine

M —;_Z\/\)L ?
EtaN

NH Biotin-N-
0 hyrdoxysuccinimide ester

Rose Bengal disodium

Scheme 3.1 Synthetic procedure of Rose Bengal Biotin

The first step in the scheme is a Sn2 reaction between Rose Bengal disodium and 2-
bromoethylamine hydrobromide that connected both moelcules together via an ester bond. The
resulting amine functionalsed (rose bengal — amine) was then reacted with the N-succinimidyl
ester of biotin (Biotin-N-hyrdoxysuccinimide ester) via an amidation reaction resulting in the

formation RB — Biotin.

The synthesis of target compound RB — Biotin was confirmed using *H-NMR, *C-NMR and
ESI_MS displayed in Figures 3.2, 3.3 and 3.4 respectively. Figure 3.4 shows a base peak of
1241.7 Da, corresponding to the [M+H]" ion peak. The *H-NMR shown in Figure 3.2 shows a
sharp singlet peak at 7.30 ppm corresponding to the two aromatic protons of RB (A) and two
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resonances at 6.40 ppm and 6.30 ppm representing the urea protons of biotin. Six methylene
protons closest to the biotin (H,1,J) appear on resonances grouped between 1.20 ppm and 1.70
ppm, while methylene protons G and D, adjacent to the amide group, were observed at 2.05
and 2.90 ppm respectively. The methine protons attached to the bridging carbons of the biotin
ring (B) were observed on separate resonances at 4.30 and 4.15 ppm, while the methine proton

F and methylene protons E of the biotin unit were observed at 3.05 and 2.85 ppm respectively.

1BC-NMR analysis (Figure 3.3) revealed resonances between 20 ppm and 65 ppm that
correspond to the aliphatic carbons of biotin and the linker group between RB and biotin. The
remaining downfield resonances between 70 ppm and 200 ppm were assigned to the aromatic
carbons of RB and the carbonyl carbons of the urea, amide, and ester groups. The combined
analytical data obtained for RB — Biotin was consistent to that described in the literature and

confirms successful synthesis of RB — Biotin.
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Figure 3.3 *C-NMR of RB — Biotin in DMSO-d6.
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Figure 3.4 The ESI-MS spectrum of RB — Biotin in methanol (positive mode).
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3.3.2 Preparation of DTX-MB-RB conjugates

The preparation of DTX-MB-RB first required preparing DTX loaded MB (DTX-MB) using
the thin film hydration method. DTX is extremely hydrophobic and can be incorporated within
the hydrophobic acyl chain layer of the MB shell using hydrophobic interactions, in a similar
manner to that used previously for PTX. The first step involved dissolving the lipids and DTX
in chloroform. The chloroform was then evaporated, and the resulting film hydrated in 2mL of
Unger’s solution (a mix PBS, glycerol, and propylene glycol (8:1:1)) and heated to 85°C for
45 min. The solution was then sonicated at low intensity using a Microson ultrasonic cell
disruptor at 22% intensity for 30 seconds forming a suspension of liposomes with Ungers’
solution in the core. MBs were then formed using a second higher intensity sonication at 89%
intensity under an atmosphere of perfluorobutane (PFB) which is an extremely hydrophobic
gas that helps stabilise MB formation. Excess non-incorporated lipids, DTX and other
particulate matter were separated from the MB by low-speed centrifugation for 5 mins with
MBs isolated as a concentrated cake floating on the infranatant solution. Avidin was then added
to the DTX-MBs binding to the DPSE-PEG(2000)-Biotin component lipid of the DTX-MBs.
Avidin contains four binding sites with a high affinity for biotin which can be utilised to
conjugate the biotin functionalised RB [209]. The avidin functionalised DTX-MBs were then
mixed with RB-biotin which binds to the avidin resulting in generation of the DTX-MB-RB
conjugates. Full detail on the preparation of the DTX-MB-RB conjugate is provided in section
2.6.

. Avidin
A Biotin

( PEG

DBPC &
J DSPE
Figure 3.5 Schematic depicting DTX and RB loaded MBs.
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3.3.2.1 Characterisation of DTX-MB-RB conjugates

Characterisation of DTX-MB-RB was essential to determine the drug loadings, MB
concentration and sizes. Three batches of DTX-MB-RB conjugates were manufactured
following the processes outlined 3.3.2. Samples of the MBs were collected for the
determination of RB and DTX loadings. For the RB-biotin loading, a UV-vis
spectrophotometry RB-biotin calibration curve was constructed following the methods
described in section 2.6.1. Figure 3.5 (a) shows the spectra displaying increasing absorbance
of RB — biotin between 0.0025 and 0.02mg/mL with a lambda max of 565nm. The
corresponding calibration curve is shown in Figure 3.6 (b) and good linearity was detected in
the 0-0.02 mg/mL range with an r? of 0.9961. A sample of the DTX-MB-RB were then burst
to release the RB-biotin into solution and analysed by UV-Vis spectrometry. The mean RB
loading concentration was determined as 10.143 + 0.655 pg/10® MBs (Table 3.1).

DTX loading was determined using reverse phase HPLC following the method outlined in
section 2.6.1. A calibration curve was constructed using standard solutions DTX between 0.025
and 0.1 mg / mL. DTX eluted at retention time of 4.5 min and chromatograms of the standard
solutions are shown in Figure 3.6 (a) and increase in intensity at 4.5 min with increasing DTX
concentration. A calibration curve of DTX constructed by plotting peak area at 4.5 min against
concentration, and good linearity was observed over the concentration range tested (r? = 0.99)
(Figure 3.7b). A 100uL sample of the DTX-MB-RB were sonicated in 900uL of mobile phase
(acetonitrile:water (60:40)).This was centrifuged at 5000RPM for 2 min to separate the DTX
from the MB lipids. The pellet was reconstituted in a further ImL of mobile phase and the
centrifugation was repeated. The supernatants of both centrifugations were mixed and loaded
onto the HPLC. The mean DTX loading for three batches of DTX-MB-RB was 2.773 *
1.181ug/108 MBs (Table 3.1). A higher loading for RB was observed, this may be due to
differences in the methods of drug loading. Where DTX was loaded hydrophobically within
the acyl layer of the MB shell and RB was added via the avidin-biotin interaction to the surface
of the MB shell.
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Figure 3.6 (a) UV-vis spectra for concentrations of RB (b) Plot of absorbance against

concentration of RB (mg/mL) (absorbance 565nm).
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Figure 3.7 (a) HPLC chromatograms of DTX (b) Plot of peak area against concentration of DTX
(mg/mL) (absorbance 231nm) (n=2).

The DTX-MB-RB formulation was also tested to determine MB number and size distribution.
To facilitate this, optical micrographs of the DTX-MB-RB were taken, and the images analysed
using a purpose-built MATLAB algorithm producing a size distribution curve. A representative
image of the DTX-MB-RB is shown in Figure 3.8 (a) and reveal spherical particles with a mean
diameter of 1.65um = 1.09um (Figure 3.8 (b). For three batches tested, the mean MB
concentration was 6.213x10° + 0.707x10%/mL with a mean diameter of 1.153pum + 0.750um.
These numbers are consistent with previous reports of MBs prepared using the thin-film
hydration approach and suggest inclusion of DTX in the shell or RB to the surface does not

impact the yield or size distribution of the MBs produced.
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Concentration 2.41E+09 /ml. 5185 Bubbles found.
(b) Mean diameter = 1.65 pm +/~1.09 um. Range = 0.50 to 9.87 pm. Mode = 0.72 um.
Median = 1.34 gm. MAD = 0.49. Span = 2.51. Gas Conc = 16.82 ul/ml. [fac: 1.48].

Surface area = 2.01E+10 ,umglml. 467 bubbles too small, & bubbles too big
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Figure 3.8 (a) Optical microscope image at 40x objective lens magnification of DTX-MB-RB
after 1 in 25 dilution in Unger’s solution. (b) size distribution of DTX-MB-RB obtained from
optical microscope images through MATLAB software.
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Table 3.1 Mean bubble count (number/mL), bubble size (um), RB loading concentration
(M) and DTX loading concentration (mg/mL) batches of DTX-MB-RB (n=3).

MB MB Size (um) = | RB Loading DTX Loading
concentration SD (Mg/108 MBs) + | (ug/1x108 MBs)
(Number/mL) = SD +SD
SD

Mean 6.213x10° + 1.153 £ 0.750 10.143+0.655 | 2.773+1.181
0.707x10°

3.3.2.2 Optimisation of DTX drug loading on DTX-MB-RB

After establishing a successful method of producing DTX-MB-RB conjugates, the next step
was to determine the optimal starting mass of DTX to maximise the loaded DTX concentration
within the MBs. Batches of DTX-MB-RB conjugates were prepared with increasing masses
of DTX incorporated within the film of the MBs (2.5, 5 and 10mg). Following preparation, the
amount of DTX incorporated in the MB shell was determined using RP-HPLC using the
method described in 2.6.1. The results are displayed in Figure 3.9 and show a significant
117.5% increase in DTX content between the 2.5 and 5mg batches from 1.699 + 0.67pg/1x108
MBs to 3.392 + 1.914ug/1x108 (p <0.05). However, further increasing the DTX film content
to 10mg produced a non-significant 15.4% increase in DTX loading to 3.913 + 1.169ug/1x108
MBs. These results suggest that increasing the DTX content of the lipid film any higher than 5
mg did not provide any significant benefit in terms of resulting DTX loading in the DTX-MB-
RB formulation. Therefore, it would appear that the capacity within the acyl chain layer for the
hydrophobic incorporation of DTX approaches saturation at concentrations of approximately
4.0 + 1.169ug/1x10® and adding additional DTX to lipid film in excess of 5mg is not cost
effective.
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Figure 3.9 DTX loadings for MBs prepared with 2.5, 5.0 or 10.0 mg DTX, determined using
HPLC (n=6) nsP>0.05, *P<0.05.

It was also important to determine whether increasing the DTX content of the MBs would have
any effect on the MB number and size. The results from the 2.5, 5.0 and 10.0 mg DTX batches
are shown in Table 3.2 and reveal the MB number increased by 8.0% to 5.965x10° + 0.638x10°
MB/mL from 5.525x10° + 0.224x10° on increasing the film DTX content from 2.5 to 5.0mg,
with no appreciable difference in the mean MB diameter. The MB number dropped by 3.1% to
5.785x10° + 0.380x10° MB/mL when the DTX film content was increased further to 10 mg

with no change to the mean MB diameter.
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Table 3.2 Mean bubble count (bubbles/mL) and bubble size (um), for MBs prepared with 2.5,

Mass of DTX used in Mean bubble number Mean bubble size (um)
preparation (mg) (bubbles/mL)
2.5 5.525x10° + 0.224x10° 0.97 £ 0.64
5.0 5.965x10° + 0.638x10° 1.00 £ 0.60
10.0 5.785x10° + 0.380x10° 1.00 £ 0.61
5.0 or 10.0 mg of DTX.

3.3.2.3 Effect of increasing DTX content on RB loading

Another important parameter to consider was the potential impact increased DTX content had
on the ability to load RB-biotin to the surface of the MB. The amount of RB-biotin attached
was determined as described in 2.6.1. The results are summarised in Figure 3.10 and reveal no
significant difference in RB-biotin loading between the batches prepared with 2.5, 5 and 10mg
DTX added to the lipid film. However, the 5 mg DTX batch produced the highest RB-biotin
loading at 12.857 + 3.4869/1x10® MBs. Combined, these results from the DTX loading, MB
number / size and RB-biotin loading experiments, support the use of adding 5mg of DTX to
the lipid film during preparation of a standard MB batch equating to 0.64mg of DTX per mg

of total lipid content.
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Figure 3.10 RB loadings for MBs prepared with 2.5, 5 or 10mg DTX, determined using
UV/vis spectrophotometry (n=4) ns P>0.05

3.3.2.4 Effect of increasing DTX content on stability of DTX-MB-RB at 37°C

The final parameter that required investigation was the effect of different amounts of DTX in
the lipid film on MB stability at body temperature (37°C). Samples of DTX-MB-RB prepared
from lipid films containing 2.5, 5.0 and 10.0 mg DTX were incubated for 90 min at 37°C and
the MB number counted at various intervals throughout. A plot of MB number against time is
shown in Figure 3.11 for the 2.5, 5.0 and 10.0 mg DTX batches. No trend was observed when
the DTX content of the film was increased with the 5.0 mg batch the most stable with 97.9%
of MBs remaining intact after 90 min, suggesting that 5.0 mg of DTX present within the MB
shell provides greater stability to the lipids within the MB. However, both the 2.5 mg and 10.0
mg batch were less stable with 73.4% and 62.8% MBs remaining after 90 min. It should be
noted that the half-life of contrast agent MBs in the circulation of an adult human is
1.04 £ 0.15 min for SonoVue and 6.88 + 4.88 min for Definity [210]. Therefore, DTX-MB-RB
prepared using 5 mg DTX in the lipid film should have acceptable stability for use in in vivo

experimentation.
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Figure 3.11 Plot of percentage bubble number (%) (calculated as a percentage of starting MB
number) of DTX MB RBs prepared with 2.5, 5.0 or 10.0 mg DTX over a period of 90 min.
*P>0.05.

3.3.4 Efficacy of DTX-MB-RB in Spheroids

As opposed to 2D monolayer culture, when grown in 3D culture systems, cells form aggregates
or spheroids within a matrix, on a matrix, or in a suspension medium. In spheroids, cell—cell
interactions and cell-extracellular matrix interactions more closely mimic the natural
environment found in vivo, so that the cell morphology closely resembles its natural shape in
the body. In addition, 3D spheroids are comprised of cells in various stages, usually including
proliferating, quiescent, apoptotic, hypoxic, and necrotic cells. The outer layers of a spheroid,
which is highly exposed to the medium, are mainly comprised of viable, proliferating cells.
The core cells receive less oxygen, growth factors, and nutrients from the medium, and tend to
be in a quiescent or hypoxic state. Such cellular heterogeneity is very similar to in vivo tissues,
particularly in tumours. Since the morphology and the interactions of cells grown in 3D culture
is more like what occurs in vivo, the cellular processes of these cells also closely emulate what

is seen invivo [211].

LNCaP cells are an androgen sensitive metastatic prostate carcinoma cell line that were isolated
in 1977. They were then transfected with a plasmid containing the genetic material required

for the cell to produce the enzyme luciferase present within fireflies, to produce LNCaP-Luc.
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When the cells are exposed to D-luciferin, luciferase causes D-luciferin to be converted to
oxyluciferin causing luminescence [212]. LNCaP-Luc spheroids were prepared by seeding
1000 cells in ultra-low attachment round bottom 96-well plates. The round bottom of the wells
cause cells to aggregate and form spheroids. The LNCaP-Luc cells were incubated at 37°C and
5% CO, for 4 days allowing for the spheroids to form. Once the spheroids were formed, they
were treated with DTX-MB-RB +/- US. For completeness, MBs were also prepared containing
no drugs (blank MB), DTX only (DTX-MB) and Rose Bengal only (RB-MB). Representative
optical images, MB number / size and drug are provided for these additional formulations are
provided in appendix 9.1 — 9.3. Where US was used, it was applied immediately (1s, 30% DC,
3W) to induce MB inertial cavitation and again after 3 hours (20s, 30% DC, 3W) to trigger
SDT (for RB carrying MBs). 48 hours following treatment, the spheroids were imaged and
then trypsinised to form a single cell suspension and the MTT assay was used to determine cell

viability.

The results from the MTT assay are shown in Figure 3.12 and reveal that exposure to US alone
caused no reduction in the viability of cells. Treatment with blank MBs + US caused a moderate
reduction in cell viability to 76%, most likely due to the cavitation effects associated with the
MB rupturing. The effect of RB-MB alone (i.e., no US) was also minor reducing cell viability
to 89% which reduced further to 49% upon the application of US, attributed to a SDT effect.
The cell viability for spheroids treated with DTX-MB in the absence of ultrasound (46%
viable), was comparable to those treated with DTX-MB+US (49% viable), which was
surprising as US induced MB cavitation would be expected to facilitate improved delivery of
the DTX deeper into the spheroid structure. Treatment with DTX-MB-RB in the absence of
ultrasound produced a cell viability compared to DTX-MB in the absence of ultrasound which
was not surprising given the amount of DTX was the same in each case. However, DTX-MB-
RB + US treatment resulted in a cell viability of 28%, significantly lower than DTX-MB + US
(p< 0.01) , DTX-MB-RB (p< 0.01) or MB-RB + US(p< 0.001). This improvement in
cytotoxicity can be attributed to the combined effects of DTX chemotherapy and RB mediated
SDT. The mechanism of this activation of RB has been proposed to be from the emission of
sonoluminescent light emitted during the implosion of MBs, the emission wavelengths of light
emitted from sonoluminescence in aqueous medium appears between 250 and 600 nm, which
is compatible with the absorption range of RB between 480 and 580 nm. The light absorbed

from sonoluminescence activated RB and causes singlet oxygen production [214, 215]. Given
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the mechanism of action for both treatments differ (inhibition of microtubular
depolymerization versus ROS mediated oxidative stress), it was not surprising both treatments

complemented each other.
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Figure 3.12 Cell viability of LNCaP-Luc spheroids treated with i) Untreated ii) US only (iii)
blank MB (iv) blank MB + US (v) MB-RB (vi) MB-RB + US (vii) DTX-MB (vii) DTX-MB
+ US (viii) DTX-MB-RB (ix) DTX-MB-RB + US. [DTX] in all cases is 6.2uM. [RB] in all
cases is 30uM. [MB] was 2.88x108/mL. **P<0.01, ***P<0.001 and ****P<0.0001. Error
bars show + SEM (n=4).
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3.3.5 Efficacy of MB mediated chemo-SDT therapy using the DTX-MB-RB conjugates

in mice bearing subcutaneous PC3 tumours.

Following the encouraging results obtained for the DTX-MB-RB chemo-SDT therapy in the
3D spheroids, the next step was to determine how effective the treatment would be in a murine
model of prostate cancer. The PC3 cell line was used to induce subcutaneous tumours in SCID
mice. The PC3 cell line is an androgen resistant cell line taken from the bone metastases of a
prostatic adenocarcinoma [213]. Once tumours had formed, the animals were separated into 4
groups (n = 4). Group 1 remained untreated, group 2 received a standard systemic dose of
DTX (10mg/kg), group 3 received DTX-MB-RB without US and group 4 received DTX-MB-
RB with US treatment applied to the tumour during the MB infusion for a total of 3.5 min, with
a second US treatment administered 30 mins later. Animals were treated on days 0, 4, 7, 10,
14, 18 and 21 with the tumour volume measured at regular intervals. IP injection was preferred
for the administration of DTX (10 mg/kg) rather than IV administration due to the severity of
side effects of DTX and the vehicle Taxotere (polysorbate 80 and ethanol) which hadn’t been
used before in the J. Callan laboratory. It was therefore deemed safer to administer IP in this
being the first in vivo experiment for the safety of the mice involved until it was determined

that mice could tolerate multiple treatments.

The tumour growth delay plot is shown in Figure 3.13 and reveals that tumours in untreated
animals grew by 659.0% 23 days following the initial treatment. The effect of DTX treatment
alone and DTX-MB-RB in the absence of ultrasound was similar resulting in tumours that grew
by 263.6 and 281.7% respectively by day 23. This was surprising given the amount of DTX
used as part of the DTX-MB-RB at 0.28 mg/kg was 35.7 times lower than the DTX group (10
mg/kg). One potential reason for this could be the administration route where the “free” DTX
was administered by intraperitoneal (IP) injection and the DTX-MB-RB by intravenous (1V)
injection. It has been shown that the rate of absorption following IP administration is one-half
to one-quarter as fast as IV administration [216]. However, this reduction would still result in
significantly more “free” DTX being available than that contained within the DTX-MB-RB.
Another possible explanation could be that the DTX-MB-RB spontaneously degrade over time
in circulation. MBs have previously been shown to form nanoparticles such as micelles,
liposomes, nanobubbles and nanodroplets when they are destroyed [217].The spontaneous

destruction of the MBs in circulation could result in the production of nanoparticles that
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extravasate the vasculature and accumulate in the tumour by the EPR effect [218]. While the
DTX-MB-RB showed excellent stability when incubated at 37°C (3.3.2.8), that experiment did
not consider other factors such as the shear stress that would be experienced by the particles
during capillary circulation and may result in their destruction.

While the “free” DTX and DTX-MB-RB groups provided modest control of tumour growth,
the DTX-MB-RB + US group was significantly better with tumours growing by only 97.4%
23 days after their initial treatment relative to the untreated group (p<0.01). Thus, the
application of US to the DTX-MB-RB reduces the tumour growth rate by 184.3% indicating
that the targeted MB destruction and subsequent activation of SDT provides a marked benefit
on tumour control. As was observed in 3D spheroid study, this confirms the benefit of
combining SDT and chemotherapy to generate improved efficacy when compared to
chemotherapy treatment alone. Importantly, this improved efficacy is obtained using much less
toxic chemotherapy which should improve the tolerability of the treatment. Indeed, when the
weight of the animals in each group was compared throughout the treatment, it was noticeable
that animals in the “free” DTX group were significantly lighter than those in the DTX-MB-RB
or DTX-MB-RB + US groups, which matched closely the average weight of animals in the
untreated group. This confirms that DTX-MB-RB + US is not only more effective than a much

higher dose of DTX chemotherapy, but it is also much better tolerated.
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Figure 3.13 Plot of percentage tumour growth in SCID mice bearing PC3 prostate tumours
that received (i) no treatment (n=3) (ii) IP injection of DTX (10mg/kg) (n=4) (iii) IV injection
of DTX-MB-RB - US (n=4) and (iv) 1V injection of DTX-MB-RB + US (n=4). Treated on
days 0, 4, 7, 10, 14, 18 and 21 (represented by A). ** P <0.01.
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Figure 3.14 Plot of mice weights over 21 days as percentage weight change of day 0 weights.
Mice received (i) no treatment (ii) IP injection of DTX (10mg/kg) (iii) IV injection of DTX-

MB-RB — US and (iv) IV injection of DTX-MB-RB + US. Treated on days 0, 4, 7, 10, 14, 18
and 21 (represented by A). *P>0.05 (n=4)
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3.4 Conclusions

Lipid stabilised MBs, loaded with DTX and Rose Bengal were successfully prepared and
evaluated for UTMD mediated efficacy in 3D spheroid and murine pre-clinical models of
prostate cancer. The DTX-MB-RB were prepared by loading DTX hydrophobically into the
phospholipid shell and it was found that the ideal DTX loading was 0.64 mg per mg of lipid.
Biotin functionalised RB was synthesised to enable attachment of the sensitiser to the MB
surface using the avidin-biotin interaction. UTMD mediated chemo-SDT treatment of 3D
LNCaP spheroids using DTX-MB-RB was significantly more efficacious than UTMD
mediated chemotherapy using DTX-MB and UTMD mediated SDT treatment using MB-RB.
In vivo, UTMD mediated chemo-SDT treatment of PC3 tumour bearing mice using DTX-MB-
RB was also significantly more effective at controlling tumour growth than a DTX
chemotherapy dose some 35.7 times greater. As a result, the DTX-MB-RB chemo-SDT
treatment was also well tolerated. These results confirm the potential of UTMD mediated

chemo-SDT using DTX-MB-RB as a potential treatment for prostate cancer.
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Chapter 4:

Development of a Single-Vial, Pre-Microbubble Colloidal
Suspension for the Rapid Preparation of Docetaxel and

Rose Bengal loaded Microbubbles.
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4.1 Introduction

The results presented in Chapter 3 highlight the potential of MB mediated chemo-SDT as a
treatment for prostate cancer. However, while useful to determine proof-of-principle, the
method used for attachment of Rose Bengal requires several technical steps to be completed
after the MBs are generated. With a view toward clinical translation, this would be deemed a
manufacturing step by the Medicines and Healthcare Products Regulatory Agency (MHRA)
thus requiring a GMP level quality assurance facility within the hospital / clinical trial site. To
reduce the complexity of this process, a more straightforward approach is desirable that
provides the drug loaded MBs as a single vial that can be re-constituted or activated in a facile

manner that is not considered a manufacturing step.

Two main approaches are used to provide MB contrast agents in the clinic. SonoVue® (Bracco)
provide a vial of freeze-dried phospholipids under a headspace of SFe gas. A vial of saline is
also provided which is added using a MiniSpike / syringe that enables the saline to be added
without escape of the SFs gas while maintaining sterility. (Fig 4.1) The vial contents are then

shaken by hand which produces the MB contrast agent that is administered to the patient.
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Figure 4.1 SonoVue® (Bracco) vial with powder form MBs (left), MiniSpike (middle) and
saline filled syringe (right) (reproduced from [219]).

The second approach adopted by Lantheus for their contrast agent DEFINITY®, provides a
pre-MB suspension of the phospholipids in a vial containing an aqueous vehicle under a
headspace of PFB gas. Lantheus also provide a Vialmix® device to customers which

mechanically agitates the vail for 45s at approximately 4000 rpm generating the MBs, fig 4.2.
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Figure 4.2 a) DEFINITY Vialmix shaker, shakes vial for 45s. b) The MBs are produced within

the vial to be removed via a needle for administration (adapted from [220]).

Both approaches involve simple mixing steps that are not considered manufacture steps and
therefore can be done at the bedside. The advantage of the DEFINITY® approach is that no
liquid addition step is required, and the mixing step is mechanically undertaken guaranteeing
consistency. In addition, aseptic manufacture may be required for the freeze-drying and fill-
finish steps associated with the SonoVue® which also can be costly when considering scale-

up.

Therefore, the focus of the work undertaken in this chapter was to develop a method for the
preparation of DTX-MB-RB from a pre-MB suspension of phospholipids using the Vialmix®
device. To enable this, the biotin-avidin approach adopted in Chapter 3 for the addition of Rose
Bengal to the MB surface was not deemed appropriate as this requires a stepwise approach of
adding avidin, washing, then the RB-biotin to avoid cross-linking MBs together. Instead, a
Rose Bengal functionalised lipid was synthesised and formulated into the pre-MB suspension
with other component lipids, DTX and excipients. A systematic approach was followed until

an ideal formulation was identified.
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4.2 Aims and objectives

The aim of the work described in this chapter was to develop a pre-MB suspension capable of

conversion to DTX-MB-RB in a single step using the Vialmix® device. The specific objectives

Were:

1.
2.

To synthesise and characterise the RB modified phospholipid (RB-DSPE).

To develop a pre-MB formulation capable of generating DTX-MB-RB using the
Vialmix® device.

To scale-up manufacture of the pre-MB formulation.

To determine stability of the pre-MB formulation under various storage conditions.
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4.3 Results and discussion
4.3.1 Synthesis and Characterisation of RB-DSPE

Several methods are available for the modification of phospholipids with drug compounds.
Logan et al. [221] used an enzymatic catalysed transphosphatidylation reaction to attach
gemcitabine to the lipid DBPC in a single pot approach [221]. Other fluorophore labelled lipids
are available commercially such as NBD-DSPE with the fluorophore attached covalently to the
amine group of DSPE [222]. A carboxylic functionalised Rose Bengal derivative (RB-COOH)
has previously been prepared by Costley et al. [223] and has the capacity to form an amide
bond with amine group of DSPE. Therefore, the synthetic protocol shown in Scheme 2 was
developed for the preparation of RB-DSPE. This involved the preparation of RB-COOH by the
reaction of RB with 8-bromooctanoic. The was then coupled with DSPE using a mixed solvent
system (CHCls, MeOH and H>0 65:35:8) under the assistance of HBTU and DIPEA. Pure RB-
DSPE was isolated following column chromatography and analysed using NMR and mass

spectroscopy.

I OH DMF | | ]
+BrW( T oo
o 80CON Rose bengal —
OH . 0 OH  carboxylic acid
8-bromooctanoic | |
Rose bengal acid
HBTU/DIPEA
DSPE | cHe13 : MeOH: H20
65: 35:8
48 hrs
0 0

Rose bengal - ¢
DSPE

RB-Oct-DSPE Conjugate
Scheme 4.1 Synthetic scheme for the manufacture of RB-DSPE.
The stacked *H-NMR spectra of DSPE, RB-COOH and RB-DSPE are shown in Figure 4.3 in

a mixed CDClIz / CDsOD solvent system to facilitate dissolution of all 3 compounds. Due to
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the presence of the CD3OD, it was not possible to observe the exchangeable amine and
carboxylic protons of DSPE and RB-COOH respectively, that were directly affected during the
formation of RB-DSPE. However, the spectrum of RB-DSPE is consistent with its structure
comprising resonances from both DSPE and RB-COOH, with some subtle differences in the
chemical shifts of protons that were directly impacted by formation of the newly created amide
bond. For example, the methylene protons a to the amine group in DSPE were observed at 3.08
ppm, while the analogous protons in RB-DSPE shifted downfield to 3.40 ppm, because of their
new chemical environment. Similarly, the methylene protons a to the carboxylic acid group in
RB-COOH (2.3 ppm) were observed at 2.15 ppm in RB-DSPE, again consistent with their new
chemical environment. A resonance for the RB ring protons at 7.45 ppm was also observed in
spectrum of RB-DSPE, just upfield of the CHCIs signal, that was absent in the spectrum of
DSPE. The *C-NMR spectra of RB-COOH and RB-DSPE are shown in Figure 4.4 with the
most observable structural change being the carbonyl group of the carboxylic acid in RB-
COOH converting to an amide in RB-DSPE. This was reflected in the chemical shift of the
carboxylic acid carbonyl observed at 163.5 ppm in RB-COOH moving downfield to 175.6 ppm
in the spectrum of RB-DSPE The MALDI-TOF mass spectrum, recorded in the positive mode,
also confirmed the formation of RB-DSPE with the base peak at 1844.31 Da consistent with
the expected mass of 1845.92 Da for CeoHosNOCL4l4P. Together, these analyses confirmed the
successful synthesis of RB-DSPE.
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Figure 4.3 Stacked *H-NMR for RB-DSPE.
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4.3.2 Preparation of a DTX-MB-RB from a pre-MB suspension

Having successfully prepared the RB-DSPE lipid, the next step was to develop a method to
produce DTX-MB-RB from a pre-MB colloidal suspension containing DTX, DBPC, DSPE-
PEG, RB-DSPE and cholesterol. Cholesterol was included in this formulation as it has been
shown to improve the lipid stacking within the MB shell [224]. The protocol for preparing the
DTX-MB-RB formulation is shown in Figure 4.7 and was the same as that used in Chapter 3
up to the final MB generation step. In chapter 3, this was undertaken using sonication under a
constant flow of PFB to generate the non-RB conjugated MBs, with RB added subsequently
using the avidin-biotin interaction. Using the revised method, the colloidal suspension (caption
4, Figure 4.7) was transported to a 2mL Vialmix® vial and sealed under an atmosphere of PFB
gas. The vials were either stored at fridge temperature or subsequently loaded into a vial mix
shaker and shaken for 45 seconds forming DTX-MB-RB. Once the MBs were formed, they
were imaged using optical microscopy and the MB size / concentration determined using
MATLAB.
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Figure 4.6 Production of DTX-MB-RB using the revised VialMix® method.
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The ratio of constituents was varied in an attempt to maximise the amount of the drugs present
within the MBs but not to compromise the physical characteristics of the DTX-MB-RB
formulation (i.e., flowability, size and MB number). A range of conditions were employed,
varying the mol% of RB-DSPE from 25% to 40% and DTX from 10% to 20%. To compensate,
the amount of DBPC and DSPE-PEG(2000) was altered. The various formulations tested are
shown in Table 4.1 and a representative optical micrograph, size distribution and digital
photograph of the DTX-MB-RB formulation provided for each formation shown in Figure 4.7.

Table 4.1 Composition of components (mol%) for formulations a-g.

Formulation | DBPC RB-DSPE DTX DSPE- Cholesterol
PEG(2000)

A 30 40 10 10 10

B 40 20 20 10 10

C 40 25 15 10 10

D 30 30 15 15 10

E 25 35 20 10 10

F 27.5 37.5 15 10 10

G 30 37.5 12.5 10 10

a) 1)

(20200708T100642 accumulated.mat)
Concentration 3.66E+09 /ml. 5066 Bubbles found.
Mean diameter = 1.33 um +/-1.21 xm. Range = 0.50 to 10.00 um. Mode = 0.69 ur
Median = 0.90 um. MAD = 0.30. Span = 2.02. Gas Conc = 26.73 pl/ml. [fac: 1.35]
Surlga:n area = 2.77E+10 p.mzlml, 6397 bubbles too small, 15 bubbles too big

15

£ 10

5

oWl
o 2 4 3 8 10
Diameter (um)

b) 1)

(20200708T102039 accumulated.mat)
Concentration 4.24E+08 /ml. 567 Bubbles found.
Mean diameter = 2.28 um +/-2.17 zm. Range = 0.50 to 9.91 ;zm. Mode = 0.69 pnv
Median =1.32 zm. MAD = 0.70. Span = 5.06. Gas Conc = 13.49 ul/mi. [fac: 1.39]

Surface area = 9.49E+09 pm?ml, 559 too small, 8 bubbles too big

Diameter (;:m)




c) i)

(20200708T102522 accumulated.mat)
Concentration 7.22E+08 /ml. 646 Bubbles found.
Mean diameter = 1.62 ym +/-1.47 ym. Range = 0.50 to 8.36 um. Mode = 0.69 pn
Median = 1.00 zm. MAD = 0.37. Span = 3.32. Gas Conc = 7.99 ;I/ml. [fac: 2.08]
Surface area = 5.21E+09 u.rnz.'ml, 628 bubbles too small, 1 bubbles too big

Diameter (m)

d) i)

(20200708T103649 accumulated.mat)
Concentration 8.84E+08 /ml. 1050 Bubbles found.
Mean diameter = 3.03 ym +/-2.37 ;m. Range = 0.50 to 9.90 xm. Mode = 0.69 pr
Median = 2.03 zm. MAD = 1.29. Span = 6.45, Gas Conc = 41.51 ulml. [fac: 1.57]
Surface area = 2.61E+10 ,urnzfml. 218 bubbles too small, 4 bubbles too big

sl

0 2 4 8 8 10
Diameter (jim)

e) i)

(20200709T105247 accumulated. mat)
Concentration 1.27E+09 /ml. 1030 Bubbles found.
Mean diameter = 1.61 pm +/-1.57 um. Range = 0.50 to 8.82 um. Mode = 0.69 unm
Median =1.01 gm. MAD =0.37. Span = 2.93. Gas Conc = 17.28 xl/ml. [fac: 2.30]

Surface area = 8.79E+09 ,umzfml, 532 bubbles too small, 8 bubbles too big

= 10

Diameter {pm)



f) i) i) iii)

(20200709T110900 accumulated.mat)
Concentration 4.66E+09 /ml. 5163 Bubbles found.
Mean diameter = 1.63 um +/-1.34 um. Range = 0.50 to 9.91 ;um. Mode = 0.69 .un
Median =1.12 ym. MAD = 0.47. Span = 2.85. Gas Conc = 45.22 yl/ml. [fac: 1.68]
Surface area = 3.8TE+10 ;xmzlml. 2887 too small, 14 bubbles too big

15
10
ES
5
0 - —
2 4 6

Diameter (um)

(20200716T161836 accumulated.mat)
Concentration 4.41E+09 /ml. 5201 Bubbles found.
Mean diameter = 1.24 ym +/-1.10 ;:m. Range = 0.50 to 9.97 m. Mode = 0.69 un
Median =0.88 ;zm. MAD = 0.27. Span = 1.64. Gas Conc = 25.30 ;l/ml. [fac: 1.58]
Surface area = 2.41E+10 pmli‘ml, 4574 bubbles too small, 3 bubbles too big

201

0 2 4 6 8 10
Diameter (jim)

Figure 4.7 Formulations a-g with i) size distribution, b) optical micrograph (40x objective lens)

and iii) sample image of MB cake in vial.
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A summary of the results are shown in Table 4.2 and indicate that formulations F and G were
best in terms of MB number (4.476x10%/mL and 5.250x10°%/mL), size (1.595um + 1.41um and
1.465um + 1.24um) and both flowed well with little foam evident. However, the pre-MB
colloidal suspension for formulation F was observed to be cloudy suggesting some
precipitation of the DTX. This was attributed to the higher mol% of DTX (15%) and was not
observed for formulation F where the DTX mol% was 12.5%. (Figure 4.8).

Therefore, formulation G was chosen as the preferred pre-MB colloidal formulation as it
maximised the DTX loading and produced MBs with physical characteristics suitable for use

in subsequent in vitro and in vivo experiments.

Table 4.2 The bubble size (um), bubble number (x10%/mL) and flowability ranked 1-3. 1 =

Static, 2 = moderate flow and 3 = freely flows.

Formulation | Bubble Size | Bubble Flowability
(UM) Number
(x10°%/mL)
A 1.325+1.21 | 3.350 2
B 2.250+£2.15 |0.381 1
@ 1.600£1.47 | 0.450 1
D 2.890+£2.38 | 0.866 1
E 1.440+£1.35 | 2.170 1
F 1.595+141 | 4.476 3
G 1.465+1.24 | 5.250 3

Figure 4.8 Images of pre-MB colloidal formulation a) formulation F and b) formulation

G.
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b)

Mean diameter = 1.69 um +/-1.56 um. Range = 0.50 to 9.82 pm. Mode = 0.69 nun
Median = 1.09 zm. MAD = 0.47. Span = 3.22. Gas Conc = 28,63 pliml. [fac: 1.62]

Surface area = 2.15E+10 ;.amzfml. 2721 bubbles too small, 23 bubbles too big

4.3.2.1 Determining optimum temperature for storage of the pre-MB colloidal
suspension

One of the benefits of using the pre-MB colloidal suspension approach is the potential for the
suspension to be prepared well in advance of being needed and activating as and when required.
However, it important to confirm that the quality of the MBs generated is not compromised.
Therefore, the quality of DTX-MB-RB were assessed when activated with the Vialmix 1-week
following their preparation and storage at either room temperature (20°C) or fridge temperature
(5°C).

Photographs of the pre-MB colloidal suspension was taken after the week-long storage and are
shown in Figure 4.9 a. Storage at room temperature produced a slightly cloudier colloidal
suspension than the vial stored in the fridge which was optically transparent. Following
activation using the Vialmix, the DTX-MB-RB produced for both storage conditions were
acceptable in terms of physical characteristics (Table 4.3). However, the DTX-MB-RB
produced from the suspension stored in the fridge were almost twice in number (Figure 4.10).
Given the improvement in MB number and optical transparency of the pre-MB suspension, it
was concluded that the most optimum storage conditions for the pre-MB colloidal suspension

was 5°C. a) i)

i)

(20200702T155717 accumulated.mat)
Concentration 2.09E+09 /ml. 2413 Bubbles found.

P etenat
o 2 4 g 2 10
Diameter {pm)




(20200702T160920 accumulated.mat)
Concentration 3.94E+09 /ml. 4974 Bubbles found.

Mean diameter = 1.19 pm +/-1.12 um. Range = 0.50 to 9.31 um. Mode = 0.69
Median =0.77 um. MAD = 0.20. Span = 1.70. Gas Conc = 21.44 ;lml. [fac: 1.48]
Surface area = 2.23E+10 um®/ml, 9454 bubbles too small, 3 bubbles tao big

25

20

0 2 4

L &

Diameter (nm)

Figure 4.9 Images of a) pre-MB suspension for vials stored at i) room temperature and ii) in the fridge.
The corresponding MB cakes for the pre-MB suspensions stored at b) room temperature and c) in the
fridge and i) representative size distribution and ii) 40x optical micrograph and iii) MB cake in the vial.

Table 4.3 The bubble size (um), bubble number (x10%/mL) and flowability ranked 1-3. 1 = Static, 2

= moderate flow and 3 = freely flows.

Storage MB number MB size (um) Pre-MB Flowability
temperature (x10%/mL) suspension
(°C) clearness
20 2.01 1.48 +1.37 Clear 3
5 3.62 1.22+1.18 Clear 3
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Figure 4.10 The bubble numbers for the batches stored at room temperature and fridge

temperature.

4.3.3 Scaling up manufacture of Pre-MB colloidal suspension

Having ensured that the pre-MB colloidal suspension can be stored for at least 1 week and still
generate quality DTX-MB-RB, the next step was to determine if manufacture could be scaled
up so that enough supply could be prepared well in advance of any planned treatments.
Unfortunately, the dimensions of Vialmix vials are fixed and enable a 1 mL volume of MBs to
be prepared each time. During the development work described in the preceding sections, 2
mL batches of the pre-MB colloidal suspension were prepared and aliquoted into two 1 mL

Vialmix vials.

Instead of producing 2 mL of the pre-MB colloidal suspension, the reaction was scaled up 5-
fold to a 10 mL batch size using a 25 mL round-bottomed flask compared to a 5 mL round-
bottomed flask. All the other conditions employed for the 2 mL batch were maintained (i.e.,
temperature, sonication etc) while the Ungers solution vehicle was increased to 10 mL. The
pre-MB colloidal suspension generated from this approach is shown in Figure 4.11 and appear
much cloudier than observed for the 2 mL batch. To overcome this issue, the process was
repeated but due to the increased volume used, the rehydration step was modified by heating

at 90°C for 60 min instead of 85°C for 45 min. In addition, the subsequent sonication step was
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also increased to 120 sec from 90 sec. These changes were effective and produced a transparent
colloidal pre-MB suspension, consistent with the appearance of the 2 mL batch (Figure 4.12).
Vials of the suspension were stored at 5°C for 7 days to ensure they were stable for at least 1
week and the appearance remained unchanged. The vials were then converted to DTX-MB-RB

using the Vialmix and their physical properties analysed.

Figure 4.11 Image of the pre-MB colloidal suspension vial following scale-up of formulation
6.

The results are shown in Figure 4.13 for the 2 batches and again the parameters were consistent
with the 2 mL batch with average MB sizes of 1.05um + 0.67um and 1.03um + 0.49um and
MB concentrations of 5.26x10%/mL and 4.06x10%mL. Therefore, it was deduced that the scale-
up method was successful and could produce ten 1 mL vials of pre-MB colloidal suspension
with at least 1 week stability that could be used to quickly generate DTX-MB-RB when needed

for use in treatments.

Figure 4.12 Image of vials rehydrated at 90°C for 60 mins. Pre-MB suspension 1 & 2 and the
corresponding MB cakes 3 & 4.
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9 10mL batch vial 1

(20200825T162151 accumulated.mat)
Concentration 5.26E+09 /ml. 5350 Bubbles found.
Mean diameter = 1.05 pm +/-0.67 zm. Range = 0.50 to 9.73 um. Mode = 0.69 pin
Median = 0.89 m. MAD = 0.23. Span = 0.93. Gas Conc = 11.46 pl/ml. [fac: 1.83]
Surface area = 1.40E+10 ;Ll'l'lzfl'l'll, 1446 bubbles too small, 2 bubbles too big

Diameter (um)

b) 10mL batch vial 2

(20200928T100844 accumulated.mat)
Concentration 4.06E+09 /ml. 4037 Bubbles found.
Mean diameter = 1.03 ;zm +/-0.49 ;xm. Range = 0.50 to 7.11 xm. Mode = 0.69 um
Median = 0.92 xm. MAD = 0.24. Span = 0.92. Gas Conc = 4.77 pl/ml. [fac: 1.88]
Surface area = 8. 84E+09 p.rnzlml 840 bubbles too small 0 bubbles too big

20

15
ES

10

5r

0

Dlameter (;.Lm)

Figure 4.13 Size distributions and optical micrographs for each repeat of the scaled batch.

4.3.4 Extended stability of the Pre-MB colloidal suspension at 5°C.

The commercial contrast agent DEFINITY® has a shelf-life of 24 months enabling the

production of bulk quantities of the pre-MB colloidal suspension thereby reducing

manufacturing costs. Given the timeline of this PhD project it was not possible to test over such

a duration, but 3 months was identified as an appropriate timepoint that would provide a good

indication of long-term stability. Using the scale-up protocol discussed in 4.3.3, 15 1mL vials

of the DTX-MB-RB pre-MB suspension were prepared and 6-vials each stored for 0, 1, 2 or 3

months. The same 3 vials were sampled and analysed at each time point by DLS to determine

if the mean particle diameter of the pre-MB colloidal suspension changed with time. The



remaining 12 vials were converted to MBs using the Vialmix device and the MB concentration,

mean MB diameter and physical appearance determined for each storage time point.

DLS traces of the pre-MB colloidal suspensions at the various timepoints are shown in Figure
4.14. There was some heterogeneity in the particle size at all the time points tested with some
of the vials showing only one main peak with others displaying several peaks across different
size ranges. However, there was no apparent trend in the polydispersity with storage time. This
variability in particle size was not unexpected as no size separation or extrusion steps were
undertaken with these particles and a range of different vesicle types would be expected. When
the mean particle size was calculated for the three batches at each time point, no trend was
observed and any differences between the time points were deemed statistically non-

significant.

The next step was to determine the quality of MBs generated from the pre-MB colloidal
suspensions stored at the various time-points. The mean MB concentration and mean MB
diameter were determined for the 3 batches at each timepoint following Vialmix activation.
Representative optical micrographs and size distribution plots can be observed in Figure 4.16.
The results are plotted in Figures 4.17 and 4.18 and extremely consistent data was observed
over the 4 timepoints with a mean MB diameter of approximately 1.2 um and a mean MB
concentration of approximately 4.5 x 10° MB/mL. Any minor differences between the different
timepoints were deemed statistically non-significant and no difference in the physical

appearance was observed.

Therefore, the conclusion from the results of this stability study confirm that the quality of
DTX-MB-RB generated from the pre-MB colloidal suspension was of acceptable quality after

3 months storage at 5°C.
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Figure 4.14 Size of liposomes after 3-month fridge storage.
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Figure 4.15 Effect on liposome size determined by DLS analysis of the DTX-MB-RB after 3-
month fridge storage (n=3).

a) i) ii) b) i) ii)
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Figure 4.16 Optical micrographs i) and size distribution plots ii) of DTX-MB-RB generated
from pre-MB suspensions stored for a) 0 months, b) 1 month, ¢) 2 months and d) 3 months.
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Figure 4.18 The effect on bubble size on DTX-MB-RB after 3-month fridge storage (n=3).
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4.3.5 Preparation of Blank MB, DTX-MB, and MB-RB formulations.

To properly evaluate the efficacy of UTMD mediated DTX-MB-RB prepared from the pre-
MB colloidal suspension, it is beneficially to assess the relative contribution of each individual
component. For example, the use of blank MBs (i.e., no drugs attached) would enable the
contribution from MB cavitation to be determined in any efficacy study. Similarly, DTX-MB
and MB-RB preparations would enable the individual contribution of UTMB mediated

chemotherapy and SDT respectively to be determined.

As these formulations lack one or more of the active components in DTX-MB-RB, the
constituents used to prepare the blank MB, DTX-MB and MB-RB were modified accordingly
(Table 4.4). The initial attempts at preparing blank MB and DTX-MB involved replacing RB-
DSPE with DSPE but the quality of the MBs produced (i.e concentration & size) was
unacceptably poor (1.41x10%mL and 8.69x10%/mL respectively) (Figure 4.19). However,
substituting RB-DSPE with DSPC improved the quality of blank MB and DTX-MB with MB
concentrations of 1.25x10*%/mL and 6.67x10°%/mL respectively and mean MB diameters of
1.66pum £ 1.40um and 1.24um £ 0.99um respectively (Table 4.4). Representative images of
the MB suspension, optical micrograph, and size distribution for the blank-MB and MB-DTX
are presented in Figure 4.20. The substitution of DSPC for DSPE in these formulations
incorporates a choline headgroup into the MB shell instead of a primary amine. The permanent
positive charge on the choline most likely makes the lipid more amphiphilic and may assist
with the stability of the MBs, thus producing acceptable MB size and concentrations.
Interestingly, Rose Bengal is also charged and using RB-DSPE in place of DSPC was effective
in producing MB-RB with a mean MB diameter of 1.13 £ 1.06 um and MB concentration of
7.89 x10%/mL (Figure 4.20)

Table 4.4 Composition of components (mol%) for formulations blank MBs, DTX-MBs and
MB-RBs.

Formulation | DBPC (%) | RB-DSPE | DSPC DTX (%) | DSPE- Cholesterol
(%) (%) PEG(2000) | (%)
(%)
Blank MBs 33 0 44 0 115 11.5
DTX-MBs 28.75 0 38.75 125 10 10
MB-RBs 33 44 0 0 115 11.5
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Figure 4.19 Batches of a) blank MBs and b) DTX-MBs made with DSPE as a replacement for

DBPC showing i) size distribution, ii) optical micrograph of MBs and iii) image of the vial.

Table 4.5 MB size and MB number for control formulations blank MBs, DTX-MBs and MB-
RBs.

Formulation MB size (um) MB number (x10°/mL)
Blank MBs 1.66 £ 1.40 11.25

DTX-MBs 1.24 +0.99 6.67

MB-RBs 1.13+1.06 7.68
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Figure 4.20 Formulations blank MBs, DTX-MBs and MB-RBs with i) size distribution, b)

optical micrograph (40x objective lens) and iii) sample image of MB cake in vial.
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4.3.6 Stability of Blank MB, DTX MB, MB-RB and DTX-MB-RB at 37°C.

The stability of DTX-MB-RB was assessed alongside the Blank MB, DTX MB, MB-RB
formulations at body temperature (37.5°C) using a similar approach as discussed in section
3.3.2.4. The results are shown in Figure 4.21 and reveal the concentration of the DTX-MB-RB
decreased steadily to 35.43% after 90 mins. In contrast, Blank MB, DTX MB, MB-RB reduced
by 37.4, 8.6 and 64.6% over the same timepoint. This reduction for DTX-MB-RB was
significantly greater than for DTX-MB-RB prepared using the biotin-avidin approach in 3.3.2.
One potential reason for this may be that the MBs prepared using the biotin-avidin approach
are washed several times and this removes a lot of less stable larger MBs. However, while a
64% reduction in MB number may appear a substantial number, from a starting concentration
of ~ 7.00 x 10° MB/mL, 2.52 x 10° MB/mL would still be remaining after 90 min. In addition,
when undertaking UTMD, US is applied during injection to disrupt as many MBs as possible
during the first few passes through the circulation. Therefore, the relevance of the 90 min

timepoint could be questioned timescales of up to 10 min may be more realistic.

Stability
= -o- Blank MB
S MB RB
o -+ DTXMB
= -+ DTXMBRB
=
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o)
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S
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Figure 4.21 Plot of percentage bubble number (%) of blank MBs, MB-RB, DTX-MB, and
DTX-MB-RB over 90 min. (N=3)
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4.4 Conclusion

DTX-MB-RB were successfully prepared from a pre-MB colloidal suspension of
phospholipids, cholesterol and DTX. This was made possible by the synthesis of the Rose
Bengal modified phospholipid RB-DSPE. The inclusion of cholesterol was deemed critical to
the stability of the pre-MB colloidal suspension. With careful optimisation of the vessel
dimensions, thin film hydration temperature and sonication intensity / time, it was possible to
scale the batch size 5-fold from the standard 2 mL to 10 mL. The pre-MB colloidal suspension
was deemed stable at 5°C for at least 3 months producing DTX-MB-RB of acceptable quality.
While the stability of the DTX-MB-RB at 37°C was reduced when compared to those prepared
using the avidin-biotin approach, this should not be detrimental for their use in UTMD
applications. Blank MB, DTX-MB and RB-MB formulations were also prepared to enable the
efficacy of UTMD mediated chemo-SDT using the DTX-MB-RB to be properly evaluated in
chapter 5.

The development of a scalable method to produce stable DTX-MB-RB that are generated at
the point of use using the Vialmix device is hugely beneficial when considering potential
clinical translation of this technology. Chapter 5 will determine the efficacy of UTMD
mediated chemo-SDT treatment using this formulation in pre-clinical models of prostate

cancer.
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Chapter 5:

UTMD mediated Chemo-SDT Treatment of Androgen
Sensitive and Insensitive Models of Prostate Cancer using
DTX-MB-RB Prepared from a Pre-MB Colloidal

Suspension.
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5.1 Introduction

Having successfully developed a facile method for the preparation of DTX-MB-RB from the
corresponding pre-MB colloidal suspension in Chapter 4, the next step was to determine its
effectiveness and safety profile when used to treat pre-clinical models of prostate cancer.
Patients with recurrent disease following treatment with definitive radiotherapy and / or ADT
have been identified as the target group of patients that would most benefit from UTMD
mediated DTX-MB-RB treatment. If the treatment proved successful in this group of patients
it could also be trialled as first-line therapy in place of radiotherapy. Therefore, both androgen
sensitive and resistant pre-clinical prostate cancer models were needed to assess the UTMD
mediated DTX-MB-RB treatment.

In this chapter, UTMD mediated DTX-MB-RB treatment was assessed in LNCaP (androgen
sensitive) and DU145 (androgen insensitive) 3D spheroids models of prostate cancer. Different
cell lines were chosen to establish ectopic tumours for the in vivo murine efficacy experiments
as it proved difficult to establish LNCaP and DU145 tumours. Therefore, androgen sensitive

22RV1 and androgen insensitive PC3 cell lines were used for the in vivo experiments.

The DU145 cell line was derived from a metastatic site on the central nervous system (CNS)
of a prostate cancer patient [225]. DU145 is androgen insensitive, like the PC3 cell-line [226].
However, PC3 cells only form loose aggregates rather than compact spheroids without the
presence of supplement to enhance the formation of the extracellular matrix. In contrast,
DU145 cells are formed easily using 96-well ultra-low attachment (ULA) plates [227]. 22RV1,
like LNCaP is also androgen sensitive, the 22Rv1 cell line was propagated in mice from the
CWR22 cell line [228. 229].

In addition to the efficacy experiments, an in vivo localisation study was also undertaken to
determine the effectiveness of UTMD at localising drug payloads at the tumour site. The NIR
dye IR780 was incorporated within the MBs as a surrogate payload and whole-body
fluorescence imaging used to monitor the relative fluorescence intensity in the murine tumours
over time. A safety study was also undertaken in healthy non-tumour bearing animals to
establish any potential adverse effects that may occur from administration of the DTX-MB-
RB. Collectively, the results from these experiments should serve as a useful pre-clinical data

package for the efficacy and safety of the DTX-MB-RB formulation.
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5.2 Aims and objectives

The main aim of the work undertaken in this chapter was to establish the efficacy of UTMD
mediated chemo-SDT using the DTX-MB-RB prepared from the pre-MB colloidal suspension
in androgen sensitive and resistant models of prostate cancer. The ability of UTMD to target
delivery of the chemo-SDT to tumours and the tolerability of DTX-MB-RB in healthy animals

was also determined.
The specific objectives were:

1. To determine the efficacy of UTMD mediated chemo-SDT using DTX-MB-RB
prepared from a pre-MB colloidal suspension in LNCaP and DU145 3D spheroid
models.

2. To determine the efficacy of UTMD mediated chemo-SDT using DTX-MB-RB
prepared from a pre-MB colloidal suspension in PC3 and 22Rv1 murine models.

3. ldentify the effect of chemo-SDT using DTX-MB-RB on the expression of key genes
involved in prostate cancer progression.

4. To determine the effectiveness of UTMD to deliver drug payloads to prostate tumours
in a murine model.

5. To determine the safety profile of DTX-MB-RB in healthy non tumour bearing mice.

114



5.3 Results and discussion

5.3.1 Efficacy of UTMD mediated chemo-SDT using DTX-MB-RB prepared from a pre-

MB colloidal suspension in a LNCaP spheroid model of prostate cancer

LNCaP spheroids were prepared as described in section 2.12. Four days after seeding, the
spheroids were allocated to groups for treatment as follows: untreated, blank MB + US, MB-
RB, MB-RB + US, DTX-MB, DTX-MB + US, DTX-MB-RB, and DTX-MB-RB + US. Two
different treatment doses were used: the first involved a DTX / RB dose of 8.33uM and 25uM
respectively while in the second experiment the dose was doubled (i.e. [DTX] = 16.67uM and
[RB] =50uM). In the groups where US was applied, the US conditions were the same as those
used in the Chapter 3 spheroid experiment. 24h following treatment, spheroids were collected
and trypsinised to form a single cell suspension and cell viability determined using a MTT

assay.

The results from the lower treatment dose are shown in Figure 5.1 a) and reveal that treatment
with the blank MBs caused only a minor, non-statistically significant reduction of 12% in cell
viability. The DTX-MB, MB-RB, and DTX-MB-RB treatments in the absence of US also
produced minor non-statistically significant reductions of 11, 3 and 13% respectively. Cell
viability reduced slightly upon the application of ultrasound with MB-RB + US reducing to
73% as a result of SDT and DTX-MB + US reducing to 76%, most likely due to better
dispersion of the DTX into the spheroids. However, when spheroids were treated with DTX-
MB-RB + US, cell viability reduced dramatically to 42% (p < 0.001). This reduction in cell
viability was greater than the additive effect of the independent DTX-MB + US and MB-RB +
US treatments and suggests the two treatments (SDT and DTX chemotherapy) may be acting
synergistically. One reason for this synergy could be that that as US is applied soon after the
DTX-MB-RB is added, and, as the lifetime and diffusion distance of ROS is short, SDT
mediated cytotoxicity would be temporally much faster than DTX mediated damage.

Therefore, SDT mediated damage could sensitise the cells to subsequent DTX exposure.

At the higher concentration of DTX and RB, DTX-MB and RB-MB produced no change in
cell viability when compared to the untreated spheroids (101 and 100% respectively) in the
absence of US. However, the viability of spheroids treated with MB-RB + US decreased
significantly to 50% (p < 0.01), compared to 73% at the lower concentration indicating a dose-

dependent SDT effect. The viability of spheroids treated with DTX-MB + US were also
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reduced (61%) compared to DTX-MB but the magnitude of reduction was considerably smaller
than for MB-RB + US. Again, DTX-MB-RB + US caused the greatest reduction in viability of

the spheroids (29% viable) which was also considerably better than at the lower concentration.

Results from both these experiments highlight the benefit of chemo-SDT therapy using DTX-
MB-RB in this castrate resistant model of prostate cancer. The results also indicate that in the
absence of US, toxicity from DTX-MB-RB was significantly reduced confirming the
requirement for US induced cavitation and SDT activation for the treatment to be effective.
The reduced toxicity in the absence of US should also enhance the tolerability of the treatment

which will be further explored in the in vivo experiments.
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Figure 5.1 Cell viability of LNCaP spheroids treated with i) Untreated ii) blank MBs + US
(iii) MB-RB (iv) MB-RB + US (v) DTX-MB (vi) DTX-MB + US (vii) DTX-MB-RB (vii)
DTX-MB-RB + US. For experiment a) [DTX] was 8.33 uM, [RB] was 25 uM. For
experiment b) [DTX] was 16.67 uM, [RB] was 50 uM. In both cases [MB] was
3.56x108/mL. *P<0.05, **P<0.01 and ***P<0.001. Error bars show + SEM (n=4).
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5.3.2 Efficacy of UTMD mediated chemo-SDT using DTX-MB-RB prepared from a pre-

MB colloidal suspension in a DU145 spheroid model of prostate cancer

The experiment described above (5.3.1) was repeated in the androgen insensitive DU145 cell
line to determine if any significant changes in treatment efficacy would be apparent between
cell lines. Generally, a similar trend was observed with only minor reductions in cell viability
observed for DTX-MB and MB-RB in the absence of US. Again, SDT treatment (MB-RB +
US) was more also effective than DTX-MB + US at both concentrations tested and at the lower
concentration DTX-MB-RB + US was significantly more effective at reducing viability than
DTX-MB-RB alone (p <0.001), DTX-MB + US (p <0.001) or MB-RB + US (p <0.001).
However, at the higher concentration, chemo-SDT treatment (+ US) was only slightly more
effective than the effect of SDT treatment alone (MB-RB + US) and the difference was non-
significant. This suggests the DU145 spheroids are more sensitive to the effects of SDT than
LNCaP cells. At the higher concentration, given its MOA, the SDT effect may be sufficient on
its own to produce a significant cytotoxic effect with little benefit observed from the provision
of DTX. In addition, it has previously been shown that DU145 cells are less sensitive to the
effects of DTX with a half maximum inhibitory concentration (IC50) 3.3-fold greater [230].

Combined, results from both 3D spheroid experiments demonstrate that chemo-SDT is
effective at reducing the viability of both castrate sensitive and resistant 3D spheroid models
of prostate cancer. The next step was to determine the efficacy of the DTX-MB-RB + US in
appropriate animal models of the disease.
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Figure 5.2 Cell viability of DU145 spheroids treated with i) Untreated ii) blank
MBs + US (iii) MB-RB (iv) MB-RB + US (v) DTX-MB (vi) DTX-MB + US (vii)
DTX-MB-RB (vii) DTX-MB-RB + US. For experiment a) [DTX] was 8.33uM,
[RB] was 25uM. For experiment b) [DTX] was 16.67uM, [RB] was 50uM. In both

cases [MB] was 4.11x108/mL. **P<0.01 and ***P<0.001. Error bars show + SEM
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5.3.3 Efficacy of UTMD mediated chemo-SDT using DTX-MB-RB prepared from a pre-
MB colloidal suspension in murine model of prostate cancer bearing ectopic 22Rv1

tumours

As mentioned in chapter 3, 3D spheroids are an effective model to establish the efficacy of
drug-based therapies such as chemo-SDT and reflect the characteristics of solid tumours better
than 2D cell models. However, to determine the effectiveness of UTMD as a drug delivery
vehicle, in vivo experimentation remains the best model available. The androgen sensitive cell
line LNCaP was used for the 3D spheroid experiments. Unfortunately, it proved difficult to
establish LNCaP tumours in the Balb/c nude SCID mice used and therefore an alternative
androgen sensitive cell line was identified. 22Rv1 cells are a prostate carcinoma cell line
derived from a parental CWR22 xenograft. The 22RV1 cell line was serially propagated in
mice Xxenografts after castration-induced regression and relapse of the CWR22 parental

xenografts. They are an androgen-dependent cell line that also expresses PSA [228, 229].

Male nude balb/c mice were subcutaneously injected with 5x10% 22Rv1 cells in 100pL of
Matrigel and serum free media (50:50) and once tumours reached approximately 100 mm? the
animals were randomly allocated to treatment groups. Group 1 received no treatment. Group 2
received Enzalutamide as an ADT treatment at 10 mg/kg. Group 3 received DTX-MB-RB
([DTX] = 1.11 mg/kg; [RB] = 7.54 mg/kg and [MB] = 3.12 x 10° MB/mL) while group 4
received the same DTX-MB-RB dose but also received US treatment applied to the tumour.
Group 5 received the same treatment as Group 4 in combination with Enzalutamide treatment.
The final group (group 6) received a matched dose of non-MB bound DTX (1.11 mg/kg) i.e.
the same concentration as was present on the DTX-MB-RB. Animals were treated on days 0,
4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 unless culled due to tumour size earlier. Tumour

volume was recorded daily until the tumours reached the limit of the licence.

The individual growth curves for each mouse in each group is shown in Figure 5.3 (i-vi) with
the average for tumour volume for each group shown in Figure 5.4. It is clear from the untreated
animals that the 22Rv1 tumours were extremely fast growing and were 821% bigger nine days
after the start of the experiment. Treatment with the matched dose of DTX + US provided no
real difference to tumour growth compared to untreated animals with tumours growing 838%
9 days after their initial treatment. Similarly, DTX-MB-RB in the absence of US had no impact
on tumour growth with tumours on average slightly larger at 1043.1% than untreated animals,
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although the difference was not statistically significant. Indeed, review of the individual growth
curves for this group indicated that two tumours were extremely fast growing, and this was
most likely the reason for the slight increase in average tumour volume compared to the
untreated group. DTX-MB-RB + US and Enz treatments provided comparable tumour control
with tumours 567 and 514 % larger on Day 9. However, when these two treatments were
combined, a significant improvement (p < 0.01) was observed in tumour growth control with
tumours growing only 203% by Day 9. No significant change was observed in the average
weight of the animals in any group with the only exception being the DTX + US group where
a small 3.3% drop in weight was observed compared to untreated animals on Day 7. The
increased efficacy of DTX-MB-RB with US and Enz was not surprising when the context of
the phase 3b study: A Randomized, Double Blind, Placebo-Controlled, Phase I1lb Study of the
Efficacy and Safety of Continuing Enzalutamide in Chemotherapy Naive Metastatic Castration
Resistant Prostate Cancer Patients Treated With Docetaxel Plus Prednisolone Who Have
Progressed on Enzalutamide Alone (PRESIDE). The participants of the PRESIDE trial
received daily oral Enz or oral placebo alongside ten cycles of docetaxel every 3 weeks and
oral prednisone. The findings showed that median progression-free survival with Enz was 9.5

months versus 8.3 months with placebo [231].
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Figure 5.6 Mean survival for nude balb/c mice bearing 22Rv1tumours, treated with i)
untreated, if) DTX (matched dose) + US, iii) enzalutamide, iv) DTX-MB-RB, v) DTX-
MB-RB + US and vii) DTX-MB-RB enzalutamide + US. **P < 0.01 (N=5).

The Kaplan Meier plot is shown in Figure 5.5. The endpoint for these mice was indicated by
the tumour limit stated within the project license this work was carried out under, this was
determined as mice with tumours where the mean size (mm) of the dimensions of the tumour
equalled 17 mm. The data in figure 5.5 clearly shows survival benefit for animals in the Enz,
DTX-MB-RB + US and DTX-MB-RB + US + Enz groups while DTX-MB-RB and DTX+ US
provided no noticeable benefit. This was also reflected in the average survival time of the
animals in each group where the untreated, DTX + US and DTX-MB-RB groups had average
survivals of 11.2 £ 0.9, 11 + 0.8 and 11 + 1.7 days (Figure 5.6). Treatment with DTX-MB-RB
+ US improved the average survival to 17 + 2.8 days which was slightly better than Enz at 16.4
+ 1.6 days. This was increased to 18.8 + 1.74 days when DTX-MB-RB + US was combined

with Enz.
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Combined, these results demonstrate the potential of UTMD mediated chemo-SDT using
DTX-MB-RB in this aggressive model of androgen dependent prostate cancer. When
combined with Enz, a significant improvement in tumour growth delay was observed and a
small improvement in average survival was also evident. The fact that UTMD mediated
chemo-SDT using DTX-MB-RB has comparable efficacy as a current standard of care
treatment for androgen dependent prostate cancer is encouraging. It would, however, be
interesting to compare efficacy against radiotherapy which is also a first line treatment for this
form of prostate cancer. Unfortunately, no small animal external beam radiotherapy instrument

was accessible during this project.

5.3.4 Efficacy of UTMD mediated chemo-SDT using DTX-MB-RB prepared from a pre-
MB colloidal suspension in a murine model of prostate cancer bearing ectopic PC3

tumours

As discussed in Chapter 3, a PC3 murine tumour model was utilised to determine the efficacy
of US mediated DTX-MB-RB treatment against androgen resistant prostate cancer. Mice
were treated with either: DTX-MB-RB +/- US; a matched dose of DTX chemotherapy +
ultrasound (i.e., same concentration as administered on the DTX-MB-RB = 0.94 mg/kg DTX,
RB = 6.35 mg/kg); a standard mouse dose of DTX chemotherapy (10.00 mg/kg); DTX-MB
(0.94 mg/kg DTX) + US or MB-RB (6.35 mg/kg DTX) + US. Untreated animals were used
for comparative purposes.

Figure 5.8 shows the mean growth of tumours in each group over time. Tumour growth in
animals treated with DTX-MB-RB + US were over 195% smaller than the next best group (p<
0.05) and over 454% smaller than untreated animals (p<0.01), 29 days after the initial
treatment. In comparison, animals treated with DTX-MB + US were 94% smaller than
untreated animals and those treated with MB-RB + US were 258% smaller than untreated
animals. Therefore, the effect of DTX-MB-RB + US produced 102% smaller tumours than the
additive effect of DTX-MB + US and MB-RB + US, indicating synergy. The treatment was
also significantly better (228% smaller, p<0.05) than the “standard” dose of DTX which
contained > 10-fold more DTX compared to the DTX-MB-RB + US. This represents a very
impressive improvement in tumour growth delay when compared to the current standard of

care treatment for this form of prostate cancer. The capability of UTMD to enhance the efficacy
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of DTX in a PC3 murine model has been highlighted by Goertz et al [232]. Athymic nude mice
received a PC3 xenograft and received either i) no treatment, ii) DTX, iii) MBs with US or iv)
DTX with MB and US. Tumour histology showed a 2.4-fold increase in necrosis for the DTX
alone group relative to the untreated, however, the DTX with MB and US showed a 9.7-fold
increase relative to the untreated mice. They also showed greater tumour growth control for
mice treated with DTX with MB and US after 5 weeks where mice had average tumour volumes

of less than 50mm?3 compared to mice who received only DTX (nearly 500mm?3) [232].

The Kaplan Meier curve is shown in Figure 5.9 and reveals that DTX-MB-RB + US treatment
resulted in improved survival outcome compared to the other groups. The average survival for
animals in this group was 37.8 £ 0.7 days, while the next best group was MB-RB + US at 30.2
+ 2.3 days. DTX-MB-RB + US was also significantly better than the standard dose of DTX
which had an average survival of 22.2 + 2.6 days (p< 0.001). However, it should be noted, that
2 animals had to be removed from the DTX group for ethical reasons at days 13 and 19 as their
weight dropped by more than 20% below the pre-study weight and was attributed to the
extreme toxicity of DTX chemotherapy. Nonetheless, as is evident from the Kaplan Meier

curve, the animals that remained in this group did not obtain any substantial survival advantage.

Figure 5.8 b) also highlights the toxicity of the DTX standard dose with the average weight of
animals dropping significantly following the initial treatment. In contrast, the weight of animals
treated with DTX-MB-RB + US remained unchanged over the course of the experiment and
was comparable with that of untreated animals indicating that the treatment was well tolerated.
These data are key in demonstrating one of the major benefits of this approach, since they
demonstrate that the combination of SDT with the highly toxic DTX delivered using MBs
affords significant therapeutic benefit without the adverse effects associated with standard
doses of DTX.
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Figure 5.7 Individual tumour growth delay plots for each nude CD-1 mouse implanted with PC3 tumours, treated with a) untreated, b) DTX
(matched dose) + US, ¢) DTX (standard dose + US), d) DTX-MB + US, e) MB-RB + US, f) DTX-MB-RB and g) DTX-MB-RB + US.
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Figure 5.8 Plot of a) percentage tumour growth and b) and b) percentage weight change for nude CD-1 mice bearing
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Figure 5.10 Mean survival for nude CD-1 mice bearing PC3 tumours, treated with 1)
untreated, ii) DTX (matched dose) + US, iii) DTX (standard dose + US), iv) DTX-MB +
US, v) MB-RB + US, vi) DTX-MB-RB and vii) DTX-MB-RB + US. ***P < 0.001 (N=5)

5.3.5 Safety study of DTX-MB-RB prepared from a pre-MB colloidal suspension in

healthy non tumour bearing mice

The efficacy study conducted in mice bearing PC3 tumours demonstrated evidence of acute
toxic effects in animals treated with standard DTX chemotherapy. While there was no
indication of adverse effects from the DTX-MB-RB chemo-SDT treatment, it was still deemed
prudent to undertake an indicative safety study in healthy non-tumour bearing animals. The
animals were allocated to three groups: Group 1 were untreated; Group 2 received DTX-MB-
RB (1.V., [DTX] = 1.13 mg/kg and [RB] = 7.70 mg/kg] and Group3 received DTX (I.V. [10
mg/kg]). Treatments were administered on days 0, 4, 7, 11 and 14, to mirror the efficacy
experiment outlined in section 5.3.4. Blood samples were taken on days 10 and 15 and analysed
by an independent laboratory for a range of biochemical markers with the body weight also

recorded every other day. Following the final blood sample on Day 15, the animals were
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euthanised with the livers and kidneys harvested for independent histopathological
examination. It should be noted, however, that in this study, no US was used to focus delivery
of the chemotherapy to the tumour meaning in relative terms more was circulating in the

systemic circulation and available for sequestration by the liver or kidneys.

As was observed in section 5.3.4, the average weight of animals in the DTX group dropped
significantly to 92.1% by Day 15 (p< 0.01). In contrast, there was no significant change in the
average weight of animals in the DTX-MB-RB group (103.6%) which was only slightly
different than untreated animals (106.9%). This consistent reduction in body weight between
the groups highlights the acute toxicity of DTX chemotherapy at this dose. While the rate and
magnitude of weight loss was less than observed in 5.3.4, the slower rate of weight loss may
be due to the starting health of the animals i.e., tumour / non-tumour bearing with the latter
being better placed to undertake a toxic chemotherapy regimen. In a study conducted by
Grudén et al [233] a 10% reduction in body weight was observed in C57bl/6J mice bearing
Lewis lung carcinoma (LLC) xenograft tumours after 14 days, which received a higher dose of
DTX (25 mg/kg) and were treated 4 times between days 6 and 12. This 10% body weight
reduction by day 14 is consistent with the 7.9% body weight reduction seen after 14 days and

confirms the toxicity of multiple DTX treatments within various murine models.

Blood smear analysis was carried out by the Veterinary Pathology Group (VPG) (Leeds, UK).
Results from the blood analysis are shown in Figure 5.12 c¢) and reveal no significant
differences in the levels of key blood markers. A small rise in ALT level, which can indicate
liver damage, was observed for the DTX-MB-RB group at Day 10 but returned to normal
(untreated) levels at Day 15. A small reduction in urea levels was also observed for both the
DTX-MB-RB and DTX groups when compared to untreated animals but this was not
considered problematic as the reduction was minor and elevated urea levels are normally
associated with kidney damage. Neutropenia is a common side effect following chemotherapy
treatment and while the neutrophil levels were slightly reduced in both the DTX-MB-RB and
DTX groups at Day 10, they increased for the DTX-MB-RB by day 15. The lymphocyte level
was also slightly reduced in DTX-MB-RB group at Day 15 but against this was minor and not
considered a direct effect of the treatment as lymphocyte levels are often found to be elevated
following chemotherapy. While there were very minor differences in some of the other
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biochemical markers, none were statistically significant or substantial enough to warrant any

significant concern.

The histological analysis of tissues was carried out by Paul Kelly and Declan O’Rourke at the
Department of Pathology, Belfast Health and Social Care Trust (Belfast, UK). Results from the
hepatic histopathological examination are shown in Figure 5.12 and reveal no change in the
mean score for lobular inflammation or steatosis. While there was a small increase in the mean
portal inflammation score for the DTX-MB-RB and DTX groups, this was below 1.5 and not
statistically significant. Indeed, the mean score for the untreated animals was also above 1.0,
perhaps indicating the involvement of some other non-treatment related factors. Similarly,
renal histopathological examination revealed there was evidence of mild interstitial
inflammation in some of the untreated animals which increased further in the DTX-MB-RB
and DTX groups, with the magnitude of increase slightly greater for the DTX group. While
this increase was statistically different for the DTX group, the mean score was still below 2.0
and deemed mild. The only other difference observed in the kidney analysis was glomerular
cellularity where the DTX-MB-RB was slightly elevated (mean score = 1.25) and this was
statistically not significant. Toxic effects of DTX in the kidneys was not expected, DTX is
commonly used for patients with lung cancer, it has been reported that 20% of lung cancer
patients experience chronic kidney disease. In a small study by Anai et al [234]. There was no
increase in incidence of DTX associated toxicity between non-small cell lung cancer patients

with non-dialysis chronic kidney disease stage 3b or higher [234].

In summary, results from the safety study highlight that any toxic effects associated with the

DTX-MB-RB were minor and considered less than mild according to the scoring system used.
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Figure 5.11 Plot of percentage weight change for healthy non tumour bearing mice. The
mice were treated with i) untreated, ii) DTX-MB-RB or iii) DTX (10 mg/kg). (N=8)
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Figure 5.12 Safety study in healthy non tumour bearing mice where mice received i) remained
untreated, if) DTX MB RB or iii) DTX (standard dose). Where biological markers were used to
determine the health of mice in a) the kidney (glomerular cellularity, glomerular basement
membrane, tubular vacuolation, interstitial inflammation, interstitial fibrosis and collecting system),
b) the liver (portal inflammation, lobular inflammation and steatosis) and c) a range of blood
biomarkers (urea, ALT, RBC, Hb, HCT, MCV, MCH, MCHC, platelets, WBC, neutrophils,
lymphocytes, monocytes and eosinophils). (N=8). (*P<0.05).

135



5.3.6 UTMD mediated localisation of MBs loaded with IR780 in a murine model of

prostate cancer.

A previous study by McEwan et al. demonstrated the ability of UTMD to localise NIR dye
loaded MBs to tumours in a murine model of pancreatic cancer [235]. This involved attachment
of the dye to the MB surface using the biotin-avidin interaction. This approach was warranted
as the dye served as a surrogate for the drugs used (Rose Bengal and 5-FU) that were attached
using this interaction. However, as DTX was loaded hydrophobically in DTX-MB-RB, it was
deemed prudent to examine the UTMD of MBs with a NIR surrogate used in place of DTX
which was also incorporated hydrophobically. Therefore, the NIR dye IR780 was incorporated
within the MBs in place of DTX to produce the IR780-MB using the method described in 2.19.

Two groups of mice bearing ectopic 22Rv1 tumours received an IV injection of the IR780-MB
(2.84x10° MB/ml, IR780 0.89 mg/kg) with one group also receiving US treatment using the
conditions described in 2.20. The mice were imaged before treatment and 3h after treatment
using an IVIS whole body imager. A region of interest (ROI) was circled around the tumour
(target) with a second ROI circled on a portion of the back as a non-target reference. The NIR
emission associated with each ROl was measured and the ratio of the tumour : back radiance
for each group determined. A representative image of an animal from each group at the Oh and
3h timepoints are shown in Figure 5.13 and reveal significant NIR emission from the tumour
region of the animal in the IR780-MB + US group when compared to that in the IR780-MB
group. When the mean tumour : back radiance was plotted for each group, the IR780-MB +
US group was 91% greater than the IR780-MB group. While the difference between these
groups was lower than observed for McEwan et al (400% at 30 min, P<0.01) and non-
significant (P = 0.0658), the increase is substantial enough to suggest that UTMD is enhancing
tumour delivery of the encapsulated IR780. It must be stressed however, that this experiment
was not optimised, and needs repeated with an optimised IR780 loading / MB concentration,
as detector saturation was an issue, particularly at the time points soon after administration (i.e.
30 min to 3h). Nonetheless, the results do resemble those obtained by McEwan et al with

evidence of enhanced payload localisation in the tumour as a result of UTMD.
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Figure 5.13 a) VIS images of mice bearing 22Rv1 tumours, that received i) IR780 loaded
MBs without US (top images), or ii) IR780 loaded MBs with US (bottom images). The
images were taken at 0 hours; before treatment (left images) or 3 hours post treatment; (right

images). b) Plot of tumour/back radiance for each treatment and timepoint. (n=3)
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5.4 Conclusions

UTMD mediated chemo-SDT using DTX-MB-RB, prepared in a single step from its precursor
pre-MB colloidal suspension, was evaluated for efficacy in androgen sensitive and resistant 3D
spheroid and murine models of prostate cancer. UTMD mediated chemo-SDT was shown to
be more effective than either UTMD mediated chemotherapy or SDT in LNCaP and DU145
spheroids at both concentrations tested. However, at the higher concentration the effect of
UTMD mediated chemo-SDT was only marginally better than UTMD mediated SDT.

In the androgen dependent 22RV1 murine model, UTMD mediated chemo-SDT using DTX-
MB-RB provided a comparable level of tumour control as enzalutamide ADT, and both were
more effective than standard DTX treatment. When UTMD mediated chemo-SDT and ADT
were combined, a significant improvement in tumour control was observed compared to either
individual treatment. In the androgen resistant PC3 murine model, UTMD mediated chemo-
SDT was significantly more effective than standard DTX treatment at controlling tumour
growth and the average survival was also significantly longer at 23 days compared to 38 days.
In addition, the UTMD mediated chemo-SDT was well tolerated while the standard DTX
treatment resulted in significant weight loss. A more detailed safety study, investigating the
effect of DTX-MB-RB on key blood biochemical markers and liver / kidney pathology,

confirmed the treatment did not cause any worrying adverse effects.

Collectively, these results confirm the potential of UTMD mediated chemo-SDT as a treatment
for prostate cancer when used alone or in combination or in combination with other clinically

approved treatments such as ADT.
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Chapter 6:

Development of a Single-Vial, Pre-Microbubble Colloidal
Suspension Loaded with 5-Fluorouradine and Irinotecan

for the Treatment of Prostate Cancer.
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6.1 Introduction

FOLFIRINOX is a combination chemotherapy regimen that comprises the non-cytotoxic
folinic acid (FOL) alongside 5-fluorouracil (F), irinotecan (IRIN) and oxaliplatin (OX). It is
most widely used in the treatment of pancreatic cancer where it the most effective therapy in
terms of OS. FOLFIRINOX was clinically approved in 2010 following the PRODIGE
4/ACCORD 11 study which compared the efficacy of FOLFIRINOX against gemcitabine in
patients with metastatic pancreatic cancer [236]. The ACCORD phase IlI trial showed that
FOLFIRINOX had a greater median OS of 11.1 months than gemcitabine (6.8 months) [236].
FOLFIRINOX has shown unparalleled improvement on the OS of patients with metastatic
pancreatic cancer than other promising treatment methods such as Abraxane. Abraxane
consists of paclitaxel bound albumin nanoparticles, which is used to treat metastatic pancreatic
cancer patients alongside gemcitabine. In the MPACT phase Il clinical trial an efficacy
comparison was made between gemcitabine monotherapy and gemcitabine + Abraxane, the
outcomes were recorded by comparing the OS of patients with metastatic pancreatic cancer.
Whilst gemcitabine + Abraxane showed a significant increase in OS (9.8 months) than
gemcitabine monotherapy (7.5 months) [237]. The increase was not as impressive as that seen
in the ACCORD phase Il trial in which FOLFIRINOX showed a 63.2% increase in OS vs
gemcitabine monotherapy, compared to gemcitabine + Abraxane in the MPACT phase 11 trial
with 30.7% vs gemcitabine monotherapy [238, 239]. However, FOLFIRINOX is associated
with significant side effects and is only indicated for patients with a good health performance
status (i.e., Eastern Cooperative Oncology Group (ECOG) score < 2) [240, 241].

The same drug combination as FOLFIRINOX has also been used in the treatment of colorectal
cancer where it is termed FOLOXFIRI with the only difference being the rate of 5-fluorouracil
infusion. Drug combinations such as FOLFOX and FOLFIRI have been explored in the
treatment colorectal cancer. An analysis study of SEER-Medicare data, it was found that
oncologists preferred FOLFOX rather than FOLFIRI with a usage rate of 79.3% compared
with 20.7%, despite both treatments showing similar PFS rates of (8 and 8.5 months
respectively) [242]. Most patients receiving FOLFOX and FOLFIRI received a monoclonal
antibody drug as well such as cetuximab or bevacizumab, and median survival of up to 30

months is achievable in patients with metastatic colorectal cancer. In a phase Il randomized
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clinical trial titled FIRE-3 it was determined that FOLFIRI + cetuximab had a greater OS (33
months) vs FOLFIRI + bevacizumab (26 months) [243].

5-fluorouracil, irinotecan and oxaliplatin are not current standard of care chemotherapy
treatments for prostate cancer. However, a 2018 study has shown that 5-fluorouracil treatment
of patient who relapsed following previous ADT, DTX and abiraterone treatment showed a
remarkable reduction in PSA level (1,890 ng/mL to <1 ng/mL) [244]. The authors postulated
that PSA overexpression may result in prostate cancer cells being uniquely susceptible to
antifolate therapies such as 5-FU. A 2018 study also investigated the use of IRIN combined
with the hypercholesterolaemia drug simvastatin [244]. Simvastatin downregulates Mcl-1, a
highly expressed anti-apoptotic gene in advanced prostate cancer, thereby reducing the
effectiveness of apoptotic agents such as IRIN. Therefore, combining simvastatin with IRIN
could ameliorate the impact of Mcl-1 expression and improve the effectiveness of IRIN
chemotherapy. The results showed that simvastatin enhanced IRIN-induced apoptosis. The
percentage of apoptotic cells was 10% for both control PC3 cells and PC3 cells receiving IRIN
(10uM), 44% for PC3 cells receiving simvastatin (25uM), however when both IRIN (10uM)
and simvastatin (25uM) approximately 68% of cells were apoptotic [245]. An added attraction
of this approach is that prostate cancer is most common in elderly men, many of whom are on
statins to control their hypercholesterolaemia. However, this age demographic and associated
physical wellbeing does limit the potential of using toxic chemotherapy combinations.

The ability to target chemotherapy combinations such as FOLFIRINOX, FOLFOX and
FOLFIRIN could help further improve efficacy but reduce the extreme side effects and make
them more applicable to a wider range of cancers. Gao et al. [246] has previously designed a
MB carrying the three chemotherapy drugs used in FOLFIRINOX for the treatment of
pancreatic cancer [246]. Free base IRIN was encapsulated in the MB shell in a manner
comparable to DTX in Chapters 3-5. A DBPC lipid derivative of 5-FUR was prepared using
an enzyme mediated transphosphatidylation reaction and was a constituent lipid of the MB
shell. The MBs were prepared containing IRIN and 5-FUR and then a biotin functionalised
oxaliplatin used to attach oxaliplatin using the avidin-biotin interaction. The FIRINOX MBs
were administered alongside folinic acid to mice bearing human pancreatic tumours and
UTMD mediated treatment was efficacious than standard FOLFIRINOX treatment yet better

tolerated.
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In this chapter, DSPE derivatives of 5-FUR and IRIN were synthesised and used to prepare
5FUR-MB-IRIN. As with the DTX-MB-RB in chapters 4 and 5, the 5FUR-MB-IRIN will be
prepared from a pre-MB colloidal suspension in a single step using the Vial Mix. The efficacy
of UTMD mediated 5SFUR-MB-IRIN treatment was assessed in a 3D DU145 spheroid model

of prostate cancer.

6.2 Aims and objectives

The overall aim of the work undertaken in this chapter was to prepare a SFUR-MB-IRIN and
assess their potential as a treatment for prostate cancer. The specific objectives for this

chapter were.

1. Synthesise a 5-FUR modified DSPE phospholipid (SFUR-DSPE) and characterise
using NMR and mass spectrometry.

2. Synthesise an IRIN modified DSPE phospholipid (IRIN-DSPE) and characterise
using NMR and mass spectrometry.

3. To prepare and characterise 5SFUR-MB-IRIN from the drug-loaded lipid conjugates.

4. Determine the efficacy of UTMD mediated of 5SFUR-MB-IRIN chemo-SDT therapy
using in a DU145 3D spheroid model.
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6.3 Results and discussion
6.3.1 Synthesis of 5SFUR-DSPE
5FUR-DSPE was synthesised as outlined in Scheme 6.1.
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Scheme 6.1 for synthesis of 5SFUR-DSPE.

The first step was to protect the diol on the sugar of the 5-flourouridine by reacting with acetone
to form a ketal. The ketal was then reacted with succinic anhydride to form an ester with the
primary alcohol and generating the carboxylic acid derivative. The carboxylic acid group of 5-

Fluorouridine-Ketal carboxylic —acid was reacted with the primary amine of DSPE linking the
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two molecules together through an amide bond producing compound 5-Fluorouridine-Ketal —
DSPE. The final step was deprotection of the ketal to produce 5FUR-DSPE.

The structure of 5-fluorouridine — DSPE was confirmed using *H-NMR, *C-NMR and ESI-
MS. The stacked *H-NMR of DSPE, 5FUR and 5SFUR-DSPE are displayed in Figure 6.1. Peaks
consistent with 5FUR and DSPE are evident in the spectrum of 5SFUR-DSPE except for the
methylene protons (p and q) of the succinic acid linker, which can be found with resonances
at 2.30 and 2.70 ppm. Diasteriotopic methylene protons (i), directly coupled to the primary
alcohol in 5FUR and split over two resonances at 3.70 and 3.85 ppm shift upfield to 4.05 ppm
in 5FUR-DSPE due to formation of the amide bond. Similarly, DSPE methylene protons (g
and h) observed at 3.80 and 4.15 ppm can be found in 5SFUR-DSPE with resonances like that
of the NMR spectra for DSPE. Furthermore, the protons of the terminal methyl groups of DSPE
(a) have resonances between 0.50-0.60 ppm. The methylene protons of the lipid chain (b) are
found at the large resonances between 1.30-1.60 ppm. Further downfield the methylene protons
in the beta position (c) and the methylene protons in the alpha position (d) to the ester group
on the phospholipid chain appear between 1.45-1.55 ppm and 2.45-2.60 ppm. The
characteristic glycerol methine proton (e) appears as a resonance at 5.30ppm while methylene
protons (f) were located on a resonance centred at 3.40 ppm. The methine proton of the sugar
moiety of the 5-FUR (k) observed as a resonance of 5.75 ppm. The methine protons (m and o)
were found with resonances in a complex section of the spectra between 4.00 — 4.15 ppm. The
methylene protons (1) adjacent to the primary alcohol of the 5-FUR moiety were observed split
onto resonances at 3.70 and 3.85 on the 5FUR spectra, the protons (I) shift downfield due to
the formation of the ester and can be found with resonances within the complex section of the
spectra between 4.00 and 4.20 ppm. The Furthest downfield at 7.79-7.80ppm is the methine
proton (j) found adjacent to the carbon-fluorine bond. The *3C-NMR spectrum of 5SFUR-DSPE
is shown in Figure 6.2 and shows the lipid chain (d) carbons resonating on a large peak centred
at 28.99-31.81 ppm. The carbonyl carbons (h), (i), (j) and (k) from the 6 membered ring of the
5FUR component were found furthest downfield at 124.5, 139.6, 141.4 and 149.3 ppm
respectively. The amide carbonyl carbon (I) was observed at 157.8ppm. while the ester
carbonyls (m), (n) and (o) resonate between 172.5-173.8 ppm. The remaining carbon atoms
have been assigned as shown in Figure 6.2. The molecular weight of 5-fluorouridine — DSPE
was confirmed via ESI-MS (negative mode), with the base peak at 1090.3 Da corresponding

to the [M-H] peak confirming successful synthesis of 5-fluorouridine — DSPE.
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Figure 6.1 Stacked *H-NMR spectra of 5-fluorouridine — DSPE.
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Figure 6.2 1*C-NMR spectra of 5-fluorouridine — DSPE.
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6.3.2 Synthesis of IRIN-DSPE

IRIN-DSPE was synthesised as shown in Scheme 6.2.
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Scheme 6.2 for synthesis of IRIN-DSPE.

The first step involved removing the water from IRIN HCL salt trihydrate, by azeotropic
distillation using DMF. The carboxylic acid of Boc-protected Glycine (Boc-Gly-OH) was then
reacted with the alcohol IRIN to form Irinotecan — GLY — BOC. The Boc group was then
removed from the newly introduced glycine component and the resulting primary amine then
reacted with succinic anhydride to form carboxylic acid derivative Irinotecan — GLY -
carboxylic acid. This carboxylic acid was reacted with the primary amine of the DSPE to
produce an amide linkage forming the IRIN-DSPE.

IRIN-DSPE is a large, complicated molecule and assignment by NMR is complex. However,
the stacked 'H-NMR of DSPE, IRIN and IRIN-DSPE are shown in Figure 6.4 and reveal
protons from both the DSPE and IRIN components in the spectrum of IRIN-DPSE, *C-NMR
and ESI-MS. The NMR spectra for IRIN-DSPE is significantly more complex than 5FUR-
DSPE due to the size of the molecule. A large peak at 1.25 ppm represents the protons of the
lipid chain (2). The terminal methyl protons of the lipid chain can be found at 0.8 ppm along
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with the protons from the methyl group (1). The methylene protons on the beta and alpha
positions (3 and 4) appear as resonances at 1.60 and 2.30 ppm whilst mixed in with other
resonances from protons. Some of those protons are from the non-aromatic rings of the IRIN
moiety, the protons from the non-aromatic rings that are bonded to carbons not adjacent to the
nitrogen atoms have resonances more upfield, the methylene protons at (22-26) are found at
2.10 ppm. The remaining protons on these non-aromatic rings adjacent to the nitrogen atom
are found further upfield they are labelled as (16 and 17) and (18) with resonances at 3.30 and
3.10 respectively, the final protons on the non-aromatic rings adjacent to the nitrogen atom are
(20 and 21) at 3.70 and 3.60 ppm respectively. The characteristic glycerol methine proton has
another downfield resonance like what was observed in the *H-NMR for IRIN-DSPE which is
labelled (5) with a resonance at 5.35 ppm. The other notable resonances are the four signals
found furthest downfield. These peaks represent the protons from the aromatic methine protons
found on the IRIN moiety, methines (10-13) around found between 7.50 and 8.25 ppm. The
13C-NMR like the *H-NMR for 20 is complex with a large peak at 33.5 ppm reflecting the
carbons (49-62) that make up the DSPE lipid chain. The terminal methyl carbons are found
furthest upfield with a resonance at 18.00 ppm. Carbonyl carbons of the amide (23) and the
ester (24) that are part of the succinic anhydride moiety are found slightly more upfield at 174
and 172 ppm respectively. The remaining carbonyl and aromatic carbons are found on the
spectra between 100 and 162 ppm and are labelled accordingly. The remaining carbon atoms
are assigned to the corresponding peaks as displayed in Figure 6.5. The molecular weight of
IRIN-DSPE was confirmed by ESI-MS (negative mode), the spectrum shown in Figure 6.6
shows there is a major peak at m/z 1471.7 which is representative of the (M-H)  peak

confirming successful synthesis of IRIN-DSPE.
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Figure 6.4 Stacked *H-NMR spectra of IRIN-DSPE.
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6.3.3 Preparation of 5FUR-MB-IRIN

The preparation of 5SFUR-MB-IRIN was undertaken using a similar method to that used in
chapter 4 to produce the DTX-MB-RB but with RB-DSPE and DTX replaced with 5FUR-
DSPE and IRIN-DSPE. This means that all drugs will be incorporated within the shell of the
MB rather than hydrophobically within the acyl chain layer of the lipids. After a period of
development, the 5SFUR-DSPE and IRIN-DSPE were incorporated with DBPC, cholesterol and
DSPE-PEG(2000) in the ratio described in Table 6.1.

Table 6.1 Formulation for 5SFUR-MB-IRIN components.

Components Mol % [Mass (mg) |Molarity (mM)
DBPC 30 1.0990 1.2188
SFUR-DSPE 25 1.1091 1.0156
IRIN-DSPE 25 1.4959 1.0156
Cholesterol 10 0.1571 0.4063

DSPE-

PEG(2000) 10 1.1390 0.4063

6.3.3.1 Characterisation of 5FUR-MB-IRIN

The 5FUR-MB-IRIN pre-MB suspension (Figure 6.7a) was prepared as described in 2.8. and
activated by mixing for 45 sec using the VialMix device to produce the 5SFUR-MB-IRIN
(Figure 6.7b). The MB were imaged using optical microscopy and then analysed using
MATLAB software to determine the MB concentration and size (Figure 6.7 ¢ and d). The
5FUR-MB-IRIN pre-MB suspension was slightly cloudy but was similar in appearance to
blank MBs (image not shown). After mixing, the 5SFUR-MB-IRIN appeared as a white milky
suspension that flowed well. Data obtained from MATLAB analysis of the optical microscopic
images shows a high yield of MB were produced (9.81x10° MB/mL) with a particle size of
0.98um £ 1.02um.
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Figure 6.7 5SFUR-MB-IRIN produced to determine quality of bubble number and size, a) vial of
5FUR-MB-IRIN liposomes, b) vial of FIRIN MBs, c¢) 40x optical image of 5SFUR-MB-IRIN

MBs, d) size distribution of 5SFUR-MB-IRIN.
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6.3.4 Determination of 37.5°C stability of 5SFUR-MB-IRIN

Three batches of 5SFUR-MB-IRIN and blank MBs were produced. The MBs were then stored
within an incubator for 90 mins at 37.5°C (body temperature). Samples were taken 0, 30, 60,
and 90 min, imaged using optical microscopy and subsequently analysed via MATLAB to
provide the MB concentration. The results of the study are shown in Figure 6.8 and reveal that
while the concertation of the blank MBs reduce to 62.57% after 90 min the SFUR-MB-IRIN
were largely unaffected. This suggests that SFUR-MB-IRIN are stable at body temperature for
durations longer than the half-life of MBs in humans. In addition, it would appear that the
incorporation of 5SFUR-DSPE and IRIN-DSPE (i.e., in 5FUR-MB-IRIN), in place of DSPC

(i.e., in blank MBs), have no adverse effect on MB stability and may even provide additional

stability.
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Figure 6.8 Stability of 5FUR-MB-IRIN at 37.5°C. P = ns (n=3).
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6.3.5 Efficacy determination of 5FUR-MB-IRIN in vitro spheroidal DU145 prostate

cancer model

DU145 spheroids were produced in round bottom ultra-low attachment 96 well plates by
seeding 5000 cells per well and incubating for 72 hours. At 72 hours the structure of the
spheroids was checked and the spheroids were treated. The treatment groups were (i) control,
(if) US only, (iii) blank MBs, (iv) blank MBs + US, (v) 5FUR-MB-IRIN 5uM, (vi) 5FUR-MB-
IRIN 5uM + US, (vii) 5FUR-MB-IRIN 10uM, (viii) 5SFUR-MB-IRIN 10uM + US, (ix) 5SFUR-
MB-IRIN 20uM and (x) 5FUR-MB-IRIN 20uM + US. MTT was performed 24 hours later.
The US only, blank MBs and blank MBs + US showed small levels of cell viability reduction
however they were considered non-significant upon statistical testing. For spheroids treated
with MB drug levels at 5uM * US there was a significant reduction in cell viability for the
5FUR-MB-IRIN 5uM + US compared to 5FUR-MB-IRIN 5uM alone (59.9% viable) and
(105.9% viable) respectively p>0.001. An interesting observation was the similarity of the cell
viability between 5SFUR-MB-IRIN 5uM alone and 5SFUR-MB-IRIN 10uM alone 105.9% and
98.1747%, highlighting the impact of US on treatment efficacy. The 5SFUR-MB-IRIN 10uM +
US showed greater cell viability reduction compared to 5FUR-MB-IRIN 10uM alone 33.6%
and 98.2% respectively P>0.001 suggesting that a dose response can be observed, increasing
concentration of drug dosage on the spheroids decreases cell viability. When the spheroids
were treated with 5SFUR-MB-IRIN 20uM alone there is a large reduction in cell viability
(34.4% viable), suggesting the toxicity at this concentration can be observed without the
penetrative effects of US aiding drug uptake. However, a significant cell viability reduction is
observed when US is applied (8.7% viable) P>0.01. The results of this experiment highlight
the efficacy of the SFUR-MB-IRIN ability to treat DU145 prostate cancer spheroids.
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Figure 6.9 DU145 spheroids treated with (i) control, (ii) US only, (iii) blank MB, (iv) blank
MB + US, (v) 5FUR-MB-IRIN 5uM, (vi) 5FUR-MB-IRIN 5uM + US, (vii) 5FUR-MB-IRIN
10pM, (viii) 5SFUR-MB-IRIN 10uM + US, (ix) 5SFUR-MB-IRIN 20uM and (x) 5SFUR-MB-
IRIN + US. [MB] was 7.02x108/mL. N=4. ***p>0.001.
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6.4 Conclusion

5FUR and IRIN functionalised DSPE conjugates were prepared and used to successfully
prepare a pre-MB suspension that when mixed for 45 sec generated 5SFUR-MB-IRIN. These
MBs were stable at 37.5°C for 100 min and the efficacy of UTMD mediated treatment was
demonstrated in 3D DU145 spheroids. The results show UTMD mediated 5SFUR-MB-IRIN
treatment to be significantly more effective that SFUR-MB-IRIN treatment in the absence of
ultrasound or UTMD treatment using blank MB. Therefore, the results suggest that inertial
cavitation of the 5SFUR-MB-IRIN enhance the uptake of the resulting MB shell fragments
within the spheroids and the subsequent hydrolysis liberates the 5SFUR and IRIN from the
lipids. This is important as the functional groups used for attachment of DSPE to the drugs are
involved in the ability of the drug to exert its pharmacological effect. 5FUR-MB-IRIN is not a
recognised treatment for PCa and this may be in some part to toxic effects associated with this
combination. Therefore, targeting delivery of these drugs could provide help reduce systemic
side effects. While the results outlined in the 3D spheroid experiment were promising,
additional studies are required in murine models to confirm the efficacy and safety of this

treatment.
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Chapter 7:

Conclusions and Future Outlook
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The work in this thesis explored new techniques for incorporating clinically approved cancer
therapies and lipid prodrug derivatives of clinically approved cancer therapies, within US-

responsive MBs for the treatment of PCa.

Chapter 3 describes the proof of principle for the utility of chemo-SDT mediated UTMD for
the treatment of PCa. Synthesis of RB-biotin was carried out to incorporate RB onto the shell
of DTX loaded MBs. In vitro 3D spheroid model LNCaP-Luc viability determination showed
that treatment with DTX-MB-RB + US provided the greatest reduction in cell viability of 72%.
DTX-MB-RB + US also showed significantly greater tumour growth control (97.4%) within
PC3 tumour bearing mice when compared to mice treated with a standard dose DTX (263.6%)
or those animals that were untreated (659.0%). The weights of the mice treated with the DTX-
MB-RBs + US showed no significant change whereas those treated with the standard DTX
dose showed significant reduction in weight. This is an important observation as the
demographic of PCa patients tend to be elderly, many of those patients may have to stop

treatment early due to the severity of side effects during treatment.

The main limitation of the work described in chapter 3 was that MB manufacture required the
lipid film to be hydrated and MBs to be produced on the day of treatment. This posed logistical
issues from a clinical translation perspective. A method where the MBs could be stored or
produced in a simpler manner was considered essential for development. An RB-DSPE lipid
derivative was synthesised and characterised to directly incorporate RB within the film during
the MB preparation. The film was rehydrated producing a solution of MB lipids, RB-DSPE
and DTX which was subsequently sonicated to produce a liposomal suspension that could be
stored in a vial in a headspace of PFB gas ready for activation. This vial could then be later
activated using a VialMix® shaker when required for treatment. The optimal ratio of
components was determined with regards to the MB number and size. Successful scale up of
the pre-MB liposome suspension was achieved to further improve the clinical suitability of this
formulation. The stability of the pre-MB liposome solution was tested over 3 months, no
significant difference in liposome size was observed, and the vials produced consistent batches

of bubbles once activated over the 3 months.

The results from chapter 5 display the in vitro and in vivo efficacy of MBs produced using the
pre-MB liposome suspension. In vitro efficacy was determined using the androgen sensitive
cell line LNCaP spheroids which showed that DTX-MB-RB + US had the lowest cell viabilities
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at a lower (42%) and higher (29%) treatment concentration of RB and DTX. In the lower
concentration treated LNCaP spheroids a synergistic effect was found between SDT and DTX
as spheroids treated with DTX-MB reduced to 76% and spheroids treated with MB-RB SDT
reduced to 73%. The treatment of the combined DTX-MB-RB + US had a greater reduction in
cell viability than the additive effects of the single treatments. A further in vitro spheroid model
of PCa was tested using the castration resistant cell line DU145 and showed once again that
DTX-MB-RB + US was more effective at reducing the cell viability of spheroids at a lower
and higher concentration than spheroids treated with other groups. In vitro PCa model was used
with mice bearing androgen sensitive 22Rv1 tumours. Mice were treated with a combination
of DTX-MB-RB and Enz ADT. Mice treated with the combination of DTX-MB-RB + US and
Enz showed the greatest tumour growth control of 209%. The combined effect of DTX-MB-
RB + US and Enz were greater than the additive effects of mice treated with DTX-MB-RB +
US (567%) or mice treated Enz (514%) compared to the untreated mice left untreated (821%).
A further in vivo experiment carried out in mice bearing PC3 tumours, DTX-MB-RB + US
showed further evidence of synergy between SDT and chemotherapy. This was evidenced by
the DTX-MB-RB + US producing a 102% greater control than the additive effects of DTX-
MB + US and MB-RB + US which were 94% and 258% smaller than the untreated mice,
compared to mice treated with DTX-MB-RB + US which were 454% smaller than the untreated
mice. Another notable observation was the reduction in mouse weight for those treated with
DTX clinical dose, 2 mice had reduced by more than 20% and had to be culled for ethical
reasons, whilst the mice treated with DTX-MB-RB + US tolerated their treatment well. A
toxicity determination of DTX-MB-RB + US was carried out by treating mice following the
same treatment regimen used for the PC3 tumour control experiment. Mice treated with DTX
clinical dose once again showed a reduction in weight, however, all groups showed no
reduction in UREA or ALT at days 10 and 15. Whole blood and serum analysis at days 10 and
15 showed no difference between mice that were left untreated, or those that received DTX
clinical dose or DTX-MB-RB on a wide array of markers. Finally, MBs were produced with
the fluorescent tag IR780 replacing DTX to determine the ability of MBs to deliver DTX and
RB to mice bearing 22Rv1 tumours. There was an increase in the fluorescence observed on the
tumour when compared vs background fluorescence suggesting that MBs in the presence of
US can increase the uptake of drugs incorporated within the MBs. To further the work carried

out in chapter 3-5 investigations into GMP grade production should be carried out alongside
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liaising with a contract development and manufacturing organization (CDMOQO) in which
specialises in micro formulations. The pre-clinical and manufacturing data obtained could then
be used to inform a potential clinical trial through contact with a regulatory body such as the
MHRA.

The work in chapter 6 was carried out to determine how robust the pre-MB liposomal
suspension method is for the incorporation of a wider range of cancer therapies. 5-FUR-DSPE
and IRIN-DSPE were successfully synthesised and characterised. MBs were produced using
the VialMix® loaded with both 5-FUR and IRIN and showed acceptable MB numbers, size
and stability. In vitro efficacy was determined in DU145 spheroids. It was observed that at a
high and low concentration of drug the 5FUR-MB-IRIN + US provided the greatest reduction
in cell viability. Chapter 6 shows the early onset of the ability to load a wider range of cancer
therapies, to further this work to inform larger studies several steps could be taken. Firstly, the
combination of 5-FUR-DSPE and/or IRIN-DSPE with RB-DSPE to determine chemo-SDT
with chemotherapeutic drugs other than Taxanes could show potential for optimising chemo-
SDT and to apply it to a wider range of cancers. In vivo preclinical studies for both toxicology
and efficacy would give a greater insight to the potential capability of reducing the side effects

of IRIN and 5-FUR whilst simultaneously improving the efficacy.

The use of MBs has been shown to be highly effective for the treatment of PCa. The clinical
translation was improved by developing the pre-MB liposome suspension method, providing a
minimum 3-month shelf life. It has been demonstrated that MBs could be formulated with a
wide range of drugs, that could be DSPE functionalised or incorporated within the hydrophilic
acyl layer of the MB. An outlook from this could be the ability to utilise drugs with serious
solubility issues. The ability to use a lower concentration of drug due to the increased uptake
with MBs payloads delivered with targeted US could allow for the reintroduction of drugs
deemed too potent. To further this work, attempting to DSPE functionalise a wider range of
cancer therapies and testing those formulations on a wider range of cancers as well as PCa, to
determine the range of applications of the pre-MB liposome suspension activated with
VialMix®.
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9.1 Control formulations - blank MBs

The next step of the process was to produce the control batches of the DTX-MB-RBs. The
control batches to be produced were blank MBs, MB-RBs and DTX-MBs, therefore providing
the opportunity to determine the effect of DTX and RB within a single MB vs a batch loaded
with just one of those drugs, on stability and in vitro efficacy. Three batches of blank MBs
were manufactured following the method described in 3.2.0 with no DTX in the film and only
conjugating avidin to the MB shell. The MB number and size were determined using optical
microscopy and micrographs were taken at 40x objective lens magnification. The images were
then analysed through the MATLAB algorithm giving the size distribution shown in Figure 9.1
(b). A representative micrograph of the blank MBs are shown in Figure 9.1 (a). The mean MB
numbers and sizes for three batches are shown in Table 9.1 and show a mean blank MB number
of 6.553x10%/mL * 1.112x10%mL, and a mean diameter of 1.233nm + 0.090nm.
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Figure 9.1 (a) Optical microscope image at 40x objective lens magnification of blank MBs
after 1 in 25 dilution in Unger’s solution. (b) size distribution of blank MBs obtained from

optical microscope images through MATLAB software.
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Table 9.1 Mean bubble count (number/mL), bubble size (um) for blank bubbles (n=3)

Bubble Count Bubble Size RB Loading

(Number/mL) £+ | (um) + SD (ug/1x108

SD bubbles) £ SD
Mean 6.240x10° + 1.130 £ 0.020 12.485 + 1.520

2.161x10°

9.2 Control formulations - MB-RB

After preparation of the blank MB formulations the next control batch were MBs with only
RB-biotin incorporated onto the shell. The MB-RB were prepared following the method in
3.2.0 without DTX in the MB film. 3 batches of MB-RB were prepared. The RB loading was
determined by UV-vis spectrophotometry using the calibration curve displayed in 3.2.1.
Optical micrographs of the 3 batches were also taken and the bubble number and sizes were
determined, representative images of MB-RB and size distribution curve is displayed in Figure
9.2. The data in displayed in Table 9.2 shows an average bubble number of 6.240x10%/mL +
2.161x10%mL, bubble size of 1.130nm + 0.020nm, and RB loading of 12.485 + 1.520ug/1x10°®
MBs.

Table 9.2 Mean bubble count (number/mL), bubble size (um), Rose Bengal loading

concentration (UM)

Bubble Count Bubble Size batches of MB-RB
(Number/mL) £ SD | (um) £ SD (n=3)

Mean 6.553x10° + 1.233 £ 0.090
1.112x10°
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9.3 Control formulations - DTX-MB
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Figure 9.2 (a) Optical microscope image at 40x objective lens magnification of MB-RB
after 1 in 25 dilution in Unger’s solution. (b) size distribution of DTX-MB-RB obtained
from optical microscope images through MATLAB software.

The final control formulation was DTX-MB, the DTX-MBs were produced following the
method described in 3.2.0 without RB-biotin added. 3 batches of DTX-MB were produced 5mg
of DTX present in the film. The DTX-MB bubble numbers, sizes and DTX loading was
determined. To do this the 3 batches of DTX-MB produced were sampled and optical
micrographs of the DTX-MB were taken and analysed via the MATLAB software, providing
a size distribution which is displayed in Figure. The DTX loading was determined using the
method and calibration curve displayed in 3.2.1. The bubble numbers / size, RB and DTX
loadings are displayed in Table 9.3, showing an average bubble number of 7.187x10%mL +
2.161x10%mL, bubble size of 1.103nm + 0.070nm, and DTX loading of 3.521 + 0.669ug/1x10°®
MBs.
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Table 9.3 Mean bubble count (humber/mL), bubble size (um), DTX loading concentration

(mg/mL) batches of DTX-MB (n=3).

Figure 9.3 (a) Optical microscope image at 40x objective lens magnification of DTX-MB after 1 in

25 dilution in Unger’s solution. (b) size distribution of DTX-MB obtained from optical microscope

images through MATLAB software.

Bubble Count Bubble Size DTX Loading
(Number/mL) £+ | (um) + SD (ug/1x108
SD bubbles) £ SD
Mean 7.187x10 1.103 £ 0.070 3.521 + 0.669
2.161x10°
(b)

dtx mb

(201910067144439 accumulated. mat)
‘Concentration 7.07E+09 /ml. 5451 Bubbles found.
Mean diameter = 1.04 um +-0.54 ;:m. Range = 0.50 to 6.63 um. Mode = 0.72 un
Median = 0.90 um. MAD = 0.24. Span = 0.96. Gas Conc = 9.24 pl/ml. [fac: 1.32]

Surface area = 2.28E+10 .m?/ml, 1249 bubbles too small, 0 bubbles too big
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