Redox-responsive nanogels for targeted
nucleic acid delivery: a potential approach
for metabolically reprogramming prostate

cancer

Rupali Dabas

MRC Laboratory of Medical Sciences,

Institute of Clinical Sciences, Imperial College London

Supervisors:

Professor David Carling | Dr. Nazila Kamaly

September 2025

Submitted for the degree of

Doctor of Philosophy






Statement of Originality

The work described here was funded by the Strategic Alliance of Medical Research
Council (MRC)-University Research Investments at Imperial (SAMURII). It carried
out at Dr Nazila Kamaly’s lab at the Department of Chemistry and the Cellular
Stress Research group at the MRC Laboratory of Medical Sciences between October
2021 and September 2025, under the joint supervision of Professor David Carling
and Dr Nazila Kamaly. I declare that all work presented in this thesis is my own.
Any contributions by others are clearly acknowledged or referenced throughout the

text.

I1I



IV



Copyright Statement

The copyright of this thesis rests with the author. Unless otherwise indicated, its
contents are licensed under a Creative Commons Attribution-Non Commercial 4.0
International Licence (CC BY-NC). Under this licence, you may copy and redistribute
the material in any medium or format. You may also create and distribute modified
versions of the work. This is on the condition that: you credit the author and do not
use it, or any derivative works, for a commercial purpose. When reusing or sharing
this work, ensure you make the licence terms clear to others by naming the licence
and linking to the licence text. Where a work has been adapted, you should indicate
that the work has been changed and describe those changes. Please seek permission
from the copyright holder for uses of this work that are not included in this licence

or permitted under UK Copyright Law.



VI



Acknowledgements

First and foremost, I would like to express my deepest gratitude to my supervisors,
Professor David Carling and Dr. Nazila Kamaly, for their invaluable guidance and
support throughout my PhD. Dave, I am profoundly thankful for your patience
during my moments of uncertainty, for sharing in my excitement when experiments
succeeded, and for your steady and thoughtful guidance. Your ability to ground
me when I became distracted and your encouragement to pursue even my most
unconventional ideas have been instrumental in shaping both my research and my
growth as a scientist. Nazila, working under your supervision has taught me the
importance of resourcefulness, ambition, and resilience. Your unwavering optimism
and positive perspective have been a constant source of encouragement, inspiring
me to approach every challenge with determination. I am deeply grateful for your

patience and for the consistent support you have provided throughout this journey.

I would also like to extend my special thanks to Professor David Rueda, whose
guidance introduced me to the wonderfully incandescently luminous world of Mango
RNA aptamers. Every time I walked into your office, I left inspired and brimming
with new ideas. Thank you for always providing insightful and timely guidance, no

matter how busy you were, and for your unwavering support throughout my research.

I would also like to extend my profound thanks to Jun. -Professor Dr. Jana
Eisermann, who’s immense scientific curiosity, boundless selflessness and immense
generosity have never ceased to amaze me. Thank you for your remarkable patience
in dealing with my wildest experiments, for our long catch-ups that sustained my

sanity during the toughest times, for tirelessly listening to my musings about my

VII



experiments, for handling all my thesis-related breakdowns (even the ones at 5am).
Thank you for never giving up on me and for never letting me give up. You have
instilled in me a passion for research that I will carry all my life. Thank you for

being such an inspirational force in my life.

I would like to extend my heartfelt thanks to my fellow "cellular stress-ers', Jane
Bennett and Dr. Lida Kabir, who have been the most wonderful sources of support
and entertainment throughout this journey. Jane, I am especially grateful for your
encouragement during the many occasions when my western blots resembled Picasso-
like, abstract art, for always reminding me to go on holiday, and for your unfailing
positivity, cheerfulness, and inspiring work ethic. Lida, thank you for the constant
scientific inspiration, the endless stream of memes, and your recommendations for
the very best reality television. I also want to thank my fellow PhD students at the
LMS for all the shared tears and well-intentioned pep talks. In particular, Milly, for
always inspiring me with her incredible work ethic (even working when she broke her
foot), Irina, for the best conversations about books, Mariana, for the best gossip over
Thai food and Shaf, for the most memorable coffee breaks. Most of all, I am grateful

to you all for the laughter we shared, which has been invaluable in sustaining me

during this PhD.

I would also like to thank the other members of Dave’s group for their kindness,
guidance, and support throughout my research. I am grateful to Dr. Angela Woods,
whose warm hugs and encouragement were a constant source of comfort during the
most difficult moments. I am most grateful to Dr. Nav Navaratnam for being such a
constant source of inspiration and encouragement, for always showing patience and
for teaching me your clever tricks. I promise to always work smarter, not harder.
Your contagious enthusiasm has transformed the way I see science, and 1 am truly

thankful for always pushing me to become the very best scientist I can be.

I would like to thank all the members of the Kamaly lab for creating such a supportive
and inspiring environment. A special thanks to Sofia for constantly lighting up my
days with your boundless enthusiasm, introducing me to salsa, and inspiring me with

your impeccable sense of fashion. Thank you to Runxin for handling my breakdowns

VIII



with your relentlessly calming presence, for your infectious spontaneity and our
bubble tea breaks. Thank you to my fellow PhD students in the Department of
Chemistry: Yu (for the best hugs, hotpot and for sharing your cat), Cliona (for the
badminton and Imm Thai breaks), and Shradda (for constant inspiration and all the
gossip from the third floor), without you this PhD would have been incomparably

long and boring.

I am thankful to everyone who contributed to this project. Many thanks to Dr.
Ricardo Aramayo for the invaluable discussions on electron microscopy, to Dilraj
Matharu for introducing me to confocal microscopy, Dr Alex Sardini for his guidance
on in vivo studies, Ivan Andrews for RNA sequencing and Dr. George Young for

helping me analyse RNA sequencing dataset.

I am grateful to all the students I mentored (Renee, Brian, Ellen, Heather, Jia,

Hengshi) who ended up teaching me far more than I could teach them.

My bestest friends - Simran, Robyn, Sofia, Luka, Alexandra - thank you for reading
all my work even if you were in totally different fields, for listening to me complain
for the 100th time about the same experiments and for never stopping believing
in me. You inspire me with your incredible kindness and my world would be dark

without your lights.

Thank you to my family for putting up with all the mood swings and bouts of
hysteria. I am grateful to my grandparents for asking every day (for the past 4
years!) whether I have finished the PhD yet, to my sister for cheering me on by
singing K-pop songs as I wrestled with every error in my LaTeX document, and to
my father for keeping the fridge stocked with all my favourite snacks. Thank you for

never once complaining and for always being there for me.

I dedicate this thesis to my mother. You are the only reason I have been able to
become who I am today and no words can do justice to the extent of my gratitude

for your unwavering belief in me.

IX



To my darling nani and nanu



Contents

Statement of Originality 111
Copyright Statement \%
Acknowledgements VII
Content XI
Abbreviations XVII
List of Figures XXIII
List of Tables XXIX
Abstract 1
1 Introduction 3
1.1 Prostate cancer: a metabolic malignancy . . . . .. .. ... .. ... 4
1.1.1 PCa formation, progression and therapeutic landscape . ... 5

1.1.2  Metabolic reprogramming in PCa . . . . . .. ... ... ... 12

1.1.2.1 Glycolysis and the Warburg Effect . .. . . .. 12

1.1.2.2  Amino acid metabolism . ... .. .. ... ... 13

1.1.2.3 Lipid metabolism . .. ... ... ... ... ... 15

1.1.3  The role of AMPK: The Guardian of Cellular Energy Homeostasis 17

1.1.4 PGClo: The master regulator of mitochondrial biogenesis . . 22

1.2 The world of RNA therapeutics . . . . .. ... ... ... ...... 29

XI



1.3

1.4

1.2.1

Challenges in development of RNA-based therapeutics

Nanoparticle-mediated RNA delivery . . . ... ... ... ... ...

1.3.1
1.3.2
1.3.3

Rationale for RNA delivery . . . .. ... ... .. ... ...
Lipids and lipid nanoparticles for RNA delivery . . . .. . ..
Polymeric nanoparticles for RNA delivery . . . ... ... ..
1.3.3.1 pH-responsive nanomaterials . . . . ... .. .. ..

1.3.3.2  Reactive oxygen species (ROS)-responsive nanomate-

1.3.3.3 Redox-responsive nanomaterials . . . . . . ... ...

Nanogels: an engineerable platform for RNA delivery . . . .. . ...

1.4.1

Stimuli-responsive nanogels . . . . . .. ... oL
1.4.1.1 Disulfide-based NGs . . . . . ... ... ... ....
1.4.1.2  Radical polymerisation synthesis of NGs . . . . . ..

1.4.1.3  Active vs passive targeting mechanisms . . . . . . . .

1.5 Hallmarks of clinically relevant delivery systems . . . . . . .. .. ..

2 Experimental section

2.1 Standard characterisation methods . . . . . . . . . . . .. ... ...

2.2

2.1.1
2.1.2
2.1.3
214

2.1.5
2.1.6

2.1.7

Nuclear magnetic resonance (NMR) . . . . . ... .. ... ..
Fourier-Transform infrared spectra (FT-IR) . . ... ... ..
Mass spectrometry . . . . .. .. Lo oo
Dynamic light scattering (DLS) and electrophoretic light scat-

tering (ELS) . . . . . . . ..o
Transmission electron microscopy (TEM) . . . .. ... .. ..
UV-vis absorption spectroscopy and UV-vis fluorescence spec-

trophotometry . . . . . . ...
SPARTA Raman Micro-Spectroscopy Analysis . . . . . . . ..

Synthesis of cationic monomers . . . . . .. .. ...

2.2.1
2.2.2

Acrylated guanidinium (AC-GUA) . . . ... ... ... ...
Polyarginine (R6) and Polyhistidine (H6) . . . . . ... .. ..

2.3 Synthesis of disulfide crosslinker . . . . . . . ... .. ... ... ...

XII



24

2.5

2.3.1
2.3.2

Procedure and characterisation . . . . . . . . . .. . .. ...

Confirmation of cleavage of disulfide crosslinker with GSH. . .

NG synthesis . . . . . . . ..o

24.1
2.4.2

mRNA-loaded NG synthesis . . . . . .. ... ... ... ...
PSMA-targeted NG synthesis . . . . . . ... ... ... ...

Biological-focused NG and mRNA characterisation routines . . . . . .

2.5.1
2.5.2

2.5.3
2.5.4
2.5.5
2.5.6
2.5.7
2.5.8
2.5.9
2.5.10
2.5.11
2.5.12
2.5.13
2.5.14
2.5.15
2.5.16

2.5.17
2.5.18

2.5.19
2.5.20
2.5.21

In vitro transcription of mRNA . . . . .. .. ...
Characterisation of mRNA-NG complexation ability and
mRNA stability by agarose gel electrophoresis . . . . . . . ..
Cell culture . . . . . ... ...
Protocols for in wvitro transfection studies . . . . . . . ... ..
Cellular uptake studies via confocal microscopy . . . .. . ..
Endosomal escape analysis via confocal microscopy . . . . . .
Quantification of cellular uptake via flow cytometry . . . . . .
Thiol-mediated uptake inhibition assay . . . . . . . .. .. ..
Immunofluorescence studies . . . . . . .. ... ... ...
Transfection efficiency quantification by western blot analysis .
Transfection efficiency quantification by RT-qPCR . . . . . . .
Mitochondrial biogenesis assessment using flow cytometry
Protein corona evaluation . . .. .. .. .. ... .. .....
Endocytosis inhibition studies . . . . . . . ... ... ... ..
Cytotoxicity assessment . . . . . . . ... ... ... .....
Mitochondrial respiration analysis using the seahorse XF mito
stresstest . . ... oL Lo oL
Haemolysis assay . . . . . . . .. .. ... L.
RNA encapsulation stability and release kinetics in response
to various physiologically mimetic stimuli. . . . . .. ... ..
Generation of reactive oxygen species. . . . . ... ... ...
Potentiometric titration to determine pKa values of NGs . . .
Immunohistochemical and immunofluorescence staining of tu-

mour sections . . . . . . ...



3

4

2.5.22 Spheroid formation, imaging, and nanoparticle uptake . . . . . 84

2.5.23 Bulk RNA sequencing . . . . . ... .. ... ... ...... 84
2.5.24 In wvivo biodsitrubtion and therapy assessment . . . . . . . .. 85
2.5.24.1 mCardinal NG biodistribution in healthy mice . . . 85

2.5.24.2 (C4-2b xenograft model for therapeutic assessment . . 86

2.5.24.3 Serum Biochemistry for in vivo cytotoxicity . . . . . 87
Optimisation of RN A-loaded nanogel synthesis 88
3.1 Introduction . . . . . . . ... 89
3.2 Results & Discussion . . . . . . ... oo 90

3.2.1 Influence of surfactant concentration on NG synthesis . . . . . 90
3.2.2  Influence of initiator content on NG synthesis . . . . . . . .. 91
3.2.3 Optimising crosslinker ratio . . . . . ... ... .. ... ... 94

3.2.4  Enhancing RNA entrapment efficiency by identifying optimal
cationic monomer ratio . . . . ... ..o 95
3.2.5  Assessing best cationic monomer type for optimal RNA binding 98
3.2.6  Fluorescent nanogel synthesis and optimisation . . . .. . .. 107
3.2.7 Endosomal escape evaluation of optimised NGs . . . . . . .. 110
3.2.8 In vitro mRNA transfection efficiency screening of cationic
MONOIIETS . . v v v v v e e e e e e e e e e e 119
3.2.9 Evaluating transfection efficiency of AETC_ NG using fluoro-
genic Mango IT RNA aptamers: a case study. . . ... .. .. 123

3.3 Conclusions and limitations . . . . . . . . . . .. ... 127

Assessing the Stimuli-Responsive Properties of Disulfide-Based

Nanogels 129
4.1 Introduction . . . . . . . .. . 130
4.2 Results & Discussion . . . . . . . ... L 132
4.2.1 Evaluating GSH-responsiveness of disulfide NGs . . . . . . .. 132
4.2.2  Evaluating ROS-responsiveness of disulfide NGs . . . . .. .. 140
4.2.3 Evaluating pH-responsiveness of disulfide NGs . . . . . . . .. 149

XIV



4.2.4 Physiological ionic strength as an environmental cue: impact
on NG architecture . . . . . . . . . .. ... L. 152

4.2.5 Protein corona formation as an environmental cue: impact on
NG architecture . . . . . . . . ..o 153
4.3 Conclusions and Limitations . . . . . . ... ... ... ... ..... 158

5 Design, development and validation of PCa targeting redox-

responsive nanogels 160
5.1 Imtroduction . . . . . . . ... 161
5.2 Results & Discussion . . . . . . ... oo 163

5.2.1 Design and characterisation of NGs targeting the prostate
specific membrane antigen (PSMA) . . . .. ... ... .. .. 163
5.2.2  In vitro specificity assessment of PSMA-targeted NGs. . . . . 171

5.2.3 Monitoring in vivo biodistribution and targeting efficiency
assessment in C57BL/6 mice . . . . . .. ... L. 176

5.2.4 Validating PGCla & NT-PGCla mRNA overexpression and
downstream effects on mitochondrial biogenesis . . . . . . .. 182

5.2.5 Validating effects of NG-mediated NT-PGCla overexpression
on PCa progression in a xenograft model of PCa . . . . . . .. 198
5.3 Conclusions & Limitations . . . . . . . . . ... ... ... ... ... 205
6 Conclusions and Outlook 208
7 Appendix 216
References 239

XV



XVI



Abbreviations

AAV
ACC
ADT
AETC
Akt/PKB
AM
AMPK
AP1
APS
AR
ARE
ASRI
ATP
BiTE
BPH
CAF

CAMMK?2

Adeno-associated virus
Acetyl-Coenzyme A carboxylase
Androgen deprivation therapy
[2-(Acryloyloxy )ethyl]trimethylammonium chloride
Protein kinase B

Acrylamide

AMP-activated protein kinase
Activator protein 1

Ammonium persulphate
Androgen receptor

Androgen response element

AR signalling inhibitors
Adenosine triphosphate
Bispecific T-cell engagers
Benign prostatic hyperplasia
Cancer associated fibroblasts

Calcium/Calmodulin-dependent protein kinase

kinase 2

XVII



CAR

CCK-8

CPT

CRPC

DLS

DMEM

DMSO

ECAR

EE

ERRalpha

EPR

ETC

FABP

FASH

FATP

FBS

FDA

FRET

FTIR

G6PD

GAPDH

GMP

GSH

Chimeric antigen receptor

Cell counting kit-8

Carnitine palmitoyltransferase
Castration resistant prostate cancer
Dynamic light scattering
Dulbecco’s modified eagle’s medium
Dimethyl sulphoxide

Extracellular acidification rate
Encapsulating efficiency
Oestrogen-related receptor alpha
Enhanced permeation and retention
Electron transport chain

Fatty acid binding protein

Fatty acid synthase

Fatty acid transport protein

Foetal bovine serum

Federal Drug Administration

Forster Resonance Energy Transfer

Fourier-transform infrared spectroscopy

Glucose 6-phosphate dehydrogenase

Glyceraldehyde 3-phosphate dehydrogenase

Good manufacturing practice

Glutathione

XVIII



GR

HBP

HMG-CoA

HNF4ALPHA

ICI
IUPAC
jetM
LAP
LE
LHRH
LKB1
LNP
LXR
MUC1
mRNA
MFI
MAA
MPS
MTG
mTORC1
MYC
NADH

NADPH

Glucocorticoid receptor

Hexosamine biosynthesis
3-hydroxy-3-methylglutaryl coenzyme A
Hepatocyte nuclear factor 4 alpha
Immune checkpoint inhibitor
International union of pure and applied sciences

jetMESSENGER® mRNA transfection reagent

Lithium phenyl-2.4,6-trimethylbenzoylphosphinate

Loading efficiency

Luteinising hormone-release hormone

Liver kinase B1

Lipid nanoparticle

Liver X-receptor

Mucin 1

Messenger ribonucleic acid

Mean fluorescence intensity

Maleic acid amide

Mononuclear phagocytic system
Mitotracker green

Mammalian target of rapamycin complex 1
Myelocytomatosis proto-oncogene
Nicotinamide adenine dinucleotide (reduced)

Nicotinamide adenine dinucleotide phosphate

(reduced)

XIX



NEPC
NG
NMR
NP
NRF

NT-PGClalpha

OCR
OXPHOS
PAP
PARP
PCa
PCK1
PDSA
PEI

PGClalpha

PEG
PI
PI3K
PIN
PPP
PRC

PSA

Neuroendocrine prostate cancer
Nanogels

Nuclear magnetic resonance
Nanoparticles

Nuclear respiratory factor

N terminal Peroxisome proliferator-activated

receptor gamma coactivator 1-alpha
Oxygen consumption rate
Oxidative phosphorylation
Prostatic acid phosphatase
Poly(ADP-ribose) polymerase
Prostate cancer

Polo-like kinase 1

Polydisulfide amide
Polyethylenimine

Peroxisome proliferator-activated receptor gamma

coactivator 1-alpha

Poly(ethylene glycol)

Polydispersity index
Phosphatidylinositol-4,5-bisphosphate 3-kinase
Prostatic intraepithelial neoplasia

Pentose phosphate pathway
PGClalpha-related coactivator

Prostate specific antigen

XX



PSCA
PSMA
PTEN
PVDF
qPCR
RHEB

RB1

ROS

RPMI
RXRalpha
SARS-CoV-2
SDS
SDS-PAGE
SNAPL
SPARTA
SREBP

STEAP

TCA
TCEA1
TEMED
TME

TMU

TMPRSS2-ERG

Prostate stem cell antigen

Prostate-specific membrane antigen

Phosphate and tensin homolog

Polyvinylidene difluoride

Quantitative polymerase chain reaction

Ras homolog enriched in brain

Retinoblastoma 1

Reactive oxygen species

Roswell Park Memorial Institute

Retinoid X receptor alpha

Severe acute respiratory syndrome coronavirus 2
Sodium dodecyl sulphate

SDS polyacrylamide gel electrophoresis

Stable nucleic acid lipid particle

Single particle automated raman trapping analysis
Sterol regulating element binding protein

Six transmembrane epithelial antigen of the

prostate

Tricarboxylic acid cycle
Transcription elongation factor Al
Tetramethylethylenediamine
Tumour microenvironment
Thiol-mediated uptake

Transmembrane protease serine 2-ETS related gene

XXI



TMRM Tetramethylrhodamine methyl ester

TP53 Tumour protein p53

XXII



List of Figures

Figure 1.1 Schematic representation of prostate tissue architecture. 6
Figure 1.2 Genetic modifications during PCa progression........... 8
Figure 1.3 Metabolic rewiring occuring in epithelial cells during

PCa progression. . ............ 12
Figure 1.4 Activation and context-dependent roles of AMPK in

CANCEer PrOZreSSION. . ... ...t 18
Figure 1.5 Schematic representation of PGCla isoforms............ 23

Figure 1.6 PGClo—ERRa axis suppresses PCa metastasis via

catabolic reprogramming.......... ... ... .. 25
Figure 1.7 Classes of RNA therapeutics............................ 30
Figure 1.8 Key functional groups used in stimuli-responsive NPs. .. 42
Figure 1.9 Categorisation of polymeric NPs........................ 48

Figure 1.10 Disulfide-crosslinked NGs for drug delivery: mechanism
of degradation. . ....... ... .. . . 51
Figure 1.11 Synthesis of redox-responsive NGs via free radical

polymerisation. . .. ... L 53

Figure 2.1 Standard curve showing the time-dependent increase in
absorbance of cytochrome ¢ at 550 nm upon enzymatic generation of

superoxide (Oz ") using xanthine and xanthine oxidase............... 82

Figure 3.1 Effect of SDS concentration on NG size and cytotoxicity. 91
Figure 3.2 Effect of initiator type and amount on NG structure

and polymerisation dynamics............... ... . ... . 93

XXIII



Figure 3.3 Effect of varying crosslinker concentration on NG size,
stability and payload entrapment efficiency. .................... .. ... 95
Figure 3.4 Defining optimal AETC concentration for RN A-loaded
NG synthesis. .. ... 97
Figure 3.5 Physicochemical characterisation of empty NGs with
different concentrations of different cationic monomers. ............. 98

Figure 3.6 Schematic presentation of cationic monomers used in

NG synthesis. . ... ... 99
Figure 3.7 Defining optimal AC-GUA concentration for RNA-
loaded NG synthesis. ......... . . . . . 101
Figure 3.8 Defining optimal PolyR concentration for RNA-loaded
NG synthesis. .. ... 102
Figure 3.9 Defining optimal PolyH concentration for RN A-loaded
NG synthesis. .. ... 104
Figure 3.10 Defining optimal DMA /AETC ratio for RNA-loaded
NG synthesis. .. ... 106

Figure 3.11 Optimisation of RN A-loaded fluorescently-tagged NGs. 109
Figure 3.12 Optimisation of fluorescently-tagged FLSSNG and

Figure 3.13 Investigating mechanism of FLSSNG and FLNGs en-
docytosis using immunofluorescence. . ............... ... ... ... .. ..... 113

Figure 3.14 Investigating inhibition of thiol-mediated uptake

(TIMU ). o 115
Figure 3.15 Endosomal escape evaluation of fluorescent disulfide

and non-disulfide NGs. ....... ... . ... . . 117
Figure 3.16 Evaluation of endosomal escape in HeLa cells. ......... 118

Figure 3.17 In vitro NG GFP mRNA expression profiles with
associated IncuCyte images of GFP expression in HeLa cells......... 120

Figure 3.18 Comparing transfection efficiency of varying doses of

AETC_NG with Polyplus® jetMESSENGER® and LipoMessenger



Figure 3.19 Cellular viability and heamolysis reveal minimal deter-
mintal effects on cell health. ...... ... .. ... ... ... ... ... ... .. .. ... 123

Figure 3.20 Physicochemical characterisation and single-molecule

quantification of Mango IT RNA-loaded NGs. ....................... 125
Figure 3.21 Evaluation of the transfection efficiency of MII-RNA-
loaded INGS. . . ... 127

Figure 4.1 Representation of NG synthesis with disulfide-based
crosslinker. . ... ... 133
Figure 4.2 GSH-responsiveness of disulfide NGs.................... 134
Figure 4.3 GSH-triggered RNA release profiles of NGs with varying
crosslinker concentrations. ........ ... .. ... 135
Figure 4.4 NG physicochemical changes upon GSH exposure at
varying SS-DiA concentrations. ............. ... . . oo 136
Figure 4.5 NG stability (DLS) analysis recorded over seven days. ..137
Figure 4.6 Characterisation of GSH-mediated degradation of differ-

ent SS—ING types. .. ... 138
Figure 4.7 Effect of GSH inhibition on SS—-NG and n—-NG GFP
mRNA transfection efficiency. ........... ... . ... ... L 140

Figure 4.8 Schematic representation of key ROS species in tumour
microenvironments (TME)... ... .. ... ... .. ... .. .. ... ........... 141

Figure 4.9 Effect of increasing H,O5 concentrations on n—-ING and

Figure 4.10 RNA release in response to HyO;-mediated NG swelling
for SS-ING and n—NG. . ... .. 143
Figure 4.11 Hydroxyl radical (HO') generation and detection. .. .... 144
Figure 4.12 Effect of varying (HO') concentrations on n—-NG and

Figure 4.13 RNA release in response to HO-mediated NG swelling
for SS—ING and n—NGs. .. ... .. 146

XXV



Figure 4.14 Effect of varying superoxide concentrations on n—-NG
and SS—INGS. . ... 147
Figure 4.15 RNA release in response to superoxide-mediated NG
swelling for SS—-NG and n—-NGs. ...... ... ... ... ... . ... ... ... ... ... 148
Figure 4.16 Comparison of SS-ING and n—ING stability under ox-
idative stress. ... ... . 149
Figure 4.17 Summary of pH-responsive behaviour of NGs synthe-
sised using various cationic monomers............... ... ... ... .. ... .. 151
Figure 4.18 Effects of physiologically relevant buffers on NG physic-
ochemical features. ........ ... ... .. .. . . ... 153

Figure 4.19 Representation of protein corona formation on non-

PEGylated and PEGylated NGs. .......... ... ... ... ... ... ... ... 154
Figure 4.20 Physicochemical characterisation of NGs upon incuba-

tion with serum.. ... ... .. . 156
Figure 4.21 SDS-PAGE gel of human plasma proteins. ............. 157

Figure 5.1 Schematic presentation of a) synthesis of PSMA-targeted
NGs and b) proposed mechanism of cellular interaction and internal-
isation following interaction with PSMA........ ... .. ... ... ... .. ... 164

Figure 5.2 Physicochemical characterisation of maleimide-incorporating

Figure 5.3 Physicochemical characterisation of PSMA-pep incorpo-

rating NGsS. .. ... 167
Figure 5.4 Time dependent physicochemical characterisation of

PSMA-pep incorporating NGs. .......... ... ... . ... .. .. 168
Figure 5.5 SPARTA composition analysis of NGs................... 170

Figure 5.6 Investigating cellular uptake efficiency of targeted and
untargeted NGs.. . ... 172

XXVI



Figure 5.7 Maximum intensity projection confocal microscopy im-
ages showing uptake of fluorescein-labelled (green: ex/em: 494/521
nm) PSMA-targeted (PSMA__NG) and untargeted NGs (Ut_NG)
in C4-2 cells. . ... 173
Figure 5.8 Investigating spheroid penetration capacity of fluorescent
PSMA_NG and Ut_ NGs.. ... i 175
Figure 5.9 Assessment of in vivo biodistribution of NGs in C57BL/6

Figure 5.10 Time dependent evolution of mCardinal expression in
C57TBL/6 mice. ... ... 179
Figure 5.11 Time dependent evolution of mCardinal expression in
C5TBL/6 mice. ... 181
Figure 5.12 NG-mediated PGCla overexpression suppresses PCa
progression through metabolic and transcriptional reprogramming. . .182
Figure 5.13 Evaluating transfection efficiency of PGCla RNA-
loaded NGs (PGCla_NG) by monitoring overexpression in C4-2

Figure 5.15 Effect of NT-PGCla overexpression on mitochondrial
function in C4-2 cells. . ....... .. ... . . . . . 188
Figure 5.16 Investigating effect of NT-PGCla and PGCla overex-

pression on mitochondrial electron transport chain proteins in C4-2

Figure 5.17 Investigating effect of NT-PGCla and PGCla overex-
pression on mitochondrial function. ............ . ... ... . ... ... ... .. 192
Figure 5.18 Transcriptional changes following NT-PGC1la overex-
pression in a PCa cell line (C4-2b). ......... .. ... ... ... ... ... ... 194
Figure 5.19 RNA sequencing analysis was performed on PCa (C4-
2b) cells treated with NT-PGCle_ NG and empty NGs.............. 197

XXVII



Figure 5.20 Schematic presentation of timeline for PCa xenograft
generation, NG treatment regime and downstream analysis using
harvested animal tissue. ........... ... ... .. .. .. . ... 198
Figure 5.21 NT-PGC1la overexpression shows enhanced therapeutic
efficacy in subcutaneous PCa tumour................ ... ... ... .. ... 200
Figure 5.22 Tracking biodistribution of NT-PGCla expression in
xenograft-bearing immunocompromised (NSG) mice................. 201
Figure 5.23 Validation of transcriptomic hits at the protein level. . .203

Figure 5.24 In vivo cytotoxicity assessment........................ 204

Figure A1 Quantification of monomer conversion by 'H NMR

analysis.. . ... 218
Figure A2 Characterisation of AC-GUA monomer. ................ 219
Figure A3 Characterisation of AC-GUA monomer. ................ 220
Figure A4 Characterisation of PolyH monomer. ................. .. 221
Figure A5 Characterisation of SS-DiA crosslinker. ................. 222

Figure A6 Characterisation of SS-DiA crosslinker’s GSH-responsiveness.

223

Figure A7 Imaging Mango IT RNA transfection.................... 224
Figure A8 Schematic presentation of PSMA-pep synthesis. ........ 225
Figure A9 Characterisation of PSMA-peptide...................... 226

Figure A10 Flow cytometry histograms showing fluorescent NG
uptake in C4-2 and PC3 cells following incubation with PSMA-
targeted nanogels (PSMA__NG) or untargeted nanogels (Ut_NG),
with and without prior blocking using anti-PSMA antibody.......... 227
Figure A11 Quantification of the intracellular uptake of the targeted
and untargeted NGs by flow cytometry in C4-2 cells................. 228
Figure A12 Mitochondrial and glycolytic function analysis following
NT-PGCla delivery.. . . ... e 229
Figure A13 Tracking biodistribution of NT-PGC1la expression in

xenograft-bearing male immunocompromised (NSG) mice. .......... 229

XXVIII



List of Tables

Table 1.1 Predominant transcription factors interacting with

PGCIa . . 27
Table 2.1 RT-qPCR primer sequences ............................. 75
Table 2.2 PCR primer sequences used in this study................ 76

Table A1 Summary of NG feed compositions and physicochemical
ProPerties. . ... ... 217
Table A2 RNA-seqgene list........ ... ... . ... ... . ... ... .. .. ... 230

XXIX



XXX



Abstract

Prostate cancer (PCa) is now the most commonly diagnosed cancer among men
in the UK and US. Increasing evidence implicates metabolic dysregulation as a
critical driver of disease progression. AMP-activated protein kinase (AMPK), a
central regulator of cellular energy homeostasis, has been shown to suppress PCa
growth in vivo through induction of peroxisome proliferator-activated receptor gamma
coactivator l-alpha (PGCla). PGCla, acting via oestrogen-related receptor alpha
(ERRa), promotes oxidative metabolism and mitochondrial biogenesis while inhibiting
metastatic programs. This work investigates the therapeutic potential of PGCla

overexpression via mRNA delivery.

To this end, a library of redox-responsive polymeric nanogels (NGs) were synthesised
through combinatorial free-radical polymerisation to entrap and deliver RNA cargo.
Following systematic optimisation, a lead formulation was identified, exhibiting
superior RNA encapsulation, cytosolic release, and transfection efficiency relative
to commercial transfection agents. Functionalisation of these NGs with a peptide
targeting prostate-specific membrane antigen (PSMA) enabled selective delivery of
PGCla and its N-terminal isoform (NT-PGCla) to PCa cells. Various bioassays
were used to confirm sustained PGCla expression, and increased mitochondrial
protein content, indicative of enhanced mitochondrial biogenesis. Transcriptomic
analysis demonstrated activation of tumour suppressor pathways and suppression of
proliferative markers, consistent with metabolic rewiring and growth inhibition. In
vivo, systemic administration of NT-PGCla-loaded PSMA-NGs resulted in tumour-
selective accumulation and significant suppression of xenograft growth, with no

overt systemic toxicity. This study presents the first example of a prostate-targeted,



disulfide-crosslinked nanogel system for mRNA-mediated metabolic reprogramming
in PCa, and highlights its promise as a platform for future RNA-based cancer

therapies.



Chapter 1

Introduction



1.1 Prostate cancer: a metabolic malignancy

Prostate cancer (PCa) is a highly prevalent and biologically heterogeneous malignancy
primarily affecting older men, particularly in the western world, where it accounts for a
significant proportion of cancer-related deaths.[1, 2] 1 in 8 men will be diagnosed with
PCa, making it the second leading cause of cancer mortality.[2] Despite its prevalence,
a comprehensive understanding of the molecular and cellular underpinnings of PCa
remains limited, in part due to the complex biology of the human prostate. PCa
is typically detected via a prostate biopsy, which is performed following elevated
prostate-specific antigen (PSA) levels in blood and/or abnormalities identified during
a digital rectal examination.[3] The disease typically progresses over several decades,
with early histological changes such as prostatic intraepithelial neoplasia (PIN)
sometimes observed in men as young as their twenties, while clinically evident PCa

most often emerges after the age of 50.[4]

PCa can be identified as either androgen sensitive or insensitive, which defines the
treatment options proposed. Standard treatment includes active surveillance, surgical
prostatectomy, radiation therapy, chemotherapy, and hormone-based interventions
such as androgen deprivation therapy (ADT).[3] Active surveillance is typically rec-
ommended for older patients with early-stage, indolent tumours, especially when the
potential risks of intervention outweigh expected benefits.[5, 6] Most patients initially
respond well to ADT, experiencing tumour regression; however, resistance inevitably
develops within one—three years, resulting in the emergence of castration-resistant
prostate cancer (CRPC). CRPC represents an aggressive, treatment-refractory stage
of the disease that significantly reduces both quality of life and overall survival.
Furthermore, each therapeutic intervention is accompanied by significant adverse
effects, including systemic toxicity and a decline in both white and red blood cell
counts, which can manifest as fatigue, hair loss, peripheral nerve damage, urinary
incontinence, sexual dysfunction, and, in advanced cases, increased metastatic spread

and the development of treatment resistance.[4]



Importantly, however, the study of CRPC has catalysed a deeper investigation
into the metabolic reprogramming that underlies PCa progression and metastasis.
Understanding these pathways offers the potential to identify new vulnerabilities
that can be exploited therapeutically. As traditional androgen deprivation strategies
lose efficacy, targeting the altered metabolic networks that sustain tumour survival,
proliferation, and resistance becomes increasingly critical, thereby highlighting a
critical unmet medical need. Metabolic rewiring in PCa not only supports bioenergetic
and biosynthetic demands, but also intersects with transcriptional regulation, redox
homeostasis, and immune evasion.[7] By dissecting these interconnected processes, it
becomes possible to design targeted interventions that disrupt the tumour’s metabolic

plasticity and adaptability.

1.1.1 PCa formation, progression and therapeutic landscape

The prostate is a male accessory reproductive organ located underneath the bladder,
encircling the urethra.[3] Its primary role is to generate seminal fluid components
that support sperm function and viability. Anatomically speaking, the adult prostate
comprises of several distinct zones: central, transition and peripheral, along with
fibromuscular and periurethral regions.[8] In young adult males, the peripheral zone
accounts for more than 70 % of the gland’s epithelial tissue and is the principal
contributor to normal secretory function.[9] However, it is also the predominant site
of tumourigenesis in older men, with approximately 80 % of tumours originating

here.

Histologically, the prostate is composed of glandular structures (ducts and acini) em-
bedded within stromal tissue (Figure 1.1).[8] The epithelial lining of these structures
consists of a luminal layer of simple columnar cells, underlaid by a basal epithelial
layer responsible for basement membrane formation. This membrane is connected to
the surrounding stroma, largely composed of smooth muscle cells facilitating fluid
movement through contractile activity.[10] Additionally, fibroblasts populate the
stromal compartment, particularly around ducts. While their primary role in the
adult prostate is structural support, fibroblast-derived signalling during development

helps shape ductal architecture.



In the context of cancer, stromal fibroblasts are believed to play a significant
role in tumour progression. Within the tumour microenvironment (TME), these
fibroblasts, referred to as cancer-associated fibroblasts (CAFs), can promote malignant
transformation of epithelial cells and activate survival pathways, potentially sustaining

cancer cell proliferation even after therapeutic intervention. 3]

A key feature of both healthy and malignant prostate epithelial cells is their high
expression of the androgen receptor (AR).[11] Dependence on androgen signalling
is central to disease development and progression. These same epithelial cells also
produce PSA; a serine protease whose expression is regulated by AR activity.[12]
Elevated PSA levels are commonly observed in men with PCa and are widely used

as a clinical biomarker for screening, diagnosis, and monitoring of the disease.

Figure 1.1: Schematic representation of prostate tissue architecture. a)
Transversal and b) longitudinal cross-sections of the prostate gland, showing key
cell types. Each region of the prostate consists of ducts and acini embedded within
the stroma, which contains various cell types, primarily smooth muscle cells and
fibroblasts involved in prostate development. The ducts and acini are lined by a
single layer of luminal epithelial cells and an underlying layer of basal epithelial cells
responsible for producing the basement membrane. This extracellular matrix layer
connects to the surrounding stromal cells. Neuroendocrine cells are also present.
Figure adapted from [13].

PCa arises through a well-characterised sequence of pathological stages, beginning
with PIN, advancing to organ-confined adenocarcinoma, and in some cases culmi-
nating in metastatic disease, which is ultimately responsible for lethality.[3] While
benign prostatic hyperplasia (BPH) is a common, non-malignant enlargement of
the prostate typically occurring in the transition zone, it is not considered a direct
precursor of PCa (Figure 1.2).[14] In contrast, PIN — particularly high-grade PIN

— is widely regarded as a premalignant lesion. This is supported by its frequent



co-localisation with PCa in biopsies and its shared molecular alterations.[15, 16].
PIN lesions represent proliferative abnormalities within the prostatic epithelium that
disrupt glandular architecture but retain an intact basal cell layer, thus lacking stro-
mal invasion. High-grade PIN is characterised by greater epithelial crowding, nuclear
atypia with prominent nucleoli, and basal layer fragmentation.[14]. The transition to
adenocarcinoma is marked by the loss of the basal layer and the infiltration of these

atypical cells into the surrounding stroma.[16]

At the cellular level, prostate adenocarcinomas have been thought to originate from
either basal or luminal epithelial cells within the gland, with genetic mutations
driving malignant transformation. One of the most frequently observed genetic
alterations involves the fusion of the AR-responsive promoter regions with sequences
coding for members of the ETS (erythroblast transformation-specific) transcription
factor family.[11] The most prevalent of these is the fusion between transmembrane
protease serine 2 (TMPRSS2) and ETS-related gene (ERG).[17, 18] Acquisition of
this mutation is thought to disrupt normal prostate epithelial differentiation and
promote oncogenic processes. Indeed, PCa progression is then shaped by further
genetic and epigenetic modifications that promote suvival, proliferation and eventual

resistance to therapy.



Figure 1.2: Genetic modifications during PCa progression. Genetic alterations
are displayed based on their prevalence at different stages of disease progression.
Common events across all disease stages include TMPRSS2-FERG fusions, PTEN
and retinoblastoma 1 (RBI1) deletions, tumour protein p53 (7P53) mutations, and
myelocytomatosis proto-oncogene (MY C') overexpression. In contrast, some muta-
tions show stage-specific enrichment; AR amplification is predominantly observed in
metastatic castration-resistant prostate cancer (mnCRPC). Figure adapted from [19].

Tumour heterogeneity — both between different tumour foci (intertumoural) and
within a single tumour (intratumoural) — poses a major challenge to treatment.[3]
Distinct clonal populations may coexist within the prostate, some of which harbour
mutations that confer resistance to standard therapies such as ADT and AR signalling

inhibitors (ARSIs).[20]

As the disease advances, additional genetic changes drive progression to more
aggressive phenotypes (Figure 1.2). Loss of the tumour suppressor gene phosphate
and tensin homolog (PTEN), through deletion or mutation, is seen in up to 17%
of localised tumours but becomes significantly more prevalent in metastatic CRPC
(mCRPC), affecting over 40% of cases.[21] This loss activates the phosphatidylinositol-
4 5-bisphosphate 3-kinase-protein kinase B(PI3K-AKT) pathway, a key driver of cell
survival and growth. Gain-of-function mutations in pathway intermediates such as
PIK3CA, PIK3CB, and AKT1, observed in PCa and model systems, can further
amplify signalling.[22] In preclinical models, such alterations promote resistance to
androgen deprivation, and are currently being investigated as therapeutic targets.[23,

24]



Another pathway implicated in advanced disease is Wingless-related integration
site (Wnt) signalling, which is relatively quiescent in localised cancer but becomes
dysregulated in 18% of mCRPC cases, often due to mutations in adenomatous
polyposis coli( APC') or catenin beta 1 (CTNNB1). [22, 25] Concurrently, chromoso-
mal instability, particularly involving chromosome 8, is a frequent event. Gain of
function mutations on 8q, where the oncogene myelocytomatosis(MYC') resides, and
losses on 8p, where the tumour suppressor NK homeobox 1 (NKX5.1) is located,
are common in advanced cancers.[22, 25] MY, in particular, is implicated across
all stages of tumour evolution and may be upregulated by diverse transcriptional

networks, supporting proliferation and treatment resistance.[26, 27]

Further, a subset of tumour cells may evolve mechanisms to escape hormonal
control, entering the castration-resistant phase, characterised by sustained AR
signalling despite low systemic androgen levels.[11] This can occur through AR gene
amplification, point mutations, splice variants, or intracrine androgen synthesis, well
studied in the literature. In some cases, tumour cells lose AR dependency altogether,
often accompanied by inactivation of tumour suppressors like retinoblastoma 1 (RB1)
and TP53, and a shift toward a neuroendocrine phenotype, which is associated with

particularly poor prognosis.[28, 29]

The most life-threatening aspect of PCa is its potential to metastasise. Metastasis
is a complex, multistep process involving the detachment of tumour cells from
the primary site, their invasion into surrounding tissues, intravasation into the
bloodstream, survival during systemic circulation, extravasation at distant sites, and
eventual colonisation.[30] For PCa, skeletal metastases, particularly to the axial
skeleton, are the most common and occur in over 80% of patients with advanced
disease.[31] These lesions severely compromise quality of life and reduce five-year
survival rates to 25%, with a median survival of approximately 40 months.[32]. The
bone microenvironment offers a supportive niche for metastatic PCa cells, facilitated
by chemokine signalling (e.g. CXCR4-CXCL12) and lipid-rich marrow adipocytes.
In the instance that the cancer is castration sensitive, the predominant treatment

option at this advanced stage is medical castration using lutenising hormone-release



hormone (LHRH) agonists, including leuprolide, goserelin and triptorelin.[5] These
desensitise the pituitary LHRH receptors and decrease testosterone levels. Further,
combination therapies alongside ADT include ARSIs, bone-targeted radionuclides,
and poly (ADP-ribose) polymerase (PARP) inhibitors. ARSIs such as the CYP17
inhibitor abiraterone acetate suppress androgen synthesis, while AR antagonists
(e.g., enzalutamide, apalutamide) block AR activity by preventing ligand binding
and nuclear translocation.[5] However, the prolonged use of these agents has been
associated with the development of CRPC. Radionuclides effectively target bone
metastases but may compromise healthy bone density. PARP inhibitors, which impair
DNA repair in tumour cells, show promise but are typically restricted to patients

with homologous recombination repair defects, limiting their broad applicability.

If however, the cancer progresses to the castration-resistant stage, treatments include
chemotherapy, immunotherapy, PARP inhibitors, bone-targeted agents, and radionu-
clide therapies.[33] Taxane-based chemotherapies such as docetaxel (first-line) and
cabazitaxel (second-line) remain standard, though resistance and toxicity are common.
Immunotherapies like sipuleucel-T (a dendritic cell-based vaccine) and immune check-
point inhibitors (e.g., pembrolizumab) offer limited benefit, with response largely
confined to patients with specific genomic alterations.[34] PARP inhibitors (e.g.,
olaparib, rucaparib) exploit synthetic lethality in breast cancer (BRCA) 1/2-mutated
tumours but are only effective in a genetically defined subset, necessitating prior
genomic testing.[35] Bone-targeting agents such as bisphosphonates and denosumab
help manage skeletal complications but do not improve overall survival.[36] Radium-
223, an alpha-emitting radiopharmaceutical, and prostate-specific membrane antigen
(PSMA)-targeted radioligand therapies (e.g., Lu-177-PSMA-617) show promise in
bone and PSMA-positive metastatic lesions, respectively, but access and efficacy

depend on imaging-based patient selection.|[37]
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New therapies for PCa

Antibody-drug conjugates (ADCs) are emerging as a promising approach to
selectively deliver cytotoxic agents to PCa cells, with PSMA serving as a well-
validated target.[38] These combine the specificity of monoclonal antibodies with
the potent cytotoxicity of small-molecule drugs. Several PSMA-targeted ADCs
have entered clinical trials, including MLN2704 (an anti-PSMA antibody linked to
mertansine (DM1)), PSMA-MMAE (using the microtubule inhibitor (monomethyl
auristatin E (MMAE)), and MEDI3726 (linking the monoclonal antibody J591
to a DNA-damaging payload).[38-40] While these agents demonstrated some
antitumour activity, their clinical development has been hindered by significant
toxicities, such as neurotoxicity and myelosuppression, often related to linker
instability or off-target effects. In parallel, cellular immunotherapy approaches,
including PSMA-directed chimeric antigen receptor (CAR)-T and CAR-NK
cells, are being explored to enhance tumour-specific killing.[38, 41] Among
various modalities, CAR-T cell therapy has received particular attention. CARs
redirect T cells toward tumour-specific antigens, such as PSMA | through synthetic
receptors that initiate cytotoxic activity upon antigen engagement. CAR-T
cells incorporating modifications like dominant-negative transforming growth
factor (TGF)-{ receptors and interleukin-2 supplementation aim to overcome the
immunosuppressive TME, while CAR-NK cells have shown strong PSMA-specific
cytotoxicity in preclinical models, despite challenges such as limited persistence
and the need for irradiation prior to infusion.[42] More recently, bispecific T cell
engagers (BiTEs) are emerging as a promising anti-PSMA PCa treatment. These
are engineered antibody fragments that simultaneously bind a tumour-associated
antigen and CD3 on T cells, bringing T cells into close proximity with cancer cells
to induce their killing. [42] AMG 160, a second-generation, half-life-extended
BiTE, has demonstrated antitumour activity in preclinical models and is being
evaluated in ongoing clinical trials, both as monotherapy and in combination

with AR pathway inhibitors or immune checkpoint blockade.[43]
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1.1.2 Metabolic reprogramming in PCa

Understanding the metabolic state of benign prostate cells is crucial for understanding
the consequences of metabolic alterations in PCa cells (Figure 1.2).[44] Among
healthy prostate epithelial cells, specialised acinar cells in the peripheral zone of
the prostate accumulate high levels of zinc. This inhibits mitochondrial aconitase
(ACO2), preventing citrate oxidation and preventing its entry into the tricarboxylic
acid (TCA) cycle. Instead, citrate is secreted into prostatic fluid. To compensate for
disrupted citrate metabolism, it is likely that these cells rely on alternative energy
pathways and could have elevated aerobic glycolysis.[45] However, our understanding

of such metabolic adaptions is limited and warrants further study.

Figure 1.3: Metabolic rewiring occuring in epithelial cells during PCa
progression. a) Normal prostate epithelial cells accumulate zinc, which inhibits
mitochondrial aconitase, leading to citrate secretion and truncated tricarboxylic acid
(TCA) cycle activity, resulting in inefficient oxidative phosphorylation (OXPHOS)
b) In PCa cells, reduced zinc levels restore aconitase activity, reactivating the TCA
cycle and OXPHOS, alongside increased flux through the hexosamine biosynthesis
(HBP) and pentose phosphate pathways (PPP). ¢) Metastatic PCa cells display the
Warburg effect while retaining active TCA cycle, OXPHOS, and PPP metabolism.
Figure adapted from [7].

1.1.2.1 Glycolysis and the Warburg Effect

Given the unique, citrate-influenced metabolism of normal prostate tissue, it is

likely that tumours arising from the epithelium may display specific metabolic
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properties.[46] Indeed, where primary prostate tumours prefer OXPHOS, and favour
lipogenesis in the form of fatty acid synthesis, increased glycolysis is typically observed
in advanced stages of the disease.[47] This reliance on the Warburg effect, although
less efficient than OXPHOS, is thought to provide metabolic intermediates and
regenerates NAD+, which is critical when its demand exceeds ATP production
needs.[48, 49] The AR plays a central role in promoting glycolysis by regulating
glucose transporters (GLUT1, GLUT2) and glycolytic enzymes. In advanced or
neuroendocrine prostate cancer (NEPC), AR-independent drivers like MYC and
SOX2 further sustain glycolysis and therapy resistance. PTEN loss, common in
aggressive PCa, activates the PIBK-AKT-mTOR pathway, promoting glycolysis
and this correlates with high lactate levels in patients. Inhibitors targeting lactate
transport (e.g. MCT4) or glycolytic enzymes (e.g. hexokinase 2 via BKIDC-1553)

are under investigation, although clinical translation remains limited.[50, 51]

Despite the relevance of glycolysis for tumours, many studies report that OXPHOS
also remains active to a certain extent in metastatic PCa, which can complicate the
use of aforementioned lactate inhibitors.[52] Indeed, TCA cycle intermediates are
maintained through alternative inputs such as pyruvate, aspartate, and glutamine
metabolism. AR signalling also downregulates zinc transport (e.g. via hZIP1 zinc
transporter downregulation), restoring TCA cycle function and sensitising cells
to OXPHOS inhibitors.[53] Therapies targeting mitochondrial metabolism, such
as complex I inhibitors (e.g. metformin, rotenone), show promise, particularly in

PTEN-deficient tumours.[54, 55]

1.1.2.2 Amino acid metabolism

Metabolic reprogramming in PCa extends beyond glucose metabolism, involving the
upregulation of the pentose phosphate pathway (PPP) and hexosamine biosynthesis
pathway (HBP).[49, 56] This supports redox balance and nucleotide biosynthesis,
that are crucial for managing oxidative stress prolific in a cancerous environment.
A central enzyme in this pathway, glucose-6-phosphate dehydrogenase (G6PD),
is often upregulated in various cancers, including PCa.[57] This upregulation is

driven partly by AR signalling via mTORC1 activation. Increased G6PD activity
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fuels nucleotide and lipid biosynthesis, while simultaneously enhancing antioxidant
capacity via NADPH production.[58] In PCa models, genetic or pharmacological
inhibition of G6PD impairs proliferation, increases oxidative stress, and sensitises
tumours to chemotherapy. Importantly, G6PD inhibition also reduces bone metastatic
burden in wvivo, indicating therapeutic potential.[59, 60] Another key PPP enzyme,
6-phosphogluconate dehydrogenase (6PGD), supports cell survival by mitigating
oxidative stress and exhibits a feedback loop with AR signalling. Inhibition of
6PGD not only activates AMPK, a tumour suppressor, but also destabilises AR
through enhanced ubiquitylation.[60] Dual targeting of AR and 6PGD shows greater
anti-tumour efficacy than either alone, positioning the PPP as a promising metabolic

vulnerability in PCa, especially in bone metastasis and castration-resistant disease.[59]

In parallel, the HBP diverts a small fraction of glycolytic flux to convert fructose-6-
phosphate to UDP-N-acetylglucosamine (UDP-GlcNAc), a substrate for glycosylation
processes that modify proteins and lipids[49] In PCa, HBP flux is enhanced by
increased glucose and glutamine uptake and by oncogenic signals including Ras,
mTORC2, and TGF-B. Elevated levels of UDP-GlcNAc result in increased O-
GlcNAcylation, a post-translational modification implicated in tumour growth and

survival.

Key enzymes such as UDP-N-acetylglucosamine pyrophosphorylase 1 (UAP1) and
the polypeptide n-acetylgalactosaminyltransferase 7 (GALNTT) are upregulated in
PCa, promoting resistance to endoplasmic reticulum stress and enhancing tumour
proliferation.[61] Therapeutically, targeting O-GlcNAc transferase (OGT), the enzyme
that catalyses protein O-GlcNAcylation, reduces PCa cell proliferation and impairs
expression of invasion-related proteins (matrix metalloproteinases-2/9, vascular
endothelial growth factor (VEGF)) and oncogenes like c-MYC and forkhead box M1
(FoxM1).[62] However, the impact of HBP inhibition may be stage-specific. In more
advanced PCa, HBP activity and metabolite levels appear reduced, suggesting that

the utility of targeting this pathway could vary with disease progression.
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1.1.2.3 Lipid metabolism

Lipid metabolism is profoundly dysregulated in PCa, contributing to tumour ini-
tiation, progression, and therapeutic resistance. Alterations encompass all major
facets of lipid homeostasis—de novo synthesis, uptake, storage, and catabolism—and
are largely driven by oncogenic pathways and AR signalling.[63] This metabolic
reprogramming enables PCa cells to fulfil the increased bioenergetic and biosynthetic
demands of rapid proliferation, supports intratumoural androgen synthesis, and

promotes aggressive phenotypes.

Lipogenesis and fatty acid metabolism De novo lipogenesis (DNL) is signif-
icantly upregulated in PCa and generates fatty acids from non-lipid precursors,
primarily via ATP citrate lyase (ACLY), acetyl-CoA carboxylase (ACC) and fatty
acid synthase (FASN).[64] These enzymes are transcriptionally activated by sterol
regulatory element-binding proteins (SREBPs), particularly SREBP-1, whose ex-
pression increases along PCa progression in an AR-dependent manner. Fatty acids
synthesised through DNL are used for membrane biogenesis, energy production via
B-oxidation, and the generation of lipid-derived signalling molecules. Importantly,
the oncogenic PI3K/AKT and human epidermal growth factor receptor (HER)-2
pathways further enhance lipogenic enzyme expression, often correlating with nuclear
localisation of AKT. Transcriptomic analyses confirm upregulation of lipogenic genes
such as ACLY, acetyl-CoA carbozylase alpha (ACACA), FASN, and acetyl-
CoA synthetase long-chain ACSL family members in prostate tumours.[65]

Functional studies highlight that pharmacological inhibition of FASN, using agents
like IP-9119 and C75, leads to reduced AR expression and transcriptional activ-
ity, thereby impairing tumour growth.[66] Another FASN inhibitor, dutasteride,
indirectly reduces FASN mRNA by blocking the conversion of testosterone to di-
hydrotestosterone, underscoring the link between lipid metabolism and androgen

signalling.[66]

Fatty acid uptake and oxidation In addition to endogenous synthesis, PCa cells

increase their uptake of exogenous fatty acids by upregulating the expression of
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transporters including CD36 and fatty acid transport proteins (FATPs).[67-69] Once
inside the cell, fatty acid binding proteins (FABPs), particularly FABP5, facilitate
intracellular trafficking. Targeting these proteins has shown therapeutic potential;
for instance, SBFI-103, a FABP5 inhibitor, is effective in AR-resistant PCa models.
Similarly, anti-CD36 antibodies (FA6.152 and JC63.1) block fatty acid uptake and

have been shown to suppress metastasis in related tumour types.[70]

Fatty acids are also oxidised via mitochondrial 3-oxidation to generate ATP and
NADH, with carnitine palmitoyltransferase 1 (CPT1) being the key transporter
for mitochondrial entry.[71] CPT1 is upregulated in PCa, supporting proliferation
and potentially sustaining castration resistance. Recent studies have implicated
other enzymes such as 2,4-dienoyl-CoA reductase 1 (DECR1) and the fatty acid
elongase ELOVL5 (elongation of ery long chain fatty acids protein 5) in this
metabolic rewiring.[72] Notably, ELOVL5-mediated production of polyunsaturated
fatty acids (PUFAs) may promote enzalutamide resistance by activating AKT-mTOR
signalling.[73]

Lipolysis, the breakdown of triglycerides into free fatty acids and glycerol, is also
elevated. Enzymes like monoacylglycerol lipase and adipose triglyceride lipase
(ATGL) are overexpressed and correlate with poor prognosis. Inhibition of ATGL
shifts metabolism towards glycolysis and suppresses tumour growth, suggesting a

dependency on lipid-derived energy sources in CRPC.

Cholesterol metabolism Cholesterol plays a central role in PCa progression.|74,
75] It serves as a precursor for steroidogenesis, including intratumoural androgen
synthesis, and is a major component of lipid rafts that organise signalling complexes
such as AKT-AR. Elevated levels of cholesterol esters stored in lipid droplets, espe-
cially in PTEN-deficient tumours, are associated with aggressiveness and metastatic

potential.

AR signalling upregulates genes involved in cholesterol biosynthesis, including
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, and cooperates with
PIBK-AKT-mTOR signalling to enhance SREBP-2 activity.[76, 77] This coordinated

action promotes cholesterol accumulation, partly by suppressing liver X receptor
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(LXR) activity.[78] Pharmacological inactivation of cholesterol acyltransferase im-
pairs cell proliferation, migration, and survival.[64] Further, statins, inhibitors of
HMG-CoA reductase, have been investigated extensively for their anticancer poten-
tial.[64] At high concentrations, they inhibit small GTPases and disrupt oncogenic
signalling, leading to reduced PCa growth and PSA levels. Fatostatin, which targets
the SREBP-SCAP (SREBP cleavage-activating protein) complex, has shown efficacy
in inhibiting both fatty acid and cholesterol biosynthesis, reducing tumour burden in
preclinical models.[79] Furthermore, the TME contributes to cholesterol availability
under androgen deprivation.[80] Macrophages have been shown to supply cholesterol
to PCa cells, facilitating progression to CRPC.[81] Inhibiting cholesterol biosynthesis
enzymes like squalene epoxidase using terbinafine or FR194738 attenuates tumour

growth and reduces PSA levels in both preclinical and limited clinical studies.[82, 83]

In sum, these findings underscore the complex, stage-specific metabolic adaptations in
PCa, highlighting both AR-dependent and independent mechanism. Understanding
these shifts is essential for developing effective therapeutic strategies across the

disease states.

1.1.3 The role of AMPK: The Guardian of Cellular Energy Homeostasis

5'~AMP-activated protein kinase (AMPK) is a serine/threonine kinase that functions
as a cellular energy sensor and plays a central role in linking metabolism with cancer
development. It forms a heterotrimeric complex consisting of a catalytic a subunit
and regulatory p and y subunits, and responds to an increased cellular AMP/ATP
ratio, by promoting energy-producing (catabolic) processes while inhibiting energy-
consuming (anabolic) ones (Figure 1.4).[84] AMPK mediates this metabolic switch
by both phosphorylating key targets and modulating gene expression.[85]

In the context of cancer, cells display rapid growth, division, and movement, which
demands significant reprogramming of their metabolism, particularly boosting lipid
synthesis and protein production. While these metabolic pathways present promising
targets for PCa therapy, current efforts have largely failed, highlighting the urgent

need for new approaches. In this instance, AMPK plays a central role in maintaining
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energy balance and serves as a critical link between cellular metabolism and oncogenic
processes. While AMPK’s role in basic metabolism is well understood, its role in the
pathophysiology of PCa is more contentious and seems to be dependent on context,

tumour stage and cellular environment.

Figure 1.4: Activation and context-dependent roles of AMPK in cancer
progression. AMPK regulation and its context-dependent role in cancer. AMPK
is activated by phosphorylation at Thrl172 on its a-subunit, primarily by the up-
stream kinases LKB1 and CaMKKf. Once activated, AMPK can either suppress or
promote tumour progression in a context-dependent manner by modulating various
downstream targets. Proteins activated by AMPK are shown in green, while those
inhibited are in red; arrow represents activation and blunt-ended line indicates
inhibition. Figure adapted from [86]
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Evidence for tumour-suppressive role of AMPK

Activation of AMPK is primarily dependent on phosphorylation at threonine
172 of its a subunit by upstream kinases such as liver kinase Bl (LKB1) or
calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK?2).[87] Notably,
LKBI1 is a well-established tumour suppressor, and its ability to activate AMPK links
AMPK to anti-cancer functions (Figure 1.4). Early studies suggested that AMPK
activation plays a tumour-suppressive role, and this has been substantiated by multi-
ple in vitro and in vivo studies.[88, 89] Once activated, AMPK serves as a metabolic
checkpoint, inhibiting pathways that are essential for cancer cell proliferation and

survival.

One of the key ways AMPK exerts its tumour-suppressive effects is through inhibition
of the mechanistic target of rapamycin complex 1 (mTORC1), a central driver of an-
abolic processes such as protein and lipid synthesis. AMPK downregulates mTORC1
by phosphorylating tuberous sclerosis complex 2 (T'SC2), which enhances its GTPase-
activating activity and suppresses the upstream activator Ras Homolog Enriched in
Brain (RHEB). Additionally, AMPK phosphorylates Regulatory-associated protein of
mTOR (RAPTOR), a positive regulator of mTORC1, promoting its inactivation.[90,

91] This dual regulation ultimately reduces mTORCI activity and curbs cell growth.

Beyond mTORC1, AMPK also inhibits other metabolic pathways critical for tumour
growth. It suppresses de novo lipogenesis by directly inhibiting the SREBP1, a
master transcriptional regulator of fatty acid and cholesterol synthesis.[65] AMPK
also phosphorylates and inactivates ACC and HMG-CoA reductase, key enzymes
in lipid and cholesterol biosynthesis, thereby limiting the production of essential

building blocks required for membrane synthesis in rapidly dividing cancer cells.|[86,

92]

AMPK further contributes to its tumour-suppressive role by reducing aerobic gly-
colysis (the Warburg effect), partly through the inhibition of mTORC1-mediated
hypoxia-inducible factor 1-alpha (HIF1a) translation.[93] HIF1a is frequently upreg-

ulated in cancers and promotes glycolysis and angiogenesis. AMPK deficiency has
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been associated with elevated HIF1a levels, increased glycolytic flux, and enhanced

tumour progression, particularly in Myc-driven cancers.

In addition to metabolic regulation, AMPK influences cell cycle control and sur-
vival. It has been shown to activate the tumour suppressor p53 by promoting its
phosphorylation, leading to transcriptional activation of p53 target genes involved in
cell cycle arrest and apoptosis, such as p21 and Bax.[94, 95] Moreover, AMPK can
phosphorylate p27 at Thr198, a modification that contributes to cell cycle inhibition
independent of p53 status.[96]

Taken together, these findings highlight AMPK as a multifaceted tumour suppressor.
It integrates cellular energy status with control over anabolic growth signals, metabolic
flux, and proliferation, making it an attractive therapeutic target in cancer, including
PCa. Evidence from both preclinical models and clinical studies using agents such
as metformin and AICAR supports the concept that pharmacological activation of

AMPK can impair tumour growth.[97-99]

Specifically for PCa, several studies have demonstrated that AMPK activation
suppresses cell proliferation and survival. For instance, Motoshima et al., showed
that inhibition of AMPK in PCa C4-2 cells led to enhanced proliferation, increased
migration, and anchorage-independent growth.[97] This was associated with downreg-
ulation of tumour suppressors like p53 and p21 and activation of growth-promoting
pathways including insulin-like growth factor (IGF)-1/1R and S6K (ribosomal protein
S6 kinase). In contrast, AMPK activation by AICAR reversed these phenotypes.

Similarly, Jurmeister et al., and Shen et al., demonstrated that AMPK negatively
regulates AR signalling, a key oncogenic driver in PCa.[100, 101] Activation of
AMPK using AICAR or metformin decreased AR transcriptional activity, reduced
AR target gene expression, and diminished nuclear localisation of AR, thereby
inhibiting androgen-driven tumour growth. Zadra et al., further supported this
notion with a novel AMPK activator (MT63-78) that reduced tumour growth in both
androgen-sensitive and CRPC cells by blocking de novo lipogenesis and synergising

with AR inhibitors like abiraterone.[86]
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In terms of cell migration and invasion, Scott et al., showed that AMPK activation
reduced PC3 cell motility via inhibition of ACC, leading to decreased fatty acid
synthesis and invadopodia formation.[102] Exogenous phospholipid supplementation

rescued this effect, linking AMPK’s anti-migratory function to lipid metabolism.

Evidence for tumour-promoting roles of AMPK Conversely, several studies
have revealed an oncogenic link to AMPK activation in PCa (Figure 1.4).[29, 103~
107]. Some of these discrepancies may arise from the promiscuous effects of widely
used pharmacological agents such as metformin or AICAR, which impact multiple
molecular targets beyond AMPK. This complicates interpretation, as it remains
unclear whether AMPK activation alone accounts for the observed anti-tumour

effects.[86, 92, 108-111]

Importantly, analyses of clinical PCa samples reveal elevated levels of phosphorylated
AMPK (pAMPK) and ACC (at Ser80, a canonical AMPK target) compared to benign
tissue. Higher pAMPK levels have also been correlated with disease progression,
including recurrence and higher Gleason scores, suggesting a role for AMPK activation

in aggressive disease phenotypes.[112, 113]

A key mechanistic pathway underlying this tumour-promoting role involves AR-
driven expression of CAMKK2, a major upstream kinase of AMPK in prostate cells.
Frigo et al. and Massie et al. identified a strong androgen response element (ARE)
in the CaMKK promoter, establishing a feed-forward loop wherein AR induces
CAMKK?2, which then activates AMPK.[114, 115] Notably, this was among the
most prominent AR-binding sites identified in CRPC tissues, thereby highlighting its
pathological relevance.[116] Subsequent studies confirmed that CAMKK2-dependent
AMPK activation enhances PCa cell migration and invasion. Supporting this, Fu
et al. showed that silencing CAMKK?2 using miR-224 suppressed PCa proliferation,
underscoring CAMKK?2 as the dominant AMPK kinase in this context.[117]

In addition to promoting migration and invasion, AMPK activation has been shown
to facilitate tumour cell survival under metabolic stress. In LNCaP cells, Chhipa et

al. observed that combined androgen deprivation and hypoxia strongly activated
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AMPK, which promoted autophagy via Beclin-1, thereby enhancing cell viability.[118]
Laderoute et al., similarly observed AMPK activation in hypoxic regions of prostate
tumours, where it supported tumour growth, potentially through enhancement of

HIF 1o transcriptional activity.[106]

Jeon et al., further demonstrated that AMPK activation maintains NADPH home-
ostasis during glucose deprivation and matrix detachment by inhibiting ACC and
promoting fatty acid oxidation.[119] This redox support enables tumour cells to
resist ROS-induced death in metabolically stressed microenvironments. Similarly,
AMPK-induced autophagy may aid tumour dormancy and survival during therapy
or nutrient deprivation.[120, 121]

Collectively, these molecular and clinical studies suggest that AMPK has a Janus-like
role in PCa, warranting further in vivo studies to fully understand its value as a
potential therapeutic target. While it can restrain tumour growth by inhibiting
anabolic processes and AR signalling, AMPK may also act as a metabolic and survival
checkpoint that enables cancer cells to adapt to therapeutic or environmental stress,

thereby facilitating progression and recurrence.

1.1.4 PGCla: The master regulator of mitochondrial biogenesis

Despite the accumulating evidence that AMPK can exert tumour-promoting effects
in PCa through pathways, such as CAMKK2-mediated migration and invasion, it is
important to note that not all downstream targets of AMPK contribute to disease
progression. One such example is peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGCla), a well-established AMPK effector best known for its role
as the master regulator of mitochondrial biogenesis and oxidative metabolism.[122,
123] Unlike other AMPK-mediated pathways that may enhance cancer cell survival
and adaptability, emerging evidence suggests that PGCla plays a tumour-suppressive
role in PCa, with its expression limiting androgen-driven proliferation and metabolic

plasticity.[88, 124]
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Figure 1.5: Schematic representation of PGC1la isoforms. The N-terminal
region of all PGC-1 coactivators contains a conserved activation domain. Adjacent
to this, PGC-1a and PGC-1B possess a repression domain (RD) that negatively
regulates their activity. The C-terminal region includes a conserved RNA recognition
motif (RRM) involved in alternative RNA splicing. Within the RRM, the RS domain,
important for mRNA splicing, is present in PGC-1o and PRC, but absent in PGC-1§.
Multiple promoter regions and alternative splicing events within the PGC-1a gene
give rise to several isoforms, including NT-PGC-1a. Figure adapted from [125]

The PGC1 family comprises three transcriptional coactivators — PGCla, PGCI1(,
and PGCl-related coactivator (PRC) — that regulate genes involved in energy
metabolism (Figure 1.5).[125] These coactivators share conserved structural domains,
including an N-terminal activation domain and a C-terminal RNA-binding domain,
but differ in expression patterns and regulatory roles. PGCla, the first identified
and most extensively studied member, was discovered in brown adipose tissue as a
coactivator of peroxisome proliferator-activated receptor (PPAR)y and is induced by
cold exposure.[123] It enhances mitochondrial biogenesis and oxidative metabolism,
especially in thermogenic and metabolically active tissues like brown fat, skeletal

muscle, heart, and brain.[126]

PGCla acts as a transcriptional coactivator, lacking intrinsic DNA-binding ability
but interacting with a range of transcription factors such as PPARa, estrogen receptor
(ER), glucocorticoid receptor (GR), retinoid X receptor o (RXRa), hepatocyte nuclear
factor 4o (HNF4a), and nuclear respiratory factors 1 and 2 (NRF1/2).[125] Indeed,
the N-terminal domain of PGCla contains conserved leucine-rich LXXLL motifs

that facilitate the recruitment of histone acetyltransferases that subsequently enable
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chromatin remodelling.[123] Through these interactions, PGCla regulates genes

involved in mitochondrial respiration, lipid metabolism, and adaptive thermogenesis.

Importantly, PGCla is subject to alternative splicing, which expands its functional
diversity. While the specific expression pattern of every isoform has not been
fully detailed in the context of prostate or PCa, PGClo-b and PGCla-c are full
length isoforms that retain the canonical functional domains of PGCla and are
believed to have roles similar to the canonical PGClao-1 isoform in regulating
mitochondrial biogenesis and oxidative metabolism. Nonetheless, one particularly
well-characterised splice variant is N-terminal PGCla (NT-PGCla), a truncated
isoform lacking the C-terminal RNA-binding domain (Figure 1.5).[127] NT-PGCla
retains the N-terminal activation domain and nuclear receptor interaction motifs,
enabling it to coactivate transcription, but it may have distinct stability, subcellular
localisation, or regulatory functions compared to the full-length protein. Unlike
full-length PGCla, NT-PGCla appears to have increased protein stability, and its
activity is more acutely inducible, making it well-suited to mediate rapid metabolic
adaptations. It drives the expression of a wide array of genes related to ubiquitin-
dependent protein degradation, ribonucleoprotein complex biosynthesis, phospholipid
biosynthesis, angiogenesis, glycogen metabolism and autophagy.[127] Its expression
is also responsive to physiological cues such as exercise, suggesting a potential
role in adaptive metabolic responses. While the functional role of NT-PGCla in
cancer remains underexplored, its regulation of mitochondrial capacity and metabolic
reprogramming could be particularly relevant in the context of tumours with altered
energy demands or redox states. Recent evidence also suggests that NT-PGCla
may interact with a distinct set of transcriptional partners compared to full-length

PGCla, contributing to its non-redundant biological functions.[125]

Together, the PGC1 family plays a central role in orchestrating metabolic gene
programs, particularly those supporting mitochondrial oxidative metabolism, and

their dysregulation has been implicated in metabolic disorders and cancers, including

PCa.

PGC1la’s role in oxidative metabolism
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A central mechanism through which PGCla supports oxidative metabolism is its
interaction with oestrogen-related receptor alpha (ERRa), an orphan nuclear receptor
highly expressed in prostate tissue (Figure 1.6).[128, 129] PGCla coactivates ERRa
to induce genes involved in mitochondrial biogenesis, OXPHOS, and fatty acid
oxidation.[129] This interaction underlies a shift toward enhanced mitochondrial
respiration and metabolic efficiency, which can support the energy demands of tumour
cells, particularly in androgen-independent or castration-resistant stages of PCa.
The PGCla-ERRa interaction enhances oxidative capacity and may counterbalance
glycolytic reprogramming, contributing to a more metabolically flexible tumour

phenotype.

Figure 1.6: PGCla—ERRa axis suppresses PCa metastasis via catabolic
reprogramming. Activation of PGCla and its interaction with ERRa suppresses
metastasis, although this expression pattern is diminished in human PCa. PGCla
enhances glucose and fatty acid oxidation, reduces lipid synthesis, and upregulates
branched-chain amino acid (BCAA) catabolism. Through these effects, PGCla mod-
ulates the balance between anabolic and catabolic metabolism, thereby influencing
PCa progression. Figure adapted from [130]

Moreover, PGCla directly influences antioxidant defence systems. Under metabolic
or oxidative stress, it coactivates ERG, a PCa-relevant fusion oncogene, leading to
the transcriptional induction of antioxidant enzymes such as superoxide dismutase 1
and thioredoxin, thereby mitigating ROS accumulation and apoptosis.[131] This pro-
tective function is especially significant in prostate tumours experiencing heightened

mitochondrial respiration, where ROS generation is elevated.
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Tissue-specific metabolic effects of PGCla also suggest nuanced roles in cancer
progression. In skeletal muscle, PGCla facilitates glucose uptake via GLUT4,
promotes fatty acid oxidation (FAO), and inhibits glycolysis, aligning with a catabolic
oxidative program.[132, 133] In contrast, in hepatocytes, PGCla activation enhances
gluconeogenesis and glucose output, highlighting the context dependency of its
metabolic effects.[134] Notably, in PCa, increased PGCla expression has been
associated with reduced metastasis and a less aggressive phenotype, potentially due

to its role in maintaining oxidative metabolism and redox homeostasis.

In lipid metabolism, PGCla enhances mitochondrial and peroxisomal 3-oxidation,
particularly during energy stress or fasting.[135] This is achieved through ERRa
coactivation, further reinforcing the oxidative phenotype. However, PGCla also
promotes lipogenesis and lipid droplet formation in skeletal muscle, suggesting that
its role in lipid handling may vary with cellular context and transcription factor

availability.[78]

Additionally, PGC1la contributes to branched-chain amino acid (BCAA) catabolism,
by upregulating key enzymes, thereby reducing circulating BCAA levels and linking
amino acid flux to mitochondrial metabolism.[136] Intriguingly, this cross-talk
between amino acid and fatty acid pathways can promote endothelial fatty acid

uptake, potentially influencing nutrient exchange within the TME.[137]

Taken together, PGCla orchestrates a complex oxidative metabolic program in PCa
cells, involving enhanced mitochondrial function, antioxidant defences, and substrate

flexibility.
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Table 1.1: Predominant transcription factors interacting with PGCla.

Transcription Factor Function
NRF1/2 Mitochondrial biogenesis
PPARo/B/y Mitochondrial biogenesis, Fatty acid oxidation
ERR«/f Mitochondrial biogenesis
TRB CPT1 expression
FXR Triglyceride metabolism
GR; HNF4o; FOXO1 Gluconeogenesis
SREPB1/2; LXRa/f Lipogenesis, lipoprotein secretion

Given PGClua’s well-established role as a master regulator of oxidative metabolism
and mitochondrial biogenesis, its functional modulation presents a compelling node
of metabolic vulnerability in PCa. In the study by Torrano et al., ectopic expression
of PGCla in PCa cells resulted in a profound shift in metabolic flux, characterised by
enhanced mitochondrial respiration, glucose oxidation, and fatty acid oxidation.[124]
This reprogramming was accompanied by a concurrent downregulation of de novo
lipogenesis, suggesting a transition from an anabolic to a catabolic metabolic
phenotype. Mechanistically, transcriptional analysis revealed that this shift was
dependent on the co-activation of nuclear receptors, particularly oestrogen-related
receptor alpha (ERRa/ESRRA), a known PGCla-binding partner. Importantly,
genetic suppression of ERRa in PGCla-expressing cells abrogated the anti-metastatic
effects, highlighting a critical role for the PGCla—ERRa axis in constraining PCa
progression (Figure 1.6).

Despite these findings, the specific mechanisms through which suppression of PGCla
confers a growth advantage in PCa remain incompletely understood. One proposed
mechanism is that the loss of oxidative metabolism, especially glucose and fatty
acid oxidation, frees up carbon substrates for nucleotide, non-essential amino acid,
and lipid biosynthesis, thereby supporting the biosynthetic demands of proliferating
tumour cells.[138] However, mitochondrial metabolism is also essential for generating

NADH, FADH2, and intermediates such as aspartate, a-ketoglutarate, and citrate,
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all of which are critical for both bioenergetic and biosynthetic functions. Thus,
suppression of PGCla may represent a context-dependent trade-off that enables

tumour cells to optimise nutrient allocation based on microenvironmental constraints.

Further supporting this model, Torrano et al. observed alterations in the BCAA degra-
dation pathway in PGCla-overexpressing PCa cells. Given that BCAA catabolism
(mediated by BCAT2 and the branched-chain o-keto acid dehydrogenase (BCKDH)
complex) feeds into the TCA cycle for energy production, its suppression in prolifer-
ating cancer cells may serve to preserve BCAA pools for anabolic processes, including
protein synthesis and activation of mMTORC1. Therefore, downregulation of PGCla
may facilitate the accumulation of BCAAs, enhancing proliferative and pro-survival
signalling. While the precise role of this pathway in the PGCla phenotype is not yet

established, its disruption presents a candidate mechanism for further investigation.

Notably, overexpression of PGCla did not increase intracellular ROS levels despite
enhanced oxidative metabolism. Measurements of ROS using fluorescent reporters,
along with assessments of lipid peroxidation in vivo, revealed no significant differences
between PGClo-expressing and control cells. This finding suggests that the anti-
metastatic phenotype associated with PGCla is not attributable to redox imbalance
or oxidative stress-mediated cell death. However, considering the complex interplay
between ROS, mitochondrial function, and metastatic stress—particularly during
detachment and colonisation—future studies should examine redox buffering systems
such as NADPH-dependent pathways (e.g., the pentose phosphate pathway) under

conditions mimicking the metastatic niche.

Importantly, the role of PGCla in cancer appears to be highly context- and tissue-
dependent.[130, 138, 139] In some cancer types, such as colorectal and renal cell
carcinoma, high PGCla levels are associated with reduced tumour growth, potentially
due to elevated oxidative stress. Conversely, in subsets of melanoma and pancreatic
cancer, PGCla expression correlates with enhanced survival under metabolic stress
and sensitivity to OXPHOS inhibition. These findings contrast with breast cancer,
where PGCla has been implicated in promoting both primary tumour growth and

metastasis via enhanced mitochondrial function. Such divergence likely reflects the
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influence of tumour-specific metabolic phenotypes and microenvironments. In the
prostate, normal epithelial cells exhibit a unique metabolic profile characterised by
zinc accumulation and citrate secretion; traits that are lost during transformation
but may leave a residual metabolic scaffold that modulates the response to PGCla
re-expression. [88] As such, strategies aimed at reactivating PGCla signalling in the
context of PCa, either through the overexpression of full-length PGCla or its splice
variants with preserved transcriptional coactivator function via mRNA delivery, may

offer a novel approach to limit PCa progression and metastasis.

1.2 The world of RNA therapeutics

RNA-based therapeutics have revolutionised the biomedical research field by trans-
forming the treatment outcomes of diverse diseases, and have gained increased
traction owing to their unique physicochemical and physiological properties.|[140-142]
These therapeutics offer precise control over gene transcription and protein expres-
sion, thereby reducing the likelihood of off-target effects. Compared to traditional
small-molecule drugs, RNA therapeutics present invaluable advantages, including the
ability to be quickly designed and synthesised in response to newly discovered targets.
Their adaptable dosing schedules and modes of administration further support their

clinical utility.

Recently, several RNA-based therapies have been approved for clinical use by the U.S.
Food and Drug Administration (FDA).[143] Notable examples include avacincaptad
pegol, an RNA aptamer used to treat age-related macular degeneration, and patisiran,
a small interfering RNA (siRNA) therapeutic for hereditary transthyretin-mediated
amyloidosis.[144, 145] Moreover, mRNA vaccines have been widely deployed to
combat SARS-CoV-2.[146, 147] Beyond these approved treatments, a wide range of
RNA-based modalities, including vaccines, gene therapies, and protein therapeutics,
are also undergoing clinical trials.[140] Various RNA types have now been identified
or engineered for therapeutic and research applications. There are three broad RNA
categories, namely small RNA| translatable RNA and CRISPR guide RNA (Figure
1.7).
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Figure 1.7: Classes of RN A therapeutics. RNA-based drugs include messenger
RNA (mRNA) therapies, small interfering RNAs (siRNAs), microRNAs (miRNAs),
aptamers, circular RNA (circRNA), self-amplifying mRNA (saRNA) and guide RNAs
used in clustered regularly interspaced short palindromic repeats (CRISPR)-based
gene editing. These therapeutics function through diverse mechanisms such as protein
replacement (mRNA, saRNA, circRNA), gene silencing (siRNA, miRNA), inhibition
of protein function (aptamers), or targeted gene editing (CRISPR guide RNAs).

Small RNAs include siRNA, which silences gene expression at the post-translational
level via the RNA interference (RNAi) pathway; microRNA (miRNA), which fine-
tunes gene expression by binding to target mRNAs; and aptamers, which selectively
bind to specific molecules to modulate their activity.[148-150] In the context of PCa,
the (antisense oligonucleotide) ASO miR-375, packaged with exosomes, suppressed
mCRPC growth in preclinical models, whilst sensitising the tumours to enzalu-
tamide.[151] Further, Kim et al., characterised the anti-PCa potential of the ASO
miR-21 in preclinical metastatic PCa models.[152] An ASO against AR, delivered
in vitro and in vivo using tumour-targeting liposomes showed considerable accumu-
lation in tumour tissue and deceased AR expression relative to free ASOs in PCa
xenografts.[153] In a similar vein, the cell penetrating peptide-mediated delivery of
an anti-AR ASO, AR-V7, downregulated AR-V7 expression in several PCa cell lines,
thereby reducing the androgen-independent cell proliferation of the PCa cells.[154]
While the ASOs IONIS-AR-2.5Rx (AZD5312) is currently under Phase I trials for
mCRPC in combination with enzalutamide, it has showed limited success due to
limited bioavailability.[155] In other work, silencing synaptotagamin 4 (upregulated
in enzalutamide-resistant PCa cell lines) using exosome-delivered siRNA, sensitised

cells to enzalutamide treatment.[156]

Second-generation RNA aptamers, for instance truncated forms of the aptamers

A10 and A9, including A10-3, A10-3.2, and A9g, that have been selected through a
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systematic evolution of ligands by exponential enrichment process to bind specifically
to the extracellular domain of PSMA. Indeed, these aptamers have demonstrated
specific binding to PSMA-positive cells, with A9g uniquely retaining the ability to
inhibit PSMA enzymatic activity, thereby suppressing metastatic progression in
vivo.[157, 158]. Aptamer—siRNA chimeras have been also developed, with studies
showing that A10 and A9 aptamers can effectively deliver siRNAs to PSMA-positive
cells and inhibit tumour growth.[159, 160]. These chimeras benefit from aptamers’
targeting specificity and the gene-regulatory potential of RNAi, though limitations
such as rapid renal clearance, nuclease degradation, and endosomal entrapment
have restricted their therapeutic efficacy. Various strategies have addressed these
challenges, including covalent aptamer—siRNA conjugation, structural modifications
to the siRNA duplex, and incorporation of cell-penetrating peptides such as TAT to
enhance intracellular delivery.[157, 161, 162]. Additionally, aptamer-functionalised
nanoparticles (NPs), especially PLGA-based and lipid-polymer hybrid systems, offer
a protective and tunable platform for siRNA delivery. Farokhzad et al., demon-
strated a 77-fold increase in cellular uptake of A10-3-conjugated PLGA NPs in
PSMA-positive LNCaP cells, with enhanced intra-tumoural accumulation shown in
follow-up studies.[163, 164] These platforms also enable dual-therapy designs, such as
radiosensitizing aptamer-shRNA chimeras targeting DNA-PK to enhance radiother-
apy efficacy while minimizing collateral tissue damage.[165] Dual-aptamer approaches
have also been introduced, combining PSMA-specific A10 variants with DUP-1 pep-
tides targeting PSMA-negative PCa, thereby improving diagnostic and therapeutic
coverage.[166] Several studies have explored the therapeutic potential of small interfer-
ing RNA (siRNA) in PCa, particularly in the context of AR targeting for CRPC.[167]
Zhang et al., developed a PSMA-targeted polymeric micelle system capable of co-
delivering docetaxel and AR-directed siRNA.[168] In this construct, docetaxel was
encapsulated within the hydrophobic core, while AR siRNA was electrostatically
condensed onto the hydrophilic shell composed of polyethyleneimine—poly(lactic-co-
glycolic acid) (PEI-PLGA) micelles. The surface of the micelles was modified with a
PSMA-targeted anionic polyethylene glycol-polyaspartic acid coating, resulting in

a nanoparticle formulation with prolonged systemic circulation, enhanced tumour
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selectivity, and synergistic anticancer activity. In other work, Diao et al. showed that
engineered extracellular vesicles (EVs) could deliver a mixture of siRNAs targeting
AR and induce apoptosis in LNCaP-Al cells, a model of androgen-independent
PCa.[161] Similarly, Chen et al. employed mesoporous silica NPs to deliver siRNA
against AKR1C3, an enzyme involved in intratumoural androgen synthesis.[169]
This led to decreased AKR1C3 expression, suppression of AR signaling, and in-
hibition of CRPC growth both in vitro and in vivo. Compagno et al. confirmed
that AR-dependent mechanisms persist in androgen-resistant tumours and that
siRNA-mediated knockdown of AR substantially reduced tumour growth.[170] Sim-
ilarly, Haag et al., demonstrated growth suppression in both castration-sensitive
and castration-resistant models following AR downregulation with siRNA.[171] In
vivo delivery approaches are also being refined; lipid nanoparticle (LNP)-mediated
siRNA delivery has shown efficacy in preclinical models, while adeno-associated virus
(AAV)-based expression of AR-targeting shRNA resulted in robust AR silencing,
tumour cell apoptosis, and regression in PCa xenografts.[172, 173] Collectively, these
findings highlight the therapeutic potential of AR-targeted siRNA delivery systems
for CRPC, though challenges remain in translating these approaches into clinical

settings.

Additionally, messenger RNA (mRNA), circular RNA (circRNA), and self-amplifying
RNA (saRNA) can be translated into therapeutic proteins.[174] However, these
represent a relatively nascent therapeutic approach in the PCa context. Clinical
evidence remains limited, with only a few trials having reported outcomes to date.
An mRNA vaccine, CV9103 initially exhibited promising patient outcomes in a
Phase I/II CRPC clinical study, extending patient survival by 31.4 months.[175].
However, the second generation of this vaccine, formulation with six mRNA encoding
for six PCa-associated antigens (PSMA, PSA, prostate stem cell antigen (PSCA),
six transmembrane epithelial antigen of the prostate (STEAP), prostatic acid phos-
phatase (PAP) and mucin 1 (MUCT)), CV9104, showed minimal cancer ameliorating
effects, likely due to the instability of the mRNA-based formulation, which drastically
reduced its bioavailability.[176] A Phase I/II clinical trial evaluated an unmodified
RNA vaccine encoding kallikrein-2, kallikrein-3, PAP, HOXB13, and NKX3.1 (PCa
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antigens), with promising preliminary immune responses and PSA reduction in a
subset of patients.[177] Another emerging mRNA vaccine, BNT112, is currently
undergoing early-phase testing in patients with CRPC or high-risk localized PCa.
This vaccine encodes five tumour-associated antigens and is being evaluated alone
and in combination with the PD-1 inhibitor cemiplimab (NCT04382898). Although
the trial has been terminated, results are pending, and the potential synergistic
effects of combining mRNA vaccination with immune checkpoint inhibition (ICI)

remain an area of significant interest (NCT03815942).

Contrary to the growing success of the mRNA vaccines, circRNA-based therapies
are still in preclinical stages of development. This is largely due to the ongoing
challenges associated with identifying optimal therapeutic targets and designing
functional circRNA constructs, which are inherently more structurally complex
than linear, single-stranded mRNAs. Pan et al, recently identified the tumour-
suppressive circBNC2, loaded these within polyacrylic acid and polydopamine-
composed polymeric NPs in combination with docetaxel and noted prominent anti-
tumour effects in xenograft and metastatic models of PCa.[178] While several other
potential circRNA targets have been reported (circ_ 0006156, and circTENM3), these

have yet to be validated in an in vivo setting.[179, 180]

CRISPR/Cas9-mediated gene editing has become an indispensable tool for probing
the molecular underpinnings of PCa, particularly in the context of target identification
for therapeutic intervention.[181] Multiple studies have used CRISPR-mediated
knockouts to explore the roles of the PI3K/AKT/mTOR pathway components such
as mTOR, DEPTOR, and NKX35.1.[182] CRISPR depletion of DEPTOR, a negative
regulator of mMTORC1 and mTORC2, resulted in increased proliferation, migration,
and invasiveness of PCa cells, along with EMT induction and B-catenin nuclear
translocation. These changes were associated with accelerated tumour growth in vivo,
suggesting that restoring DEPTOR function may offer a therapeutic benefit. Another
study developed a liposome-aptamer-CRISPR /Cas9 chimera to target polo-like kinase
1 (PLK-1), a pro-survival gene overexpressed in most human PCa tumours.[183]

They reported highly specific targeting and gene silencing in vitro, demonstrating
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the potential of such an approach. Park et al., used CRISPR to knockout NKX3.1,
an androgen-regulated homeobox gene with tumour-suppressive properties.[184] Loss
of exon 1 led to increased prostate size in mice, hyperproliferation as indicated by
dense Ki-67 staining, and suppression of p53 levels. Interestingly, this also resulted in
inhibition of PI3K/AKT/mTOR signaling, suggesting a complex feedback interaction
between NKX3.1 and PI3K activity.

In efforts to understand transcriptional regulation in PCa progression, researchers
used multiplex CRISPR editing in mouse prostate cells to target the activator
protein-1 (AP-1) complex, consisting of JUN (Jun proto-oncogene) and FOS (FBJ
murine osteosarcoma viral oncogene homolog) family members.[185] Simultaneous
loss of JunB or Fos alongside PTEN promoted invasive disease, while loss of Jun
suppressed proliferation. These findings highlight the context-dependent duality of
AP-1 members, with Jun acting as an oncogene and JunB/Fos behaving as tumour

SUpPressors.

Further studies investigated genes associated with racial disparities in PCa. GPRC6A,
a G-protein-coupled receptor bearing the human-specific “Y.K” polymorphism in its
third intracellular loop, was deleted in PC-3 cells via CRISPR.[186] The knockout
inhibited cell proliferation and migration in vitro and significantly reduced tumour
growth in vivo, suggesting GPRC6A as a therapeutic and biomarker candidate,

particularly for aggressive, human-derived PCa subtypes.

Beyond individual gene studies, genome-wide CRISPR/Cas9 screening has been
applied to uncover synthetic vulnerabilities in combination with standard therapies.
A notable example is the identification of transcription elongation factor A-like 1
(TCEALL) as a modulator of docetaxel sensitivity.[187] Knocking out TCEALI in
human PCa cell lines enhanced docetaxel-induced apoptosis and disrupted normal cell
cycle progression. While TCFEALI’s mechanistic role remains to be fully elucidated,
its inhibition alters the transcriptional landscape in a promoter-dependent manner,
suggesting that combining gene knockout with chemotherapy may uncover new

therapeutic synergies.
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In sum, these studies exemplify the role of CRISPR/Cas9 not as a direct therapy,
but rather as a functional genomics platform to reveal dependencies in PCa. While
delivery innovations, such as aptamer-conjugated liposomes, represent steps toward
clinical translation, most current efforts remain preclinical and are aimed at validating
genetic targets that may be modulated more precisely or reversibly in therapeutic

contexts.[183]

1.2.1 Challenges in development of RNA-based therapeutics

Despite the significant progress, the clinical translation of RNA-based therapeutics
remains fettered by numerous challenges. Extending delivery of these agents to
anatomically or physiologically less accessible tissues remains a prominent challenge,
alongside the need to enhance therapeutic efficacy whilst mitigating hepatotoxicity
and off-target effects.[141] Structurally, therapeutic RNAs tend to be composed of
a b’ cap, untranslated regions (UTRs), a poly(A) tail, and coding sequences, each
of which is amenable to chemical modification.[188] However, the optimisation of
these modifications is still in its infancy, and the influence of specific alterations
on RNA stability, translational efficiency, and innate immune recognition remains
incompletely characterised, thus far. Further, for CRISPR-based therapeutic systems,
the impact of chemical modifications on gRNA stability, target recognition fidelity,
and editing efficiency has yet to be fully elucidated. As new Cas variants continue
to be discovered, careful optimisation of gRNA chemistry is critical for achieving
favourable pharmacokinetic and pharmacodynamic profiles.[189] Additionally, the
risk of off-target effects, both from the editing machinery and the delivery vehicles,

requires rigorous evaluation as more in vivo and clinical data become available.

Large-scale production of RNA agents introduces further complexity. While both
solid-phase and enzymatic synthesis are widely employed to generate chemically
modified RNAs of various lengths and sequences, these methods are difficult to scale
due to the unique synthetic demands of each modification, which often necessitate
specialised reagents and reaction conditions.[190] Maintaining precise control over
reaction parameters, such as temperature, pH, and reagent concentrations, becomes

increasingly challenging at industrial scales. Furthermore, consistency in product
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quality and purity must be ensured through stringent quality control and advanced

analytical characterisation techniques.

The stability of chemically modified RNAs during long-term storage poses another
major bottleneck.[148] Modified RNAs often exhibit distinct degradation profiles
compared to their unmodified counterparts, with stability being highly sensitive to
the nature of the chemical modifications and environmental conditions. Establishing
optimal storage parameters, such as temperature, humidity, and light exposure, is
therefore critical to preserving the therapeutic integrity and bioactivity of these
molecules. Moreover, the high cost of synthesising modified RNAs underlines the
urgent need for more scalable and cost-efficient production strategies to enable

broader clinical use.

Safety remains a paramount concern for RNA-based therapeutics, particularly with
respect to immunogenicity and unintended off-target effects. LNP systems, while
effective at protecting RNA from nuclease degradation and facilitating cellular
uptake, can themselves provoke innate immune responses.[191] Similarly, although
certain chemical modifications (e.g., pseudouridine or N1-methylpseudouridine) are
designed to reduce immunogenic stimulation, some alterations may inadvertently
interfere with endogenous RNA sensing and processing, thereby enhancing the risk
of immunotoxicity or misregulation of host pathways.[181] Chronic or repeated
administration, as required for treatment of persistent or relapsing conditions, may
exacerbate these risks, with concerns around cumulative toxicity and potential

delayed adverse effects.

Given the incomplete understanding of how various RNA modifications are
metabolised and regulated in vivo, further investigation is necessary to assess long-
term safety and therapeutic tolerance. Finally, the route of administration plays a
pivotal role in directing RNA therapeutics to target tissues efficiently, influencing
biodistribution, cellular uptake, and off-target effects. The rational design of delivery
and dosing strategies will therefore be essential for maximising therapeutic outcomes

while minimising systemic toxicity.
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1.3 Nanoparticle-mediated RNA delivery

While the International Union of Pure and Applied Chemistry (IUPAC) identifies NPs
as particles with dimensions between 1-100 nm, where unique nanoscale properties
distinct from bulk materials typically emerge, less rigid definitions are often adopted in
biomedical contexts.[192] In drug delivery, for example, particles exceeding 100 nm are
commonly used to ensure sufficient therapeutic loading and functional performance.
This work adopts the more inclusive definition of NPs as colloidal entities within the

10-1000 nm size range.

As drug delivery systems, NPs can encapsulate, adsorb, or entrap therapeutic agents,
enhancing solubility, stability, and bioavailability.[193] By improving pharmacokinet-
ics and protecting labile drugs from degradation, NPs can revive compounds with

otherwise poor pharmaceutical profiles and enable new therapeutic strategies.

Chemically, NPs can be classified into three broad categories: lipid-based, inorganic,
and polymeric.[194] Lipid-based NPs dominate clinical nanomedicine due to their
biocompatibility, ease of formulation, and capacity to deliver large payloads. Inorganic
NPs, by contrast, are well-suited for diagnostic and photothermal applications due to
their magnetic and optical properties.[195] Polymeric NPs, however, offer unmatched
structural and functional flexibility, as their properties can be precisely tuned through
the use of a wide variety of synthetic and natural polymers, as well as functional

monomers.[196]

1.3.1 Rationale for RNA delivery

Irrespective of their mode of action, the susceptibility of RNA-based agents to RNAses
present in circulation and tissues, and their anionic charge make it difficult to realise
their therapeutic potential by efficiently entering cells and exerting their function. To
overcome this barrier to therapeutic efficacy, many viral-vector-based and non-viral
delivery systems have been developed to protect the RNA from being degraded,
improve delivery to target tissues, and minimise off-target effects.[197] Viral vectors

have yielded promising clinical outcomes in gene therapy applications.[198-203]

37



However, their scope is inherently limited due to pre-existing host immunity, vector-
induced immunogenicity, risks of unintended genomic integration, limited payload
capacity, inability to perform repeat dosing, challenges in large-scale manufacturing,
and the high costs associated with vector production.[204, 205] While some of these
barriers are being addressed through ongoing innovation, these have motivated the

exploration of alternative, non-viral delivery strategies.

Significant progress has been made in the design of synthetic carriers, including
polymers, lipids, and lipid nanoparticles (LNPs), has accelerated the development of
RNA-based therapeutics delivered via non-viral platforms.[205] This includes the FDA
approval of subcutaneously administered N-acetylgalactosamine (GalNAc)-siRNA
conjugates for targeted hepatocyte delivery, as well as intravenously administered
LNP-based siRNA therapeutics for hepatic indications.[145, 206-209] Furthermore,
the emergency use authorisation and subsequent FDA approval of intramuscularly
delivered LNP-based mRNA vaccines against COVID-19 has provided critical clinical
validation for this delivery modality.[210-212] These regulatory milestones underscore
the potential of nanoparticle systems to enable RNA delivery beyond hepatic tissues,
as well as site-specific applications targeting the central nervous system, ocular
tissues, and inner ear. In addition to RNA delivery, nanoparticle-based platforms are
being explored for non-viral DNA delivery, offering an alternative to viral vectors for

gene transfer, as detailed in other reviews.[206, 213]

1.3.2 Lipids and lipid nanoparticles for RNA delivery

Liposomes were first proposed for RNA delivery in the late 1970s. Since then the
use of lipids for nucleic acid delivery has evolved dramatically.[214, 215] The concept
expanded in late 1980s with the development of cationic liposomes for DNA and
RNA transfection, laying the foundation for clinical applications to come.[216] The
first clinical trial employing cationic liposomal formulation for gene delivery targeting
melanoma was initiated in 1993.[217, 218] A major turning point in the field came
with the introduction of stabilized antisense-lipid complexes in 2001, which were

later termed Stable nucleic acid lipid particles (SNALPs) and are now widely known
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as LNPs.[219] These systems significantly enhanced the stability, efficiency, and
therapeutic potential of RNA delivery.

The architecture of these particles is influenced by the balance between the hydrophilic
head group and hydrophobic tail(s) of the lipid molecules, enabling the formation
of diverse nanostructures.[220, 221] FDA-approved formulations typically consist
of four core components: a cationic or ionisable lipid to complex with the anionic
RNA] cholesterol to enhance stability and membrane fusion, a helper lipid (such as
DSPC), and a polyethylene glycol (PEG)-lipid to improve circulation and colloidal
stability.[220]

Extensive work has been undertaken to refine LNP composition through both high-
throughput lipid screening and rational design approaches. Early examples include
lipids such as C12-200, synthesised via epoxide—amine chemistry, and cKK-E12, a
peptide-mimetic lipid, which demonstrated efficient siRNA delivery to hepatocytes
in mice and non-human primates.[222, 223] Innovations in lipid chemistry led to
a significant drop in effective dose for gene silencing—from 1.0 mg/kg to as low as
0.002 mg/kg—highlighting the impact of lipid structure on delivery potency.[224]
DLin-MC3-DMA, the ionizable lipid used in Onpattro®, is a prime example of this

optimisation.[225]

These platforms have also proven effective for mRNA delivery. Multiple LNPs
originally designed for siRNA, including those containing C12-200, cKK-E12, and
DLin-MC3-DMA, have successfully delivered mRNA to the liver in animal mod-
els.[226-228] More recent lipid formulations, such as LP0177 (Intellia), Lipid H128
(Moderna), and FTT5103 (Ohio State/Beam Therapeutics), have expanded the
chemical diversity of RNA-delivery vehicles.[189, 229] Notably, preclinical studies
have shown that a single intravenous administration of LNPs carrying base editor
mRNA and sgRNA targeting PCSK9 results in months-long gene silencing in non-
human primates — an approach with strong therapeutic potential for cardiovascular

diseases.[208]

Despite these advances, several limitations constrain the broader application of

LNP-based systems. One of the most critical is organ tropism, LNPs predominantly
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accumulate in the liver, making extrahepatic targeting a major challenge.[230, 231]
While modification of LNP components (e.g., PEG-lipids, cholesterol analogues, or
helper lipids) has enabled redirection of delivery to organs such as the lungs, spleen,
or bone marrow, such approaches often lack consistent translatability across species
or administration routes.[232] Indeed, these strategies still require comprehensive
optimisation and mechanistic elucidation. While emerging work from Intellia and
Beam Therapeutics has demonstrated that LNPs can be engineered to target
hematopoietic stem and progenitor cells in vivo, however, achieving targeted delivery
to these cell populations without off-target accumulation in the liver or spleen
continues to be a major technical hurdle.[233] Further, the delivery efficiency and
pharmacokinetics of LNPs can also be highly sensitive to seemingly minor changes
in component structure or ratio. For instance, the PEG-lipid modulates circulation
time and immune recognition but can also inhibit cellular uptake, especially at higher

molar percentages.

Immunogenicity remains another key concern. Although ionisable lipids minimise
systemic toxicity by remaining neutral at physiological pH, cationic intermediates
generated during formulation or endosomal escape can trigger innate immune re-
sponses. Repeated dosing is often limited by immune memory against the PEG
component or other lipid elements, compromising the feasibility of chronic treatment
regimens. Furthermore, anti-PEG antibodies have been detected in a significant
portion of the human population, either pre-existing or induced upon exposure to
PEGylated drugs, which can lead to accelerated blood clearance, reduced efficacy, or
hypersensitivity reactions.[191] To offset the immunogenicity associated with PEGy-
lated NPs, alternatives such as polysarcosine, an uncharged, hydrophilic polypeptoid,
are currently been explored; it offers stealth-like properties similar to PEG but with

a lower risk of eliciting anti-polymer immune responses.[234]

1.3.3 Polymeric nanoparticles for RNA delivery

A crucial advantage of polymeric NPs over lipid-based systems lies in their chemical
engineerability. Chemists can systematically tailor polymer properties, including

charge density, hydrophobicity, degradability, and molecular weight, to optimise RNA
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complexation, protection, cellular uptake, and intracellular release. This level of
control is more difficult to achieve with LNPs, which rely on a smaller set of chemically
similar lipid components and offer limited flexibility in structure-function design.
In particular, the chemical versatility of polymers enables the facile installation of
chemical motifs that can respond to specific biological stimuli (Figure 1.8).[235]
For example, polymers can be engineered to degrade or change conformation in
response to triggers such as acidic pH, extracellular enzymes, elevated glutathione
levels, hypoxia or reactive oxygen species, conditions commonly found in the TME.
This stimulus-responsiveness allows for spatially and temporally controlled release
of RNA payloads, improving therapeutic precision and minimising off-target effects.
Three key biological stimuli most relevant to this work are discussed below. For
further information regarding the other stimuli that could influence NP structure in

the TME, more detailed reviews are available.[236]
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Figure 1.8: Key functional groups used in stimuli-responsive NPs. a) pH-
responsive NPs often incorporate acid-labile linkages such as hydrazones, imines,
esters, and acetal groups, which degrade or change conformation under acidic tumour
or endosomal environments. b) ROS-responsive NPs use thioketals, boronic esters, or
selenium-containing moieties that undergo cleavage in the presence of elevated ROS
typical of inflammatory or tumour tissues. ¢) Redox-responsive NPs are engineered
with disulfide or diselenide bonds that are reduced in the intracellular environment
rich in glutathione, enabling controlled cargo release.

1.3.3.1 pH-responsive nanomaterials

An altered metabolic profile is a standard hallmark of solid tumours, particularly the
reliance on aerobic glycolysis (the Warburg effect), which generates a mildly acidic
extracellular TME with pH levels ranging from 6.5 to 7.[80] This is significantly
lower than the physiological pH of 7.2-7.4. This acidification fosters an environment
that permits tumour progression and the development of resistance to conventional
therapies, but also provides a key biochemical trigger that can be used to activate

pH-responsive RNA delivery systems.
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Many nanocarriers have been developed that possess acid-labile linkers or pH-
sensitive protonation mechanisms. Common acid-sensitive bonds employed include
esters, hydrazone, imine, phenylmethylimine, amide, and maleic acid amide (MAA)
derivatives, among others (Figure 1.8a).[237] NPs constructed using these chemistries
can undergo structural rearrangements, including charge reversal or shedding of
polyethylene glycol (PEG) layers, in mildly acidic environments, thereby enhancing
tumour penetration and cellular uptake. For instance, a MAA-containing copolymer,
meo-PEG-DIinKm-PLGA, was used for PTEN mRNA delivery.[238] In vivo imaging
showed that the NPs selectively accumulated in tumour tissues, leading to significant
tumour growth inhibition via downregulation of the PI3SK—Akt pathway. Another
mechanism of pH responsiveness is based on protonatable groups, such as tertiary
amines or imidazoles, which gain positive charges under acidic conditions.[237]
Polyethylenimine (PEI) is a classic example; its high density of amines enables
proton sponge-mediated endosomal escape.[239] However, its non-biodegradability
and associated cytotoxicity necessitate chemical modifications. For instance, PEI
has been conjugated with chitosan (CS) and linked to doxorubicin via a pH-sensitive
hydrazinobenzoic acid linker to form a multifunctional micelle that co-delivers siRNA
and chemotherapy.[240] This system achieved 60% apoptosis in vitro and ~80%

tumour inhibition in wvivo.

To address PEI’s cytotoxicity, biodegradable alternatives such as poly(3-amino es-
ters) (PBAE), polycaprolactone-block-poly(2-(dimethylamino)ethyl methacrylate),
and disulfide-containing polymers have been developed. These designs combine pH
sensitivity with reduced immunogenicity and improved biodegradability. Dastgerdi
et al., developed a PBAE-based saRNA delivery system co-formulated with the
polyanion y-polyglutamic acid (y-PGA), which significantly improved transfection
efficiency and reduced cytotoxicity by lowering surface charge without compromis-
ing colloidal stability or RNA condensation.[241] While the formulation was not
explicitly tested for pH-responsiveness, the PBAE backbone has the chemical po-
tential to respond to acidic environments, suggesting that this platform could be
further optimised for stimuli-responsive RNA release. Joubert et al., prepared novel

lysine and poly(amidoamine) assembled dendrimers to complex RNA, providing
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well-encapsulated, positively charged dendriplexes with tailored surface modifica-
tions, including fusogenic groups that exploit the acidic endosomal pH to promote
endosomal escape and enhance mRNA delivery efficiency.[242] Gurnani et al. recently
developed self-hydrolysing, charge-reversible polycation poly((dimethylaminoethyl
acrylate) for RNA complexation.|[243] Interestingly, while it was not designed as
a pH-responsive carrier, the polymers’ hydrolysis-driven charge reversal and disas-
sembly likely occurred under mildly acidic conditions, suggesting an inadvertent

sensitivity to pH that could be further exploited in future designs.

Lipid-based carriers have also been adapted for pH-mediated charge conversion. No-
table examples include the first synthesis of 1,2-distearyloxy-N,N-dimethyl-3- amino-
propane and ethylenediamine-based polycarboxybetaine-modified cationic lipids.[244,
245] These materials change charge state in acidic environments, promoting endo-
somal escape and RNA release. Furthermore, pH-responsive inorganic NPs and
protein-mimetic polymer nanorods have emerged, expanding the landscape of pH-

sensitive RNA delivery vehicles.[246, 247]

1.3.3.2 Reactive oxygen species (ROS)-responsive nanomaterials

Reactive oxygen species (ROS), such as hydrogen peroxide (Hy0,), are byproducts
of cellular metabolism, particularly during mitochondrial respiration.[248] Elevated
ROS levels are commonly observed in tumour tissues and can be exploited to
trigger the release of therapeutic cargo from responsive delivery systems.[249] To
harness this, chemists have developed nanocarriers incorporating oxidation-sensitive
chemical groups such as boronic esters, thioethers, and thioketals, each capable
of undergoing cleavage or structural disruption in ROS-rich environments (Figure
1.8b). For instance, a triple-interaction polymeric siRNA nanomedicine was designed
by combining electrostatic, hydrogen bonding, and hydrophobic interactions using
phenylboronic ester-based polymers.[250] This served not only to stabilize the complex
but also to confer ROS responsiveness. Upon encountering elevated ROS levels, the
boronic ester was cleaved, exposing a carboxyl group that disrupted the remaining
interactions and promoted siRNA release intracellularly, resulting in effective tumour

growth inhibition.
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In another study, a polycationic nanocarrier incorporating thioketal and cis-aconitate
linkages for co-delivery of siRNAs targeting the immune checkpoints FGL1 (fibrinogen-
like protein 1) and PDL1 (programmed death-ligand 1), was developed.[251] These
ROS-sensitive bonds underwent degradation in the TME, facilitating siRNA release
and endosomal escape, resulting in >50% knockdown of target protein expression.
The formulation significantly also slowed tumour progression in mice with negligible

systemic toxicity.

1.3.3.3 Redox-responsive nanomaterials

TMEs are characterized by a redox gradient, featuring oxidative extracellular condi-
tions and highly reductive intracellular compartments. This redox gradient is largely
driven by elevated levels of the tripeptide glutathione (GSH). In a typical intracellular
environment, GSH levels vary between (~1-10mM), which is significantly higher
compared to extracellular levels (~2-20 nM).[252, 253] Tumour cells exhibit even
higher GSH levels, up to four-fold higher than normal cells, to neutralise ROS and
support cellular survival.[254] This redox imbalance has been widely exploited for
stimuli-responsive RNA delivery, particularly through the incorporation of reduction-
sensitive moieties such as disulfide bonds (-SS-) and diselenide bonds (-SeSe-) (Figure

1.8¢).

Among these, disulfide bonds are the most widely explored, likely owing to their
facile synthesis. Poly(disulfide amide) (PDSA)-based NPs composed of cationic
lipids and DSPE-PEG were shown to efficiently encapsulate and release siRNA upon
intracellular GSH-mediated bond cleavage.[255] Similarly, amphiphilic polymers like
PEG-b-P(TMC-DTC)-PEI and CNGQ-PEG-b-P(TMC-DTC), featuring disulfide-
linked cyclic dithiocarbonates (DTC), were engineered for targeted siPLK1 delivery
to lung cancer cells, where the high cytosolic GSH levels triggered disassembly
and effective gene silencing.[256] Additional systems such as poly(disulfide amines),
disulfide-containing poly(amido amines), and PEG-shedding micelles have demon-
strated enhanced transfection efficiency and RNA release in vivo by enabling rapid
intracellular unpacking.[257] Disulfide linkages have also been used in siRNA-grafted

polymers and multimerised RNA systems, as well as in poly(disulfide) vectors capable
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of co-delivering CRISPR~Cas9 components, including Cas9 plasmids, mRNA, and
sgRNA, with high genome editing efficiency.[258]

More recently, a study incorporating disulfide-based, poly(CBA-co-4-amino-1- bu-
tanol) (pABOL) exhibited significant saRNA loading, forming monodisperse poly-
plexes that achieved potent in vivo transfection and protein expression following
intramuscular or intradermal delivery.[243, 259] In an influenza vaccine model, pABOL
outperformed polyethylenimine (PEI), demonstrating strong immunogenicity and

protection, thereby highlighting its translational potential.

Crosslinked polymeric NPs formed via PEG-based disulfide linkers represent a promis-
ing redox-responsive platform for mRNA delivery. By tuning cationic components
such as polyarginine, polyhistidine, and acrylated guanidine, these systems achieve
high RNA encapsulation (up to 89.3%) and glutathione-triggered release under
intracellular reducing conditions. They demonstrated superior transfection efficiency
across multiple cell types, including traditionally hard-to-transfect lines.[260] These
crosslinked polymeric NPs also enabled efficient mRNA delivery in C. elegans, in later
work by the same authors, achieving robust GFP expression in vivo and underscoring

their versatility for both therapeutic and research applications.[261]

Diselenide bonds, which exhibit even greater redox sensitivity and improved mem-
brane permeability than disulfides, are also gaining attention. Mitochondrial-
targeting poly(diselenide)s (Mito-CPDs), for instance, have enabled delivery of siRNA
and antisense oligonucleotides directly to mitochondria, effectively downregulating

target proteins and modulating mitochondrial function.[262]

In sum, these findings illustrate the versatility and growing sophistication of redox-
responsive RNA delivery platforms tailored to the TME, offering enhanced targeting,
controlled release, and functional gene modulation. In general, however, the advan-
tages offered by a polymeric nanoplatform, including their ease of functionalisation
and tunability, chemical modularity, and precise control over degradation and cargo
release, are most impactful when integrated into a highly customisable architecture.
Despite progress in lipidic systems, a major unmet need remains for delivery vehicles

that combine the stability and biocompatibility of lipids, the functional versatility
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of polymers, and the structural precision necessary for targeted, cytosolic mRNA
delivery. Crosslinked, multi-monomer, and therefore multi-functional, polymeric
NPs emerge as a promising solution to this challenge. Their functionalisable matrix
enables the incorporation of diverse functional monomers, allows fine-tuning of size,
charge, and crosslinking density, and supports triggered disassembly in response to
intracellular cues. Together, these features offer a remarkably flexible platform for

engineering next-generation RNA delivery systems.

1.4 Nanogels: an engineerable platform for RNA delivery

Polymer-based drug delivery has a long and well-established history, with foundational
contributions dating back to the 1960s from pioneers such as Folkman, Langer,
Peppas, and others.[263-275] This field has since expanded to include a diverse array
of polymeric platforms to transport therapeutic agents, ranging from implants and
sutures to microparticles and NPs.[276] Polymeric NPs, composed of either natural
or synthetic polymers, can be formed through physical or chemical modification of

pre-existing polymers or by direct polymerisation of monomers.

These NPs are capable of encapsulating therapeutic agents within their core, em-
bedding them within the polymer matrix, attaching them to the surface, or conju-
gating them covalently to the polymer chains. Compared to other delivery systems,
polymeric NPs are considered especially versatile due to their structural stability,
capacity for high drug loading, tunable release profiles, and ease of surface function-
alisation.[277] In contrast to lipid-based delivery systems, polymeric NPs typically
offer enhanced in vivo stability, higher drug-loading efficiency, and controlled or

stimulus-responsive release mechanisms.

Functionally, they are designed to:
1. provide sustained and programmable release of payloads,
2. achieve site-specific delivery with controlled kinetics,

3. maintain therapeutic concentrations over time,
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4. and shield payloads from degradation and premature clearance.

Importantly, polymeric platforms can be engineered to respond to environmental
stimuli enabling precise, on-demand drug release. These characteristics make them
well suited for applications in cancer therapy and other areas of precision medicine,

with several formulations already advancing through clinical development.[278, 279]

Figure 1.9: Categorisation of polymeric NPs.

Polymeric NPs can be broadly divided into two main morphological types:
nanospheres, which are solid matrix particles, and nanocapsules, which consist
of a central cavity enclosed by a polymeric shell or membrane (Figure 1.9). These pri-
mary categories encompass several subtypes, including polymeric micelles, structures
with a hydrophobic core and hydrophilic shell; polymersomes, which are vesicle-like
assemblies with aqueous cores similar to liposomes; dendrimers, highly branched
polymers with intricate three-dimensional architectures; and nanogels (NGs), which

are nanoscale hydrogels with a soft, hydrated network structure.[280]

NG, by definition, are crosslinked polymeric NPs, and are formed by either physical
crosslinker or covalent interactions.[281] Covalently crosslinked NGs are thought to
offer greater in vivo stability and reduced premature release of their therapeutic cargo

compared to their non-covalently crosslinked counterparts. Their spheroidal structure
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permits the facile encapsulation of various drug types, thereby protecting them from
degradation in circulation or long-term storage.[282] Furthermore, the extent of
crosslinking within these systems has been shown to significantly impact the level
of payload leakage.[283] Their physicochemical properties can be precisely modified
by controlling not only the monomers added during their synthesis but also the
synthetic methodology used. Finally, NGs can be tailored to be multi-functional and
targeted, by the covalent attachment of targeting modalities, thereby prolonging their
circulation time and allowing active targeting of payload delivery to suit particular

applications.

1.4.1 Stimuli-responsive nanogels

Stimuli-responsive NGs offer the potential for precise spatial and temporal control
over therapeutic payload release by undergoing structural or chemical changes in
response to specific triggers.[284] These changes may include polymer backbone
degradation, surface layer shedding, or charge reversal upon exposure to particular
stimuli, resulting in an "switchable" release of the encapsulated therapeutic agents.
The chemical versatility of polymers enables the integration of a wide range of
stimuli-sensitive motifs, which can be synthetically modified to finely tune their

reactivity and optimise release profiles.

To date, NGs have been engineered to respond to external stimuli such as temperature,
ultrasound, and light.[285, 286] In parallel, there has been significant progress
in developing systems responsive to endogenous cues, including acidic pH, redox
gradients, oxidative stress, and disease-specific enzymes. These features allow NGs
to release their contents selectively within particular biological environments, such
as diseased tumour tissues. For example, the acidic extracellular pH characteristic of
many tumours (pH 6.2-6.9) can be leveraged by pH-sensitive NGs to preferentially
discharge their payloads at the tumour site. Similarly, the acidic interiors of
endosomes and lysosomes (pH 4.0-6.0) facilitate intracellular delivery through

triggered release in these compartments.
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Enzymes offer another layer of selectivity. Since enzyme expression is often altered
in diseases like cancer or inflammation, NGs incorporating enzyme-cleavable linkages
(e.g., Gly-Pro-Leu-Gly-Val-Arg-Gly) can be specifically degraded by overexpressed
enzymes such as matrix metalloproteinase-2, thereby releasing the drug only in

targeted cells.[287]

Redox-responsive NGs are particularly promising for intracellular delivery. They
remain stable during circulation and in normal tissues but degrade in the reducing
environments typical of tumour cells or inflamed tissues.[254] Polymers containing
redox-sensitive elements such as sulphur or selenium are especially attractive for this
purpose, as they respond to intracellular agents like GSH or ROS, enabling selective

drug release where it is most needed[284].

1.4.1.1 Disulfide-based NGs

As outlined in Section 1.3.3.3, by taking advantage of the natural redox differential
between intracellular and extracellular environments, disulfide-based NGs can be
used as very efficient intracellular RNA delivery agents, as shown in recent work
that forms the foundation of this thesis.[260, 261, 288, 289] Disulfides are frequently
employed as redox-responsive motifs in polymeric NPs due to their ease of synthesis,
natural occurrence in biological environments, and well-characterised sensitivity to
physiological levels of GSH (Figure 1.10a). In essence, the thiol-disulfide exchange
reaction follows an Sy2-type mechanism, where a thiolate anion serves as the
nucleophile and attacks the sulphur atom of a disulfide bond, resulting in the

formation of a new sulphur-sulphur linkage (Figure 1.10Db).
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Figure 1.10: Disulfide-crosslinked NGs for drug delivery: mechanism of
degradation. a) Disulfide-NGs degrade at high GSH concentration present in
tumour cells. b) Chemical structure of GSH and mechanism of disulfide bond
cleavage.

Beyond GSH-triggered cleavage, disulfide groups incorporated into polymeric NPs
are also thought to promote cellular uptake and aid endosomal escape, potentially by
forming covalent bonds with membrane thiols and disrupting endosomal membrane
structure.[290] As such, disulfide-based crosslinkers are widely used in the design of
redox-responsive polymeric NPs. Common reagents such as cystamine, cystine, and
3,3'-dithiopropionic acid serve as adaptable precursors for synthesising a variety of
polymerisable disulfide monomers, which can then be polymerised into nanoparticle

systems.

1.4.1.2 Radical polymerisation synthesis of NGs

Radical polymerisation of functionalised monomers and concurrent NG formation
allows precise control over NG architecture, enabling the fine-tuning of their physical
and chemical properties.[291] Crosslinked polymeric NGs can be generated by
simultaneous radical crosslinking copolymerisation of alkene-functionalised monomers
with multi-functional divinyl crosslinkers. Various synthetic strategies have been

reported for producing polymeric NPs directly from monomers, including both
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conventional and controlled/living radical polymerisation techniques. These can
be performed in different environments such as organic solution, miniemulsions,

microemulsions, or confined within liposomal nanoreactors.[291]

Aqueous radical polymerisations are preferred for biomedical use due to their bio-
compatibility. Fully aqueous systems for synthesising crosslinked NPs have been
reported using monomers including acrylamide and biomolecular templates, such as
proteins or mRNA.[260, 261, 287, 289] These methods rely either on non-covalent
interactions between monomers and biomolecules, resulting in local enrichment of
polymerisable monomers around the biomolecular surface, or on covalent modifi-
cation of biomolecules with vinyl groups that serve as anchoring sites for directed
polymerisation. These biomolecule-templated polymerisations are typically initi-
ated by free radical-based systems, such as ammonium persulphate (APS) and
N,N,N’ N’-tetramethylethylenediamine (TEMED), at room temperature, leading to
the formation of crosslinked NPs that encapsulate biologically active cargo. Indeed,
Basak et al. demonstrated the synthesis of crosslinked polymeric NPs encapsulat-
ing the enzyme paraoxonase-1 via electrostatic interaction between the negatively
charged enzyme and a cationic monomer (2-((acryloyloxy) ethyl)trimethylammonium
chloride: AETC).[287] This process allowed for simultaneous encapsulation and
crosslinking, while preserving the functional activity of the biological payload. In a
similar vein, Dabas et al. showed the synthesis of mRNA-loaded disulfide-based NGs,
in a one-pot free radical polymerisation strategy triggered by the APS/TEMED
initiating system that have since shown functionality in numerous in vitro and in

vivo models (Figure 1.11).[260, 261]

In addition to redox initiation, aqueous-compatible photoinitiators such as Ir-
gacure2959 and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) have been
employed to trigger radical polymerisation via light exposure, offering spatiotemporal
control over NP formation.[292] However, the use of photoinitiation presents chal-
lenges in reproducibility due to factors such as the power, wavelength, and distance
of the light source from the reaction vessel, which must be carefully standardised to

achieve consistent results.
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Figure 1.11: Synthesis of redox-responsive NGs via free radical polymeri-
sation. The reaction involves the copolymerization of acrylamide (AM) with a
cationic monomer, 2-((acryloyloxy)ethyl)trimethylammonium chloride (AETC), in
the presence of a disulfide-based crosslinker. Ammonium persulphate (APS) and
tetramethylethylenediamine (TEMED) initiate the polymerisation under mild aque-
ous conditions, leading to the formation of a crosslinked NG network.

1.4.1.3 Active vs passive targeting mechanisms

Passive targeting relies on the enhanced permeability and retention (EPR) effect, a
phenomenon whereby NPs preferentially accumulate in certain tissues, particularly
tumours, due to their leaky vasculature and poor lymphatic drainage.[293] The
effectiveness of this approach is dependent on the circulation time of the NPs
within the bloodstream. In contrast, by decorating the nanoparticle surface with
targeting ligands, such as antibodies, antibody fragments (Fab), peptides, aptamers,

or nanobodies, the delivery system can bind selectively to receptors overexpressed
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on the target tissue, actively enhancing both specificity and uptake.[163, 294, 295]
When appropriately engineered, active targeting strategies offer greater therapeutic
precision and are particularly valuable for reaching less accessible or heterogeneous
tumour sites. Among various biomedical applications, cancer therapy remains the
most prominent area for exploiting both passive and active targeting strategies to
improve treatment outcomes. There are many possible bioconjugation techniques
that permit the surface functionalisation of the NGs, including using activated esters,
thiol-ene/yne or thiol-maleimide reactions, imine/oximes formation, cycloadditions,
among others.[296] For instance, by co-assembling an azide-terminated polymer,
Huynh et al., prepared NGs with controlled surface presentation of a clickable
azide motif, which was then conjugated to a dibenzoazacyclooctyne-functionalised-
anti-HER2 antibody.[297] These targeted NGs demonstrated uncompromised and
preferential uptake in HER2-presenting cells. In other work, an amine coupling
strategy was used to conjugate NGs to aptamers specific to white adipocyte to
induce a "browning" phenotype by targeted delivery of docosahexaenoic acid, an
anti-obesity agent.[298] In an interesting approach, Zhang et al., used non-covalent
hybridisation to conjugate a DNA-nanobody to a miRNA-based nucleic acid NG to
enable highly specific anticancer therapy that exhibited a promising targeting ability
in vitro and in vivo.[299] In sum, NGs offer a modular and adaptable platform with
virtually limitless potential in therapeutic delivery. Their tunable physicochemical
properties, capacity for precise stimulus responsiveness, and compatibility with a
wide range of therapeutic cargos and targeting motifs position them as a powerful and
flexible toolkit for modern medicine. Whether applied in oncology, infectious disease,
regenerative medicine, or gene therapy, NGs offer a rational design framework to
meet diverse clinical challenges. This inherent versatility enables the construction of
delivery systems tailored not only to the therapeutic agent, but also to the biological
environment and disease context, making NGs a universal scaffold for next-generation

drug delivery solutions.
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1.5 Hallmarks of clinically relevant delivery systems

To date, there are 100 NP-based formulations on the market, with an additional
563 undergoing clinical trials, targeting a wide spectrum of diseases.[278, 279, 300]
Despite this breadth of potential, the pace of nanomedicine research is not matched
by successful clinical translation. Progress is largely fettered by batch-to-batch
variability, poor long-term stability, manufacturing complexities, and misalignments
between academic innovation and regulatory expectations. In part, the difficulty
arises from our limited understanding of the biophysicochemical interactions of the
NPs with biological interfaces. Further, a lack of standardised screening strate-
gies to investigate their interactions in a comprehensive manner, thereby leading
to conflicting conclusions even with NPs with similar structural properties.[301]
Furthermore, many current NP studies tend to be single-parametric, rendering a
thorough prediction of their in vivo potential difficult. NP physicochemical prop-
erties also have significant influence on their fates in the in vivo settings.[239, 302,
303] Recent studies have focused on establishing and exercising precise control on
such size, shapes, chemical compositions, surface charges and functionalisations,
rigidities and hydrophilicity.[304, 305] The interdependency and interrelatedness of
these factors and parameters defines a narrow yet sophisticated window for achieving
optimal NP design to maximise transfection efficiency. Indeed, clinical approved
RNA delivery systems tend to share a set of defining characteristics that future

therapeutic platforms may benefit from emulating:
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Scalable and biodegradable synthesis: Built from chemistries that
support large-scale production and incorporate biodegradable elements (e.g.,
ester or disulfide linkages) to enhance safety.

Chemically simple and manufacturable: Composed of minimal, well-
defined components that can be reliably produced under Good Manufactur-
ing Practice (GMP) conditions at human scale.

Favourable on-target vs. off-target activity: Demonstrate efficient
biodistribution and functional delivery, ensuring that RNA reaches and acts
within the intended cells while minimising off-target effects.

Wide therapeutic window: The effective dose remains significantly below
toxic levels, ideally confirmed in non-human primates for better translational
relevance.

Batch-to-batch and storage stability: Show consistent performance
across production batches and retain functional integrity during storage
and shipping, including under lyophilised conditions when necessary.
Re-dosable without loss of efficacy or safety: Capable of being admin-
istered multiple times without triggering immune responses or diminishing

therapeutic effectiveness.

While the clinical translation of NGs remains in its infancy, the design principles

demonstrated by successful NP platforms offer a clear and inspiring benchmark.

These hallmarks have informed the standards and priorities of this work, guiding

efforts to design NGs that are not only functionally effective but also align with key

translational criteria. Despite the persistent challenges in formulation consistency,

regulatory alignment, and in vivo validation, these clinical precedents provide a

concrete framework to strive toward. Real progress in the field will require a collective

effort to harmonise nanoparticle development and evaluation methods. Still, by

anchoring preclinical research in these translational hallmarks, it is possible to close

the gap between innovation and implementation, and move NGs closer to clinical

As such, this project will investigate the following aims:
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Hypothesis
Overexpression of PGCla and its N-terminal isoform (NT-PGCla) in PCa cells,
delivered selectively via PSMA-targeted redox-responsive polymeric nanogels,
can reprogram cellular metabolism towards oxidative phosphorylation, enhance
mitochondrial biogenesis, and suppress tumour proliferation and metastatic
potential, thereby providing a novel therapeutic strategy for prostate cancer.
e Design and optimise NG delivery system
— Synthesise a library of redox-responsive polymeric NGs capable of
RNA encapsulation.
— Optimise NG formulations for efficient cytosolic release, RNA protec-
tion, and transfection efficiency.
— Functionalise NGs with PSMA-targeting peptides for PCa-specific
delivery:.
o Evaluate PGCla and NT-PGCla expression and function in vitro
— Confirm sustained expression of full-length and NT-PGCla in PCa
cells post-delivery.
— Assess mitochondrial biogenesis and oxidative metabolism via mito-
chondrial protein content, respiration assays, and metabolic profiling.
— Perform transcriptomic analyses to identify activation of tumour-
suppressive pathways and inhibition of proliferative/metastatic mark-
ers.
o Assess Therapeutic Efficacy In Vivo
— Determine tumour-targeted delivery and accumulation of NT-PGCla-
loaded PSMA-NGs in PCa xenograft models.
— Evaluate antitumour efficacy by measuring tumour growth suppression,
metabolic rewiring, and metastasis inhibition.
— Assess systemic safety and toxicity to ensure translational potential of

the NG delivery platform.

o7



Chapter 2

Experimental section
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2.1 Standard characterisation methods

Commercial reagents were used as supplied, without any further purification. All
non-aqueous reactions were conducted under a nitrogen atmosphere in flame-dried
glassware using conventional inert-atmosphere techniques. Flash column chromatog-
raphy was carried out on 230-400 mesh silica gel with the specified solvent systems,
following standard procedures. Analytical TLC was performed on pre-coated alu-

minium silica gel sheets.

2.1.1 Nuclear magnetic resonance (NMR)

'H and *C NMR spectra were recorded using a Bruker AV 400 MHz spectrometer at
room temperature. 'H NMR spectra were recorded and chemical shifts are expressed
in parts per million (ppm) relative to tetramethylsilane (TMS), using the residual
solvent signal as an internal reference. The following solvent peaks were used: CDCl3
at 0 = 7.27 ppm, D,O at 0 = 4.79 ppm, and DMSO-dg at 6 = 2.50 ppm. Spectral
data are presented as chemical shift values, followed by signal multiplicity [s =
singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = multiplet, br
= broad], coupling constants (J, in Hz), and the number of protons represented
(integration). 3C NMR spectra were acquired under complete proton decoupling

conditions. Chemical shifts are reported in ppm and referenced to the solvent peak

of CDCl3 at 6 = 77.0 ppm.

2.1.2 Fourier-Transform infrared spectra (FT-IR)

FT-IR spectra were collected using Agilent technologies Cary 630 FTIR. Measure-
ments were performed at room temperature in the wavenumber range of 650 cm™! to

4000 cm~!. Air was used as the background reference.

2.1.3 Mass spectrometry

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spec-
trometry data were collected using a Waters® Micromass® MALDI microMX™

MALDI Q-ToF instrument. Samples were prepared by mixing the analyte solution
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with an appropriate MALDI matrix (o-cyano-4-hydroxycinnamic acid, CHCA) at a
defined ratio, and 1-2 pL of the mixture was spotted onto a stainless-steel MALDI
target plate and allowed to air dry. The instrument was calibrated using a standard
peptide or protein calibration mixture to ensure accurate mass assignment. Data
acquisition was performed in positive-ion mode, with the laser intensity, the number
of laser shots per spectrum (on average 200), and acquisition mass range optimised for
the analytes of interest. Spectra were collected and averaged from multiple laser shots
to improve signal-to-noise ratio. Mass spectra were processed using the instrument’s
software for baseline subtraction, smoothing, and peak picking. Molecular weights
were assigned based on comparison with the calibration standards, and the isotopic

distribution of the detected peaks was examined to confirm analyte identity.

2.1.4 Dynamic light scattering (DLS) and electrophoretic light
scattering (ELS)

DLS was used to measure NG size, polydispersity index, whereas zeta-potential
was determined via ELS. For DLS, the Malvern Zetasizer Ultra (Imperial College
London) instrument with backscatter detection at 173° (n = 3) was used. Each
run measured 25 subscanning cycles. Before loading the sample, it was filtered
using MF-Millipore™ membrane filter (0.45pm pore size, Merck Millipore, UK).
The size measurements were taken at 22°C for each NG synthesised. (-potential
measurements were carried out using a Zetasizer Nano-ZS instrument with a folded
capillary cell in RNase-free water (pH 7.4). A total of 50 subscans were acquired per
sample at 22°C, and the applied voltage was set to 100V, following recommended

conditions to minimise Joule heating and improve stability.

Recalculations of (-potential values were performed based on the measured elec-

trophoretic mobility p. using Henry’s equation:
_ 3npe
2e0e, f(Ka)

where:
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( is the zeta potential,

e i is the electrophoretic mobility,

7 is the dynamic viscosity of the solvent,

e go is the vacuum permittivity,

e, is the relative permittivity (dielectric constant),

o f(ka) is Henry’s function, dependent on Debye length and particle size.
The solvent parameters used for these calculations were:

« Relative permittivity (dielectric constant), e, = 78.5

e Dynamic viscosity, n = 0.8870 mPas

o Refractive index, n = 1.3300

The ionic strength I was determined based on the composition of the measurement
solution. Where needed, f(ka) was approximated using the Smoluchowski model
(f(ka) = 1.5) for high ionic strength aqueous conditions. In cases requiring refinement,

the Debye length and ionic strength were computed using:
2N el 1
= —L d =2 ¢z}
"\ ek M g &%

N, is Avogadro’s number,

where:

e e is the elementary charge,

kp is the Boltzmann constant,
o T is the absolute temperature,

e ¢; and z; are the concentration and valence of ion 1.
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2.1.5 Transmission electron microscopy (TEM)

Transmission Electron Microscopy (TEM) NG suspensions were prepared
in ultrapure water (pH 7.4) at a concentration of 1mgmL™'. A volume of 4pL
was pipetted directly onto a glow-discharged lacey carbon film grid (300 mesh
copper, Agar Scientific, UK). Glow discharge was performed under vacuum for 30s
at 15mA to render the carbon surface hydrophilic, improving sample adherence. The
suspension was allowed to adsorb to the grid for 1 min, after which excess solution
was gently removed using filter paper. The grid was then stained with 4 pL of 2%
(w/w) uranyl acetate for 1 min to provide negative contrast, enhancing the visibility
of the NG structures. Excess stain was removed gently with filter paper, and the
grids were air-dried at room temperature for 5 min before imaging. Samples were
imaged using a Talos F200X G2 Transmission Electron Microscope (Thermo Fisher
Scientific) operating at 200 kV. Images were acquired at a nominal magnification of
45,000, using a Ceta CMOS camera. Multiple fields of view were recorded for each
sample to ensure representative imaging of particle size, morphology, and distribution.
Image processing and analysis, including particle size measurement, were performed

using ImageJ (NIH, USA).

2.1.6 UV-vis absorption spectroscopy and UV-vis fluorescence

spectrophotometry

UV-vis absorption spectra of the NGs (0.1 mg mL ") were recorded using an Agilent,
Cary 60 UV-vis spectrophotometer over the wavelength range of 200 nm to 800 nm.
Fluorescence spectra were acquired using an Agilent, Cary Eclipse spectrofluorometer.
Samples were excited at the respective excitation wavelength for the each fluorophore
used in the study, and emission spectra were collected in the range of 360 nm to
700nm. All measurements were conducted at room temperature. NG samples were
dispersed in deionised water and measured in a quartz cuvette with a 1cm path
length. Instrument parameters such as excitation/emission slit widths, scan speed,
and PMT voltage were optimised as required. Baseline correction was performed

using the corresponding solvent or buffer as a blank.
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2.1.7 SPARTA Raman Micro-Spectroscopy Analysis

Raman spectra were acquired using the SPARTA (Single Particle Automated Raman
Trapping Analysis) platform on an alpha300R+ confocal Raman micro-spectroscope
(WITec, Ulm, Germany), equipped with a 785 nm Toptica XTRA II laser (SPARTA
Biodiscovery). A 63x /1.0 NA water immersion objective lens (W Plan-Apochromat,
Zeiss, Oberkochen, Germany) was employed for sample interrogation. Raman-
scattered light was directed through a 100 pm optical fibre to a UHTS 300 spec-
trograph (600 grooves/mm, WITec) and detected using a thermoelectrically cooled,
back-illuminated CCD camera (iDus DU401-DD, Andor, Belfast, UK), offering

a spectral resolution of 3em™!.

The laser power at the sample was maintained
at 85 mW, and remote control of the laser was performed via serial interface us-
ing custom MATLAB scripts (version 2016b, MathWorks, MA, USA). For sample
preparation, 200 pl. of NG solution was used. Ideal particle concentrations ranged
from 1 x 10 to 1 x 10'2 particles/mL. Samples were mounted by pipetting onto a
22 mm coverslip placed on a standard microscope slide and secured with a droplet
of phosphate-buffered saline (PBS). Measurements were conducted under the water
immersion objective. Spectral preprocessing included truncation of the raw spectra
to 350-1825 cm ™! to eliminate the excitation peak, with the spectral centre set to
1000 cm ™. Cosmic ray spikes were removed using an automated algorithm based
on peak intensity and second derivative analysis, followed by manual inspection.
Background correction was performed via Whittaker smoothing (A =100,000), and
spectral noise was reduced using a 3-point, first-order Savitzky—Golay filter. Spectra
were normalised to the total area under the curve, except for sizing analyses, which
relied on perchlorate peak ratio normalisation. Subsequent multivariate analyses,
including hierarchical cluster analysis (HCA), principal component analysis (PCA),

multivariate curve resolution (MCR), and partial least squares discriminant analysis

(PLS-DA), were carried out using the software on the instrument.
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2.2 Synthesis of cationic monomers

2.2.1 Acrylated guanidinium (AC-GUA)

Scheme 2.2.1: Schematic representation of AC-GUA synthesis.

3-aminopropanol (1 equiv., 0.65 g, 8.54 mmol) was slowly added to 2-ethyl-2-
thiopseudourea hydrobromide (1 equiv., 1.58 g, 8.54 mmol) in a 25 mL flask, to which
2mL of deionised water was added. The flask was sealed and left to stir overnight at
room temperature. After lyophilising the reaction mixture, a viscous transparent oil
was obtained (1). To this, 5 mL of acetonitrile was added and this was allowed to
dissolve at room temperature for 1h. Freshly activated molecular sieves were used
to remove any residual water. Triethylamine (1 equiv., 0.85 mL, 8.43 mmol) was
added dropwise and allowed to stir for 10 min. The flask was then kept at 0°C and
acryloyl chloride (1 equiv., 0.76 mL, 8.43 mmol) was added dropwise. The solution
was stirred for 24h at 0°C. Acetonitrile was then removed in vacuo and crude
product washed with ethyl acetate/ethanol (1:1) and filtered to remove molecular
sieves. Yield 72.1% R; = 0.35 (20% methanol/ethyl acetate). IR (film)/cm™ N-H
stretch: 3700-3500 cm™!; alkyl sp® C-H stretch: 2950-2800 cm™~! (strong), carbonyl
C=0 stretch: 1655cm™! (strong); C-O-C stretch: 1095cm™! (sharp), 'H NMR (400
MHz, D,0): 86.35 (d), 86.11 (dd), 55.86 (d), 54.18 (t), 83.22 (t), 62.25 (s), 61.89 (q).
APCI-MS m/z M = (C;H;3N30,) [M 4+ H|* = 172.1064 m/z.
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2.2.2 Polyarginine (R6) and Polyhistidine (H6)

Scheme 2.2.2: Schematic representation of H6 and R6 synthesis.

Both peptides were synthesised using standard Fmoc-based solid-phase peptide
synthesis (SPPS) protocols on a Rink amide resin (0.60 mmol/g, 100 to 200 mesh,
Merck). For the synthesis of polyarginine (R6) and polyhistidine (H6), 100 mg of
Rink amide resin was pre-swollen in dichloromethane (DCM) for 30 min, followed
by washing with N, N-dimethylformamide (DMF, 3 x 5mL). Fmoc deprotection
was carried out using 20% piperidine in DMF (v/v) for 2 x 10 min, followed by
DMF washes (3 x 5mL). Coupling of each amino acid was performed using 4 equiv.
(1.24 g) of Fmoc-Arg(Pbf)-OH or Fmoc-His(Trt)-OH (0.84 g), 4 equiv of Oxyma
Pure, and 4 equiv of diisopropylcarbodiimide (DIC) in DMF (final concentration
~0.2M). The reaction was allowed to proceed for 30 min under gentle agitation.
This coupling-deprotection cycle was repeated six times to construct the hexameric
peptide (Arg or His). After the final amino acid coupling and Fmoc deprotection, the
resin was washed thoroughly with DMF and DCM and dried under vacuum. Peptides
were cleaved from the resin using a cleavage cocktail composed of trifluoroacetic acid

(TFA) /triisopropylsilane (TIS)/water (95:2.5:2.5, v/v/v) for 2h at room temperature.
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The cleavage mixture was filtered, and the filtrate was concentrated under a stream of
nitrogen. Crude peptides were precipitated in cold diethyl ether (—20°C), centrifuged
(4000 rpm, 10 min), washed twice with cold ether, and dried under vacuum. Yield:
54.4%, 67.8% for R6 and H6, respectively. R6: 'H NMR (400 MHz, D,0): § 7.15
(d), 6.87 (d), 4.23 (t), 3.85 (t), 3.77 (t), 3.58 (tt), 3.48 (t), 3.34 (t), 3.11 (t), 2.50
(m), 1.70 (q), 1.11 (t). Matrix-assisted laser desorption/ionisation time-of-flight
mass spectrometry (MALDI-TOF MS): m/z = 1666.9 ([M + H|"); calculated for
CeoH135N2509. H6: 'H NMR (400 MHz, D5O): § 8.54 (s), 7.20 (m), 5.58 (d), 5.34
(d), 3.69 (t), 3.58 (tt), 3.48 (t), 3.09 (t), 1.15 (t). MALDI-TOF MS: m/z = 1552.8
(IM + H]T); calculated for CgoHyg5N19005.

2.3 Synthesis of disulfide crosslinker

2.3.1 Procedure and characterisation

Scheme 2.3.1: Schematic representation of SS-DiA crosslinker synthesis.

2-aminoethyl methacrylatehydrochloride (2 equiv., 0.04 g, 0.22 mmol) (Sigma Aldrich,
UK), 0.06 mL, 0.16 of triethylamine (Fluorochem, UK) and 3mL of anhydrous
dichloromethane (DCM) (Sigma Aldrich, UK), were allowed to mix for 20 min under
an inert atmosphere, in a 25 mL round bottomed flask. After dissolving the 2-
aminoethylmethacrylatehydrochloride, 4,7,10,13,16,19,22,25,32,35,38,41,44,47,50,53-
Hexadecaoxa-28,29- dithiahexapenta-contanedioic acid di- N-succinimidyl-ester (1
equiv., 0.05 g, 0.05 mmol) (Sigma Aldrich, UK), in 1 mL anhydrous DCM and adding
to the flask, and 4 mL of anhydrous DCM were added and the reaction flask was left
to stir under nitrogen at room temperature overnight. Subsequently, the mixture was
concentrated in vacuo and purified via flash chromatography (5% methanol: DCM).
The purified fractions were concentrated to attain a pale-yellow oil. Yield: 68%. Ry:
0.26 TR cm™ 3700-3200 (broad), 2950-2850 (sharp), 1650 (sharp). 'H NMR, (400
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MHz, (CD;),SO): 88.05 (t, 2H), 6.07 (s,2H), 5.69-76 (m, 2H), 4.05-4.09 (m, SH),
3.61-3.65 (t, 4H), 3.57-3.50 (t, 4H), 3.48-3.53 (m, 56H), 2.88-20.91 (t, 4H), 2.31-2.34
(t, 4H), 1.88 (s, 6H). 3C NMR (400 MHz, (CD3),SO): 3171.04, 166.89, 135.18,
125.36, 69.98-70.24, 69.20, 64.38, 64.54, 38.23, 36.79, 35.58, 18.49. MALDI-ToF
(C50Hg2aN2090S2™): cale: 1137.5656 m/z, actual: 1137.5660 m/z.

2.3.2 Confirmation of cleavage of disulfide crosslinker with GSH.

Disulfide crosslinker was incubated with GSH at 20mM for 24h. MALDI-ToF
(in ultrapure water) was used to detect the presence of the cleaved disulfide prod-
uct. APCI-MS [M+H]" (m/z): 577.7885, where M = CH3C(CH,)COOCH,CH,
NHOOCCH,CH,0O [CH,CH,0];CH;CH,SH.

2.4 NG synthesis

2.4.1 mRNA-loaded NG synthesis

RNA-loaded nanogels were synthesized with slight modifications to a previously
reported protocol, aimed at minimising RNA degradation. Prior to the procedure,
all equipment was UV-sterilized and oven-dried overnight to ensure RNAse-free
conditions. Surfaces were thoroughly cleaned with RNAseZap (ThermoFisher),
and RNAse-free, nitrogen-degassed water was used throughout the synthesis.
Briefly, 6 pg of RNA was added to a 1mL reaction solution containing acry-
lamide (AM; 2mg, 0.029 mmol), a disulfide-based crosslinker (4.5 mg, 0.004 mmol),
2-[(acryloyloxy)ethyl]trimethylammonium chloride (AETC) or an alternative cationic
monomer (2uL, 0.01 mmol) and mPEG(2kDa)-acrylate (100 pg, 0.05pmol). For
targeted NG, acrylate-PEG(1kDa)-maleimide (0.1 %mol) was added to the monomer
mixture. The mixture was stirred on ice for 30 minutes under a nitrogen atmo-
sphere. For fluorescently labeled NGs, fluorescein o-acrylate or nile blue acrylamide
(0.2mg, 0.005 mmol) was added, and the reaction was protected from light. Micelle
formation was induced by the addition of sodium dodecyl sulphate (SDS; 8 mg,
0.028 mmol), followed by a further 30-minute stirring period. Polymerisation was

initiated by adding ammonium persulphate (APS; 2.28 mg, 0.01 mmol) and N,N,N’ N'-
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tetramethylethylenediamine (TEMED; 2.5 pL, 0.022 mmol) in 1 mL of RNAse-free,
deoxygenated water. The reaction mixture developed a pale blue opalescence within
30 minutes, indicating successful polymerisation. To monitor monomer conversion,
parallel reactions were conducted in deoxygenated D50, and aliquots were withdrawn
at defined time points for 'H NMR analysis. Polymerization was terminated by
exposure to air once opalescence appeared. The resulting NGs were purified via
centrifugation at 1200x g for 10 minutes using 15 mL Amicon® Ultra-15 centrifugal
filter units with a 300 kDa MWCO (Sigma Aldrich, UK). The samples were washed

five times with RNAse-free water and stored at 2°C-8 °C until further use.

2.4.2 PSMA-targeted NG synthesis

Lyophilised PSMA-peptide was reconstituted in DMSO and various concentrations
were added to maleimide-functionalised nanogels (10 mg mL_l) in aqueous buffer
(pH 6.5-7.5). The conjugation reaction was performed overnight at room temperature
under gentle rotation to allow for efficient thiol-maleimide coupling. Following incu-
bation, the reaction mixture was purified by centrifugal filtration using 2mL Amicon®
Ultra-2 centrifugal filter units (50 kDa MWCO, Merck Millipore, UK). Samples were
washed three times with Milli-Q water at 4000x g, 4°C for 10 minutes per wash to
remove unreacted peptide and byproducts. To assess the extent of conjugation, the
residual maleimide content on the nanogels was quantified post-coupling using a
colorimetric maleimide quantification assay (MAK162, Sigma-Aldrich, UK). Based
on this data, as well as the nanogel concentration (approximated as 1mg mL_l)
and particle size, the surface density of maleimide groups was calculated using

Equations 2.1 and 2.2.

4
#mal/NG = §7TT3 X [mal] X p X Na (21)
#mal NG
#Emal/nm2 = 47_‘_7./2 (22)
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where 7 is the nanogel radius (in metres), [mal] is the maleimide concentration
(mol/m?), p is the nanogel density (assumed as 1.0g/cm?® or 1.0 x 10° mg/m?),
and N4 is Avogadro’s number (6.022 x 10> mol™'). To estimate the number and
surface density of PSMA-peptides on the nanogels, absorbance measurements at
280 mm were taken before and after peptide conjugation. The differential absorbance
(AAsg), attributable to the naphthylalanine residue, was used to determine peptide

concentration via the Beer-Lambert law:

A A

€80 * |

[PSMA-peptide] = (2.3)

where 959 = 4395.44 M~'em™! is the molar extinction coefficient of the peptide and
[ = 0.1cm is the path length. Using the peptide concentration [PSMA-peptide| in
place of [mal|, the number of PSMA-peptides per nanogel and their surface density

were calculated using analogous equations:

4
Fpep/NG = §7rr3 - [PSMA-peptide] - p- Ny (2.4)
#pep/NG
?%épep/nm2 = 477'7“2 (25)

2.5 Biological-focused NG and mRNA characterisation

routines

2.5.1 In vitro transcription of mRNA

mRNA encoding all transcripts used in the work was transcribed in wvitro from
PCR-amplified DNA templates. Templates for GFP, RNA Mango aptamers, 32,
mCardinal, PGCla, NT-PGCla and GFP were generated by PCR, from the following
plasmids: mCherry-Mango IT x 24 (Addgene 127587), Mango II x 9, AMPK-32-
FLAG (Addgene 40603) mCardinal (Addgene 51311), PGCla (Addgene 10974)
and GFP (Addgene 13031). The DNA templates for GFP, 32, PGClo and NT-
PGCla were produced by polymerase chain reaction of the respective plasmids

and adding T7 promoter sequence through PCR extension wherever necessary
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(BioMix™ Red, Bioline). After each PCR step, purification and gel extraction were
performed (QIAquick Gel Extraction Kit, Qiagen), according to the manufacturer’s
instructions. T7 promoter sequences were introduced during PCR amplification using
BioMix™ Red polymerase (Bioline). Following each PCR reaction, the products
were purified and gel-extracted using the QIAquick Gel Extraction Kit (Qiagen),
following the manufacturer’s instructions. In wvitro transcription was performed using
the mMESSAGE mMACHINE™ T7 Transcription Kit (Invitrogen) according to
the manufacturer’s protocol. The resulting mRNA was subsequently polyadenylated
using the Poly(A) Tailing Kit (Invitrogen). Final purification of the mRNA was
carried out using the RNeasy Mini Kit (Qiagen). RNA concentration and purity were
assessed using a NanoDrop One spectrophotometer (ThermoFisher, UK), and samples
were stored at —80°C until use. Each plasmid DNA was transformed into E. coli
S5a (New England BioLabs, UK) using standard heat-shock treatment. Following a
1 hour recovery at 37°C with agitation, the bacteria were plated on Luria broth (LB)
agar plates containing ampicillin (100 pgmL™") (Sigma-Aldrich, UK) and incubated
overnight at 37°C. Single colonies were picked the next day and used to inoculate
10 mL of liquid LB medium containing 100 pg mL~! ampicillin. Cultures were grown
at 37°C for 5h, after which 200 pL. of the suspension was transferred to 200 mL of
fresh LB medium supplemented with ampicillin and cultured to saturation. Plasmid
DNA was extracted using the Plasmid Plus MaxiPrep Kit (Qiagen, UK) following
the manufacturer’s protocol. The concentration and purity of the purified plasmid
DNA were assessed using a NanoDrop One spectrophotometer (ThermoFisher, UK),

and samples were stored at —20°C.

2.5.2 Characterisation of mRNA-NG complexation ability and mRNA

stability by agarose gel electrophoresis

To identify the optimal amount of cationic monomer needed to enable efficient mRNA
complexation and loading, gel electrophoresis was used. Twenty microliters of the
complex solution or 200 ng of naked mRNA as control was loaded on to Reliant™
Precast RNA Gels (1X MOPS buffer) and gel electrophoresis was performed. The gel
was visualised using the iBright™ CL750 Imaging System (Invitrogen). Stability of
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mRNA inside the NGs was investigated by incubation with RNAse A. NG formulation
or naked mRNA was incubated with RNAse A (Invitrogen) at 37°C for 1h, followed
by mixing with RNA-loaded dye (Thermo Fisher Scientific) and gel electrophoresis

as described.

2.5.3 Cell culture

C4-2, C4-2b, bEND.3, RAW264.7, Caco-2, and HeLa cell lines were sourced from the
American Type Culture Collection (ATCC). fa-knockout HEK293T cells were gener-
ated in-house in the Carling Lab. C4-2 cells were cultured on flasks and plates coated
with poly-L-lysine (0.1 mg/mL; Thermo, UK) in RPMI 1640 medium (Thermo, UK),
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Sigma-Aldrich, UK). bEND.3, RAW264.7, Caco-2, and HeLa cells were maintained
in Dulbecco’s Modified Eagle Medium (DMEM; Gibco™), also supplemented with
10% FBS and 1% penicillin—streptomycin. For all experiments, C4-2, bEND.3,
and RAW264.7 cells were used at passage numbers below 25. All cell lines were
maintained at 37 °C in a humidified incubator with 5% CO,. C4-2, C4-2b, Caco-2,
HEK293T and HeLa cell lines were split twice a week (ratio 1:10) while maintaining
cultures. RAW264.7 and bEND.3 cells were split at a ratio of 1:5 once a week to

maintain the cultures.

2.5.4 Protocols for in vitro transfection studies

C4-2, HEK293T, bEND.3, RAW264.7, Caco-2, and HeLa cells were seeded in 96-well
plates at a density of 1 x 10% cells/well, in triplicate for each condition. Cells were
allowed to adhere overnight prior to the experiment. The plates were placed in the
IncuCyte instrument, housed within a standard humidified incubator maintained at
37°C and 5% COs. Cells were treated with various concentrations of AETC NGs
suspended in complete culture medium containing 10% FBS. Where applicable,
transfection efficiency was benchmarked against two commercial reagents—Polyplus®
jetMESSENGER® and Lipofectamine™ MessengerMax™-—each prepared following
the manufacturer’s protocol using 3.25 ng of RNA. Automated phase-contrast and

green fluorescence imaging was performed using the IncuCyte system. Images were
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acquired every 1 hour over a total period of 86 hours, with four images captured per
well (image resolution: 1.22 pum/pixel). Green fluorescence was imaged using the
default exposure time of 800 ms. Initial image analysis was optimised using untreated
control wells to establish a threshold for background fluorescence. Processing
definitions, including confluence masks for both fluorescence and phase-contrast
images, were adjusted to minimise background signal and exclude cellular debris.
Once optimal settings were determined, they were applied uniformly across all wells
and cell types. GFP fluorescence was automatically normalised to cell density by the
IncuCyte software to account for differences in cell number between wells. To quantify
total cellular protein content, cells were lysed in RIPA buffer and centrifuged at
14 000 rpm for 10 minutes at 4°C. The resulting supernatant was used to determine
protein concentration via the BCA protein assay (ThermoFisher, UK), following the

manufacturer’s instructions.

2.5.5 Cellular uptake studies via confocal microscopy

HeLa cells (5 x 10 cells/well) were seeded into p-Slide 8-well chambered slides (Ibidi,
GmbH) and incubated overnight. The following day, the medium was replaced
with fresh culture medium containing 20 pg/mL of fluorescent nanoparticles (NGs;
fluorescein-labelled: 494/521 nm; nile blue-labelled: 635/670 nm), and the cells were
incubated for 2—4 hours. After treatment, cells were washed three times with PBS
and fixed using 4% paraformaldehyde for 10 minutes on ice. Subsequent washes were
followed by nuclear staining with Hoechst 33342 (ex/em: 350/461 nm) (100 ng/mL
in PBS) for 15 minutes. Cells were again washed thrice with PBS and imaged using
a Leica TCS SP8 DLS inverted confocal microscope (Leica, Germany) with LAS X

software. Image analysis was performed using ImageJ (NIH, USA).

2.5.6 Endosomal escape analysis via confocal microscopy

HeLa cells (5 x 10 cells/well) were seeded into p-Slide 8-well chambered slides (Ibidi,
GmbH) and allowed to adhere overnight. On the next day, cells were treated with
20 pg/mL of fluorescein-labelled NGs (FLNG and FLSSNG: ex/em: 494/521 nm)

for 4hours. Following treatment, cells were washed three times with PBS and
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stained with 75 nM LysoTracker Red (577/590 nm) for 30 minutes at 37°C to label
late endosomes and lysosomes. Cells were then fixed in 4% paraformaldehyde for
10 minutes on ice, washed, and stained with Hoechst 33342 (ex/em: 350/461 nm)
(100 ng/mL) in PBS for 15 minutes. Imaging was conducted using the Leica TCS
SP8 DLS microscope. Image analysis was performed using ImageJ (NIH, USA).

2.5.7 Quantification of cellular uptake via flow cytometry

HeLa cells (1 x 10° cells/well) were seeded into 24-well plates and incubated overnight.
Cells were then treated with 20 pug/mL of fluorescein-labelled disulfide and non-
disulfide NGs (ex/em: 494/521 nm) for 8 hours. Post-incubation, cells were washed
with PBS, trypsinised, and collected by centrifugation at 1200 rpm for 3 minutes.
The pellet was washed with 500 pL. PBS, centrifuged again, and resuspended in FACS
buffer (1% BSA in PBS). Flow cytometry was performed using the FACSymphony™
A3 instrument (BD Biosciences). Single-cell suspensions were prepared and stained
with appropriate fluorophore-conjugated dyes. During acquisition, at least 10,000
events per sample were collected. Gating was performed sequentially using FlowJo
software (vX, BD Biosciences): live, single cells were selected based on forward scatter
(FSC) vs side scatter (SSC), doublets were excluded using FSC-A vs FSC-H, and dead
cells were excluded using a viability dye where applicable. Fluorescence gates were
defined using unstained, single-stained, and fluorescence-minus-one (FMO) controls.
Mean fluorescence intensities (MFI, %) of the gated populations were calculated to

assess marker expression and functional readouts.

2.5.8 Thiol-mediated uptake inhibition assay

HeLa cells (1 x 10° cells/well) were seeded into 12-well plates and incubated overnight.
After 24 hours, the culture medium was replaced with media containing thiol-blocking
agents provided by the Matile Lab (University of Geneva). The inhibitors were
used at the following concentrations: DTNB (1.2 mM), lodoacetic Acid (IA, 10 mM),
AspA (500 pm), BI (10pm), CTO (100 pm), EBS (100 pm), ETP (25 pm), MAC
(100 pm), and SS (10 pm) in DMEM for 1 hour at 37°C. All inhibitor solutions were
prepared in media with final DMSO concentration below 0.1%. [306-309] Following
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treatment, cells were washed with PBS (3 x 500 L), and subsequently incubated
with 50 pg/mL NGs in DMEM (400 pL) for 4h. Cells were harvested and analysed

as described before.

2.5.9 Immunofluorescence studies

C4-2 or HeLa cells used for imaging were seeded in poly-L-lysine-treated Ibidi
glass-bottomed 8-well chamber slides (Ibidi, GmbH) at a seeding density of 50,000
cells/well and were left to adhere overnight prior to the transfection and imaging
experiments. The cells were either left untreated or treated with NGs (FLSSNG or
FLNG (ex/em: 494/521 nm) or PGCla RNA-loaded NGs (40 pg/mL) for a period
of 24 h and in the case of the experiment relating to PGCla, the cells were treated
with or without BI (10 pM)) for an additional 24 h. The cells were then fixed in
4% paraformaldehyde for 10 min on ice and washed thrice with PBS. Cells were
permeabilised in 0.1% Triton X-100 in PBS for 3 min and washed thrice with PBS.
Blocking was performed in 1% BSA in PBS for 1 h, followed by PBS washes and
overnight incubation in primary antibody (PGCla (rabbit mAb, 1:100 NBP1-04676);
Rab5 (rabbit mAb, 1:200, CST 3547S); Clathrin (rabbit mAb, 1:50, CST 4796S),
Caveolin-1 (rabbit pAb, 1:400, CST 3238S)). After washing, secondary antibody
Goat anti-Rabbit IgG (H+L) Alexa Fluor™ 568 (1:500)(ex/em: 577/590 nm) was
added for 1 h. The cells were counterstained with Hoechst 33342 (ex/em: 350/461
nm) (1 pg/mL) for 10 min, washed, and imaged on a Leica TCS SP8 DLS inverted
microscope (Leica, Germany) using LASX software. Image analysis was performed
using ImageJ (NIH, USA), and colocalisation was quantified using JACoP, reporting

Pearson’s correlation coefficient.

2.5.10 Transfection efficiency quantification by western blot analysis

p2-knockout HEK293T and C4-2 cells (1 x 10°) were seeded into 6 cm collagen-
coated plates and incubated for 24 h. After replacing with fresh media, cells were
treated with various concentrations of 32 or PGClo-loaded NGs for specific durations.
For protein collection, cells were washed twice with ice-cold PBS and lysed using RIPA
buffer. Lysates were centrifuged at 14 000 rpm for 10 min at 4 °C, and supernatants

were collected. Protein content was quantified using a BCA assay kit (ThermoFisher,
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UK). Samples were resolved by NuPAGE™ 4-12% Bis-Tris gels and transferred to
PVDF membranes. Primary antibodies were used at 1:1000 dilution: PGCla (Novus,
NP1-04676), total OXPHOS (Abcam, ab110413), AMPKB1£2 (CST, 4150), vinculin
(Sigma, V9131), phospho-CAMKK2 (Ser155) (CST, 12818), cleaved caspase (CST,
18C8), and NT-PGCla (Santa Cruz, sc-518025), mCardinal (STJ140229). Secondary
antibodies used were LI-COR IRDye (1:10,000; ex/em: 680/694 nm and/or 780/794
nm) or HRP-conjugated (1:3000), with detection via Odyssey Infrared Imager or
Amersham ImageQuant 800. Quantification was done using Odyssey software or

ImageJ, and results were expressed as the signal ratio relative to control antibodies.

2.5.11 Transfection efficiency quantification by RT-qPCR

RNA was extracted from human C4-2 cells using TRIzol reagent (Invitrogen) and
purified using an RNeasy column (Qiagen). cDNA synthesis was performed using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™), followed by
qPCR using PowerUp™ SYBR™ Green Master Mix. Gene expression was normalised
to GAPDH. RT-qPCR was conducted using a CFX Connect system (Bio-Rad, UK),
with technical triplicates for each reaction. C; values were averaged and analysed
using the calibration curve method. All primer sequences used in this study are

detailed in Tables 2.1 and 2.2.

Table 2.1: RT-qPCR primer sequences (F labelled for forward, R labelled for Reverse)

Target Gene Direction Sequence (5-37)
PGCla F AGCCTCTTTGCCCAGATCTT
R GGCAATCCGTCTTCATCCAC
mCardinal F ACAACGTCAAGCTCAGAGGG
R TTCTTTCCAGTCTGCGGTCC
GAPDH F ACTCCACTCACGGCAAATTC
R TCTCCATGGTGGTGAAGACA
NT-PGCla F TCACACCAAACCCACAGAGA
R CTGGAAGATATGGCACAT
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2.5.12 Mitochondrial biogenesis assessment using flow cytometry

C4-2 cells (2 x 10° cells per well) were seeded in 24-well plates and incubated
overnight at 37°C in a humidified atmosphere containing 5% CO,. Cells were
treated with PGCla_ NGs (40 pg/mL), PGCla_ jetM, and/or BI9774 (10 uM) in
complete growth medium. After 24h, NG-treated cells received a second dose
of PGCla_ NGs with or without BI9774 for an additional 24h. At 48h, cells
were incubated with MitoTracker® Green (MTG; ex/em 494/521 nm) to assess
mitochondrial mass, and TMRM (Ex/Em 548/574 nm) to measure mitochondrial
membrane potential, for 30 min at 37°C. Following staining, cells were washed
twice with PBS, detached using trypsin-EDTA, pelleted, and resuspended in FACS
buffer (PBS containing 2% FBS and 1 mM EDTA). Flow cytometry acquisition was
performed using a FACSymphony™ A3 instrument, collecting at least 10,000 events
per sample. Compensation controls, unstained samples, and fluorescence-minus-one
(FMO) controls were included to set voltages and gates. Gating strategy involved
sequential selection of live single cells using FSC vs SSC, exclusion of doublets (FSC-
A vs FSC-H), and analysis of MTG and TMRM fluorescence. Mean fluorescence
intensities (MFI) were calculated using FlowJo software to quantify mitochondrial

mass and membrane potential across treatment conditions.

2.5.13 Protein corona evaluation

AETC_ NGs were incubated with human serum (1%, 5%, 20%, 55%) at different time
points (4, 12, 24, 48h). NGs were diluted in PBS (pH 7.4) and used at a constant
concentration of 2mg/mL. To isolate the hard corona, samples were centrifuged
at 16 000 rpm for 10 min at 4°C. Pellets were washed thrice with PBS to remove
loosely bound proteins. The final pellet was resuspended in protein loading buffer
(62.5mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 0.04 M DTT, 0.01% bromophenol
blue), boiled at 95°C for 5min, and run on NuPAGE™ 4-12% Bis-Tris gels. Gels
were stained with InstantBlue® Coomassie and scanned using the Odyssey LI-COR

imaging system to quantify band intensities.
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2.5.14 Endocytosis inhibition studies

HeLa or C4-2 cells (1 x 10°) were seeded in 24-well plates and incubated overnight.
Cells were washed with cold PBS (2 x 500 uL) and preincubated with the following

inhibitors in serum-free media at 37°C for 1h:
o Hyperosmolar sucrose (45 mM, clathrin-mediated endocytosis)
o EIPA (100 nM, macropinocytosis)
o Nystatin (30 pM, caveolin pathway)
o Dyngo (30 uM, clathrin-independent /dynamin-dependent)
 T-ketocholesterol (30 pM, clathrin-independent/dynamin-independent)
o Cytochalasin D (5 1M, phagocytosis/macropinocytosis)
» NaNj3/2-deoxy-D-glucose (affects all pathways)

A control set was kept at 4°C to inhibit all energy-dependent processes. Following
inhibitor treatment, cells were incubated with 20 ng/mL NGs and the same inhibitors.
After incubation, cells were washed with PBS, detached using 0.25% trypsin-EDTA

for 3min at 37°C, and prepared for flow cytometry as described above.

2.5.15 Cytotoxicity assessment

Various cell lines including bEND.3, RAW264.7, Caco-2, HEK293T, C4-2, and HeLa
cells (1 x 10*cells/well) were seeded in 96-well plates and incubated overnight.
The following day, cells were treated with jetMESSENGER® (0.25uL, as per
manufacturer’s instructions for 96-well format) and increasing concentrations of
NGs (0-500pg/mL). After 24 hours, cytotoxicity was measured using the Cell
Counting Kit-8 (Sigma-Aldrich, UK) following the manufacturer’s protocol.

2.5.16 Mitochondrial respiration analysis using the seahorse XF mito
stress test

Mitochondrial function in C4-2 cells was evaluated using the Seahorse XF Cell

Mito Stress Test Kit (Agilent Technologies) on a Seahorse XF96 Extracellular Flux

78



Analyzer. Cells were seeded at a density of 20,000 cells per well in Seahorse XF
DMEM assay medium (Agilent), supplemented with 10 mM Seahorse XF glucose,
2 mM Seahorse XF L-glutamine, and 5% fetal bovine serum (Gibco, 12676), and
incubated overnight at 37°C in a COs,-free incubator. n the day of the assay, the
medium was replaced with fresh assay medium, and cells were equilibrated for 1 hour
at 37°C C in a non-CO, incubator. Mitochondrial stress was induced by sequential
injection of the following compounds through the Seahorse cartridge ports to reach
final concentrations in each well: oligomycin (1.5uM, port A), FCCP (0.5 nM, port
B), and a combination of rotenone and antimycin A (1.0 pM each, port C). This
allowed for the measurement of key respiratory parameters including basal respiration,
ATP production, maximal respiration, and non-mitochondrial respiration. Each
measurement cycle consisted of 3 min mixing, 0 min wait, and 3 min measurement,
with three cycles run per condition. Data were collected and analysed using Seahorse
Wave software (version 2.6.1, Agilent Technologies). After the assay, cells were fixed
with 4% paraformaldehyde and stained with 0.5% crystal violet. Following washing
and drying, the dye was solubilised using 10% acetic acid, and absorbance at 590 nm
was measured to confirm consistent seeding. Oxygen consumption rate (OCR) values

were normalised to crystal violet absorbance.

2.5.17 Haemolysis assay

To assess the potential membrane-disruptive effects of NGs, haemolysis assays were
performed using red blood cells (RBCs) isolated from animal blood. Whole blood
(6 mL) was diluted with 12mL PBS and centrifuged at 3000 rpm for 10 minutes. The
pellet was washed repeatedly with 10 mL. PBS until the supernatant became clear.
A 2% RBC suspension was prepared in sterile PBS (pH 7.4), and incubated with
various concentrations of AETC_NGs (0-500 pg/mL) at 37°C. PBS and 10% SDS
were used as negative and positive controls, respectively. At 2, 4, 8, 12, and 24 hours,
samples were centrifuged at 2500 rpm for 5 minutes, and 100 pLL of supernatant was

transferred to a 96-well plate. The absorbance of released haemoglobin was measured
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at 570 nm. Percentage haemolysis was calculated using:

Absof sample — Absof negative control

%Haemolysis = -100% (2.6)

Absof positive control — Absof negative control

Percent haemolysis values were calculated from three separate experiments.

2.5.18 RNA encapsulation stability and release kinetics in response to

various physiologically mimetic stimuli.

RNA-loaded NGs were incubated with varying concentrations of GSH, or resuspended
in buffers of various pH (4.5, 5.5, 6.5, 7.4), or exposed to various ROS species (as
generated below) at 37°C, and the solution was centrifuged using 0.5 mL Amicon®
Ultra-0.5 Centrifugal Filter Units (100 kDa Sigma Aldrich, UK) at 5000x g for 3 min
at specific time intervals. The amount of RNA in the filtrates was quantified using
the Quant-iT® RNA assay kit, according to the manufacturer’s instructions. For
structural studies, the NGs were incubated as before and DLS and ELS measurements

were conducted at the same time intervals.[260]

2.5.19 Generation of reactive oxygen species.
H505 was purchased from Sigma Aldrich.

Hydroxyl radicals (HO): Generated using the classical Fenton reaction by reacting
hydrogen peroxide (HyO,) with ferrous sulphate (FeSO, - 7TH,0O). Stock solutions
were prepared at concentrations of 4.5 M Hy05 and 0.15M FeSOy, - TH>O. A constant
molar ratio of [HyOs:[Fe?*] = 10:1 was maintained across all experiments, based
on previously established optimal conditions.[310] All reagents were diluted with
ultrapure water (pH adjusted to 2.8 4+ 0.1 using concentrated sulfuric acid) to
reach the desired working concentrations, which ranged from 1-100 mM for HyO,
and 0.1-10mM for Fe?*. Reactions were initiated in a total volume of 2mL by
sequential addition of: (1) acidified water, (2) hydrogen peroxide, and (3) ferrous
sulphate. Samples were maintained at room temperature throughout the reaction
period. Hydroxyl radical formation was indirectly quantified by measuring HoO,

consumption using the Amplex Red assay, which produces a fluorescent resorufin
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product in the presence of remaining HyO, and horseradish peroxidase (HRP). A
decrease in fluorescence was interpreted as increased HoOs consumption and, by

extension, greater hydroxyl radical generation.

Superoxide (O3~ ): Generated by enzymatic reaction of xanthine (300 M) and
xanthine oxidase (0.01 U/mL) in potassium phosphate buffer (0.1 M, pH 7.4, 0.1%
DMF) at 25°C.[311, 312] Oy~ formation was quantified by quantified stoichiomet-
rically by monitoring the reduction of 10 pM partially acetylated cytochrome c at
550 nm using a UV-Vis spectrophotometer. Absorbance changes over time (dA/dt)
were recorded and used to calculate the concentration of reduced cytochrome ¢ using
Beer-Lambert’s law:
dA de

where ¢ is the molar extinction coefficient of cytochrome ¢ (18.6mM ™ 'em™'), [ is the
path length (1 cm), and de/dt is the rate of reduction. Based on an observed change
in absorbance of 0.002 695 AU /min, the superoxide generation rate was calculated to
be 0.01 U/mL, equivalent to 20.42 nmol/min per mg protein. This value reflects the
enzymatic activity of the system used to generate superoxide radicals. Superoxide
dismutase (SOD) was used as a control to confirm the specificity of cytochrome ¢

reduction by superoxide.
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Figure 2.1: Standard curve showing the time-dependent increase in ab-
sorbance of cytochrome c at 550 nm upon enzymatic generation of super-
oxide (O2 ") using xanthine and xanthine oxidase. The rate of absorbance
change (AAjzs0/At) was used to quantify superoxide production in experimental
samples by comparison with this curve. Reduction of cytochrome ¢ was monitored
spectrophotometrically.

2.5.20 Potentiometric titration to determine pKa values of NGs

Stock solutions of NGs were prepared at a concentration of 1 mg/mL in distilled
water. Potentiometric titrations were performed using a Mettler Toledo titrator
(DL-25, Mettler-Toledo, Zurich, Switzerland) at 298 K. The NG solution was titrated
with 0.01 N HCI containing 10 mM NaCl, and the titrant was added in increments of
0.05mL at intervals of 30s, allowing the solution to equilibrate between additions.
The pH was continuously monitored using a calibrated glass electrode connected to
the titrator. The titration curve (pH vs volume of titrant) was recorded, and the first
derivative of the curve (d(pH)/dV) was calculated to identify the inflection points
corresponding to protonation events. The pKa of the NGs was determined from
the volume at which the inflection point occurred, corresponding to the midpoint of
the protonation/deprotonation transition.[313] All measurements were performed in

triplicate to ensure reproducibility.[313]
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2.5.21 Immunohistochemical and immunofluorescence staining of

tumour sections

Whole tumours were fixed in 4% paraformaldehyde (PFA) overnight at 4°C, em-
bedded in paraffin, and sectioned at a thickness of 5 pm. For immunohistochemical
analysis, tissue sections were deparaffinised in 100% xylene, rehydrated through a
graded ethanol series (100% to 70%), and subjected to antigen retrieval by boiling
in sodium citrate buffer (pH 6.0) for 5min using a pressure cooker. Endogenous
peroxidase activity was quenched by incubating the sections in 0.3% hydrogen
peroxide (H2Os) in distilled water. After washing in Tris-buffered saline (TBS),
non-specific binding was blocked by incubating the sections in 10% normal goat
serum in TBS for 1 hour at room temperature. Primary antibodies against Ki-67
(Abcam, ab16667; 1:200 dilution) and TOMM20 (Abcam, ab186735; 1:100 dilution)
were applied overnight at 4°C. The following day, sections were washed in TBS
containing 0.1% Tween-20 (TBS-T) and incubated for 1hour at room temperature
with a biotinylated goat secondary antibody (1: 500, Invitrogen, B2770). After
further washing in TBS-T, sections were incubated with an avidin—biotin complex
(VECTASTAIN® Elite ABC Kit, Vector Laboratories) for 30 min according to the
manufacturer’s instructions. Staining was visualised using the DAB Substrate Kit
(Vector Laboratories), followed by counterstaining with Gill’s hematoxylin (Sigma-
Aldrich). Sections were then dehydrated, cleared, and mounted using DPX mountant
(Sigma-Aldrich) and imaged using the AxioScan Slidescanner, Zeiss. For quantifi-
cation, Fiji (ImageJ) software was used. Automated cell detection was performed
on manually annotated regions using the colour-deconvolved haematoxylin channel.
In parallel, immunofluorescence staining was performed on 5 pm frozen tumour
sections to validate mCardinal expression. Sections were incubated overnight at 4°C
with primary antibody against mCardinal (St John’s Laboratory, STJ140229; 1:500
dilution, ex/em: 604/646 nm), counterstained with DAPI (ex/em: 350/461 nm), and

imaged to assess expression, as before.
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2.5.22 Spheroid formation, imaging, and nanoparticle uptake

C4-2 cells were seeded into Nunclon™ Sphera 96-well U-bottom plates (Thermo
Fisher Scientific) at densities ranging from 100 to 500 cells per well in 200 pL of
complete RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin-streptomycin, and 24.8 pg/mL rat tail collagen (Sigma-Aldrich).
Cultures were maintained at 37°C in a humidified 5% CO, incubator. Media were
replenished every 72h by removing 100 pL. of medium from each well and replacing it
with an equal volume of fresh growth medium using a multichannel pipette. Spheroid
growth and morphology were assessed using the Incucyte® Spheroid Analysis Software
Module. For live imaging, mature spheroids were embedded in an agarose matrix
within 8-well Ibidi chamber slides, counterstained with Hoechst 33342 (1png/mL)
(ex/em: 350/461 nm), and visualised using a Leica TCS SP8 DLS confocal microscope.
Image analysis was performed using Fiji (ImageJ, NIH). For nanoparticle uptake
studies, spheroids were cultured for 7 days prior to treatment with NGs at a final
concentration of 40 pg/mL (ex/em: 494/521 nm). NG penetration was evaluated by
acquiring z-stack images across the spheroid depth using confocal microscopy. To
quantify fluorescence signal across the spheroid, the integrated density method was
employed: for each z-slice, a region of interest (ROI) encompassing the entire spheroid
cross-section was manually drawn in Fiji, and the integrated density was measured
as the product of the ROI area and the mean gray value. This approach provided a
depth-resolved measure of nanoparticle fluorescence, enabling the assessment of NG

distribution throughout the spheroidal mass.

2.5.23 Bulk RNA sequencing

Total RNA was extracted from C4-2b cells treated with NT-PGCla-loaded NGs or
Empty NGs and cultured in 6-well plates (n=>5), using the Qiagen™ RNeasy Mini
Kit. RNA was subsequently cleaned using the RNA Clean and Concentrator Kit
(Zymo Research, Germany) and quantified with a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). A total of 2 g RNA per sample was diluted in 20 nLi of

nuclease-free water and analysed on a Bioanalyzer 2100 system (Agilent Technologies,
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Santa Clara, CA, USA) to assess RNA integrity. All samples exhibited RNA Integrity
Numbers (RIN) greater than 9. Single-end sequencing (100 bp reads) was performed
using the [llumina NextSeq 2000 platform (Illumina, San Diego, CA, USA) by Mr
Ivan Andrew at the MRC LMS Genomics Facility. RNA-seq reads were processed
using cutadapt v4.7 [314] to remove Illumina adapters, to quality trim at Q20, and
to filter read pairs containing N bases or where either read <31 bps. Processed reads
were quantified with Salmon v1.9.0 [315] using transcripts from the GRCh38 Ensembl
v107 annotations. Salmon’s expectation maximisation procedures were set to enable
modelling of sequencing and GC biases. Within R, transcript-level counts from
Salmon were imported and aggregated to the gene level using tximport v1.34.0 [316].
Sample quality assessments were performed in relation to collected RNA integrity
(RIN) values, sample concentrations used in library preparation (ng/ul), read GC
content, and percentage read mapping. Normalisation, PCA-based and clustering-
based quality control based on normalised values, and differential expression analyses
were performed using DESeq2 v1.46.0 [317]. Independent hypothesis weighting was
applied to optimise the power of p-value filtering using IHW v1.34.0 [318], and logs,
fold change shrinkage was performed with ashr v2.2-63 [319] to reduce the impact
of low expression on fold change estimation. Multiple testing correction was applied
by passing thresholds for both false discovery rate and logs fold change within
DESeq2. Significance was assessed using a logs fold change threshold of 1 (i.e., 2-fold
change) and a false discovery rate of ¢ < 0.01. Downstream gene ontology (GO)
enrichment analysis was performed using clusterProfiler v4.14.4 [320], targeting
the Biological Process (BP) GO terms. Benjamini-Hochberg correction was applied,
with GO terms considered significant at ¢ < 0.05.

2.5.24 In vivo biodsitrubtion and therapy assessment
2.5.24.1 mCardinal_NG biodistribution in healthy mice

All animal experiments were performed in accordance with the UK Animals (Sci-
entific Procedures) Act 1986 and approved by the internal ethics committee and
UK Home Office under project license PP0283859 and personal license 177452048.

Animals were provided food and water ad libitum. To evaluate the biodistribution of
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mCardinal NGs, C57BL/6 mice received 200 pL injections of NGs via either the tail
vein or subcutaneous fat in adult male mice. The formulation contained 0.25mg/kg
mCardinal mRNA and 60 mg/kg polymer. Mice were euthanised at predefined time
points following administration. Major organs—including brain, heart, liver, spleen,
lungs, and kidneys—were harvested, along with tumour tissues when applicable.
Fluorescence biodistribution was assessed using an In Vivo Imaging System (IVIS;
excitation: 600 nm; emission: 640 nm) to quantify mean fluorescence intensity (MFI).
To do so, first the machine was cleaned and a black cardboard paper was placed
on the imaging platform. An image of the background was taken to ensure that no
background fluorescence was present. Then, the organs were placed on to the same
black cardboard platform and the pictures were taken. Background subtraction is
carried out by the software and the fluorescent signal is captured as radiant efficiency.
In essence, radiant efficiency is a measure of the emitted photons from the fluores-
cent signal, normalised to the area of the region of interest. This metric enables
quantitative comparison of fluorescent signal intensity across different samples and
time points, independent of acquisition settings or background variations, and is
considered to be a robust method for signal detection. The field of view can be
altered in the imaging software depending on the area to be imaged and was adjusted

accordingly for each image presented in this work.

2.5.24.2 C4-2b xenograft model for therapeutic assessment

Male NOD-scid gamma (NSG)-614 mice (6-8 weeks old) were purchased from
Charles River (UK) and acclimatized for one week before experimentation. Mice
were subcutaneously inoculated on the right flank with 2.5 x 10 C4-2b cells in 100 pL
of serum-free medium mixed with 100 pL. of Matrigel Basement Membrane Matrix
(High Concentration, Corning). Tumours were allowed to grow to approximately
50 mm? before initiating treatment. Mice were randomly assigned to five treatment
groups: (1) untreated, (2) NT_PGCla_NG, (3) mCardinal NG, (4) PSMA_NT-
PGCla_ NG short-term, and (5) PSMA_NT-PGCla_ NG long-term. In all groups,
the mRNA dose was 0.25 mg/kg, and the polymer was administered at 60 mg/kg.

NGs were injected subcutaneously three times per week for 30-60 days. Tumour
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volume was monitored twice weekly using digital calipers and calculated using:

Volume = % - length - width - height (2.8)

At the end of the study, blood samples were collected for serum analysis to assess

potential systemic toxicity.

2.5.24.3 Serum Biochemistry for in vivo cytotoxicity

To evaluate systemic toxicity, serum samples obtained from tumour-bearing mice at
study endpoint were analysed for liver enzyme levels. Alanine transaminase (ALT)
and aspartate aminotransferase (AST) concentrations were measured by the Core
Biochemical Assay Laboratory, Cambridge, UK. This analysis was supported by the
MRC MDU Mouse Biochemistry Laboratory (grant reference: MC_UU_00014/5).
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Chapter 3

Optimisation of RN A-loaded

nanogel synthesis
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3.1 Introduction

There is considerable interest in understanding the relationship between the chemical
structure and the physiochemical properties of nanogels (NGs). Given the random
nature of a radical polymerisation, careful monitoring of monomer conversions is
required to gain a better insight into the final chemical composition of the NG. As
such, detailed studies of monomer reactivities and reaction conditions are essential
to ensure that the isolated polymer possesses a formulation that is as close to the
initial combination of the starting materials (feed composition) as possible. Despite
its significance, literature data on radical polymerisation rarely investigate the actual
polymer composition and instead limit the description to the initial formulation.
In this chapter, the significance of each component involved in the NG reaction
is discussed. The effect of monomer reactivities on conversion rates and the final
composition of NGs is described. Following this, the morphological changes resulting
from variations in chemical structural of functional monomers and crosslinker content
will be highlighted. The knowledge obtained from this analysis was used to derive
optimal reaction conditions and synthetic steps which permitted efficient entrapment

of viable RNA payload.

The NG reaction had been previously optimised for the encapsulation of protein-based
payloads[287], and the reaction took four hours to complete, at room temperature.
However, for nucleic acid-based payloads, that are more prone to degradation at
longer reaction times and higher reaction temperatures, there was a need to minimise
both without compromising on any desirable structural features of the NGs. These
included NG sizes that were below 200 nm with a polydispersity index (PI) of < 0.1
and (-potential (¢) in the range |¢| > 30 mV in order to enhance cellular uptake.[321]
In addition, an aqueous-based synthetic strategy was preferred to avoid the use of
harsh organic solvents in order to minimise damage to the sensitive nucleic acid

payload.
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Finally, the NGs obtained were tested for their in wvitro transfection efficiency
in various cell lines to obtain the best-performing platform for RNA delivery, in

comparison to commercial standards used for transfection.

3.2 Results & Discussion

3.2.1 Influence of surfactant concentration on NG synthesis

The methodology employed for NG synthesis involved the dispersion of the monomers
in water, with the addition of the classical anionic surfactant sodium dodecyl sulfate
(SDS), which is surmised to aid micelle formation and thereby lead to the accumulation
of added monomers within the micellar core.[287] The surfactant concentration is
one of the most critical factors affecting emulsion polymerisation.[322] Upon addition
of the surfactant, the surfactant molecules adsorb on the solvent /aqueous surface,
decreasing the surface tension until the critical micelle concentration (CMC) is
reached. This leads to micelle formation in the solution. Any further increase
in the surfactant concentration will continue to decrease the interfacial tension
between the monomer/surfactant surface, whereby the hydrophobic parts of the
surfactant molecules will orient themselves inside the micelle to lower interaction with
surrounding water molecules.[323, 324] In particular, for SDS, continued addition
of the surfactant to a certain threshold increases micelle formation, which in turn
reduces the size of the micelles due to electronic repulsion.[322, 325] The increase in
the number of micelles affords a high number of active centers in the polymerisation
initiation step, resulting in higher monomer conversion rates whilst decreasing

nanoparticle size.

In the case of SDS, increasing the concentration from 2mM to 20 mM had a dramatic
effect on NG size and PI, with the size decreasing from 445.6 nm to 50.7nm (Figure
3.1a). Although using 20mM of SDS provides the smallest NG size, it becomes
increasingly difficult to purify the NGs, which required ten or more washes with water
using centrifugation. This also increased the total time required for nanoparticle
isolation which would be detrimental for any nucleic acid payloads, that can be prone

to degradation.[326] Further, in vitro toxicity assays (CCK-8) in Hela cells indicated
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higher toxicity for NGs made using 20 mM SDS suggesting the presence of residual
SDS (Figure 3.1b). As the complete removal of SDS is essential for downstream
biological applications, a lower concentration is needed. Notably, at the CMC of
SDS (8 mM)[322, 325] a satisfactory NG size (125.6 & 1.4nm) and PI (0.02 +0.01)
was achieved with minimal cytotoxicity. As such, this concentration of SDS was

employed for all further NGs discussed in this work.

Figure 3.1: Effect of SDS concentration on NG size and cytotoxicity. a)
Physicochemical characterisation of size (hydrodynamic diameter) and polydispersity
(PI) as obtained from dynamic light scattering measurements. b) Cell viability
determined for NGs synthesised using varying SDS concentrations. In all cases, data
are presented as mean + standard deviation for n = 3.

3.2.2 Influence of initiator content on NG synthesis

The previously optimised NG reaction used ammonium persulfate and N,N,N’,N’-
tetramethylethylenediamine as the initiating system.[287, 288], In this work, two
water soluble photoinitiators, namely Igracure2959 (1G2959) and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) were also investigated in an attempt to decrease
the overall reaction time. These were chosen as they are water soluble and have
demonstrated promising reaction dynamics in other similar reaction conditions.[292,
327, 328] Reaction completion was measured as a function of total monomer conversion
as determined by 'H NMR analyses of initial and final polymerisation solutions.[329]
Conversion was determined by measuring the vinyl olefin signals in the respective

'H NMR spectra (using sodium acetate as an internal standard) (Figure A1).
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As shown in Figure 3.2a, using 5mol% (mol% refers to the moles of initiator used
relative to the total moles of monomers used) of 1G2959 provided 99% monomer
conversion with a 30 min reaction time, and reasonable NG sizes (113.4 £+ 2.2 nm; PI:
0.01 £0.01) (Figure 3.2a,b). Likewise, 15 mol% of APS provided modest monomer
conversion of 71% and 30min reaction time with NG sizes of 81.2 + 1.8 nm and
PI of 0.07 £ 0.05 (Figure 3.2c¢,d). The use of LAP, however, did not provide
any significant improvement in NG size/PI, despite having the fastest reaction
time (~ 10min) (Figure 3.2e,f). For all initiators investigated, increasing the
initiator content, although increasing the monomer conversion and reducing the
reaction time, led to the formation of large NGs (> 500 nm) with poor PIs (> 0.2).
Faster polymerisation kinetics can result in uncontrolled radical coupling, thereby
relinquishing control over particle size.[330] Despite the short reaction times provided
by 1G2959, its use was precluded due to reliance on a custom UV-lamp reaction
set-up. Reproducing the synthesis using the photoinitiator would require maintaining
the same lamp, distance and power which is impractical due to variability among UV
lamps. Thus, APS/TEMED was preferred as the initiating system for all subsequent

reactions, due to the reproducibility it offers.
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Figure 3.2: Effect of initiator type and amount on NG structure and
polymerisation dynamics. Graphs comparing monomer conversions, as determined
'"H NMR analyses, and associated NG sizes for a) Igracure2959, c) APS, e) LAP.
Polymerisation dynamics as determined by assessing monomer conversion over time
using 'H NMR for b) Igracure2959, d) APS and f) LAP. In all cases, data are
presented as mean =+ standard deviation for n = 3.
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3.2.3 Optimising crosslinker ratio

To optimise the crosslinking of the covalent NG matrix, disulfide-based, diacrylate
crosslinker (SS-DiA) conversion was measured at varying concentrations using 'H
NMR. This information was then compared with the obtained physicochemical
properties of the synthesised NGs as measured by dynamic light scattering (DLS),
electrophoretic light scattering (ELS) and transmission electron microscopy (TEM)
(Figure 3.3a,b,c). Evidently, increasing crosslinker feed concentration from 1 up to
7mol% demonstrated a decrease in NG size and PI, as monitored by DLS and TEM.
Interestingly, increasing the crosslinker feed ratio higher than 7mol% resulted in
the formation of large aggregates ~ 600 — 800 nm, that demonstrated compromised
colloidal stability. This indicates that the synthesis is highly sensitive to higher
concentrations of crosslinkers and works best in high-dilution conditions. Notably,
NGs with the lowest sizes and PI demonstrated increased colloidal stability over
longer periods of time, as indicated by the maintenance of the size and PI over the
time period of the experiment (Figure 3.3d). NGs with the largest sizes however
demonstrated a steady increase in size and PI, which could be indicative of aggregation

(Figure 3.3e).

NG RNA encapsulation (EE %) and loading efficiencies (LE %) as a function of the
crosslinker ratio, ranging from 1 to 10 mol% SS-DiA, were then evaluated. Evidently,
the extent of crosslinking greatly impacts the RNA entrapment within the NGs, where
increasing crosslinker concentration led to improved RNA encapsulation (Figure 3.3f).
Notably, 7mol% SS-DiA incorporating NGs exhibited a high EE and LE of 91%
and 10%, respectively. As a significant drop in the EE % and LE % were observed
at 10 mol% crosslinker feed ratios, the 7mol% feed ratio was used for subsequent
experiments and comparisons. As no significant improvement in EE % and LE %
was observed upon increasing the SS-DiA crosslinker ratio any further, it would be
interesting to investigate whether the lack of formation of a tightly crosslinked NG

core may be more prone to degradation and payload leakage.
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Figure 3.3: Effect of varying crosslinker concentration on NG size, stability
and payload entrapment efficiency. a) Monomer conversions, as determined by
'H NMR analyses, compared against NG size for varying crosslinker concentrations.
b) DLS traces for various crosslinker concentrations. c¢) Negative stain transmission
electron micrographs of NGs with varying crosslinker concentrations. Scale bar at
100 nm. Nanogel stability (DLS) analysis recorded over seven days for d) small
SS-NG and e) larger SS-NG. f) Graph comparing the effect of varying crosslinker
feed composition of NG loading and encapsulation efficiency. In all cases, data are
presented as mean + standard deviation for n = 3.

3.2.4 Enhancing RNA entrapment efficiency by identifying optimal

cationic monomer ratio

In order to further optimise the encapsulation of RNA within the NGs, the feed
ratios of the monomers 2-(acryloyloxy)ethyl|trimethylammonium chloride (AETC)
and acrylamide (AM) were also systematically varied and the resultant effects of NG

physicochemical properties were measured. It is well known that in copolymerisation
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reactions, rates are not only dependent on individual intrinsic reactivities of each
monomer but also on the presence of other monomers and their relative concentrations
in the mixture.[329, 331, 332] In this study, the molar concentrations of AETC were
inversely proportional to the one for AM to ensure that the total monomer amount
was below the threshold for micro-sized polymer formation.|[287] Selected ratios of
AETC ranged from 0-50 mol% and the monomer conversions, as estimated from the
'H NMR traces, are summarised in Table Al. The changes in NG structural features

upon varying AETC content were determined by DLS, ELS and TEM, as before.

The NG composition lacking AETC had a large size and PI (186.2nm and 0.28,
respectively) and an effective surface charge close to neutral (—8.5 £ 0.8 mV) which
is indicative of compromised colloidal stability (Figure 3.4a,b,d).[321] Unsurprisingly,
these NGs also exhibited the lowest encapsulation (EE; 21.1%) and loading efficiencies
(LE; 0.9%) (Figure 3.4c). The most physiologically relevant size distributions were
observed for NGs synthesised using 7-24 mol% of AETC. Further, the effective
surface charge of the NGs became more positive with increasing AETC content,
as consistent with greater incorporation of the cationic monomer within the NG
framework, which also led to increased RNA EE% and LE%. These measurements
also indicate that RNA present within the core of the NGs minimally affects the
effective surface charge. This is further evidenced by the minimal changes in the
effective surface of the empty NGs for the AETC monomer (Figure 3.5a,b). Notably,
however, the increase in (-potential was only observed up to 49mol% AETC, at
which point the compromised stability of the NG framework would prevent the
incorporation of any further AETC molecules. Increasing the AETC content only
improved the EE % and LE % up to 49 mol% AETC. As the NG composition with
93 mol% AETC, lacked AM, the NGs demonstrated undesirably large size and size
distribution (312.8 £ 0.2nm; 0.35 £ 0.01) (Figure 3.4a,d). AM is known to improve
the adhesion and crosslinking of polymers,[333] it provides mechanical strength to
the crosslinked NG network. As such, it is a critical parameter for obtaining robust
and durable nanoparticles. Further, due to its bioadhesive properties,[334] AM can
contribute towards an increase RNA EE % and LE %. Indeed, NGs synthesised
without AM demonstrate compromised RNA EE % (74%) and LE % (3%). Despite
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Figure 3.4: Defining optimal AETC concentration for RNA-loaded NG
synthesis. Effect of varying AETC concentration on a) NG size, PI, b) (-potential of
different NG types, as measured by DLS and ELS, respectively and c¢) encapsulation
and loading efficiencies. In all cases, data are presented as mean + standard deviation
for n = 3. d) Representative negative stain TEMs of NGs. Scale bar at 100 nm. ¢)
Agarose gel electrophoresis assay to determine free RNA. Amount of monomer added
to NG is indicated by numbers at the top of respective lanes, alongside the RNA
ladder and naked RNA. f) Determination of RNA stability upon NG treatment with
RNAse A (100 U/mg) for 2h at 37°C.
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the high effective surface charge of these NGs (29.2 £ 4.3mV), lack of AM could
have led to RNA leakage, thereby offsetting the advantage of the increased AETC

content.

Agarose gel measurements mirrored the EE % and LE % analyses and highlighted
minimal free RNA for NGs synthesised using 24 mol% of AETC (Figure 3.4e). Upon
treatment of these NGs with RNAse A, minimal RNA degradation was observed
(Figure 3.4f). Having identified the optimal molar % range of the cationic monomer,
various monomers with different head groups were screened to further improve the

mRNA packaging of the NGs.

Figure 3.5: Physicochemical characterisation of empty NGs with different
concentrations of different cationic monomers. a) Size, PI and b) (-potential
of different NG types, as measured by DLS and ELS, respectively. In all cases, data
are presented as mean + standard deviation for n = 3.

3.2.5 Assessing best cationic monomer type for optimal RNA binding

While the cationic monomer, AETC, provided promising NGs that met the require-
ments outlined previously, various cationic monomers with different head groups
were screened in order to further improve the mRNA packaging of the NGs (Figure
3.6). First, a monomer with a guanidinium moiety, called acrylated guanidinium
(AC-GUA), was synthesised via a novel two-step reaction involving nucleophilic
displacement of ethyl carbaminidithioate by the amine group in 3-aminopropan-1-
ol, followed by esterification of the primary alcohol using acryloyl chloride to give

AC-GUA.
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Figure 3.6: Schematic presentation of cationic monomers used in NG
synthesis.

Prior to its incorporation within NGs, AC-GUA was characterised by 'H NMR
(Figure A2a), atmospheric-pressure chemical ionisation mass spectrometry (Figure
A2b), and FT-IR (Figure A2c). The near-neutral pH (~ 7.4) at which the NG
reaction is conducted, was surmised to be sufficient in allowing the protonation of
guanidine moiety and the deprotonation of the RNA phosphodiester moieties.[335,
336] This would be conducive to the formation of intermolecular salt bridges between
AC-GUA and the added RNA. Experiments with the AETC monomer revealed
an optimal molar ratio range (7-24 mol%) within which NGs could be synthesised
reproducibly, without the risk of microgel formation. Increasing AC-GUA content
to 24 mol% improved NG size and more positive effective surface charge, thereby
improving the RNA encapsulation (82%) and loading efficiencies (10%) (Figure
3.7a,b,c,d). However, agarose gel measurements, while reflecting the EE % and LE
% analyses, highlighted considerable RNA leakage from the NGs (Figure 3.7e). This
was mirrored in the RNAse A treatment assay for the 24 mol% AC-GUA NGs where
degraded RNA was visible in lanes loaded with NGs (Figure 3.7f). Despite these
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results, the high RNA entrapment efficiency obtained using AC-GUA merited further

1 vitro testing.

The second set of cationic monomers were inspired by the structures of cationic
cell-penetrating peptides that have been used successfully for mRNA delivery as they
combine lower charge densities with excellent membrane disruptive abilities.[337—
340] In particular, the polyarginine motif was considered due to its promising
endosomal escape capabilities and previous success with the guanidinium motif
(Scheme 2.2.2).[341, 342] First, solid-phase peptide synthesis was used to generate
a polyarginine peptide incorporating six arginines, which was then coupled to a
bifunctional PEG with an Fmoc protected amine, that was deprotected and acrylated
using acryloyl chloride. This provided an acrylated, PEGylated polyarginine (PolyR)
that was characterised by 'H NMR (Figure A3a) and atmospheric-pressure chemical
ionisation mass spectrometry (Figure A3b), before incorporation into the NG reaction.
Six amino acids were used to ensure an optimal balance between cellular uptake
efficiency, biocompatibility and RNA complexation ability. Polyarginine-based cell
penetrating peptides have been widely studied, with numerous reports identifying
oligomers comprising of six to eight residues as best for facilitating transport across cell
membranes without mediating excessive cellular toxicity.[343] Further, six units were
thought to provide sufficient cationic charge density to promote strong electrostatic
interactions with the nucleic acid payload, without introducing excessive steric

hindrance, thereby preventing undue increases in NG size.
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Figure 3.7: Defining optimal AC-GUA concentration for RNA-loaded NG
synthesis. Effect of varying AC-GUA concentration on a) NG size, PI, b) (-potential
of different NG types, as measured by DLS and ELS, respectively and ¢) encapsulation
and loading efficiencies. In all cases, data are presented as mean + standard deviation
for n = 3. d) Representative negative stain TEMs of NGs. Scale bar at 100 nm. e)
Agarose gel electrophoresis assay to determine free RNA. Amount of monomer added
to NG is indicated by numbers at the top of respective lanes, alongside the RNA
ladder and naked RNA. f) Determination of RNA stability upon NG treatment with
RNAse A (100 U/mg) for 2h at 37°C.

Although increasing PolyR molar ratio decreased NG size, the PI was higher (0.28
+ 0.01) than previously obtained with AETC-incorporating compositions (Figure
3.8a,d). This heterogeneity could stem from inefficient packaging of the bulky arginine
residues, likely due to inherent repulsive intermolecular interactions. This effect could

also explain the decrease in effective surface charge as PolyR content was increased

from 14 to 24mol%, which led to a resultant decrease in RNA EE % and LE %
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(Figure 3.8b,c). As before, the agarose gel electrophoresis mirrored the EE % and
LE % analyses (Figure 3.8e). It is notable that 14 mol% PolyR provided optimal NG
size (168.9 + 2.1nm), PI (0.09 £ 0.02) and EE % (82%) and LE % (11%). Indeed,
the RNAse treatment assay revealed minimal RNA degradation for this composition,

explicating its potential for in vitro RNA delivery (Figure 3.8f).

Figure 3.8: Defining optimal PolyR concentration for RNA-loaded NG
synthesis. Effect of varying PolyR concentration on a) NG size, PI, b) (-potential of
different NG types, as measured by DLS and ELS, respectively and ¢) encapsulation
and loading efficiencies. In all cases, data are presented as mean + standard deviation
for n = 3. d) Representative negative stain TEMs of NGs. Scale bar at 100 nm.
e) Agarose gel electrophoresis assay to determine free RNA. Amount of monomer
added to NG is indicated by numbers at the top of respective lanes, alongside the
RNA ladder and naked RNA. f) Determination of RNA stability upon NG treatment
with RNAse A (100 U/mg) for 2h at 37°C.
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For the second peptide-based monomer, the arginine residues were replaced by six
histidine residues (PolyH). The imidazole group in histidine permits the stabilisation
of nucleic acids via hydrogen bonding and augments endosomal lysis by osmotic
swelling.[344] In addition, histidine-containing carriers have shown improved serum
stability.[345] The acrylated and PEGylated polyhistidine was synthesised using
the same techniques as aforementioned and characterised by 'H NMR (Figure A4a)
and APCI-MS (Figure A4b) prior to incorporation in the NG reaction. Increasing
PolyH content led to decreased NG size, however the PI for 24 mol% PolyH was
noticeably higher, presumably due to inefficient packaging efficiency of the bulky
imidazole groups (Figure 3.9a,d). The modest increase in effective surface charge
(7.8 £ 0.7mV for 24 mol% PolyH) improved EE % (57%) and LE % (5%), however
not to comparable levels achieved with AETC or PolyR (Figure 3.9c). The increase
in RNA retention was mirrored in the agarose gel electrophoresis assay, however,
RNA leakage from these NGs are evident in the lanes for 14 and 24 mol% PolyH
(Figure 3.9¢). Where 7mol% of AETC demonstrated minimal RNA leakage, the
same amount in PolyH showed almost complete RNA loss. Furthermore, RNA
leakage and degradation is similarly visible in the RNAse treatment assay (Figure
3.9f). Despite these results, the potential endosomal escape characteristic of this

monomer merited further in vitro testing.
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Figure 3.9: Defining optimal PolyH concentration for RNA-loaded NG
synthesis. Effect of varying PolyH concentration on a) NG size, PI, b) (-potential of
different NG types, as measured by DLS and ELS, respectively and c) encapsulation
and loading efficiencies. In all cases, data are presented as mean =+ standard deviation
for n = 3. d) Representative negative stain TEMs of NGs. Scale bar at 100 nm. e)
Agarose gel electrophoresis assay to determine free RNA. Amount of monomer added
to NG is indicated by numbers at the top of respective lanes, alongside the RNA
ladder and naked RNA. f) Determination of RNA stability upon NG treatment with
RNAse A (100U/mg) for 2h at 37°C.

The final monomer examined was 2-(dimethylamino)ethyl methacrylate (DMA) which
was commercially available and was used as provided. The ionisable tertiary amine
in DMA could potentially buffer the acidic endosomal environment via the proton
sponge effect, thereby promoting endosomal membrane disruption and subsequent

NG release into the cytoplasm. NGs synthesised with 24 mol% DMA had reasonable
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sizes and PI, but demonstrated minimal effective surface charge, EE % and LE %
(Figure 3.10a,c,d). As such, DMA was examined alongside the inclusion of AETC,
which offers permanent positive charges for stable RNA complexation. Using this dual
monomer system, it was surmised that the NGs could benefit from RNA complexation
stability and enhanced endosomal escape ability. Indeed, the RNA entrapment
efficiency improved as the AETC content in the NGs increased, presumably due to
the congruent increase in (-potential (Figure 3.10b). This is reflected in the agarose
gel electrophoresis assay where no RNA leakage/degradation was observed in the
lane with 1:3 DMA/AETC ratio, thereby emphasising the negligible effect of DMA
on RNA entrapment efficiency (Figure 3.10e). Furthermore, the RNAse protection
assay revealed some RNA leakage and degradation (Figure 3.10f). Despite this, the
1:3 DMA/AETC NG composition was screened for its in vitro transfection efficiency

to test whether it exhibited enhanced endosomal escape.
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Figure 3.10: Defining optimal DMA /AETC ratio for RNA-loaded NG
synthesis. Effect of varying DMA/AETC ratio on a) NG size, PI, b) (-potential of
different NG types, as measured by DLS and ELS, respectively and ¢) encapsulation
and loading efficiencies. In all cases, data are presented as mean + standard deviation
for n = 3. d) Representative negative stain TEMs of NGs. Scale bar at 100 nm. e)
Agarose gel electrophoresis assay to determine free RNA. Amount of monomer added
to NG is indicated by numbers at the top of respective lanes, alongside the RNA
ladder and naked RNA. f) Determination of RNA stability upon NG treatment with
RNAse A (100U/mg) for 2h at 37°C.

Taken together, results indicate that AETC and PolyR were the most efficient at
complexing and entrapping the RNA payload. Further, these structural studies show
that maintaining a delicate balance between the monomer, crosslinker, surfactant
and initiator concentrations is crucial for maximising the benefits accrued from the

tuneable NG platform.
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3.2.6 Fluorescent nanogel synthesis and optimisation

To facilitate monitoring of cellular trafficking, NGs were synthesised incorporating
varying concentrations of the fluorescently labelled monomers, fluorescein-o-acrylate
(FL: ex/em: 495/517nm) and nile blue acrylamide (NBA: ex/em: 635/674nm)
(Scheme 3.2.1).

Scheme 3.2.1: Schematic representation of fluorescent NG synthesis.

Fluorescein and nile blue were used to facilitate NG monitoring in vitro and in vivo,
respectively. NG size did not increase significantly until 0.005 mmol (5mol%) of
dyes were included (Figure 3.11a,b,c,d,e,f). Presumably, the steric hindrance caused
by increasing dye amount could influence the NG packaging density. Intriguingly,
while for FL-NGs, increasing concentration of the FL. monomer led to improved NG
fluorescence intensity, in the case of NBA it is likely that closer packaging of the dye
quenched the fluorescence signal by increased n—r stacking (Figure 3.11g,h).[346] It is
also equally likely that the FL-NG system remains within the regime where increasing
FL content still enhances fluorescence intensity. A decrease may only have become
apparent at even higher concentrations, once quenching effects began to dominate.

Nonetheless, 0.005 mmol (5mol%) dye concentration was chosen for both dyes in
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all subsequent studies. Furthermore, the longevity of the NG fluorescent signal was
evaluated by incubating the NGs in serum where FL-NGs demonstrated a slight
decrease in fluorescence intensity by 24 h, whereas for NBA-NGs complete depletion
of NBA signal was observed (Figure 3.11i,j). This could be attributed to NBA-salt-
induced aggregation which causes quenching of the fluorescent signal.[347, 348] Lastly,
by conducting confocal microscopy, the fluorescence of the NGs was validated in
HeLa cells, where the punctate fluorescence in the cytosol is typical for nanoparticles
(Figure 3.11k,1). Taken together, these results highlight the tunability of the NG
platform for fluorescence-based applications. By optimising dye concentration, NG
signal intensity and stability was enhanced to mediate effective cellular uptake

monitoring.
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Figure 3.11: Optimisation of RN A-loaded fluorescently-tagged NGs. Effect
of varying fluorescein o-acrylate (FL) mol% on a) NG size, PI, b) (-potential of
different NG types, as measured by DLS and ELS, respectively. ¢) Representative
negative stain TEMs of optimised FLNGs. Scale bar at 200 nm. Effect of varying
nile blue acrylamide (NBA) concentrations on d) NG size, PI, e) (-potential of
different NG types, as measured by DLS and ELS, respectively. f) Representative
negative stain TEMs of optimised NBA-NGs. Scale bar at 100nm. In all cases,
data are presented as mean + standard deviation for n = 3. Emission spectra for
varying molar amounts of g) FL and h) NBA demonstrate concentration dependent
fluorescence intensity. Excitation at 488 and 633 nm, respectively. Emission spectra
for NG degradation in serum over 24 h for i) FL-NG and j) NBA-NG. Degrading
NBA-NGs demonstrate loss of nile blue fluorescence over time. Confocal microscopy
images showing the intracellular uptake of k) FL-NGs and 1) NBA-NGs in HeLa
cells. Cells were stained with 1png/mL Hoechst 33342 (blue). All images were taken
with 40 x oil immersion objective. Scale bar at 30 pm.
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3.2.7 Endosomal escape evaluation of optimised NGs

Endocytosis is the predominant route of cellular entry for nanoparticles, where upon
interaction with the plasma membrane, they are engulfed into vesicular endosomes
that are then transported to specialised intracellular trafficking compartments.[349]
There are five major classes of endocytosis mechanisms, including, phagocytosis,
clathrin-mediated endocytosis, caveolin-mediated endocytosis, clathrin or caveolae-
independent endocytosis and macropinocytosis.[350] Following this endocytotic vesi-
cles then fuse with early endosomes, that then mature into recycling endosomes or
late endosomes, that transform into lysosomes.[349, 351, 352] Critically, this transfor-
mation is accompanied by a pH change from pH 7 to around 4.5-5 in lysosomes.[349]
The lysosomal lumen is a degradative environment comprising of various hydrolytic
enzymes including nucleases, proteases and lipases.[349] Consequently, to mediate
effective RNA delivery, it is imperative for RNA-loaded NGs to escape endosomes
before the lysosomal stage. Keeping this in mind, it was crucial to investigate the
cellular internalisation and endosomal escape capacities of the NGs. Given the recent
success of disulfide-containing molecules and polymers in enhancing cellular uptake
and cytosolic localisation, the influence of the disulfide-based crosslinker used in the
current NG platform was evaluated and the work has been recently published.[260]
NGs with (FLSSNG) and without (FLNG) the disulfide-based crosslinker were
synthesised (Scheme 3.2.2).
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Scheme 3.2.2: Schematic representation of fluorescent disulfide (FLSSNG)
and control non-disulfide (FLNG) NG synthesis.

Flow cytometry was used to compare cellular internalisations. Despite their similarity
in size and zeta potential (FLSSNG: 200.9 nm and 22.1mV; FLNG: 219.7nm and
22.0mV) (Figure 3.12a,b,c), a ~2.5-fold increase in uptake in HeLa cells was observed
for the FLSSNG, compared to the FLNG, as confirmed by confocal microscopy (Figure
3.12d,e).

First to determine the pathway of cellular internalisation, NG uptake was studied in
the presence of the following inhibitors comprising all uptake pathways, using flow

cytometry. [353]
» Hyperosmolar sucrose (45 mM, clathrin-mediated endocytosis)
o EIPA (100 pM, macropinocytosis)
« Nystatin (30 pM, caveolin pathway)
o Dyngo (30 uM, clathrin-independent/dynamin-dependent)
o T-ketocholesterol (30 nM, clathrin-independent/dynamin-independent)
» Cytochalasin D (5 1M, phagocytosis/macropinocytosis)
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Figure 3.12: Optimisation of fluorescently-tagged FLSSNG and FLNGs.
Comparing physicochemical properties of fluorescent NG, including a) size, PI, b)
(-potential, as measured by DLS and ELS, respectively. ¢) Representative negative
stain TEM of the NGs. Scale bar at 200 nm. d) Quantification of the intracellular
uptake of the two different NGs by flow cytometry. Mean fluorescence intensities
(MFI %) of the two differently treated cell populations are shown (n=6). Data shown
are mean + SD and statistical significant was determined using an unpaired t-test,
x * xp < 0.001. Confocal microscopy images showing the intracellular uptake of
FLSSNGs and FLNGs in HeLa cells fixed 8 h post-treatment, stained with 1 png/mL
Hoechst 33342. Images were taken with 63 oil immersion objective. Scale bar at
25 pm. f) Effect of endocytosis inhibitors on FLSSNG and FLNG (n = 3).

» NaNj3/2-deoxy-D-glucose (affects all pathways)

NaNj/2-deoxy-D-glucose treatments caused significant inhibition in the cellular
uptake of both NGs, which was consistent with previous reports and confirms that
NG uptake occurs through an energy-dependent mechanism (Figure 3.12f).[290]
Furthermore, the most dramatic decrease in the uptake of FLSSNGs was observed
after hyperosmolar sucrose treatment (decreased FLSSNG uptake to 12%), suggesting
the clathrin-mediated pathway to be a preferred mode of internalisation. Similarly,
the non-significant uptake of FLSSNGs at 4°C is indicative of endocytosis over
direct uptake. Notably, however, FLSSNG uptake was also reduced by 20-30%
upon treatment with EIPA, cytochalasin D, dyngo and 7-KC, suggesting that they
may enter cells via alternative pathways in addition to clathrin-mediated pathways.

FLNG internalisation was affected by EIPA, cytochalasin D, dyngo and sucrose, also
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suggesting the use of a combination of uptake pathways. Overall, the non-disulfide
NGs were comparatively inefficient at entering the cells. While this data highlights
the mode of internalisation to be primarily endosomal, it is well known that most
endocytotic inhibitors tend to be promiscuous in their mechanism of action, with

each inhibitor having off-target effects on other internalisation pathways.[353]

To confirm these results, immunofluorescent labelling was used to assess potential NG
colocalisation with clathrin-coated vesicles, caveolae (caveolin-1) and early endosomes
(Rab5) in HeLa cells, using confocal microscopy (Figure 3.13a,b). To quantify the
extent of colocalisation, the Pearson’s coefficient was determined. A high Pearson’s
coefficient number indicates colocalisation, which makes the data points in the plot
fall along the diagonal. Divergence of the points from the diagonal indicates disparate
locations of the two fluorescent signals, corresponding to a lower Pearson’s coefficient

value.

Figure 3.13: Investigating mechanism of FLSSNG and FLNGs endocytosis
using immunofluorescence. Confocal microscopy images showing a) FLSSNG
and b) FLNG colocalisation with clathrin, caveolin-1, rab5 antibodies. Scale bar at
20 pm. c) Pearson’s correlation plot for all antibodies with the two NG types (n =
3).

FLSSNGs were primarily colocalised with clathrin-coated pits (r = 0.45), whereas

low colocalisation was observed for caveolin-1 (r = 0.12) and Rab5 (r=0.11) (Figure
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3.13c). However, FLNGs exhibited colocalisation with clathrin-coated pits (r = 0.47)
and caveolin-1 (r = 0.46), and greater colocalisation with Rab5b-stained early
endosomes (r = 0.25) than the FLSSNGs. While the data reiterates that the
disulfide NGs seem to be taken up via the clathrin-mediated endocytosis route, the
low to moderate immunofluorescence observed could also be due to the rapidity with
which the NGs are internalised. As the disulfide NGs are uptaken quicker than their
non-disulfide counterparts and subsequently trafficked intracellularly, the fluorescent
signal at the membrane or early endosomes might be transient or diminished by the
time of imaging, thereby leading to a lower detectable signal. Ideally, a more robust
investigation would involve a precise knockout/down approach to target particular

internalisation pathways.

Although a knockdown strategy was not possible within the scope of this study,
another approach was taken to specifically investigate the influence of the disulfide
moiety on potential thiol-mediated uptake (TMU). To test whether potential covalent
contacts between the FLSSNGs and cell surface-exposed (exofacial) thiols could
engender internalisation by potential membrane destabilisation, a library of exofacial
thiol blockers was screened, of which asparaguisic acid (AspA), was noted to be the
most potent TMU inhibitor (Figure 3.14a).[306-309, 354] This was confirmed by
both flow cytometry and confocal microscopy (Figure 3.14b,c).

114



Figure 3.14: Investigating inhibition of thiol-mediated uptake (TMU). a)
Chemical structures of TMU inhibitors used. b) Cellular uptake of FLSSNG and
FLNG post-TMU inhbitor treatment, as measured by flow cytometry (n = 3). c¢)
Confocal microscopy images showing the intracellular uptake of FLSSNG and FLNG
(green channel) in HeLa cells treated with TMU inhibitors (1h), fixed 4h post-NG
treatment and stained with 1 pg/mI Hoechst 33342. Scale bar at 20 pm.

Indeed, a significant reduction in FLSSNG uptake was observed with AspA treatment,
whereas FLNGs were unaffected. It is interesting that DTNB (Ellman’s reagent)
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and sodium iodoacetate (IA), that have been widely used for TMU inhibition [290],
did not have a significant effect on the NGs, suggesting the need for better TMU
inhibitors, such as those used in this work. Notably, DTNB is positively charged,
and it is possible that electrostatic repulsion between DTNB and the positively
charged NGs hinders its interaction with target thiols, thereby reducing its inhibitory

efficiency.

Having confirmed TMU to be the preferred internalisation mechanism, the relative
propensity of the two NGs to undergo endosomal escape was examined, by monitoring
the colocalisation of the fluorescent NGs with LysoTracker Red™ over 24 h, using
confocal microscopy.[260] FLSSNGs demonstrated significant endosomal escape, as
evidenced by the independent fluorescent colour from the LysoTracker Red™ and
FLSSNG (Figure 3.15a). Indeed, even a few yellow, fluorescent foci, indicating
endosomal entrapment, were resolved by 24h. However, FLNGs were largely
colocalised with Lysotracker even at the 24 h time point, indicating considerable
endosomal entrapment (Figure 3.15b). Where the FLNGs exhibited a Pearson’s
value of 0.79 at 12h (Figure 3.15¢,d), a bifurcated distribution of fluorescent signals
was observed for the FLSSNGs by 12h, giving a Pearson’s value of 0.49 (Figure
3.15e,f). Pearson’s coefficient for FLNGs did not undergo any signficant change over
the entire 24 h time period, whereas, for the FLSSNGs, the coefficient continuously
decreased from an already lower 0.62 at 1h to 0.41 by 24h (Figure 3.15d,f). Despite
the low Pearson’s coefficient, the FLSSNGs also exhibit punctate fluorescence in the
cytosol, which can be attributed to endosomal entrapment.[260, 290] While this may
indicate cytosolic aggregation of the NGs, as the fluorescein fluorophore is covalently
conjugated within the NG framework, causing localised signals upon NG clustering
or degradation. However, a similar punctate pattern could also arise simply from the
accumulation of multiple intact NGs in close proximity. Therefore, while aggregation
is a possibility, further investigation is required to definitively distinguish between

these scenarios.
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Figure 3.15: Endosomal escape evaluation of fluorescent disulfide and non-
disulfide NGs. Confocal microscopy images showing the intracellular uptake of a)
disulfide (FLSSNG) and b) non-disulfide (FLNG) fluorescent NGs at 12h and 24 h.
Cell stained with 75 nM Lysotracker Red and 1 pg/ml Hoechst 33342. All images
were taken with 63x oil immersion objective. Scale bar at 25um. c¢) Pearson’s
correlation plot for FLNGs at 12h and d) temporal evaluation of Pearson’s coefficient
for FLNGs; e) Pearson’s correlation plot for FLSSNGs at 12h and f) the time
dependent Pearson’s coefficient evaluation for FLSSNGs.

To take this a step further, the effect of various cationic monomers on NG endosomal
escape efficiency was examined. Notably, the guanidinium moiety present in AC-
GUA and PolyR can reportedly trigger endosomal escape via the proton sponge
effect.[335, 355] Further, the imidazole ring present in PolyH can augment endosomal
lysis by osmotic swelling.[344] As before, the colocalisation of fluorescently-labelled
NGs with Lysotracker Red™ was monitored to assess endosomal escape. While
the five types of NGs were similarly efficient at mediating cellular uptake, their

endosomal escape capabilities differed considerably. As shown in Figure 3.16a,b,
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AETC NG and PolyR_ NG demonstrate significant endosomal escape, as evident by
the independent fluorescent colour from the fluorescein-labelled NGs and Lysotracker
Red™. On the contrary, PolyH NG, AC-GUA_NG and DMA/AETC NG were
largely colocalised with Lysotracker Red™ indicating endosomal entrapment (Figure
3.16¢-e). To further quantify the extent of colocalisation, the Pearson’s coefficient for
colocalisation was calculated for all NGs (Figure 3.16f). AETC_NG and PolyR_ NG
had Pearson’s values of 0.38 and 0.32, respectively, whereas the other NGs had higher
Pearson’s values. Overall, these results highlight AETC NG and PolyR. NG as the
most promising candidates for mediating efficient endosomal escape, likely via the

osmotic effect facilitated by the permanent positive charge.[355-357]

Figure 3.16: Evaluation of endosomal escape in HeLa cells. Confocal mi-
croscopy images showing the intracellular uptake of fluorescent (green) a) AETC_NG,
b) PolyR_ NG, ¢) PolyH_ NG, d) AC-GUA_NG and e) DMA/AETC_NG. Cells
were stained with 75nM LysotrackerRed™ (red) and 1pg/mL Hoechst 33342 (blue).
All images were taken with 40x oil immersion objective. Scale bar at 30 pm. f)
Pearson’s correlation plot for all NGs (n=3).
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3.2.8 In vitro mRNA transfection efficiency screening of cationic

monomers

The mRNA transfection efficiency of the optimised NG compositions was examined
by delivering mRNA encoding for green fluorescent protein (GFP) to HeLa cells
in vitro. Three different doses of GFP mRNA-loaded NGs (20, 40 and 80 pg/mL:
0.55, 1.45, 3.24ng RNA) were administered and the expression of GFP mRNA was
monitored using the Incucyte® Live-Cell Analysis System for 86 h. JetMESSENGER®
(jetM: 3.25 ng RNA) was used as a positive control following its demonstration of
effective mRNA delivery in different cell models.[358] Figure 3.17a-e shows the green
fluorescence signal obtained per image for the different NG types. In all cases,
NGs demonstrated concentration-dependent GFP expression, whereby increasing
the NG concentration increased the GFP signal, as observed. Notably, where the
commercial reagent jetM enabled rapid transfection and maximum GFP expression
within 12 h, NG-mediated transfection exhibited a gradual increase in GFP signal
with maximal GFP expression ~ 24 h post-transfection. This delayed and sustained
protein expression was concordant with the controlled release profile of the NGs as
observed ex vivo, thereby highlighting the stimuli-responsiveness of the platform.
Evidently, AETC NG and PolyR_ NGs performed best, providing higher and more
sustained GFP expression across all concentrations. In absolute numbers, the
commercial reagent provided higher and faster GFP expression before up to 24 h.
However, after normalising the fluorescence with total protein content, 40 and
80png/mL AETC_NG and 80 ug/mL PolyR provided a significant increase in GFP
expression compared to the commercial reagent (Figure 3.17f). Although increasing
the AETC__NG concentration from 20-40 pg/mL provided a ~3-fold increase in GFP
signal, any further increase in concentration did not provide a significant increase in
GFP expression, indicating that the effective NG concentration should be around

40 pg/mL or higher.
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Figure 3.17: In vitro NG GFP mRNA expression profiles with associated
IncuCyte images of GFP expression in HeLa cells. Cells treated with
60 ng/mL (3.24pg RNA) of NGs at 20h for a) AETC_NG, b) PolyR_ NG, c)
DMA/AETC NG, d) PolyH NG, e¢) AC-GUA NG. Each expression profile shows
the fluorescence expression (normalised % of GFP positive cells) as a function of
time. In all cases, transfection efficiency was compared with the commercial reagent
Polyplus® jetMESSENGER® (GFPmRNA_ jetM; 3.25pg). Scale bar at 200 pum.
f) Fluorescent protein expression normalised by total protein quantification (BCA
assay) for each NG dose, compared against untreated cells and cells treated with the
commercial reagent Polyplus jetMESSENGER (jetM). Data analysed and evaluated
for statistical significance by employing a two-way ANOVA with Tukey’s multiple
comparisons test. Statistical significance was determined using an unpaired t-test.
(ns < 0.1234, xp < 0.0332, % * p < 0.0021 * * *p < 0.0002, * * * * p < 0.0001).

To then confirm the optimal concentration for in vivo delivery, cell viability was
measured using the CCK-8 assay in Hela cells for each NG composition. Figure
3.17g, shows that treatment with AETC NG, PolyR_NG and PolyH NG upto
50 pg/mL did not cause any significant toxicity. However, at concentrations above
250 pg/mL, compositions with a high cationic charge, including AC-GUA_ NG,
induced significant cytotoxicity, resulting in approximately ~55% decrease in cell
viability. Further, DMA/AETC_NG demonstrated lowest cytotoxicity among the

NGs investigated, presumably due to reduced cationic charge of the composition.
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AETC NGs demonstrated improved transfection efficiency compared to other
cationic NGs, likely due to their superior cellular uptake and enhanced endoso-
mal escape capabilities. As the transfection efficiency can vary across different cell
lines, owing to the differences in uptake and intracellular transport mechanisms, the
transfection potency of the AETC NG platform was evaluated in six different cell
lines.[359, 360] These included several “easy to transfect” (HEK293T, HeLa, Caco-2,
C4-2) and “difficult to transfect” (bEND.3, RAW264.7) cell lines.[361, 362] As before,
GFP expression for three different doses of the GFP mRNA-loaded AETC__NGs
(20, 40 and 60 pg/mL, containing 0.55 ng, 1.45 pg and 3.24 ng mRNA, respectively)
was monitored using the IncuCyte® for 86 h. Figure 3.18a shows the representative
images and green fluorescence signal obtained per image of the different cell types.
Despite the variation in GFP expression across the different cell lines, AETC_ NGs
demonstrated a concentration-dependent increase in GFP expression, as expected.
As before, the NG demonstrated controlled release of the GFP mRNA, thereby
allowing delayed and sustained GFP expression. While jetM and Lipofectamine™
MessengerMax™ displayed the highest and fastest GFP expression, when the nor-
malised fluorescence was compared (to account for different cell counts across the
cell lines), 40 and 60 pg/mlL AETC NG exhibited improved transfection efficiency
compared to the commercial reagents (Figure 3.18b). As anticipated, RAW264.7
and bEND.3 cells showed the lowest transfection efficiency.
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Figure 3.18: Comparing transfection efficiency of varying doses of
AETC_NG with Polyplus® jetMESSENGER® and LipoMessenger Max.
a) The leftmost panel shows representative Incucyte images of each cell line trans-
fected with 60 pg/mL AETC__NGs, at the 20 h time point. Scale bar is at 200 pm.
Magnification at 10x. The next panel shows the fluorescence expression (normalised
% of GFP positive cells) as a function of time for each cell line. b) Fluorescent protein
expression normalised by total protein quantification AETC NG dose, compared
against untreated cells and cells treated with the commercial reagent Polyplus®
jet MESSENGER® and Lipofectamine™ MessengerMax™. Data analysed and eval-
uated for statistical significance by employing a a two-way ANOVA with Tukey’s
multiple comparisons test (ns < 0.1234, xp < 0.0332, * x p < 0.0021 * * *p < 0.0002,
% % % % p < 0.0001).
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Finally, the cytotoxicity of AETC_NG was evaluated in all six cell lines (Figure
3.19a) and was found to be minimal up to 250 pg/mL, whereas the commercial
reagents demonstrated higher cytotoxicity in RAW264.7, Caco-2 and bEND.3 cells.
Furthermore, the AETC _NGs demonstrated minimal haemolysis even at the highest
concentration at 24 h, where only ~19.3% of RBCs were haemolysed upon incubation

with 500 pg/mL NGs by 24 h (Figure 3.19b).

Following this, NGs were evaluated for their ability to deliver functional mRNA in
vivo in Caenorhabditis elegans via feeding.[288] As a genetically tractable multicellular
model organism, C. elegans provided a useful preliminary system to investigate the
in vivo trafficking dynamics of the NGs. The NGs demonstrated remarkable stability,
surviving the acidic environment of the digestive tract and enabling successful mRNA
transfection in the gut. Therefore, this small, proof-of-concept study highlighted the
potential of NGs as a non-invasive platform for functional mRNA delivery in whole

organisms.

Figure 3.19: Cellular viability and heamolysis reveal minimal determintal
effects on cell health. a) Cell viability for different AETC_NG concentrations
in various cell lines, after 24 h of incubation. b) Haemolysis assay conducted on
red blood cells isolated from mouse blood, over various timepoints and AETC_NG
concentrations. In all cases, data are presented as mean + standard deviation for
n=.3.

3.2.9 Evaluating transfection efficiency of AETC__NG using fluorogenic
Mango II RNA aptamers: a case study.

As a proof of concept, fluorogenic RNA aptamers were delivered using AETC_ NGs
to demonstrate their potential for precise, spatiotemporal cytoplasmic RNA detec-

tion. RNA aptamers are single-stranded oligonucleotides with well-defined three-
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dimensional structures that allow them to bind with high affinity and specificity to a
diverse range of molecular targets, including proteins, small molecules or other nucleic
acids.[363, 364] Owing to these properties, they are widely employed in diagnostics,
therapeutics and in biosensing applications.[365-367]

Fluorogenic RNA apatmers — such as the Mango IT (MII) RNA aptamer — become
fluorescent upon binding specific small-molecule fluorophores (e.g. TOI-Biotin),
allowing for highly sensitive and precise subcellular visualisation and quantification
of RNA molecules (Figure 3.20a).[368-370] This study was conducted in collaboration
with the Single Molecule Imaging Group at the LMS, leveraging MII RNA aptamer
templates previously optimised in Professor David Rueda’s lab. DNA templates
encoding the MII aptamers were subsequently transcribed in vitro to generate the
RNA aptamers that were encapsulated within AETC_NGs (hereafter known as
MII-RNA_NGs) (Figure 3.20a).[260]

To determine the RNA loading capacity and structural compatibility of the NGs [371],
they were loaded with MII-RNA transcripts of increasing lengths. Although these
NGs shared structural features with prior compositions, EE% and LE% decreased with
increasing RNA size, likely due to increased steric hindrance (Figure 3.20b,c,d). As
larger RNA molecules are more structurally complex and occupy more volume, their
extended secondary and tertiary structures can physically obstruct tight packing,
thereby reducing the packaging efficiency within the NG matrix (Figure 3.20d).
This result was confirmed by total internal reflection fluorescence (TIRF)-based
photobleaching analysis to estimate the number of RNA transcripts within the NGs
(Figure: 3.20e,f). TIRF microscopy enables selective excitation of fluorophores within
~100-200 nm of the coverslip surface, thus reducing background fluorescence and
allowing high-contrast single-molecule imaging of the NGs injected into a flow cell.
The sample was then subjected to constant illumination and foci with adequate
intensities were selected and their photobleaching traces analysed. A maximum
likelihood estimate analysis of the photobleaching trajectory revealed that on average
as the RNA size increased, the number of transcripts inside the NGs decreased.[372,

373] On average, NGs encapsulated ~six molecules of the smallest RNA (5S-MIV; 131
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nt) but only one of the largest (MII x24; 2097 nt). Notably, the photobleaching step
size distributions exhibited at least two populations corresponding to either one or two
molecules bleaching within the time resolution used (Figure 3.20e). This observation
is common, as Mango dyes tend to bleach quickly under constant illumination. This
is likely due to dye isomerisation and fluorescence quenching effects, which may
result from homo-Forster resonance energy transfer (FRET) between closely spaced

fluorophores in RNA foci with high aptamer density.

Figure 3.20: Physicochemical characterisation and single-molecule quantifi-
cation of Mango II RNA-loaded NGs. a) Schematic representation of Mango
IT RNA complexing with TO1-Biotin. Graphs comparing b) sizes and Pls, ¢) ¢
potentials, d) encapsulation and loading efficiencies of NGs loaded with various
Mango RNA payloads. e) Representative bleaching curves for individual Mango
RNA foci (yellow) fitted with a maximum likelihood step finding algorithm (black)
with associated distributions of photobleaching step sizes and number of steps fitted
with gaussian curves. Note: the incomplete MII x18 array could have resulted from
incomplete transcription of the aptamer repeat sequence, which can be difficult to
transcribe via in vitro methods. f) RNA copy number per NG as estimated from the
step-wise photobleaching analysis.

Importantly, the fluorescence emission spectra of NG-encapsulated and free RNA

were nearly identical, indicating preservation of RNA structure and function (Figure
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3.21a. Following this, to evaluate the transfection efficiency, NGs were added to
HeLa cells and compared against commercial reagents by counting the Mango II
RNA foci (Image J FociPicker3D plugin). MII-RNA_NGs demonstrated a 3.5-fold
increase in transfection efficiency relative to the commercial reagent (Figure 3.21b,
Figure A7). The kinetics of MII-RNA__ NG uptake were subsequently assessed to
determine whether changing the RNA payload would affect NG-mediated release and
degradation. Time-course analysis revealed 36% cellular uptake by 8 h, followed by
RNA release peaking at 10 h. Fluorescence persisted for > 24, indicating protection
from degradation and extended intracellular retention, and closely aligning with
previous observations for GFP mRNA delivery (Figure 3.21c,d). Remarkably, the
persistence of MII-RNA fluorescence even at 24 h post-transfection suggests that
the NGs effectively protect the RNA cargo from degradation, enabling prolonged

intracellular retention.

The true power of the MII aptamer platform lies in its application for visualising the
subcellular localisation of functional RNA transcripts. Therefore, mRNA encoding
for the mCherry protein tagged with 24 MII repeats was loaded within the NGs
(mChMII-RNA_NG).[369] HeLa cells were transfected with mChMII-RNA-NG and
time-dependent evolution of MII-RNA and mCherry signal intensities were tracked
over time using confocal microscopy (Figure 3.21e,f). While the RNA signal increases
over the initial 12 h, as seen previoulsy, the mCherry signal only increases 6 h
post-transfection. This result is consistent with delayed RNA release, followed by
sustained protein expression for > 24. The distinct, punctate MII foci contrasted with
the diffuse mCherry protein signal, confirming successful RNA delivery, translation,

and preservation of structural integrity.
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Figure 3.21: Evaluation of the transfection efficiency of MII-RNA-loaded
NGs. a) Emission spectra for 125 nM MII-RNA encapsulated within NGs and
unencapsulated native RNA, in the presence of 200 nM TO1-Biotin. PKM buffer
is shown as a control. b) Comparison of transfection efficiency against commercial
reagent jet MESSENGER by determining Mango foci (n = 6). In all cases, data shown
are mean + SD and statistical significance determined using a one-way ANOVA with
Tukey’s multiple comparisons test, ***p < 0.0002, *p < 0.0332, ns < 0.1234. ¢)
Comparison of Mango foci signal coverage across different timepoints (n = 6). d)
Confocal microscopy images of HeLa cells treated with MII-RNA_NGs and fixed at
various time points. Cells were stained with 200 nM TO1-B (yellow) and 1 pg/mL
Hoechst 33342 (blue). All images were taken with 40 x oil immersion objective. e)
Characterisation of mChMII-RNA-loaded NGs and transfection - kinetics of Mango
foci and mCherry signals (n = 6). f) Maximum projection of HeLa cells treated with
mChMII-RNA-SS-NG, stained with 200 nM TO1-B (yellow) and 1 pg/mL Hoechst
33342. Images taken with 63 x oil immersion objective.

3.3 Conclusions and limitations

In sum, after careful optimisation of each reaction component, an optimised NG
composition for RNA encapsulation and delivery was developed. The results above

emphasise the biocompatibility of this composition whilst defining optimal concen-
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trations to be used in subsequent investigations. By testing a variety of monomers
to electrostatically entrap RNA within the NGs, the tunability of the NG platform
was elucidated. However, the loading efficiency of the optimised NGs was moderate,
likely due to the comparatively high molecular weight of the polymer relative to the
encapsulated RNA payload. Future work could investigate the impact of increas-
ing the amount of RNA during synthesis on loading efficiency. Nevertheless, the
AETC_ NG system demonstrated the greatest proficiency at cellular internalisation
and transfection, when compared to commercial standards, and was therefore carried

forward for functional studies.

These functional studies, particularly those involving Mango II (MII) RNA aptamers,
convincingly demonstrate the potential of AETC NGs as a diagnostic RNA delivery
platform. However, although the encapsulated RNA remained functional, the overall
encapsulation and loading efficiencies were inversely correlated with RNA size,
potentially restricting the platform’s use for long or structurally complex transcripts.
Further, the use of TIRF-based photobleaching to estimate loading provides single-
molecule sensitivity, the method may underestimate the total RNA content due to

rapid photobleaching or incomplete dye activation.

While the current work focused on RNA entrapment, the modularity of the NG
platform lends itself to a multitude of potential investigations for broader applica-
tions. For instance, a deeper understanding of the initially formed emulsion and
polymerisation processes could yield further control over NG reaction dynamics and
architecture. By applying deep learning models to the data collected from such
optimisation studies, it would be possible to predict reaction outcomes and guide
NG structure to suit specific delivery needs. Ultimately, such insights could make
it possible to employ strategies for automating the synthesis, a key step towards

scaling and translating the NG composition for clinical use.
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Chapter 4

Assessing the Stimuli-Responsive
Properties of Disulfide-Based

Nanogels
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4.1 Introduction

In the era of precision medicine, there is an increasing emphasis on developing
RNA delivery systems with the capability to deliver therapeutic agents to specific
sites.[374] The non-specific distribution and uncontrolled drug release profiles of
conventional delivery systems have led to the emergence of stimuli-responsive delivery
platforms.[285] These can respond to endogenous stimuli including biological signals
or pathological environments,[375] enabling highly precise spatiotemporal control over
payload delivery, thereby improving the therapeutic efficacy. Such biological stimuli
include elevated temperatures,[376] pH,[329] high reduction potential,[377] enzyme
concentration[378] and reactive oxygen species (ROS)-rich environments.[379] Among
the plethora of smart materials that have been fabricated by integrating bioreceptive
features, disulfide bonds have emerged as a particularly promising stimuli-responsive
motif.[380] Indeed, the reversibility of the dynamic covalent disulfide chemistry has
attracted extensive attention in biomedical fields due to its susceptibility to multiple

intracellular redox environments.[381]

Cellular redox homeostasis refers to the dynamic equilibrium between oxidising and
reducing species within cells. In cancer cells, this balance is often disrupted, resulting
in elevated levels of both intracellular glutathione (GSH) and ROS, which further
accentuates differences from non-cancerous tissues.[380] GSH can act as a potent
exchange partner in the intracellular environments, where its concentration ranges
between 1-10 mM, that is substantially higher than its extracellular concentration
(2-20 pM).[382] Although this concentration gradient in reduction potential offers
a potent strategy for exerting spatiotemporal control over payload delivery, the
potential of RNA-loaded disulfide-based NGs remains underassessed. As such, this

chapter describes and evaluates the GSH-responsiveness of the disulfide NGs.

Furthermore, oxidative stress is a hallmark of cancer cells, where ROS are overpro-
duced due to oncogene activation, mitochondrial malfunction, and chronic inflam-
mation.[379, 383] While the [ROS] in normal cells is maintained in the range of
0.001-0.7 pM, ROS levels in diseased cancerous cells can reach up to 100 nM.[384,
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385] The mitochondrial electron transport chain (ETC) is the primary source of
endogenous ROS, with complexes I and III being key sites where redox reactions
can lead to electron leakage to the cytoplasm, resulting in ROS formation.[248,
386] These free electrons combine with Oy to form superoxide (O3 ), which is then
converted to hydrogen peroxide (HyO2) by superoxide dismutase.[248] Typically,
H50s is reduced to HyO and O, by catalase. However, in tumour cells, the elevated
ROS levels can cause HyO5 to undergo Fenton-like reactions, generating cytotoxic
hydroxyl radicals (HO").[248] Due to their reductive nature, sulphur-based carriers
can also be oxidised in the presence of diverse ROS species including HoO,, O5 , and
HO.[249, 380] Although many polysulphide-based, ROS-responsive nanomaterials
have been tested to date,[387] few exhibit cargo release under the relevant ROS
concentrations present in tumours. As such, this chapter also examines the extent to

which the disulfide NGs demonstrate susceptibility to various ROS species.

Aside from the redox imbalances observed in the tumour microenvironment, owing
to the innate heterogeneity and hypoxia, cancer cells can lack a consistent nutrient
supply.[387] This encourages metabolic rewiring to favour glycolytic pathways for
energy production, resulting in increased lactic acid accumulation and a consequent
decrease in the pH around the solid tumour.[80, 388] Such differences in pH offer a
biological rationale for tailoring polymeric delivery vehicles to degrade selectively
at the tumour microenvironment. Prior reports have indicated that polymers with
acidic or basic side chains undergo conformational changes over the physiological
relevant pH range (~5-8).[240, 389-392] Similarly, pH-sensitive NGs prepared
using natural and synthetic polymers or employing various release mechanisms
(pH-triggered swelling or degradation) have also gained traction.[240, 388, 390-395]
These systems are synthesised by incorporating various pH-sensitive motifs chemical
motifs, including esters, acetals, ketals, oximes, hydrazones and maleic anhydride
derivatives that are hydrolysed in acidic conditions.[395, 396] However, in addition to
extracellular pH effects, intracellular pH gradients — particularly within endosomal
and lysosomal compartments (pH ~4.5-6) — also present an opportunity to enhance
cytoplasmic nucleic acid delivery.[356] For successful nucleic acid delivery, the NGs

must undergo endosomal escape. pH-responsive motifs can facilitate this by disrupting
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the endosomal membranes under acidic conditions.[397] Cationic polymeric systems
with high buffering capacities (e.g. polyamines) [398] can trigger endosomal escape
via the proton sponge effect, or alternatively by insertion of free cationic polymer
chains (e.g. membrane disrupting peptides[399]) into the endosomal membrane
to increase membrane permeability.[260, 397] Therefore, owing to the presence of
pH-sensitive chemical architectures within the NGs, their morphological changes
and cargo release profiles were also assessed in response to various physiological pH

changes.

4.2 Results & Discussion

4.2.1 Evaluating GSH-responsiveness of disulfide NGs

To install GSH-responsiveness in the NGs, an aminoethyl methacrylate-incorporating
disulfide diacrylate (AEM-SS-DiA) crosslinker was synthesised using a standard
NHS coupling strategy and characterised using *H NMR (Figure A5a), ¥C NMR
(Figure A5b), FT-IR (Figure A5c), and APCI-MS (Figure A6a).[288] The crosslinker
was initially optimised to encapsulate protein-based payloads, and was then adapted
for the synthesis of RNA-loaded NGs, as required by the aims of the current
project.[260, 288]

The crosslinker incorporated a disulfide motif flanked by poly(ethylene glycol) (PEG)
units (to improve serum stability and biocompatibility) and NHS ester handles (to
enable amide bond coupling to the acrylate-functionalised amine). As such, the
crosslinker was endowed with a unique multifunctionality: once the acrylated reactive
handles were covalently polymerised to form the NG framework, this enabled both
redox-responsive release of the entrapped payload and provided critical structural

stability (Figure 4.1).
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Figure 4.1: Representation of NG synthesis with disulfide-based crosslinker.

Crosslinker cleavability was assessed by incubation with 20mM GSH for 24 h at
37°C. The resultant products were then examined using APCI-MS (Figure b),
where the cleaved fragment peak was present at 586.3m/z [M + H|T, where M
= (CyHy9NO11S)™, thereby confirming that the crosslinker was GSH-responsive
(Figure A6b).

To confirm NG stability in the extracellular environment during circulation, both
disulfide (SS-NGs) and non-disulfide NGs (n—NGs - synthesised with a commercially
available peg-diacrylate (PEG-DiA) crosslinker were treated with 20 M GSH at
37°C (Figure 4.2a). Similar amount of RNA (11%) was released from the n-NGs
comparable to the non-GSH-treated NGs (11%). This could be attributed to release of
surface-bound RNA. Furthermore, SS-NGs treated with 10 mM GSH (corresponding
to intracellular levels), led to 83% release of RNA within 24 h (Figure 4.2b). The

GSH-responsiveness was also evaluated by examining changes in NG architecture by
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DLS and TEM (Figure 4.2¢,d,e). Non-disulfide and untreated NGs demonstrated
constant hydrodynamic diameters and PIs. However, the disulfide NGs decreased in
size for up to six hours post-incubation with 10 mM GSH, which can be attributed
to the rapid cleavage of the disulfide bonds at the NG surface.[400] This exposes
the inner disulfide crosslinks to the surrounding environment, leading to an initial
swelling and aggregation, as evidenced by the gradual increase in size and PI.[377]
In contrast, at 20nM GSH there were no significant changes in size or PI of the

disulfide-bearing NGs, thereby reinforcing the specificity of this nanoplatform.

Figure 4.2: GSH-responsiveness of disulfide NGs.Encapsulation stability of the
disulfide and non-disulfide NGs at a) 20 M and b) 10mM GSH concentration over
100 h, determined by cumulative RNA release. (n = 3). ¢) Negative stain TEM
characterisation of SS-NG morphological changes upon incubation with 10 mM GSH
at various time points. d) NG morphological changes upon incubation with 10 mM
GSH, monitored by DLS (n = 3). E) NG morphological changes upon incubation
with 20 pM, monitored by DLS (n = 3).

In Section 3.2.3, the structural features of the SS-NGs were optimised using the
crosslinker feed ratio. Herein, the extent to which varying the crosslinker feed ratio
could impact payload release and NG architecture was investigated for both SS-NGs
and n—NGs. The cumulative RNA release was measured using the Quant-iT RNA
quantification assay. RNA-loaded NGs with various crosslinking densities were

initially incubated with a low GSH concentration (20 uM). SS-NGs demonstrated
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considerable stability, where the RNA leakage was minimal and comparable to that
lost from the n-NGs over four days (Figure 4.3a,d). Next, both NGs were exposed to
10mM GSH to evaluate their redox-responsiveness. Indeed, SS-NGs demonstrate a
rapid and complete release, as compared to the n-NGs (Figure 4.3b,e). Notably, the
SS-NGs demonstrate negligible RNA leakage without GSH treatment to comparable
levels to n-NGs (Figure 4.3c,f).

Figure 4.3: GSH-triggered RNA release profiles of NGs with varying
crosslinker concentrations. Cumulative RNA release from NGs synthesised
with varying [SS-DiA] at a) [GSH]: 20 pM, b) 10mM and ¢) no GSH, over 100 h.
Cumulative RNA release from NGs synthesised with varying [PEG-DiA] at d) [GSH]:
20 uM, e) 10mM and f) no GSH, over 100 h.

Interestingly, the release kinetics of the SS-NGs vary as the degree of crosslinking
changes. This indicates that the release kinetics are not merely determined by the
relative amounts of disulfide crosslinking exposed on NG surface, but also is sensitive
to the polymer packing in the NGs, which is determined by polymer architecture.
Therefore, the release profile can be fine-tuned by altering the crosslinking density,
where a higher degree of crosslinking results in more stable encapsulation and slower
release kinetics. This is mirrored in the structural changes observed at 20 pM and

10mM GSH where SS-NGs undergo more dramatic structural changes at higher
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GSH concentration, as expected (Figure 4.4a,b,d,e). Interestingly, increasing the
crosslinker feed ratio higher than 7mol% resulted in the formation of large aggregates
~600-800 nm in size that with low colloidal stability, as evident in the low potential
(Figure 4.4c,f). This also highlights the sensitivity of the polymerisation reaction
to higher crosslinker concentration as optimal NG structures are generated under

high-dilution conditions.

Figure 4.4: NG physicochemical changes upon GSH exposure at varying
[SS-DiA]. Graphs showing effect of varying [SS-DiA] on a) size, b) PI and c¢) (-
potential at 20 pM GSH. Graphs showing effect of varying [SS-DiA] on d) size, e) PI
and f) (-potential at 10 mM GSH.

Notably, for both crosslinkers, NGs with lower sizes and Pls demonstrated increased
colloidal stability over extended time periods, as indicated by the maintenance of
the size and PI over the course of seven days (Figure 4.5a,¢). In contrary, NGs with
larger sizes exhibited a steady increase in size and PI, suggesting aggregation (Figure

4.5b,d).
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Figure 4.5: NG stability (DLS) analysis recorded over seven days. Graphs
showing relative stability of a) small vs b) large n-NG and c¢) small vs d) large
SS-NG, as measured by DLS.

In Section 3.2.5, various monomers were evaluated for their mRNA complexing
ability. It is therefore of interest to investigate whether these monomers also influence
NG degradation or RNA release kinetics. As such, NGs incorporating the AETC
monomer (AETC NGs) were compared against the optimised compositions: AC-
GUA_ NG, PolyR_ NG, PolyH NG, and DMA/AETC_NGs by incubating them
with extracellular and intracellular GSH concentrations. As expected, all NGs
demonstrated minimal size changes when left untreated or exposed to 20 nM GSH
(Figure 4.6a—f). However, the PI for PolyH NG increased dramatically in comparison
to the other NGs at [GSH] = 20 uM, which indicates its instability (Figure 4.6e).
Indeed, PolyH had the lowest (-potential compared to other NGs, which decreased
over the course of the experiment, as expected for NGs with poor colloidal stability

prone to aggregation.[377]
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Figure 4.6: Characterisation of GSH-mediated degradation of different
SS-NG types. NGs were incubated with (a—c) 0pM, (d-f) 20 uM, or (g-i) 10 mM
GSH, and changes in (a, d, g) hydrodynamic size, (b, e, h) PI, and (¢, f, i) {-potential
were measured. Cumulative RNA release profiles shown for j) 0uM, (k) 20 uM, and
(1) 10mM GSH. Data represent mean £+ SD (n = 3).

Interestingly, while PolyR__NG demonstrated minimal changes in size, the PI
increased to 0.18 and the (-potential decreased to ~14mV by 48 h, implying some
degradation of the NG (Figure 4.6e,f). It is possible that sterically hindering peptide
motifs prevent efficient packaging of the NG matrix, allowing GSH to penetrate the
structure and trigger untimely degradation of PolyH NG and PolyR_NG.

AETC NG showed the best structural stability, with minimal changes in size, PI,

or (-potential, highlighting the robustness of this composition. Upon treatment
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with 10mM GSH, all NGs exhibited controlled degradation over 48 h (Figure 4.6g-1).
Notably, all NGs—except PolyH—initially decreased in size over the first 6 h post-
incubation, likely due to the rapid cleavage of disulfide bonds at the NG surface
(Figure 4.6g,h).[401] This exposes internal disulfide crosslinks, leading to swelling
and aggregation, evidenced by the gradual increase in size and PI. Due to the
inherent instability of PolyH_ NG, it continued to swell and aggregate, leading to
the structural changes observed. As expected, all NGs showed a dramatic decrease

in (-potential, consistent with NG matrix degradation (Figure 4.61).

To determine whether these structural changes could translate into functional con-
sequences, the RNA release profiles of these NGs upon GSH incubation were sub-
sequently evaluated. Reassuringly, only ~18% RNA was released without GSH
treatment, which highlights the encapsulation stability offered by the NGs (Fig-
ure 4.6j). At 20 uM, all NGs except PolyH_ NG (67.2%) demonstrated minimal RNA
release, which was consistent with previously characterised structural instability
of this composition (Figure 4.6k). While AETC_NG did demonstrate 22% RNA
leakage, this could be due to the release of any RNA molecules entrapped closer
to the outer surface of the NGs. On the contrary, all NGs treated with 10 mM
GSH demonstrated gradual, yet complete release of the encapsulated RNA over the
course of the experiment, as expected (Figure 4.61). Interestingly, while AETC_NG
exhibited the fastest RNA release (75.3% within 24 h), PolyR_ NG had the slowest
(54.4% within 24 h). This elucidates bioreducibility of the platform, while also high-
lighting the tunability of the NG system, as different monomers can be used to tailor

degradation to suit particular applications.

To further confirm the specificity of GSH-responsiveness, HeLa cells were pre-treated
with a known GSH inhibitor, buthionine sulphoximine (BSO), and transfected with
NGs loaded with mRNA encoding for GFP.[401] GFP expression was measured
using the Incucyte® Live-Cell analysis system over five days. This was used to
assess whether the SS-NGs had the same transfection with normal or reduced
intracellular levels of GSH. SS-NGs showed a concentration dependent decrease in

transfection efficiency following BSO pre-treatment (Figure 4.7a,b), whereas n—-NGs
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demonstrated low and unchanged GFP expression (Figure 4.7c,d). This indicates
that BSO pretreatment did not impact the ability of the cells to express GFP and
that GSH is integral in SS-NG degradation, thereby exemplifying the specificity of
the platform.

Figure 4.7: Effect of GSH inhibition on SS-NG and n—-NG GFP mRNA
transfection efficiency. Representative in vitro NG GFP mRNA expression profiles
with associated IncuCyte images of GFP expression in HeLa cells pre-treated with
BSO and treated with a), b) SS-NG and c), d) n-NG. Each expression profile shows
the fluorescence intensity (green calibrated units x pm?/image) as a function of time.
Data represent mean £+ SD (n = 3).

4.2.2 Evaluating ROS-responsiveness of disulfide NGs

The ROS-responsiveness was studied by exposing SS-NGs and n—NGs to different
ROS environments and observing subsequent morphological changes using DLS, ELS
and TEM (Figure 4.8). In particular, HyO, is one of the most stable forms of ROS
and is highly abundant in the preinflammatory phase.[402] The concentration of
H505 in the blood and normal cells has been estimated to be between 1 and 10 uM,

while in tumour cellular milieu it increases to 100 pM.[385, 403]
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Figure 4.8: Schematic representation of key ROS species in tumour mi-
croenvironments (TME). a) Common sources of ROS species in the TME. b)
The Fenton reaction involves a reaction between ferrous iron (Fe?") and hydrogen
peroxide (H2O32) to generate hydroxyl radicals (HO-). ¢) Oxidation of xanthine to
uric acid by xanthine oxidase (XO) produces superoxide anion radicals (Oq-7) as
byproducts.

At all [HyO5], n-NGs demonstrated minimal size changes (Figure 4.9a,e,i). At the
lowest [HyOs], SS-NGs demonstrated a slight increase in size (by 10nm) and PI (by
0.02) by 24 h (Figure 4.9b,c). A similar negligible change in (-potential was observed
(Figure 4.9d). At higher [HoO5] values (10 pM) incubation of SS-NG caused a greater
increase in NG size (by 52nm), PI (by 0.02) and a slight decrease in (-potential
(6.1mV) (Figure 4.9e,g,h). This is likely due to SS-NG swelling as opposed to
degradation, thereby indicating NG stability in simulated blood and normal cell
surroundings. Indeed, a well-designed RNA carrier must maintain a consistent size
and morphology in these conditions, only releasing encapsulated payloads at the

target site.
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Figure 4.9: Effect of increasing [H,O2] concentrations on N-NG and SS—
NGs. Each row corresponds to a different concentration of [HyOg]: 1M (top row:
a—d), 10 pM (middle row: e-h), and 100 pM (bottom row: i-1). For each condition:
(a, e, i) show hydrodynamic size of n-NG; (b, f, j) show hydrodynamic size of SS-NG;
(¢, g, k) display representative negative-stain TEM images of SS-NG; and (d, h, 1)
show (-potential measurements for both NGs. Data represent mean + SD (n = 3).

At [HoOq] of 100 nM, reflecting the tumour environments, SS-NG size increased
dramatically from 81.5 to 256.8 nm over a period of 24 h (Figure 4.9i,k). Interestingly,
although a slight increase in PI (~0.05) and a decrease in (-potential (~6.1 mV)
were observed, this was not significant enough to indicate complete NG degradation
(Figure 4.91,1). This is expected as disulfide crosslinks are more susceptible to GSH-
mediated thiol-disulfide exchange, as demonstrated in Section 4.2.1, than the swelling
effect mediated by HyOq oxidation.[404, 405] This is evident in the minimal release
of RNA from the disulfide-NGs even at 100 pM [HOs], where a mere 11.6 £ 0.2% of
encapsulated RNA was released (Figure 4.10).
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Figure 4.10: RN A release in response to H,Os-mediated NG swelling for
SS-NG and n—NG. Cumulative RNA release profiles shown for a) 1 pM, b) 10 pM,
and (c¢) 100 pM H50,. Data represent mean + SD (n = 3).

As the disulfide NGs demonstrated minimal structural changes upon exposure to
H50,, they were exposed to more aggressive radical species, namely HO" and O5 .
Although such ROS are highly reactive and consequently short-lived, their presence
in tumour environments has been widely established.[248, 406, 407] Further, their
effect on disulfide bond cleavage has been described.[387] However, as there is little
consensus in the literature regarding the intratumoural concentrations of these
species, the NGs were exposed to various [HO|. HO' radicals were generated using
the Fenton reaction and radical formation was measured indirectly by detecting the
decreasing [HyO5], using the Amplex Red assay (Figure 4.8b).[408] As the [HyO,]
showed a concentration-dependent decrease, this method was concluded to reliably
generate HO' radicals and measure their subsequent effects on NP stability within
the same time frame (Figure 4.11). From this, [H2Os]: 100 pM and 500 ptM were
used for further measurements as these afforded sufficiently distinct levels of HO',
unlike the minimal difference observed between 500 pM and 1 mM. This enabled

effective assessment of potential structural changes linked to HO™ radicals.
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Figure 4.11: Hydroxyl radical (HO") generation and detection. Quantification
of HO" generation by indirect measurement of decreasing HoO,y concentration using
the Amplex Red assay. Data represent mean + SD (n = 3).

At both concentrations, the NGs demonstrate similar structural changes with a
gradual increase in size and PI, consistent with the swelling behaviour observed upon
ROS exposure (Figure 4.12¢,d,f).[153, 409] While n—NGs showed slight increase in
size and PI (100 pM H5Os: by 51.1 £+ 16.1nm, PI 0.15 4+ 0.01; 500 pM H5Os: by
173.6 £ 15.4nm, PI 0.15 £ 0.01), these changes were not as dramatic as those seen
for SS-NGs (100 pM H504: by 233.1 + 41.3nm, PI 0.29 + 0.04; 500 uM H,0,: by
210.9 £ 34.7nm, PI 0.26 £+ 0.01). It is likely that the aggressive nature of HO’
disrupted the disulfide bonds, thereby decreasing NG molecular network density,
increasing particle size and making the PI unstable. Interestingly, for both NG types
and at both [HO], the ¢ potential exhibits an initial increase followed by a gradual
decrease indicating NG degradation and aggregation (Figure 4.12¢,f). This can be
visually confirmed in the electron micrographs shown for SS-NG over varying time
points (Figure 4.12g,h). The initial spike in {-potential for SS-NGs could be caused
by increased surface exposure of concealed cationic quaternary ammonium head
groups prior to NG degradation (Figure 4.12¢,f). By contrast, n-NGs showed greater
colloidal stability of the n—-NGs, as shown by the nearly constant (-potential. This
comparison offers preliminary insight into the specific responsiveness of disulfide
crosslinks to hydroxyl radical exposure. Given the extensive swelling observed, SS—

NGs also demonstrated proportionally increased RNA release (100 pM HyO4: 22.5 +
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1.3% and 500 pM H204: 32.2 £ 1.2%) by 24 h, with increasing [HO'], as compared
to the n-NGs (Figure 4.13).

Figure 4.12: Effect of varying (HO') concentrations on n—-NG and SS-NGs.
Each row corresponds to a different [HoO]: 100 uM (top row: a-—c) and 500 pM
(middle row: d—f). For each condition: (a and d) show hydrodynamic size of SS-NG,
(b and e) show hydrodynamic size of n—-NG. (-potential measurements for both NGs
at (¢)100 pM and (f) 500 M. Negative stain TEM images of SS-NG at (g) 100 pM
and (h) 500 pM [H2Os], respectively. Data represent mean + SD (n = 3).
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Figure 4.13: RNA release in response to HO-mediated NG swelling for
SS-NG and n—NGs. Cumulative RNA release profiles shown for 100 uM and
500 pM HO'. Data represent mean £ SD (n = 3).

The NGs were then exposed to O; radicals, generated enzymatically through the
reaction of xanthine with xanthine oxidase.[410] SS-NGs exhibited a dramatic increase
in size (235.1 £ 1.3nm to 1468.7 £+ 102.7nm) and PI (0.05 £+ 0.02 to 0.67 £+ 0.07)
within 2h of superoxide exposure (Figure 4.14a). TEM images confirmed rapid
swelling and subsequent degradation of the disulfide framework (Figure 4.14d). This
was confirmed by rapid decrease in colloidal stability, as indicated by the (-potential
which dropped by 15.8mV (Figure 4.14c). In contrast, n-NGs demonstrated a
gradual increase in size and PI more reminiscent of swelling behaviour, as observed
previously (Figure 4.14b). This indicates the aggressive nature of the ROS species
that likely target any labile bonds (i.e. ester bonds) within the NG framework.
Indeed, this is reflected in the rapid mRNA release profiles for both NGs, with
SS—-NGs reaching 79.3 + 4.4% within 2h (Figure 4.14d).
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Figure 4.14: Effect of varying superoxide concentrations on n—-NG and
SS—-NGs. Changes in size and PI for a) SS-NG and b) n-NG. ¢) (-potential
measurements for both NGs. d) Representative negative stain TEM images of SS—
NG. Scale bar at 100 nm for all except for bottom right where scale bar is at 500 nm.
Final timepoint shown at lower magnification (500 nm) as this broader view allows
visualisation of the complete breakdown and distribution of the NG fragments. Data
represent mean = SD (n = 3).
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Figure 4.15: RNA release in response to superoxide-mediated NG swelling
for SS-NG and n—NGs. Cumulative RNA release profiles shown. Data represent
mean + SD (n = 3).

In sum, these experiments highlight the ROS-responsive nature of the disulfide NGs.
Interestingly, both types of NGs exhibited varying degrees of structural change upon
exposure to different types of ROS. Both showed greatest structural sensitivity to
hydroxyl radicals, as evidenced by dramatic increases in size and PI (n—-NG: by
136.0 £ 4.1nm and PI by 0.23 + 0.02; SS-NG: by 586.5 £+ 14.9nm and PI by
0.22 £ 0.04) (Figure 4.16a,b,d,e). However, overall SS-NGs were more susceptible
to ROS-mediated damage, as indicated by the significant decrease in (-potential,
suggestive of a greatly reduced colloidal stability, where n—-NGs maintained their

(-potential (Figure 4.16¢,f).

Although both NG types suffered considerable damage upon exposure to superoxide
radicals, SS-NGs again showed greater sensitivity, reinforcing that the disulfide motif
could be considered ROS-responsive. Furthermore, it is possible that depending
on the type of ROS, different chemical motifs in the NGs are attacked. Future
studies investigating the mechanisms of ROS attack, supported by downstream
mass spectrometry analysis, could help to identify the degradation products formed.
It is important to note, however, that the high concentrations used in the above
experiments may not accurately reflect intracellular conditions. Rather, the aim
was to explore the potential of SS-NGs to be engineered for ROS-responsiveness in

future applications.
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Figure 4.16: Comparison of SS-NG and n—ING stability under oxidative
stress. (a—c) Size, PI, and (-potential of SS-NG following treatment with various
ROS species. (d—f) Corresponding measurements for n--NG under identical conditions
as above. Data represent mean + SD (n = 3).

4.2.3 Evaluating pH-responsiveness of disulfide NGs

Among various intracellular stimuli, pH is of particular interest as a drastic change in
pH is known to undergo in the TME as well as in organelles such as endosomes/lyso-
somes, where pH becomes lower than that of normal tissue and the blood stream
(pH ~7.4).]313, 411-413] As many of the monomers employed during NG synthesis
possess ester bonds (AETC, disulfide crosslinker) and ionisable head groups (pol-
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yarginine, polyhistidine, guanidium, DMA), the effect of pH change on NG structural
features was investigated to preliminarily forecast NG stability under physiological

conditions.

For all NGs, the hydrodynamic diameter increases upon a change in pH from
7.4 to 4.5, although the increase for AC-GUA_NG is smaller than that of the
other NGs; this, supported by the increase in PI, indicates that the core of the
PEGylated NGs is swollen at low pH (Figure 4.17a,b). Such structural changes can
cause increased aggregation and NG instability which is echoed in the way the zeta
potential decreases upon decreasing pH (Figure 4.17c). Notably, among the other
NGs, DMA/AETC_NG showed the greatest increase in size (by 33.3%), as the pH
decreased from 6.5 to 5.5 (Figure 4.17a). According to the titration measurement,
it is likely that the nitrogen atoms of DMA in the core were not protonated under
alkaline conditions (pH 9), but became protonated under acidic conditions (pH
4.5) by the influx of H' ions; the ions can attach themselves to an amine group of
DMA (Figure 4.17d). This leads to increasing electrostatic repulsion between the

protonated amine head groups, causing swelling of the NG core.

While they were not as pronounced as DMA/AETC_ NGs, AC-GUA_NGs,
PolyR_NGs and PolyH NG exhibited a similar increase in NG size and PI, and
these changes were supported by concordant changes in the pH titration curves.
Moreover, the pKa values derived from the pH titration curves can give an indication
of the potential endosomal escape capacity of the NGs. AC-GUA_NGs, PolyH
and PolyR__NGs had pKas within the range ~6-7, supposedly ideal for enabling
escape from the early endosomes via the proton sponge effect.[260, 355, 356] While
PolyR_ NG did demonstrate endosomal escape capability, as seen in Section 3.2.7,
the other NGs were less efficient in this regard. Interestingly, despite the high
pKa, AETC_ NGs exhibited substantial endosomal escape, likely due to endosomal
membrane disruption driven by their high cationic charge. These results suggest
that although pKa can influence the endosomal escape properties of polymers, other
structural features may play a more dominant role in mediating intracellular NG

degradation.
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Figure 4.17: Summary of pH-responsive behaviour of NGs synthesised
using various cationic monomers. (a—c) Changes in hydrodynamic size, PI, and
(-potential of NGs upon incubation in buffers of varying pH. (d) pH titration curves
with inset highlighting the apparent pK, for each monomer-based NG composition.
(e—g) RNA release profiles at pH 4.5, 5.5, and 6.5, respectively, for all NGs. Data
represent mean + SD (n = 3).

In the context of the slightly acidic tumour microenvironment, the mild pH respon-
siveness of AETC__NGs suggests a desirable level of structural stability for preserving
RNA integrity in the extracellular space prior to cellular uptake. This is supported
by the limited RNA release observed at the pH values investigated (Figure 4.17f,g).
Notably, increased RNA release was detected at pH 4.5 and 6.5, where NG swelling
was more pronounced, resulting in 25.7 + 0.3% and 22.7 4+ 1.1% release, respectively
(Figure 4.17e,g). This likely reflects reduced crosslinking density, allowing the RNA
to diffuse out. DMA/AETC_ NGs consistently exhibited highest RNA leakage, with
over 43.0 £+ 12.7% and 46.4 + 5.4% mRNA released at pH 5.5 and 6.5 over 24 h,
respectively, in concordance with the observed increase in NG size (Figure 4.17f,g).
Across all NGs tested, a clear relationship between NG size increase and RNA leakage

was observed, further highlighting their pH-responsive nature.
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4.2.4 Physiological ionic strength as an environmental cue: impact on

NG architecture

While the NGs are synthesised in water, as therapeutic agents they must maintain
their structural stability when reconstituted in physiologically compatible media,
for instance, medical-grade saline and phosphate-buffered saline (PBS). The hydro-
dynamic diameter of particles in suspension is determined by their core size and
surface organisation, which is influenced by electrostatic charge density that, in
turn, depends on the ionic strength of the surrounding solution.[414] This occurs
through changes in the thickness of the electric double layer (Debye length: x~1).
When particles are suspended in a low conductivity media, the Debye length will be
extended, which slows particle diffusion and causes a larger measured hydrodynamic
diameter. Conversely, higher conductivity media reduces the electrical double layer

and leads to a smaller hydrodynamic diameter.

As such, the effect of these buffers on the morphological characteristics of the opti-
mised AETC_NG composition was quantified. When fully hydrated in 7.70 mmol /L
saline (173.6 £ 2.1nm) and 0.07X PBS (117.4 + 16.5nm) at room temperature
the hydrodynamic diameter did not change, presumably because this is a low ionic
strength buffer (Figure 4.18a,d). However, when suspended in increasingly con-
centrated salt solutions, NGs demonstrated signs of aggregation and compromised
RNA encapsulation and loading capacity. At the highest saline concentration, the
hydrodynamic diameter increased to 468.4 + 35.7nm, with PI increasing from 0.09
+ 0.01 to 0.25 &+ 0.04 (Figure 4.18a). This was also observed in the TEM images
of the NGs (Figure 4.18c). Further, the (-potential decreased from 21.5 + 1.1mV
to 1.3 £ 2.1mV and a similar decrease was observed in RNA EE% and LE% (from
95.1% to 18.9% and 9.60 to 0.37%, respectively) upon immersion in 77 mmol /L saline
(Figure 4.18b,g). Similarly, exposure to the highest concentration of PBS, led to
increased NG size 269.6 £ 1.4nm and PI 0.22 4+ 0.02, and decreased (-potential
(13.1 £ 0.4mV) (Figure 4.18d,e,f). As before, RNA EE- and LE-efficiency decreased
to 21.7% and 1.31%, respectively, upon resuspension (Figure 4.18h). Aggregation is

observed because the high ionic strength of the NaCl solution causes charge screening

152



of the cationic quaternary amine functional groups present on the polymer backbone.
This causes complete collapse of the NGs as the matrix is no longer charged, as
evident in the decreasing (-potential. Furthermore, the reduced RNA entrapment
efficiency and increased leakage could be attributed to the disruption of electrostatic
interactions between RNA and the NG’s cationic moieties by anions in the solution,

as well as the degradation of the NG framework.

Figure 4.18: Effects of physiologically relevant buffers on NG physicochem-
ical features. Graphs summarising effects of NG resuspension in varying saline
concentrations on a) NG size, PI, and b) (-potential, as determined by DLS and
ELS. ¢) Negative stain TEMs of NGs resuspended in varying saline concentrations.
Scale bar at 100 nm. Graphs summarising effects of NG resuspension in varying PBS
concentrations on d) NG size, PI, and e) (-potential, as determined by DLS and
ELS. f) Negative stain TEMs of NGs resuspended in varying PBS concentrations.
Scale bar at 100 nm. Encapsulation and loading efficiencies of NGs resuspended in
varying concentrations of g) saline and h) PBS. In all cases, data are presented as
mean + standard deviation for n = 3.

4.2.5 Protein corona formation as an environmental cue: impact on NG

architecture

NG surfaces can be modified by the deposition of biomacromolecules in the biological

environment, leading to a biomolecule interface organisation loosely divided into
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“hard” and “soft” coronas, with “long” and “short” exchange times, respectively.[415,
416] In the physiological context, this corona defines the biological identity of the NP,
and directly impacts cell-particle interactions, thereby affecting cellular uptake, in
vivo biodistribution and NP half-life.[417, 418] Many factors affect the nature of the
NP-biomolecule corona, including size, surface charge, shape and solubility.[415, 419]
It is well known that NPs studied at low serum concentrations (in vitro) may have
little relation to those in the in vivo setting, with higher serum concentrations.[350]
This suggests a need to investigate the changes in NG structure, in order to optimise a
given delivery platform for in vivo studies. Indeed, there is a lack of understanding of
the extent to which NG-protein complexes can hinder in vivo delivery. PEGylation of
NP surface has reportedly decreased protein adsorption, thereby reducing recognition
and subsequent clearance by the mononuclear phagocytic system.[420-422] Indeed, the
recent success of the PEGylated lipid NP-mRNA COVID-19 vaccines has established
the potency of this technique.[421] As such, a preliminary comparison of the structural
changes that PEGylated and non-PEGylated NGs undergo upon exposure to human
serum is provided to investigate whether inclusion of mPEG enables reduced protein
adsorption on the NG surface. To synthesise PEGylated NGs (mPEG_NG), an
acrylate-functionalised-mPEG (2 kDa) monomer was used. NGs lacking this monomer

(non-mPEG_NG) were also made as a comparison (Figure 4.19).

Figure 4.19: Representation of protein corona formation on non-PEGylated
and PEGylated NGs.
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NGs were incubated in human serum for varying timepoints (4, 12, 24 and 48 h)
at different serum concentrations upto 55 % (human in vivo serum concentration)
(1, 5, 20 and 55%).[419] The resulting NG-protein complexes were separated from
excess plasma by centrifugation and extensive washing to remove the unbound, “soft”
corona. The complexes were subjected to DLS, ELS and TEM, and the hard corona
assessed by SDS-PAGE. Representative data for the 48 h timepoint are shown in
Figure 4.20. We observed a constant increase in size and PI of the non-mPEG NGs
upon increasing serum exposure, as well as considerable decrease in the ¢ potential
which was consistent with significant protein adsorption (Figure 4.20a). In contrast,
the mPEG__NGs did not exhibit as much increase in sizes and polydispersities as the
non-mPEG_ NGs (Figure 4.20b). Similarly, the ¢ potential decreased slightly upon
increased serum concentration, but not to the extent noted for the non-mPEG NGs.
Figure 4.21 illustrates the SDS-PAGE results in which both NGs were incubated in
plasma concentrations from 1% to 55%, exhibiting a clear difference in the protein
corona composition and evolution trend for the two materials. With increasing serum
concentration, the intensity of the bands in Figure 4.21a increases, as reflected in
the respective densitometry analyses shown below each gel. This mirrors the prior
structural characaterisation for the non-mPEG NGs, thereby confirming increased
protein deposition. While the gels for the mPEG__NG demonstrate a similar increase,
the overall protein deposited is still lower in comparison to the non-mPEG_NGs
(Figure 4.21b). This indicates that PEGylation of the NG surface can mitigate
protein corona formation to some extent. Accordingly, this composition was used in

all subsequent experiments throughout this study.
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Figure 4.20: Physicochemical characterisation of NGs upon incubation
with serum. Representative example for NGs incubated with varying serum
concentrations for 48 h is shown. a) From left to right, DLS, ELS and TEM
characterisation of NG without PEG brush border exposed to varying concentrations
of human serum. Scale bar at 100 nm for mPEG NG and at 500 nm for the rest of
the images. b) DLS, ELS and TEM characterisation of NG comprising of a PEG
brush border exposed to varying concentrations of human serum. Scale bar at 100
nm. Data represent mean + SD (n = 3).
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Figure 4.21: SDS-PAGE gel of human plasma proteins obtained from a) non-
mPEG_NG-protein complexes and b) mPEG_NG-protein complexes following
incubation for different timepoints at varying plasma concentrations. The molecular
weights of the proteins in the standard ladder are reported on the left for reference.
Histograms representing total band intensity of proteins are shown below each gel.

Data represent mean + SD (n = 3).
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4.3 Conclusions and Limitations

By assessing changes in NG physicochemical characteristics alongside RNA release
profiles, the platform’s responsiveness to multiple physiologically relevant stimuli was
evaluated. Although the disulfide NGs have been systematically tailored for maximal
GSH-responsiveness, their additional sensitivity to ROS and the pH-dependent
swelling behaviour highlights the potential versatility of the platform. In particular,
SS-NGs demonstrated swelling and matrix degradation upon exposure to different
ROS species. However, it is important to note that the concentrations of ROS used in
aforementioned experiments may not be entirely reflective of physiological conditions
where many mechanisms exist to ameliorate their deterimental effects. While it was
not covered in this work, of particular interest is the potential interplay between
GSH and ROS species, which coexist in the TME and may exert combined effects
on NG structure. While studying these stimuli individually simplifies understanding
their distinct impacts on NG architecture, it does not fully capture the complexity

of the n vivo environment.

In an effort to emulate this complexity, the influence of circulating proteins and salt
concentrations (two key physicochemical factors present in plasma) was considered
in relation to NG behaviour. However, it remains difficult to predict precisely how
such interactions unfold in wvivo, especially given the dynamic and often synergistic
interplay between ionic strength and protein corona formation, as well as other
biological stimuli aforementioned. These components rarely act in isolation, and it
is likely their combined effects exert a more significant influence on NG behaviour
than either factor alone. It is possible that more robust assays investigating the
synergistic or antagonistic nature of these nano—bio interactions could be developed

based on the fundamental experiments presented in this work.

Nevertheless, examining the responsiveness of different types of optimised NGs
(PolyR_ NG, PolyH_ NG, DMA/AETC_NG, AC-GUA_NG, AETC_NG) reveals
that each monomer subtly influences polymer architecture, imparting distinct degrees

of stimuli-responsiveness. This was especially prominent in the differences in pH-
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responsiveness that each monomer imparted to the NG structure — a feature that not
only dictated their stability under acidic conditions but also influenced their capacity
for endosomal escape. The results also indicate that while pKa of the respective
NGs provides a useful indication of protonation behaviour, it is the interplay of
multiple structural features that ultimately governs NG responsiveness - a finding
that merits further systematic investigation. Ultimately, the tunability of the NGs
expands and enhances their behavioural repertoire, thereby paving the way towards

highly tailored nanoplatforms for therapeutic applications.
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Chapter 5

Design, development and
validation of PCa targeting

redox-responsive nanogels
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5.1 Introduction

Metabolic reprogramming and adaptation are key hallmarks of cancer, allowing
tumours to maintain cell survival, rapid proliferation, resist apoptosis and adapt
to environmental stressors such as hypoxia and nutrient deprivation.[423]| Indeed,
since Otto Warburg’s pioneering discovery, that cancer cells preferentially use
glycolysis to meet their energetic demands, many studies have reported the altered
metabolic state of cancer cells relative to normal cells.[63, 424] While oncogenic
signalling pathways trigger many of these changes, their full implementation requires
coordinated regulation of complex metabolic networks. The transcriptional co-
activator PGCla, a master regulator of mitochondrial biogenesis and oxidative

metabolism, has emerged as a crucial node in this regulatory landscape.[425]

In the context of PCa, where metabolic flexibility plays a key role in tumour
progression and therapy resistance, it is unsurprising that the dysregulation of PGCla
activity can contribute to the altered energetic and biosynthetic demands of malignant
cells.[124, 426] Given its unique capacity to orchestrate broad transcriptional changes
through interactions with a vast array of transcription factors, PGCla can pose as
an ideal therapeutic candidate to oppose oncogenic metabolic programs. Accordingly,
this chapter examines whether PGCla overexpression could serve as a viable anti-PCa

therapy.

While encapsulating PGCla mRNA within the NGs represents a promising first
step, the NG composition presented thus far remains untargeted. While PGCla
overexpression in normal tissues is unlikely to have adverse effects, in order to realise
its maximum therapeutic benefit, it is desirable to achieve expression precisely in
the malignant tissues. From a clinical perspective, it would be ideal to be able
to inject such a therapy intravenously, as opposed to locally, as this would be
more comfortable for the patients. As such, a potential PCa targeting strategy
is proposed, exploiting the prostate-specific membrane antigen (PSMA) receptor
that is ubiquitously overexpressed on PCa cells. Indeed, several PSMA-targeted

therapies have been developed including radionuclide-labelled small molecule PSMA
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inhibitors (®*Ga-PSMA and '""Lu-PSMA-617), antibody drug conjugates (MLN2704,
PSMA-MMAE, MEDI3726) and cellular immunotherapy (PSMA-targeted bispecific
T-cell engager).[38, 427] These have been extensively used in clinical settings for
PCa imaging and therapy, thereby highlighting the potential of PSMA as an active
target.

Of the wide variety of PSMA-targeting modalities available, a targeting peptide
was surmised to be the most optimal and least likely to cause physicochemical
modifications to the optimised NG, as opposed to a sterically bulky monoclonal
antibody.[428] Further, the chemical flexibility offered by the NG platform facil-
itated facile exploration of different chemical bioconjugation strategies, of which
the thiol-maleimide was considered to be the most practical. Therefore, first the
physicochemical properties of the targeted NGs are assessed. Targeting specificity
was rigorously validated in vitro using PSMA-positive and -negative cell lines, to
confirm preferential internalisation of the PSMA-targeted NGs into the target cells.
Furthermore, transcriptomic profiling analysis was conducted to gain mechanistic
insights into the metabolic pathways affected by PGC1la overexpression and their
subsequent effects on PCa progression. In addition, to further bridge the gap between
in vitro and in vivo settings, 3D culture models were also employed to more accurately
recapitulate tumour architecture and nano-bio interactions, thereby providing a

closer approximation of in vivo trafficking dynamics and tumour penetration.

To investigate NG targeting efficiency in vivo, an mRNA encoding for a far-red
fluorescent protein, mCardinal, was used to monitor the biodistribution. A PCa
xenograft model was subsequently developed to determine the effects of systemic
PGClo_ NG administration on tumour progression, thereby exploring the clinical

potential of such a nanotherapeutic.
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5.2 Results & Discussion

5.2.1 Design and characterisation of NGs targeting the prostate specific
membrane antigen (PSMA)

To achieve precise delivery into PCa cells, PSMA, encoded by the folate hydrolase
gene (also known as glutamate carboxypeptidease 1), was selected as the molecular
target due to its abundant and consistent expression in PCa.[423] Small molecule
PSMA inhibitors labelled with radionuclides (*®®*Ga-PSMA and '""Lu-PSMA-617) have
been widely used for PCa imaging and therapy, demonstrating their high specificity
and favourable safety profile.[428, 429] The effectiveness of these inhibitors arises
from a lysine-urea-glutamate motif which binds to the active binding site with high
affinity.[430] ""Lu-PSMA-617 also includes 2-napththyl-L-alanine and tranexamic
acid, of which the napthylic amino acid is crucial for improving interactions with the
lipophillic binding pocket.[427, 430-433] Inspired by this structure, a targeting peptide
incorporating the key binding motifs was synthesised by Pepmic Co., Ltd. (Suzhou,
China). To enable installation of the peptide onto the NG surface via thiol-maleimide
click chemistry, which was chosen for its high specificity and yield, a free thiol was
introduced at the N-terminus (Figure A8). Subsequently, functionalisable NGs
were synthesised by incorporating a bifunctional monomer, acrylate-PEG-maleimide
(PEG-mal), during the polymerisation process, thereby allowing post-polymerisation

conjugation of the targeting ligand onto the NG surface (Figure 5.1a, Figure A9).
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Figure 5.1: Schematic presentation of a) synthesis of PSMA-targeted NGs
and b) proposed mechanism of cellular interaction and internalisation
following interaction with PSMA.

Prior to conjugation with the targeting peptide, the amount of PEG-mal incorporated
during NG synthesis was optimised to achieve favourable structural features and an
appropriate maleimide surface density. Interestingly, the highest PEG-mal mol%
yielded the smallest NG sizes (145.3 £ 1.6 nm), lowest PI (0.07 & 0.03), a favourable
(-potential (21.8 +0.9mV) and uncompromised EE% and LE% (Figure 5.2a,b,c,e).
This effect is likely due to the higher monomer concentration increasing the number
of crosslinkable sites per unit volume, thereby promoting the formation of a denser

polymer network and resulting in more compact nanogels.[434]

To quantify maleimide incorporation, a maleimide colorimetric assay was used. The
results showed that increasing the PEG-mal mol% led to a corresponding increase in
maleimide concentration within the NGs (Figure 5.2d). Given the known maleimide
concentration, NG density (approximated to 1 mg/mL) and NG size, the surface
density of the maleimide groups (#mal/nm?) was also determined, and reflected the

trend in increasing maleimide concentration, reiterating the successful conjugation
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of maleimide moieties onto the NG surface (Figure 5.2d). These calculations have

been summarised in Section 2.4.2.

It is important to note, however, that the maleimide quantification assay may not
distinguish between surface-exposed and internally embedded maleimide groups.
It is plausible that internal maleimide groups are less accessible due to the dense
crosslinking of the NG core. In future work, this could be investigated by performing
the assay before and after glutathione (GSH)-mediated NG degradation to assess
whether any difference in maleimide quantification is observed. Based on these
optimisation results, 0.1 mol% PEG-mal was selected for subsequent PSMA-labelling

studies.

Figure 5.2: Physicochemical characterisation of maleimide-incorporating
NGs. Effect of varying PEG-maleimide monomer mol% on a) NG size, PI, b)
(-potential, as measured by DLS and ELS, respectively, c¢) encapsulation and loading
efficiencies, and e) maleimide surface concentration and coverage. In all cases, data
are presented as mean + standard deviation for n = 3. f) Representative negative
stain TEMs of NGs. Scale bar at 200 nm.

Following this, the PSMA-pep amount conjguated on the NG surface was systemati-
cally optimised. At pH 6.5-7.4, the thiol-maleimide reaction yielded via a Michael
addition a stable thioether bond between PSMA-pep and the maleimide-coated

NGs. As the peptide doesn’t possess any other exposed free thiols, this ensured
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site-specific conjugation, without compromising its bioactivity. This work presents
the first attempt at conjugating such a peptide to the NGs. Notably, increasing
PSMA-pep amount to 0.052 pmol resulted in larger NG size (256.9 + 4.1nm) and a
higher PI (0.10 £ 0.02) as well as a less positive (-potential (8.9 +0.9mV) (Figure
5.3a,b,e). While the low (-potential could indicate compromised colloidal stability, in
this instance, it is also likely that the free carboxylic acid motifs decorating the NG
surface could be deprotonated, leading to a decreased NG effective surface charge.
However, the large NG size achieved using the highest amount of PSMA-pep was
likely to prevent cellular internalisation, as it no longer conforms to the stipulations
proposed earlier for successful cellular delivery.[321] Further, as is evident in the
TEM images corresponding to 0.052 pmol PSMA-pep, NG morphology seems to be
distorted more so than for lower concentrations of the peptide (Figure 5.3¢). After
peptide conjugation, the surface PSMA-pep surface coverage was calculated by refer-
ring to the difference of absorbance at 280 nm between the targeted and untargeted
NGs. The napthyl alanine moiety provides strong absorbance at 280 nm which was
used to determine the approximate measure of peptide surface concentration and
density. The calculations used are summarised in Section 2.4.2. It was hypothesised
that increasing the PSMA-pep concentration would lead to a corresponding decrease
in maleimide surface concentration—a trend that was indeed observed (Figure 5.3d).
Notably, 0.052 pmol PSMA-pep did not result in a substantial reduction in NG
surface maleimide coverage compared to 0.026 pmol, and was therefore excluded from
further optimisation due to its limited added benefit. Given the high cost of the
peptide, the limited available quantity, and time constraints, optimisation efforts

were focused on lower, more practical concentrations.

Indeed, 0.026 pmol PSMA-pep provided the most promising size (202.0 £ 1.0nm) and
polydispersity index (PI) (0.04 £0.02). Although the (-potential (12.0£0.5mV) was
lower than the desirable range [321], the increased PSMA-pep surface concentration
(0.02 pmol) and density (19.1+1.9 #mal/nm?) compensated for this decrease without
any adverse effects on NG morphology. As such, this concentration of PSMA-pep

was chosen for investigating the in vitro targeting efficiency of the labelled NGs.
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Figure 5.3: Physicochemical characterisation of PSMA-pep incorporating
NGs. Effect of varying PSMA-pep amount on a) NG size, PI, b) (-potential as
measured by DLS and ELS, respectively, ¢) maleimide surface concentration and
coverage, and f) calculated values for NG surface concentration and density of PSMA-
pep. In all cases, data are presented as mean + standard deviation for n = 3. e)
Representative negative stain TEMs of NGs. Scale bar at 200 nm.

In parallel, the optimal time frame for the conjugation reaction was also investigated.
Due to the sensitive nature of the RNA payload, which is prone to degradation at
higher temperatures, the conjugation reaction was allowed to occur at 4 °C for varying
time points and targeted NG formation was tracked using DLS and ELS. As the size,
PI and (-potential observably plateaued 24 h post conjugation for all PSMA-pep
concentrations, this indicated a potential endpoint for the reaction (Figure 5.4).
However, for the PSMA-pep concentration chosen 0.026 pmol, this time point yielded
large, unstable NGs (268.3 £ 17.6 nm; PI 0.11 4+ 0.03) with extremely low (-potential
(3.3 £0.1mV), indicating collapsing colloidal stability (Figure 5.4e.f). Therefore, a
12 h timepoint was selected for the conjugation as it provided NGs of desirable sizes

(201.3 £ 22.5nm; PI 0.14 £ 0.04) and consistent (-potential (12.0 & 0.2mV).
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Figure 5.4: Time dependent physicochemical characterisation of PSMA-pep
incorporating NGs. a,c,e) NG size, PI, b,d,f) (-potential as measured by DLS
and ELS, for various PSMA-pep concentrations, respectively. In all cases, data are
presented as mean + standard deviation for n = 3.

As a further validation of PSMA conjugation on NG surface, single particle automated
Raman trapping analysis (SPARTA) was used.[435] Conventionally, DLS and NP
tracking analysis are used to understand NP population size distribution. These
techniques can be complemented by mass spectrometry and (Fourier-transform)-
Infrared (IR) spectroscopy or other such bulk approaches to gain an insight into
NP composition.[436, 437] However, there is a general disharmony between these
techniques, with each requiring varying dilutions, sample preparation as well as
differences in detection sensitivity. This can lead to discrepancies and complicate
direct comparisons across datasets. Furthermore, it is crucial to understand NP
population heterogeneity for downstream biological applications, however this cannot
be easily resolved using such bulk analysis techniques.[437] SPARTA, on the other
hand, offers simultaneous analysis of size and composition at a single particle
resolution. By integrating optical trapping with Raman acquisition, it provides
a molecular fingerprint of each particle, such that subtle surface modifications
can be detected.[435] Compared to IR spectroscopy, Raman analysis via SPARTA

offers distinct advantages, particularly for NPs dispersed in aqueous media, since
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Raman signals are minimally affected by water absorption. Additionally, Raman’s
sensitivity to non-polar bonds and certain functional groups enhances its suitability
for detecting surface chemistry modifications such as PSMA conjugation. Crucially,
as SPARTA analyses each particle individually, it also enables quantitative assessment
of heterogeneity in surface modification across a population, which would be masked

in bulk measurements.

As the final NG construct is a complex, multi-monomer-based NP system, NGs
were synthesised using each monomer in isolation as well as in various binary and
ternary combinations to serve as controls. This approach enabled direct comparison
and identification of the individual monomer contributions within the final NG
composition. Single monomer systems included AETC only NG (AETC_NG),
acrylate-PEG-maleimide only NG (MAL_NG), and disulfide-crosslinker only NG
(PEGSS_NG) (Figure 5.5a,b,c). Notably, NGs could not be synthesised with
acrylamide only, likely because the concentration used was too low to form a three

dimensionally crosslinked network.

For the single monomer systems, common regions of interest pertain to v(C—N)
from the C—C-O backbone at ~ 1450 cm ™!, and bending modes from NH, moieties
(7(NHy)) at ~ 1295 cm ™" as well as CH, moieties (7(CH;)) at ~ 1060 cm™'. Notably,
maleimide-incorporating NGs demonstrate a distinct peak at in the region ~ 1600 —
1640 cm ™! (Figure 5.5b). This peak only appears in the spectra of the NG synthesised
with all monomers combined, suggesting it corresponds to the v(C=0) amide I band
of the maleimide functional group exposed on the NG surface (Figure 5.5f,g). The
spectrum for the complete NG composition, which includes all monomers, is presented
in Figure 5.5h, revealing the cumulative vibrational features. In the complete
NG composition containing all monomers, this broad maleimide peak was notably
absent, suggesting successful surface conjugation with the PSMA peptide. Instead, a
pronounced amide I band at ~ 1606 cm ™! appeared, consistent with amide bonds in
the peptide backbone, further supporting PSMA conjugation. Furthermore, smaller
peaks in the regions ~ 800 — 880 cm ™! (PO, symmetric stretch), ~ 1090 cm™! (PO
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asymmetric stretch), ~ 1480 — 1500 cm™?!, could be indicative of RNA entrapment
within the NGs.[438, 439

Figure 5.5: SPARTA composition analysis of NGs. Offset averaged Ra-
man spectra of a) AETC_NG, b) Mal_NG, ¢) SS_NG, d) AETC+AM_ NG, e)
AETC+AM+PEGSS_NG, f) AETC+AM+PEGSS+MAL_ NG with key regions of
interest highlighted in various colours as explicated below the graphs in the coloured
panels. g) Univariate analysis in the region 1600 — 1740 cm™! corresponding to the
maleimide functional group exposed on NG surface. h) Offset Raman spectra of the
complete PSMA-targeted, RNA-loaded NG.

Despite the promising trends observed, it is important to acknowledge that the
SPARTA system was originally optimised for simpler NP formulations than the
complex NG constructs studied here. The intrinsic structural complexity of the
NGs and overlapping vibrational modes may lead to some loss of spectral resolution

or incomplete peak assignment. Furthermore, factors such as particle aggregation,
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laser-induced heating, and photobleaching could affect also measurement accuracy.
Therefore, while SPARTA provides valuable compositional and heterogeneity insights
at the single particle level, its results are best interpreted in conjunction with

complementary characterisation techniques aforementioned.

5.2.2 In vitro specificity assessment of PSMA-targeted NGs.

After optimising the conjugation protocols, it was imperative to determine the
cellular targeting ability of the PSMA_NGs. To establish a suitable model system
for evaluating relative uptake efficiency, various PCa cell lines were first screened for
their PSMA expression levels. As reported in the literature, C4-2 cells demonstrate
high levels of PSMA expression, whereas PC3 demonstrate negligible expression
(Figure 5.6a).[440, 441] As these cell lines demonstrated the greatest differential
PSMA expression among those tested, these were chosen for subsequent cellular

uptake investigations.
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Figure 5.6: Investigating cellular uptake efficiency of targeted and untar-
geted NGs. a) Western blot analysis of PSMA expression across PCa cell lines.
Cell lysates from C4-2; CAF AR (androgen receptor positive), CAF Ctrl. (androgen
receptor negative), Dul45 and PC3 cells were probed for PSMA. Tubulin served as
a loading control. Densitometric quantification of PSMA signal intensity, normalised
to tubulin, is shown on the right. Confocal microscopy images of b) C4-2 and ¢) PC3
cells showing the uptake of fluorescein-labelled (ex/em: 494/521 nm) PSMA_NGs
or Ut_ NGs with or without PSMA antibody pre-treatment. Scale bar at 30 pm.
Quantification of green mean fluorescence intensity (MFI) from multiple fields of view
is shown in the bar graph on the right. d) Flow cytometry analysis of fluorescent NG
uptake in PSMA-positive (C4-2) and PSMA-negative (PC3) PCa lines. Cells were
incubated with fluorescein-labelled (ex/em: 494/521 nm) PSMA NGs or Ut_ NGs,
with or without pre-treatment using an anti-PSMA antibody. Mean fluorescence
intensity (MFI) reflects the extent of NG internalisation. Data represent mean + SD
from 3 independent experiments.

It was hypothesised that PSMA_ NG uptake would be reduced in both PSMA-low
cells and in cells pre-treated with an anti-PSMA antibody, the latter expected
to competitively block receptor binding and thereby limit internalisation. Using
confocal microscopy in tandem with flow cytometry, PSMA NG uptake was reduced
in PC3 cells (microscopy: 9 4+ 4%, cytometry: 30 4+ 1%) overall, compared to C4-2
cells (microscopy: 62 £ 5%, cytometry: 77 + 4%) (Figure 5.6b,c,d, Figure A10).
Notably, the uptake of (untargeted NGs) Ut_NGs in PC3 cells was comparatively
unaffected (microscopy: 39 4+ 8%, cytometry: 32 +2%) (Figure 5.6¢,d). Strikingly,
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(C4-2 cells pre-treated with the anti-PSMA antibody prior to PSMA NGs incubation
showed a 97% reduction in fluorescence signal in microscopy images and a 59%
decrease in FITC-positive signal by flow cytometry (Figure 5.6b.d). In contrast, the
uptake of Ut_ NGs following anti-PSMA treatment remained largely unaffected in
the both cell lines. As further confirmation of the specificity of the PSMA_NGs
for the PSMA receptor, immunofluorescence studies were performed to investigate
the colocalisation of the PSMA signal (red) with the fluorescent NG (green) signal
using confocal microscopy. A higher Pearson’s correlation coefficient was observed
in PSMA_ NG-treated cells (r=0.65) as opposed to those treated with Ut_NGs
(r=0.29) (Figure 5.7).

Figure 5.7: Maximum intensity projection confocal microscopy images
showing uptake of fluorescein-labelled (green: ex/em: 494/521 nm)
PSMA-targeted (PSMA__NG) and untargeted NGs (Ut_NG) in C4-
2 cells. Immunofluorescence staining of PSMA expression (anti-PSMA antibody
(abcam, EPR6253) red: ex/em 570/590 nm) demonstrates differential uptake of a)
PSMA_NGs vs b) Ut_NGs. Nuclei are counterstained with DAPI (blue). Scale
bars = 30 pm. ¢) Quantification of colocalisation between NGs (green) and PSMA
(anti-PSMA antibody (abcam, EPR6253) red: ex/em: 570/590 nm) channels us-
ing Pearson’s correlation coefficient, indicating significantly higher colocalisation
for targeted vs untargeted NGs. Data are mean + SD from three independent
experiments. Statistical significance determine by an unpaired t-test with Welch’s
correction. **p < 0.01

While the mode of cellular internalisation was studied in Section 3.2.7 by studying
fluorescein-labelled NG uptake in the presence of inhibitors comprising all known

uptake pathways, this was repeated owing to the significant structural modifications
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made to the original NG.[353] Although, C4-2 and PC3 cell lines internalise NPs
through endocytosis, in the case of C4-2 cells, it is likely that the anti-PSMA peptide
interacts with the PSMA receptor to undergo receptor-mediated endocytosis via
clathrin-coated vesicles.[442-444] Indeed, a threefold increase in PSMA internalisation
was observed following the binding of specific ligands.[445, 446] As before, treatment
with hyperosmolar sucrose and NaNj/2-deoxy-D-glucose inhibited the uptake of
both NG types, suggesting clathrin-mediated endocytosis remains the predominant
pathway (Figure A11). Interestingly, despite the morphological changes that the
NGs undergo, the mode of internalisation appears to be the same. It is possible that
the difference lies in the specific receptors they interact with in order to undergo
cellular uptake. Future studies can investigate the colocalisation of the NGs with

common cell receptors to exemplify their internalisation pathway more precisely.

Conventional NP delivery studies tend to focus on the accumulation of NPs in the
tumour tissue, as opposed to the penetration profile and dynamics of the NPs into
the tumour. Indeed, penetration ability of delivery vehicles is a crucial parameter
as the therapeutic efficiency could be limited when the drug is delivered to the
periphery of solid tumours. As such, C4-2 spheroids were cultured to investigate
the NG trafficking and penetration in a 3D system. First, the growth conditions
were systematically optimised by evaluating spheroidal growth using the IncuCyte
Spheroid Analysis software module. Different collagen concentrations were tested
to identify the formulation that consistently produced well-defined, tightly packed
spheroids. As adequately-shaped spheroids developed within five days, they were
treated with the fluorescein-labelled NGs on the sixth day of culture, and the uptake
monitored using the fluorescence detection feature of the software (Figure 5.8a).
Interestingly, PSMA_NGs (top panel in Figure 5.8b) entered the spheroids more
rapidly and demonstrated a homogeneous distribution both at the periphery and
within the interior. Conversely, Ut_NGs (bottom panel in Figure 5.8b) exhibit
poorer distribution and slower uptake, as confirmed visually and through fluorescence
quantification (Figure 5.8c). However, since the imaging capacity of the Incucyte
is limited to spheroid periphery, this provides limited information on the depth of

NG penetration. As such, confocal microscopy was used to image the spheroids to
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complement the IncuCyte data. Z-stack images were acquired and analysed using
Fiji software, where fluorescence intensity was quantified as integrated density (total
fluorescence signal within a defined area) across multiple slices, allowing for a more

accurate assessment of NG distribution throughout the entire spheroid volume.

Figure 5.8: Investigating spheroid penetration capacity of fluorescein-
labelled PSMA__NG and Ut_ NGs. a) Timeline schematic showing how In-
cuCyte was used to track spheroid growth by capturing images every 12h; repre-
sentative images are shown. b) Top panel: Uptake of PSMA_NGs over five days
monitored by IncuCyte fluorescence imaging; bottom panel: Uptake of Ut NGs
under the same conditions. ¢) Quantification of the fluorescence expression (green
calibrated unit x pm?/image) as a function of time, corresponding to (b). d) Uptake
of fluorescent NGs (ex/em: 494/521 nm) within 72h shown by maximum intensity
projections of confocal microscopy images of live spheroids embedded in agarose.
e) Quantification of NG uptake by integrated fluorescence density (sum of pixel
intensities across all z-cross sections) normalised to spheroid volume.

Interestingly, even within a 24h period, a marked increase in the uptake of
PSMA_NGs was observed compared to the Ut_ NGs, underscoring both the effi-
ciency of targeted delivery and the importance of employing complementary imaging

techniques to confirm results (5.8d,e). The lack of detectable NG fluorescence at
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earlier timepoints in the IncuCyte could be attributed to its limited resolution and
signal interference caused by plate-based light scattering. Although extended confocal
imaging over five days would have provided a more comprehensive temporal profile,
this was not feasible due to the phototoxicity and the viability constraints associated
with prolonged laser exposure on live spheroids. Nonetheless, the rapid uptake
efficiency and homogeneous spheroid distribution of the PSMA NGs highlights their
promise as targeted RNA delivery vehicles. Given the comparatively larger size of
these NGs (~ 200 nm), these results are particularly remarkable, as previous studies
have noted a distinct NP size constraint on organoid penetration efficiency. This
highlights a unique advantage conferred by the likely PSMA-mediated internalisation
mechanism of the fluorescent PSMA NGs.[321, 447]

5.2.3 Monitoring in vivo biodistribution and targeting efficiency

assessment in C57BL/6 mice

There is a significant disconnect between the in vitro vs the in vivo efficacy of
delivery vehicles, where many systems that transfect successfully in vitro fail to
function or cause serious toxicity in vivo.[304, 448, 449] The limited success of NPs
in the clinic emphasises the need to better understand their pharmacology, as well
as the need to adopt a more refined approach for their discovery, development and
validation. Understanding how various NP types interact with biological interfaces
in vivo, along with the physicochemical properties that govern these interactions, is
essential for accurately predicting their pharmacological and clinical behaviour.[448]
In light of this, the in vivo biodistribution and targeting capacity of the PSMA_NGs
was examined. In order to expedite the screening process for a proof of concept
approach, an mRNA encoding for a far-red fluorescent protein, mCardinal (ex/em:
604/659 nm), was encapsulated and administered at a dose of 0.25 mg/kg (polymer
dose: 15mg/mlL; 60mg/kg), based on doses reported in previous studies using
similar formulations.[450-452] Following intravenous injection, the radiant efficiency
of the main organs were measured using the in vivo imaging system at 24 h (Figure
5.9b,c). In essence, radiant efficiency is a measure of the emitted photons from the

fluorescent signal, normalised to the area of the region of interest. This metric enables
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quantitative comparison of fluorescent signal intensity across different samples and
time points, independent of acquisition settings or background variations, and is
considered to be a robust method for signal detection. As shown in Figure 5.9b.c,
the distribution of both NG types was evident in the liver, spleen and kidneys after
24N, as expected for NPs that are injected intravenously.[453] Furthermore, the
results from ex vivo imaging were supported by western blot analysis and RT-qPCR
analyses, which showed increased protein expression and mRNA levels were observed
in the same organs as before (Figure 5.9d,e,f). The NGs are surmised to reach
the liver via the hepatic portal vein, and are then eliminated via the hepatobiliary
route, which could offer an explanation for expression in the kidney tissues.[453]
Further, NG presence in the spleen could be explained by uptake by the mononuclear
phagocytic system (MPS). Comprising of macrophages, monocytes and dendritic
cells, the MPS is actively involved in NP distribution and clearance.[453] On entering
the vascular compartment, NGs likely interact with opsonins present in the blood,
leading to bio-corona formation.[454] Despite efforts to minimise protein adsorption
by engineering the NG surface to reduce corona formation, the observed accumulation
in the spleen suggests that some degree of opsonisation is still present. This highlights
the limitations of relying solely on in wvitro assays to predict in vivo behaviour, as the

biological complexity of the systemic environment can significantly alter NP fate.

Notably, the targeted NGs (PSMA_mC_NGs) exhibited expression in the prostate,
thereby exemplifying the targeting capability of our platform (Figure 5.9b,c).! This
result was echoed in the mRNA levels and protein expression analysis, where a
significant increase in mCardinal expression was noted for the targeted NGs as
compared to the untargeted NGs in the prostate (Figure 5.9d,e,f). Despite the
non-specific expression in other organs, this work represents the first example of a
multi-functional NG-based composition specifically targeting the prostate, marking
a crucial step towards the development of a more efficient and targeted delivery

platform for PCa therapy.

!The images show both the seminiferous tubules and the prostate. While the technique for
isolating the prostate was refined during the course of the project, this image still effectively conveys
the intended anatomical context.
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Figure 5.9: Assessment of in vivo biodistribution of NGs in C57BL/6 mice.
a) Schematic presentation of the experimental set up where mCardinal mRNA
encoding for a far-red fluorescent protein mCardinal, was encapsulated inside the
targeted (Anti-PSMA_mC_NG; T) and untargeted (mC__NG; UT) NGs, that were
injected intravenously and the expression monitored using the In vivo Imaging
System (IVIS) 24 h post-administration. b) FEz wvivo fluorescence imaging and c)
radiant efficiency quantification of main organs extracted from the mice at 24 h
after injection of NGs (n = 3). d) mCardinal protein expression in major organs
determined by western blotting and e) associated quantification. f) Quantification
of mCardinal mRNA expression using RT-qPCR. Expression was normalised to
GAPDH expression and shown as fold change relative to saline-treated mice. In all
cases, data are presented as means + SD, and statistical significance was determined
using a 2-way ANOVA. xx p < 0.01, %% p < 0.005, #*xx p < 0.001.
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The time-dependent expression profile of the targeted NGs was then assessed by
harvesting organs of interest at 6, 24 and 48 h (Figure 5.10a,b). The elevated mRNA
levels observed up to 6 h post-injection correlate with increased protein expression at
later timepoints. As mRNA levels decline, protein expression also decreases, albeit
with a delay, reflecting the time required for translation and protein turnover (Figure
5.10¢,d,e). While protein expression was already evident at 24 h, as seen previously,
it is notably sustained for up to 48 h post-administration which equals to a certain

extent the expression dynamics observed for LNP-based formulations.[455]

Figure 5.10: Time dependent evolution of mCardinal expression in C57BL/6
mice. a) Ez vivo fluorescence imaging and b) radiant efficiency quantification of
main organs extracted from the mice at 6, 24 and 48 h after injection of NGs (n = 3).
¢) mCardinal protein expression in major organs determined by western blotting and
d) associated quantification. In the blots, NA refers to untreated samples and PC
refers to a positive control sample based on cell lysates transfected with mCardinal
RNA-loaded NGs. e) Quantification of mCardinal mRNA expression using RT-qPCR.
Expression was normalised to GAPDH expression and shown as fold change relative
to saline-treated mice. In all cases, data are presented as means £ SD, and statistical
significance was determined using a 2-way ANOVA. xx p < 0.01, x*x p < 0.005,
workk p < 0.001.

A key point of divergence from the LNPs lies in the delayed RNA release observed
with the disulfide-based NGs. Whereas LNPs often mediate in vivo transfection
within 6 h, likely due to a burst release profile, the disulfide NGs demonstrate a more

gradual, biologically triggered release. This feature provides greater control over
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RNA release kinetics, offering opportunities for fine-tuning delivery timing to suit

specific therapeutic or controlled release applications.

Prior to functional in vivo assays, a pilot study was conducted to: 1) determine the
optimal number of cells required to establish a controlled xenograft model of PCa, 2)
to assess the difference in mCardinal expression in tumours between mice treated
with mC_NGs or Anti-PSMA_mC_ NGs and 3) to evaluate whether the mode of
administration (subcutaneous vs intravenous injection) influenced the expression
profile and biodistribution of the NGs (Figure 5.11a). Since 2.5 x 10¢ cells produced
an optimal tumour volume growth profile — reaching the target volume of 50 mm?
within seven days — this cell number was selected for subsequent experiments (Figure
5.11b). For both modes of administration, PSMA_mC_ NGs demonstrated uptake
in the prostate and tumour, as well as some non-specific accumulation in the liver,
spleen and kidneys, as before. Untargeted mC_ NGs also exhibited tumour uptake,
most likely driven by the enhanced permeation and retention (EPR) effect, which is
primarily governed by the leaky vasculature in the tumour tissue that allows NPs
to extravasate from circulation (Figure 5.11c,d).[456] Notably, in the case of the
targeted NGs, an overall increase in accumulation in tumour tissue was confirmed

by immunofluorescence analysis on frozen tissue sections.

Two modes of administration were investigated to explore the potential for repeated
dosing of the animals with the functional PGCla mRNA. Intravenous injections can
be challenging to administer multiple times per week, as this may jeopardise animal
health and welfare. In contrast, subcutaneous injections are comparatively easier
to perform repeatedly and are less invasive. While tumour uptake was comparable
between both routes, a slight reduction in uptake was observed in the liver, spleen and
kidneys for subcutaneous injections, as shown in the western blot analysis (Figure
5.11e). These findings suggest that the route of administration evidently does not
compromise on the efficacy of transfection in vivo - representing a key advantage

when considering optimal routes for repeated dosing.
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Figure 5.11: Time dependent evolution of mCardinal expression in C57BL/6
mice. a) Schematic presentation of PCa xenograft generation via implantation of
C4-2b cells on the flanks of immunocompromised NSG-614 mice. b) Monitoring
average tumour volume over a period of 20-days. ¢) Ez vivo fluorescence imaging
and d) radiant efficiency quantification of main organs extracted from the mice at
24 h after injection of NGs (n = 3). e¢) mCardinal protein expression in major organs
determined by western blotting and associated quantification. f) Representative
immunofluorescence images of frozen tumour sections showing nuclear staining
with Hoechst (blue) and mCardinal expression (red), for various treatments with
quantification.
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5.2.4 Validating PGCla & NT-PGCla mRNA overexpression and

downstream effects on mitochondrial biogenesis

Owing to PGCla’s encouraging role in PCa suppression[88, 124], the overexpression
of PGCla was investigated in PCa cells via untargeted PGCla mRNA-loaded NGs
(PGCla_NG) (Figure 5.12a).

Figure 5.12: AMPK-mediated activation of PGC1la suppresses PCa progres-
sion through metabolic and transcriptional reprogramming. a) Schematic
presentation a) of the way in which delivery of PGCla mRNA within untargeted
NGs leads to overexpression of PGCla, a key regulator of mitochondrial biogenesis
and oxidative metabolism. Elevated PGCla promotes mitochondrial biogenesis, fatty
acid oxidation, and ATP production, contributing to a metabolic shift away from
lipid accumulation; b) of the two predominant splice isoforms of PPARGC1A.

The transient expression of PGCla mRNA in castrate-resistant PCa C4-2 cells
was tracked by western blot analysis and RT-qPCR.'® PGC1la overexpression was
straightforward to measure in this particular cell line as the basal expression of
PGCla is very low.[88] To maintain consistency in comparison, the cells were treated
with equivalent doses of PGCla mRNA in the untargeted NGs and commercial
transfection reagent (PGClo_JetMESSENGER (jetM)). First, the dose dependency

of PGCla expression was confirmed by treating the cells with varying concentrations

182



of PGCla_NGs, which was evident from the positive correlation observed between
the NG dose and subsequent protein expression (Figure 5.13a). This was mirrored
in the PGCla RNA levels that were measured by qPCR from the RNA extracted
from cell lysates (Figure 5.13b).

To then determine the longevity of expression of the transfected PGCla mRNA, a
time course experiment was conducted where cells were lysed at set intervals, the
protein was extracted and blotted for comparison (Figure 5.13c). Evidently, RNA
NG-treated cells not only presented significantly improved expression for all time
points in comparison to the untreated cells, they also demonstrated a sustained
protein expression until 72 h post-transfection in comparison to the PGClo_ jetM-
treated cells, that exhibited reduced PGCla overexpression by 48h (Figure ?7a).
Further, the NG-treated cells demonstrated increased protein expression relative to
PGCla_jetM-treated cells at all time points except for the 6 h time point, which
showcases the controlled release of the mRNA from the NGs, due to their gradual
degradation. A significant release of the entrapped PGCla RNA was also observed
over 24 h, followed by an eventual decrease, presumably related to the degradation
of the RNA in the C4-2 cells (Figure 5.13d). Thus, RNA release predominantly took
place within the 12-24 h-time frame, with higher transfection efficiency relative to the
commercial transfection reagent 12h post-transfection (Figure ??b). These results
are promising when considering that other RNA-delivery platforms demonstrate
maximal expression within 6-12h post-transfection, with a gradual decrease in RNA

and corresponding decrease in protein expression at later time points.[337, 455, 457
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Figure 5.13: Evaluating transfection efficiency of untargeted PGCla RNA-
loaded NGs (PGCla__NG) by monitoring overexpression in C4-2 cells. a)
C4-2 cells were treated with increasing concentrations of untargeted PGClo_ NG
for 24 h, lysed and blotted for PGCla expression, as detected by anti-PGCla mAb
(NBP1-04676). Quantification of the normalised protein expression is also shown on
the right (n = 3). b) Comparison of PGCla mRNA levels following the administration
of PGCla_ NG, as quantified by RT-qPCR. Absolute expression was determined
by the standard curve method by interpolating unknown C; values against known
concentrations of PGCla ¢cDNA. RNA levels normalised to GAPDH expression and
shown as fold change relative to untreated cells. ¢) Comparison of PGCla expression
over different time points, as determined by western blotting (n = 3). d) Comparison
of PGCla mRNA levels at various time points after treatment with PGCla_ NG, as
quantified by RT-qPCR (n = 3). e) Maximum projection immunofluorescence images
of C4-2 cells either left untreated or treated with PGClo. NG and/or PGClo. NG +
BI9774 for 48 h, fixed and stained with 1pg/mL Hoechst 33342. Cells were treated
with rabbit anti-PGCla mAb (NBP1-04676, 1:100) and then treated with Goat anti-
Rabbit IgG (H+L) Alexa Fluor™ 568 secondary antibody (1:500). Quantification of
the red fluorescence (MFI) is shown on the left for all conditions (n = 5). All images
were taken with 40 x oil immersion objective. Scale bar at 20 pm. Colocalisation
analysis conducted using JACoP revealed Pearson’s correlation coefficient values
as labelled on the relevant images. In all cases, data are presented as mean + SD,
and statistical significance was determined using an ordinary one-way ANOVA with
Dunnett’s multiple comparisons test, where RNA /protein levels of treated cells
were compared against those of untreated cells: ****p < 0.0001, ***p < 0.0002,
*kp < 0.0011, *p < 0.0322, ns < 0.1234.
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Further, immunofluorescence was used to confirm the overexpression and nuclear
localisation of PGCla, as the transcriptional activity of PGCla requires its nuclear
localisation (Figure 5.13e).[425, 458, 459] While PGCla overexpression was observed
in NG treated cells relative to the untreated cells, nuclear localisation remained
low, as is evident in the low value of the Pearson’s correlation coefficient (0.441).
However, upon treatment with a small molecule AMPK activator, BI9774 [88], we
observed considerable nuclear localisation, as indicated by the increase in Pearson’s
coefficient value (0.736). Indeed, AMPK activators have been shown to enhance the

transcriptional activation of PGC1lo.[88]

While investigating a combined NG and small molecule therapeutic approach may
be promising, the inherent complexity of determining dosing regimes, given the
need for different delivery methods for both agents, could extend the development
time for this strategy beyond the scope of this work. As such, a way of enhancing
the transcriptional activity of PGCla without the need for BI9774, was needed.
In humans, PGCla is encoded by the PPARGC1A gene, and this gene undergoes
extensive alternative splicing.[127] Splicing between exons 6 and 7 of the PPARGC1A
gene generates a transcript encoding a truncated, N-terminal isoform of PGCla (NT-
PGCla), that comprises of 270 AAs (Figure 5.12b).[127, 460] NT-PGCla presents a
persistent transcriptional coactivator comprising of the transcription activator and
nuclear receptor interaction domains of full length PGCla. However, it is no longer
subject to phosphorylation-mediated turnover, thereby resulting in the generation
of a PGCla variant that has constitutive transcriptional activity with an extended
protein half-life.[127, 460] Therefore, the transcript for the spliced version of PGCla
was synthesised and entrapped within the NGs (NT-PGClo_ NG). This study is, to
our knowledge, the first to attempt the therapeutic delivery of truncated PGCla

encapsulated in NGs.

As before the untargeted NGs mediated improved NT-PGCla expression when
compared to the commercial reagents, as evident in the western blot and RT-
qPCR analyses (Figure 5.14a,b). This transfection efficiency was mirrored in two

other PCa cell lines tested, including PC3 and Dul45, where NT-PGCla_ NGs
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Figure 5.14: Investigating effect of NT-PGCla overexpression in C4-2
cells. a) C4-2 cells were treated with increasing concentrations of untargeted
NT-PGCla NG, lysed and blotted for NT-PGCla expression, as detected by anti-
NT-PGCla mAb (sc-5816). Quantification of the normalised protein expression is
also shown on the right (n = 3). b) Comparison of NT-PGCla mRNA levels following
untargeted NT-PGClo_ NG administration, as quantified by RT-qPCR. RNA levels
normalised to GAPDH expression and shown as fold change relative to untreated cells.
¢) Comparison of NT-PGCla expression in different PCa cell lines, as determined by
western blotting and d) RT-qPCR (n = 3) Note: expression observed in PSMA- cells
as untargeted NGs were used to conserve the PSMA peptide for in vivo experiments.
e) Maximum projection immunofluorescence images of C4-2 cells either left untreated
or treated with BI9774, NT-PGCla_ NG and NT-PGCla_ NG + BI9774 for 48 h,
fixed and stained with 1 pg/mlL Hoechst 33342. Cells were treated with rabbit
anti-NT-PGCla mAb (sc-5816, 1:100) and then treated with Goat anti-Rabbit IgG
(H+L) Alexa Fluor™ 568 secondary antibody (1:500). Quantification of the red
fluorescence (MFI) is shown on the left for all conditions (n = 5). All images were
taken with 40 x oil immersion objective. Scale bar at 20 pm. Colocalisation analysis
conducted using JACoP revealed Pearson’s correlation coefficient values as labelled
on the relevant images. In all cases, data are presented as mean £+ SD, and statistical
significance was determined using an ordinary one-way ANOVA with Dunnett’s
multiple comparisons test, where RNA /protein levels of treated cells were compared
against those of untreated cells: ****p < 0.0001, ***p < 0.0002, **p < 0.0011,
*p < 0.0322, ns < 0.1234.
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demonstrated increased protein and mRNA levels (Figure 5.14¢,d). In addition,
while BI9774 treatment led to a modest but significant increase in NT-PGCla
expression relative to untreated cells, delivery via NT-PGClo_ NG resulted in
a substantially greater upregulation of the protein (Figure 5.15a). Furthermore,
immunofluorescence was used to confirm the overexpression and nuclear localisation
NT-PGCla as before (Figure 5.14e). Increased NT-PGCla expression was observed in
NG-treated cells relative to all other conditions. More notable is the observation that
NT-PGCla_ NG treated cells showed greater nuclear localisation (0.747), relative to

the other conditions.
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Figure 5.15: Effect of NT-PGC1la overexpression on mitochondrial function
in C4-2 cells. a) Western blot confirming the overexpression of the NT-PGClo.
The graph below displays the quantification of the normalised band intensities and
their comparison to the untreated cells (n = 3). Vinculin was used as a loading
control. b) Western blot analysis of mitochondrial electron transport chain proteins
and quantification of normalised protein expression in C4-2 cells treated with N'T-
PGCla_NG and/or BI9774 and lysed after 48 h (n = 3). Quantification of the
normalised protein expression is shown for each protein type and the treated cells
compared against untreated cells. In all cases, data are presented as mean + SD,
and statistical significance was determined using an ordinary one-way ANOVA with
Dunnett’s multiple comparisons test, where RNA levels of treated cells were compared
against those of untreated cells: ****p < 0.0001, ***p < 0.0002, ns < 0.1234.

Having confirmed that both transcripts can be successfully overexpressed using the
NGs in C4-2 cells, the downstream effects of PGCla and NT-PGCla were compared to
ensure that the therapeutic efficacy of the payload was not compromised. As PGCla
is the master regulator of mitochondrial biogenesis, the impact of its overexpression
on mitochondrial abundance and activity was assessed. First, upregulation of
downstream mitochondrial electron transport chain (ETC) proteins in C4-2 cells

treated with untargeted PGCla_ NG or NT-PGCla_NG was confirmed (Figure
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5.16a,b).[425] Evidently, NG treatment resulted in increased ETC protein levels
relative to untreated and jetM-treated cells. Although some ETC proteins seem to
demonstrate increased expression in jetM- treated cells relative to the NG-treated
cells, it is important to note that selective post-transcriptional regulation may
prevent increases in certain ETC proteins, particularly if their expression depends on
additional coactivators or specific cellular conditions. More interestingly, the increase
in E'TC protein expression was more pronounced in cells treated with NT-PGCla_ NG
compared to those treated with BI9774, indicating that direct delivery of NT-PGCla
induces a stronger mitochondrial response (Figure 5.15b). These findings suggest
that NT-PGCla delivery alone can recapitulate the combined efficacy of BI9774 and

full-length PGCla, to potentially provide an enhanced therapeutic benefit.
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Figure 5.16: Investigating effect of NT-PGCla and PGCla overexpression
on mitochondrial electron transport chain proteins in C4-2 cells. a)
Representative western blot analysis of mitochondrial electron transport chain
proteins and quantification of normalised protein expression in C4-2 cells treated
every 24h with untargeted a) PGCloa_ NG and b) NT-PGCloa_ NG as well as
other conditions and lysed after 48h (n = 3). Quantification of the normalised
protein expression is shown for each protein type and the treated cells compared
against untreated cells on the left. Data is shown as mean £+ SD, and statistical
significance was determined using an ordinary one-way ANOVA with Dunnett’s
multiple comparisons test, where protein levels of treated cells were compared against
those of untreated cells: ****p < 0.0001, ***p < 0.0002, **p < 0.0011, *p < 0.0322,
ns < 0.1234.

To further assess the effects of PGCla and NT-PGCla on mitochondrial abundance
and activity, C4-2 cells were treated with the respective RNA constructs delivered
either via untargeted NGs or JetMESSENGER (jetM). Cells were stained with
MitoTracker™ Green (MTG), which labels mitochondria regardless of membrane

potential and serves as a marker for mitochondrial abundance, and with tetram-
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ethylrhodamine methyl ester (TMRM), a potential-sensitive dye that accumulates in

active mitochondria to reflect mitochondrial membrane.[461]

Flow cytometry was used to generate bivariate dot plots of TMRM versus MTG stain-
ing intensity (Figure 5.17a,e). These plots revealed distinct shifts in the populations
of cells treated with PGCla_ NG or NT-PGCloa_ NG toward higher intensities of
both dyes, suggesting increases in both mitochondrial content and activity compared
to untreated cells, scrambledRNA__ NG controls, and jetM-delivered groups. Quanti-
tative analysis of the mean fluorescence intensity (MFI) for MTG (Figure 5.17b.f)
confirmed a significant increase in mitochondrial abundance in NG-treated cells com-
pared to controls. Similarly, TMRM MFT values (Figure 5.17¢c,g) indicated enhanced
mitochondrial membrane potential, with the NT-PGClo_ NG group showing the
highest signal among all conditions. To integrate both abundance and functional
capacity, the ratio of MTG to TMRM MFT was calculated (Figure 5.17d,h). This
ratio further confirmed that NG-mediated delivery of both PGCla and NT-PGCla
resulted in the most pronounced enhancement in mitochondrial biogenesis and ac-
tivity. Most notably, it is evident that NT-PGCla delivery alone is sufficient to
induce an increase in mitochondrial activity. Seahorse experiments were conducted
to measure oxygen consumption rate (OCR) as a measure of mitochondrial function
in NG-treated cells (Figure Al12a). NT-PGCla. NG treatment markedly enhanced
mitochondrial respiration, with elevated basal and maximal respiration, as well as
spare respiratory capacity, thereby indicating greater mitochondrial fitness compared
to other control groups. Extracellular acidification rate (ECAR) profiles were largely
unchanged across conditions, though a modest reduction in glycolysis was noted in
NT-PGCla_ NG-treated cells, consistent with a metabolic shift towards oxidative
phosphorylation. These results indicate that NG-mediated NT-PGCla expression
enhanced mitochondrial oxidative capacity without promoting compensatory gly-
colytic activity. Accordingly, subsequent studies focus on investigating the potential

therapeutic benefits of the NT-PGCla transcript encapsulated within the NGs.

191



Figure 5.17: Investigating effect of NT-PGCla and PGCla overexpression
on mitochondrial function. a, e) Representative bivariate flow cytometry plots
of TMRM versus MTG staining following treatment with (a) PGCla or (e) NT-
PGCla RNA. Conditions include untreated cells, NG- or jet MESSENGER-mediated
delivery of PGCla or NT-PGCla (PGCla. NG, NT-PGCla_ NG, PGCla_jetM,
NT-PGCla_jetM), and a NG-encapsulated scrambled RNA control (scramble-
dRNA_NG). (b, f) Bar graphs quantify the mean fluorescence intensity (MFI)
of MTG; (¢, g) MFT of TMRM; and (d, h) the MTG/TMRM ratio, providing a
comparative measure of mitochondrial abundance, membrane potential, and relative
efficiency (n = 3). Data is shown as mean £+ SD, and statistical significance was
determined using an ordinary one-way ANOVA with Dunnett’s multiple comparisons
test: ****p < 0.0001, ***p < 0.0002, **393 0.0011, *p < 0.0322, ns < 0.1234.



Previously, Torrano et al., examined the role of PGCla in suppressing PCa metasta-
sis.[124] In this work, gene expression profiling and metabolomic analyses showed
that PGCla significantly modulates both gene expression and metabolite levels,
particularly those associated with mitochondrial catabolic pathways and oxidative
processes, such as fatty acid $-oxidation. Collectively, these findings suggested that
in PCa, PGCla functions as a key metabolic regulator, tipping the balance between a
catabolic, tumour-suppressive state (characterised by high PGCla expression) and an
anabolic, tumour-promoting state (associated with low PGCla expression). Inspired
by this study, the effect of NT-PGCla overexpression on C4-2 cell proliferation was
examined. Evidently, treatment with NT-PGCla_ NGs decreased cell proliferation
considerably, whereas treatment with the AMPK activator had negligible effects over
the same time period (Figure 5.18a).

To gain an improved mechanistic understanding of the transcriptome influenced by
NT-PGClo_ NG treatment, C4-2b cells were treated with the loaded and empty
NGs every 24 h for three days and subjected to RNA sequencing analysis. Although
the transcriptional changes observed upon NT-PGCla overexpression in the cur-
rent RNA-seq dataset did not show strong concordance with the gene expression
profile reported by Torrano et al., likely reflecting both biological and technical
differences between the studies, including the use of RNA-seq versus microarray
platforms, the data nonetheless demonstrate that NT-PGCla overexpression resulted
in widespread transcriptional and biological reprogramming in the PCa cell line
investigated. Transcriptomic profiling and gene sequence enrichment analysis (GSEA)
reveal a coordinated suppression of proliferative pathways as well as the concurrent
activation of potential metabolic stress adaptation mechanisms. Indeed, NT-PGCla
overexpression downregulated several genes involved in cell cycle regulation, including
CCND1, CCNE1/2, CCNA1/2, CCNB2/3, CDCA,/7/8, and CDC25A/C[101, 255,
462-466], as well as mitotic regulators including, PLK1, BUB1B and TOP2A.[467—
470] This transcriptional program likely halts both G1/S and G2/M transitions,
reinforced by the upregulation of CDKN1A (p21), CDKNI1B (p27), and TP53 (Fig-
ure 5.18b).[471-473]. To complement these gene-level changes, GSEA identified

significant suppression of key processes involved in genomic maintenance, such as
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homologous recombination and DNA damage repair (chromosome segregation and
mitotic transitions, DNA replication and double-strand break repair, sister chromatid
segregation and cilium organisation and glycoprotein biosynthesis) (Figure 5.19a).
Suppression of glycosylation pathways could potentially compromise protein folding
and receptor maturation, further limiting the proliferative capacity of the treated
cancer cells. Given these results, it would be possible to hypothesise that NT-PGCla
overexpression can induce a cell cycle arrest phenotype while predisposing cells to a

senescent or apoptotic state due to genomic instability.

Figure 5.18: Transcriptional changes following NT-PGC1a overexpression in
a PCa cell line (C4-2b). a) Proliferation of C4-2 cells left untreated or treated with
BI9774 or NT-PGCloa_ NGs, monitored using IncuCyte over a period of three days
(n = 6). b) Volcano plot summarising the effect of NT-PGCla NG treatment and
NT-PGCla overexpression in C4-2b cells (log, fold change < 2, adjusted p < 0.05).

Notably, multiple tumour suppressor genes were upregulated in the NT-PGCla_ NG-
treated cells, including TASC1, TSC2, SMAD/, LATS1, and APC. These genes are
crucial negative regulators of pathways frequently hyperactivated in PCa. Their
increased expression may suggest a reactivation of tumour suppressive signalling
— specifically via the mTOR, TGF-$, and Hippo pathways — that are involved
in regulation of cellular proliferation, promoting differentiation and inducing cell
cycle arrest under stress conditions.[474-476] For instance, TSC1/2 are upstream
repressors of mTORC1, whose inhibition leads to reduced anabolic metabolism and
protein synthesis, consistent with the observed suppression of growth-promoting
processes.[474] Further, the induction of SMADJ and LATS1 suggests that the TGF-
B and Hippo pathways, respectively, may be re-engaged to impose growth control

and reinforce apoptotic checkpoints. SMAD/ is a central mediator of canonical
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TGF-{ signaling, which in the early stages of cancer can function as a potent growth
suppressor. Meanwhile, LATS1 inhibits the activity of YAP/TAZ transcriptional co-
activators, which promote proliferation and stemness when active in the nucleus.[475,

476]

Complementing this tumour-suppressive gene expression profile, a panel of pro-
apoptotic markers including BAX, CASPS, PAWR, TRIAP1, TP53BP2 were also
upregulated.[477-480] These genes are typically activated in response to intracellular
stress, DNA damage, or oncogenic deregulation. For instance, BAX promotes the
destabilisation of the outer mitochondrial membrane, thereby driving apoptosis,
while CASPS8 is a key initiator of extrinsic apoptotic signalling.[481, 482] Together
their upregulation supports the hypothesis that NT-PGCla overexpression drives
the convergence of both intrinsic and extrinsic death pathways. Further, many of
these pathways are also responsive to metabolic and oxidative stress, linking the
transcriptional changes to the metabolic rewiring imposed by NT-PGCla. Indeed,
TP53BP2 (ASPP2) can sensitise cells to apoptosis in response to energetic stress
and is known to cooperate with p53.[483] Importantly, these changes were in parallel
to the suppression of a panel of oncogenic drivers, including MYC, KRAS, AKT1,
AURKA and CTNNBI, as well as the androgen receptor (AR) signalling axis (e.g
AR, ARLNC1, NKX3-1). As MYC is a master regulator of ribosomal biogenesis,
nucleotide synthesis, and glycolysis; its suppression likely contributes to the reduced
proliferative and biosynthetic capacity observed in treated cells.[484, 485] KRAS and
AKT1 are pivotal mediators of mitogenic and metabolic signaling through the MAPK
and PI3K/AKT pathways, respectively — both of which are frequently activated
in advanced PCa.[486] Their downregulation would therefore deprive cancer cells
of essential prosurvival and growth signals. Similarly, the repression of AURKA
(Aurora kinase A), which governs centrosome maturation and mitotic entry, may
further reinforce the mitotic arrest phenotype seen in these cells.[485] CTNNBI,
encoding (3-catenin, is a central effector of the WNT signaling pathway and plays
a dual role in transcriptional regulation and cell adhesion.[487] Its downregulation
may limit the expression of WNT-responsive genes involved in stemness, migration,

and therapy resistance, while potentially affecting cell-cell adhesion dynamics.
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Crucially, NT-PGCla also suppresses the androgen receptor (AR) signaling axis,
including AR itself, as well as associated factors such as ARLNC1 (an AR-regulated
long non-coding RNA) and NKX3-1 (a prostate-specific tumour suppressor that is
paradoxically AR-regulated).[488, 489] Given the central role of AR signalling in
PCa pathogenesis and progression, this repression is particularly significant. AR
drives the transcription of genes involved in cell cycle progression, metabolism, and
survival, and its activity is tightly linked to both the development of PCa and
resistance to androgen deprivation therapy.[112] The observed downregulation of AR
and its co-factors suggests that NT-PGCla may disrupt the androgen-dependent
transcriptional program that prostate tumours rely on for sustained growth. Since
AR signalling promotes glycolysis, lipogenesis, and mitochondrial biogenesis in PCa
cells, its inhibition may help shift the cells away from anabolic metabolism toward
a more catabolic, oxidative state — consistent with the known functions of PGCla
family members in promoting mitochondrial oxidative phosphorylation.[489, 490]
Thus, NT-PGCla may function as a transcriptional antagonist to AR in this context,
reshaping the metabolic landscape and weakening the hormone-dependence of the

tumour.

More crucially, the GSEA of upregulated transcripts reveals a remarkable activa-
tion of processes associated with cellular homeostasis and metabolic adaptation
(ribosome biogenesis and rRNA processing, RNA splicing and transcription elon-
gation, autophagy and mitochondrial autophagy, protein—-RNA complex assembly
and endosomal transport) (Figure 5.19b). These point towards a reprogramming
of proteostasis and organelle quality control, likely in response to metabolic stress
induced by the NT-PGCla activity. The upregulation of autophagy-related genes
suggests activation of cellular survival pathways, enables the clearance of damaged
organelles and protein aggregates. Similarly, increased ribosomal and RNA pro-
cessing capacity may serve to maintain essential transcriptional and translational
functions despite the suppression of cell division. Key metabolic regulators such as
PPARGC1A (endogenous full-length PGCla), ACACB, MPC1, and GOT1 are also
upregulated, consistent with NT-PGC1a’s role in promoting mitochondrial oxidative

metabolism and fatty acid oxidation. This metabolic shift away from glycolysis may
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support long-term cellular fitness under nutrient or energy stress, even in a quiescent

or pre-apoptotic state.

Overall, the overexpression of NT-PGCla in PCa cells leads to a transcriptional land-
scape characteristic of a tumour-suppressive state. The simultaneous suppression of
proliferation, mitotic progression, and DNA repair — combined with the upregulation
of autophagy, mitochondrial turnover, and metabolic homeostasis — suggests a repro-
gramming from a proliferative phenotype to a stress-adapted, survival-oriented state.
However, the paradoxical upregulation of biosynthetic and translational pathways in
the context of growth arrest implies that NT-PGC1la may prepare cells for either
adaptive survival or regulated cell death, depending on context. This dual capacity
warrants further investigation and validation by protein expression analysis of key

genes of interest.

Figure 5.19: RNA sequencing analysis was performed on PCa (C4-2b) cells
treated with NT-PGClo_ NG and empty NGs. Gene set enrichment analysis
(GSEA) was performed on genes that were a) downregulated or b) upregulated, and
significant hits are shown.
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5.2.5 Validating effects of NG-mediated NT-PGC1la overexpression on

PCa progression in a xenograft model of PCa

Driven by the promising results from the in vitro and in vivo experiments, a xenograft
model of PCa was developed, with the intention of assessing the extent to which
NT-PGCla treatment could inhibit tumour progression (Figure 5.20). A xenograft
model was chosen as these provide a physiologically relevant environment to evaluate
tumour growth kinetics, drug delivery efficiency and preliminary treatment responses.
In this instance, human PCa-derived C4-2b cells, which represent a castration-
resistant and metastatic subtype of PCa, were chosen for tumour induction due to
their high PSMA expression and relevance to advanced disease. For this experiment,
immunocompromised male mice were subcutaneously injected with C4-2b cells to

establish the tumours.

Figure 5.20: Schematic presentation of timeline for PCa xenograft gener-
ation, NG treatment regime and downstream analysis using harvested
animal tissue.

Once the tumours reached a predetermined size (50 mm?), the mice were treated

with the following conditions:
1. Untreated: to assess baseline tumour progression

2. Untargeted NT-PGClo_ NG (Ut-NT-PGClo_NG): to assess the therapeutic
efficacy offered by targeting PSMA

3. mCardinal-loaded NGs (mC_NGs): as an NP control to account for delivery

vehicle effects.

4. PSMA_NT-PGCla_NG: the targeted treatment.
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To further investigate the impact of sustained PGCla delivery on tumour progression
and potential tumour adaptation, an additional group of mice were treated with
PSMA_NT-PGCla_ NG (so called long term, and abbreviated to LT) for an extended
period of 60 days. In each case, the polymer dose used was 15mg/mL (60 mg/kg)

and the mRNA dose was 0.25 mg/kg per mouse, administered thrice per week.

As shown in Figure 5.21a,b,d, treatment with NT-PGC1lo_NGs, irrespective of their
targeting ability, reduced tumour growth significantly in comparison to the untreated
or the vehicle-control treated xenografts. Evidently, targeting the NGs provided a
considerable therapeutic benefit as the tumour progression was remarkably slower.
By day 32, where the untreated and vehicle-treated tumours had reached volumes
of 641 mm? and 667 mm?, respectively, those in the targeted NGs group measured
only 171 mm?, showing nearly a fourfold reduction. Notably, even after 60 days of
treatment, the tumours in the long-term targeted-NG treatment group had only
grown to 450 mm?. To further confirm that NT-PGCla was indeed being expressed
in the tumours, the biodistribution of this protein was determined by measuring
expression levels across key organs including the heart, lungs, liver, spleen, kidneys,
prostate and tumour tissue, by western blotting and RT-qPCR analysis (Figure
5.22a,b). NT-PGCla transcripts were primarily detected in the liver, spleen, kidneys,
tumours and in the case of the targeted NG-treated animals, in the prostate at
significantly increased levels compared to the untreated and vehicle-treated controls.
This was consistent with PSMA-mediated delivery of the RNA payload, as observed

previously.
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Figure 5.21: NT-PGCla overexpression shows enhanced therapeutic efficacy
in subcutaneous PCa tumour. a) Images of dissected tumours from conditions
including untreated, mC_NG, Ut_ NT-PGCla_ NG, PSMA_NT-PGCloa_ NG after
day 30 and PSMA_NT-PGCla_ NG (LT) after day 60. NGs were injected thrice
weekly subcutaneously (n = 5). b) Tumour growth curves and c) changes in body
weight of the treated mice. d) Bar graph comparing mass of tumours dissected
on day 30 and day 60 for different conditions. e,f) Representative images of Ki-
67 and TOMM20-stained sections taken from xenografts isolated from mice with
various treatments highlighted above are shown, respectively. Scale bar at 50
pm. gh) Quantfication of the percentage of Ki-67- and TOMM?20-positive cells
in stained sections. Data is shown as mean + SD, and statistical significance was
determined using an ordinary one-way ANOVA with Dunnett’s multiple comparisons
test: *¥Fp < 0.0001, ***p < 0.0002, **p < 0.0011, *p < 0.0322, ns < 0.1234.

To further assess the biological impact of NT-PGCla expression in the tumour
tissues, histological analysis was performed on tumour sections stained for Ki-67,
a proliferation markers and TOMM?20, a mitochondrial outer membrane protein
indicative of mitochondrial mass (Figure 5.21e,f). Tumours from NT-PGClo-treated
mice exhibited a striking 85% reduction in Ki-67-positive nuclei, reflecting a strong
anti-proliferative effect (Figure 5.21e,g). In parallel, TOMMZ20 staining intensity
increased by approximately 300%, indicating a substantial improvement in mitochon-

drial content, likely driven by NT-PGCla activity (Figure 5.21fh).
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Figure 5.22: Tracking biodistribution of NT-PGC1la expression in xenograft-
bearing immunocompromised (NSG) mice. a) Western blot showing NT-
PGCla expression profiles in all main organs and tumours for each condition tested
including untreated, mC__ NG, NT-PGCla_NG, PSMA_NT-PGCla_NG and the
long-term targeted NG treament. The graph below displays the quantification of
the normalised band intensities and their comparison to the untreated cells (n = 3).
Vinculin was used as a loading control. b) Comparison of NT-PGCla mRNA levels in
all main organs and tumours, as quantified by RT-qPCR. RNA levels normalised to
GAPDH expression and shown as fold change relative to untreated cells. In all cases,
data are presented as mean £ SD, and statistical significance was determined using
an ordinary one-way ANOVA with Dunnett’s multiple comparisons test, where RNA
levels of treated cells were compared against those of untreated cells: ****p < 0.0001,
k) < 0.0002, ns < 0.1234.

To visually confirm RNA expression and PSMA-mediated targeting efficiency,
xenograft-bearing mice were injected with mCardinal RNA-loaded NGs, as the
mCardinal protein would act as a fluorescent reporter. Strong mCardinal signal was

observed in the tumours and in the prostate, consistent with PSMA expression in
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both tissues, as seen in the ex vivo imaging (Figure A13a,b). This was corroborated
by western blotting and RT-qPCR analysis, which also confirmed residual expression
in the liver, spleen and kidneys (Figure A13c,d,e). This indicated that while the
targeting was efficient, there was a degree of off-target uptake in clearance-associated

organs.

Based on prominent transcriptional changes observed in the RNA-seq dataset, selected
targets were further examined at the protein level. Notably, CAMKK2, which
was strongly downregulated, and cleaved caspase-8 (a marker of apoptosis) were
investigated by western blot analysis to confirm and extend the transcriptomic
observations (Figure 5.18b, Figure 5.23). CAMKK?2 is a key metabolic regulator,
an established AR target and known AMPK activator.[89, 490, 491] Paradoxically,
in PCa, it is a known tumour promoter and supports anabolic processes such as
mitochondrial biogenesis and lipogenesis in PCa cells.[88, 89] Western blot analysis
showed a pronounced loss of CAMKK2 protein expression post-treatment (Figure
5.23a,b), thereby suggesting a reduced metabolic drive in the tumour cells. Given
CAMKKZ2’s role in integrating androgen signalling with energy metabolism, its
repression by NT-PGCla also provides a direct mechanistic link between metabolic
rewiring and growth suppression in this model. Furthermore, cleaved caspase-8
levels were elevated in NT-PGCla-treated tumours, suggesting that the treated cells
may be committing to apoptotic pathways (Figure 5.23b,c).[492] This protein-level
evidence complements the upregulation of pro-apoptotic transcripts such as BAX,
CASPS, and TP53BP2. Taken together, these results support the hypothesis that
NT-PGCla drives an anti-proliferative and pro-apoptotic phenotype.
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Figure 5.23: Validation of transcriptomic hits at the protein level. a) Western
blot analysis of prostate cancer cells treated with NT-PGCla RNA-loaded NGs shows
a marked reduction in CAMKK2 (12818) protein levels, consistent with its strong
downregulation at the transcript level in RNA-seq data. b) Cleaved caspase-8 (18C8)
levels are elevated, supporting activation of apoptotic pathways following treatment.
Vinculin was used as a loading control. In all cases, data are presented as mean + SD,
and statistical significance was determined using an ordinary one-way ANOVA with
Dunnett’s multiple comparisons test, where RNA levels of treated cells were compared
against those of untreated cells: ****p < 0.0001, ***p < 0.0002, ns < 0.1234.

Finally, to ascertain whether the animals demonstrated any NG-related systemic
toxicity, varying concentrations of the NGs were incubated with red blood cells

for 2h to 24h (left panel). At shorter incubation periods, haemolysis remained
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minimal across all NG concentrations, with only 3.5 £ 0.1% haemolysis observed
at the highest concentration after 2h. However, a modest increase was detected
following 24 h exposure, reaching 19.3 + 0.2% haemolysis at the highest NG con-
centration. These findings indicate that while prolonged static incubation can lead
to increased membrane disruption, this likely overestimates in wvivo toxicity, as
NGs in circulation are under continuous flow and thus unlikely to interact with
erythrocytes for extended periods. Furthermore, the concentrations tested here were
substantially higher than those used therapeutically in vivo. Therefore, these results
suggest that clinically relevant NG doses are unlikely to cause significant haemolytic
toxicity (Figure 5.24a). Furthermore, serum levels of hepatic enzymes alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) were measured following
treatment (Figure 5.24b).[493] While ALT levels remained comparably low across
all groups, a modest elevation in AST was observed in the cohort treated with the
PSMA_NT-PGCla_ NGs. Although this doesn’t reach the levels associated with
acute hepatotoxicity (> 1000 U/L), it could reflect mild hepatic stress in response to
NT-PGCla overexpression. Given the role of PGCla in mitochondrial biogenesis
and oxidative metabolism, it is plausible that elevated systemic expression could
transiently impact liver mitochondrial dynamics, leading to slight perturbations
in transaminase activity. More importantly, no overt signs of liver damage or be-
havioural toxicity were observed in treated animals. Nevertheless, these findings
suggest that liver enzyme monitoring may be warranted in future translational

applications involving systemic PGCla-based therapies.

Figure 5.24: In vivo cytotoxicity assessment a) The haemolysis results of red
blood cells incubated with NPs (n = 3). b) Quantification of alanine amintransferase
(ALT) and aspartate aminotransferase (AST) levels in mouse serum is shown. Data
is shown as mean £ SD.
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5.3 Conclusions & Limitations

Herein the development and validation of PSMA-targeted NGs was presented for
the selective delivery of mRNA therapeutics to PCa cells. Initially, the rational
design and characterisation of the NG system was presented. While the NGs were
largely homogeneous in their physicochemical properties and their in vitro effects, it
is worth noticing that the peptide conjugation is likely to be heterogeneous owing
to the inability to ensure consistency in the degree of maleimide incorporation
within each individual NG during synthesis. To address this limitation, size exclusion
chromatography could be employed to isolate a more uniform population of conjugated
NGs prior to downstream bioassays. This approach would also yield a precise
estimate of the bioconjugate’s molecular weight, which is essential for determining
pharmaceutically relevant dosing concentrations. Alternatively, modifying targeted
NG synthesis process by incorporating antibody conjugation prior to polymerisation
may help reduce batch-to-batch variability. Post-synthesis attachment of targeting
ligands often demands large quantities of reagents to achieve efficient conjugation
and necessitates additional purification steps to eliminate unbound components. In
contrast, using pre-functionalised antibody-conjugated copolymers would enable
more controlled and reproducible fabrication of targeted NPs, as the stoichiometry

of each component can be finely tuned during synthesis.

With regards to the conjugation method used, while thiol-maleimide coupling provided
a high reaction success rate, the potential effects of thiol-disulfide exchange between
the exposed thiol on PSMA-pep and the disulfide crosslinks within the NG structure
were not considered. While this is largely an equilibrium-based process and it is
likely that the disulfide crosslinks are deeply enmeshed within the NG structure, the
surface exposed disulfide linkages could be susceptible to this reaction. This could
explain the increase in NG size observed due to unravelling of the outer disulfide

matrix at higher concentrations of the peptide.

While a robust examination of the targeted NG uptake dynamics was conducted

using the 3D PCa spheroids, it is important to note that these systems cannot

205



mimic the effects of blood flow, complex stroma and vascularisation. Further, while
the NP uptake was visually assessed using basic microscopy techniques, a far more
advanced analysis could have been conducted using light-sheet microscopy to screen
the penetration efficiency of the NGs. For instance, work by Niora et al., uses confocal
imaging of nuclear-stained spheroids, coupled with radial intensity profiling at half-
depth intensity decline (d;/2), to quantitatively understand NP distribution.[447]
Moreover, defining a penetration efficiency ratio (0) based on fluorescence intensity
at shallow (0-20 pm) versus deeper (60-80pm) spheroid regions allows for direct
comparisons of delivery performance across formulations. These methodologies would

be particularly valuable for evaluating the intratumoural diffusion and retention of

PSMA-targeted NT-PGClo_ NGs in a controlled, reproducible setting.

While the targeted NGs demonstrated a clear uptake in the desired tissues, their off-
target uptake in clearance organs presents a significant area for future optimisation.
Given the significant of NG physicochemical characteristics in dictating uptake by
specific organs, it would be interesting the investigate the influence of NG size
and charge and peptide surface coverage on the biodistribution. Alternatively,
coupling an anti-PSMA nanobody to the NG surface would be a promising, highly
precise targeting approach that could be explored further.[294]. Furthermore, while
intratumoural injection could have improved tumour localisation of the NT-PGCla-
loaded NGs, systemic administration was favoured due to the clinical relevance of this
route, particularly for therapies requiring repeated dosing, where local administration

is less practical and more invasive.

Functional studies using PGCla and its N-terminal isoform, NT-PGC1la, revealed
potent anti-proliferative effects in vitro, with transcriptomic analysis highlighting
cell cycle arrest, metabolic reprogramming, and induction of apoptotic and tumour
suppressor pathways. These findings were supported by protein-level validation of
key targets in tumour lysates, including cleaved caspase-8 and CAMKK2. However,
the precise mechanism by which NT-PGCla overexpression leads to amelioration of
PCa progression has not been elucidated in this work and should be explored further

to exemplify the therapeutic value of this agent.
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Although systemic administration of NT-PGCla-loaded NGs in a xenograft model
led to a measurable reduction in tumour burden, with minimal systemic toxicity,
the tumours were observed to increase in size more rapidly 30 days after treatment,
even after continued administration of the targeted NT-PGClao-loaded NGs. It is
possible that after the tumours reach a certain size, they are no longer as susceptible
to the subtle effects of metabolic rewiring offered by NT-PGCla overexpression.
Exploring the effect of increasing NG dose or the therapeutic benefit achieved using
combinatorial approaches (e.g. BI9774 or enzalutamide) could be a key area for
future work.[88] Furthermore, it is likely that increasing NG dose could reduce the
frequency of the dosing regime, however, this was not possible within the scope of
this work due to the limitations imposed by mRNA availability. Finally, although no
evident organ toxicity was observed over the two-month treatment period, further
studies are needed to investigate the metabolic fate of the NGs and their potential

immunological effects.

While the current study was conducted in immunocompromised male mice to allow
for human xenograft tumour growth, this model inherently limits the evaluation
of immune-related mechanisms that could influence therapeutic outcomes. Given
the known roles of PGCla in cellular metabolism and inflammation, it would be
particularly valuable to investigate how systemic immunity—especially interactions
with dendritic cells, T cells, and the TME-modulates or enhances the efficacy of
PGCla-based nanotherapeutics. Future studies in immunocompetent or humanised
mouse models could offer critical insight into the immunomodulatory effects of the

therapy and its potential for long-term tumour control or recurrence prevention.
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Chapter 6

Conclusions and Outlook
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This work presents the systematic development, optimisation and functional val-
idation of a modular NG platform for targeted RNA delivery, culminating in a
PSMA-targeted NG capable of selectively delivering therapeutic mRNA to PCa
cells. Initial efforts focused on optimising the NG composition parameters—including
monomer ratios, reaction stoichiometry, and RNA:polymer charge ratios, ultimately
yielding AETC__NG that demonstrated efficient RNA encapsulation, superior cellular
uptake and biocompatibility compared to commercial lipid-based and polymeric
systems. While encapsulation efficiencies remained suboptimal for larger or struc-
turally complex RNA transcripts, the NG reliably maintained RNA functionality
post-encapsulation. While this reduced encapsulation is likely attributable to the
relatively high molecular weight of the polymer network and steric hindrance within
the NG matrix, further optimisation of the NG architecture is warranted. Specifi-
cally, tuning the crosslinking density or increasing the RNA-to-polymer ratio during
synthesis may enhance entrapment efficiency. Alternatively, post-synthetic load-
ing strategies that leverage the inherent swelling behaviour of the NGs, an aspect
not explored in this study, could provide a promising route to improve payload

incorporation without compromising structural integrity.

Beyond loading capacity, the physicochemical properties of the NGs were exten-
sively characterised, revealing high colloidal stability and a favourable size range
for cellular uptake. Detailed investigation into the monomer composition, including
the comparison of PolyR_NG, PolyH NG, DMA/AETC NG, AC-GUA_NG, and
AETC NG variants, underscored the modularity and tunability of the NG system.
Each monomer imparted distinct electrostatic and hydrophilic/hydrophobic proper-
ties, directly influencing the NG’s responsiveness to these stimuli, such as pH, ROS
and GSH. While this study demonstrated independent responsiveness to these stimuli,
it is clear that the interplay between such cues, particularly in the heterogeneous

TME, requires more sophisticated modelling and experimental investigation.

The diagnostic utility of the platform was demonstrated through the successful
delivery and fluorescence recovery of Mango II (MII) aptamers. Using TIRF-based

photobleaching assays, the NGs were shown to maintain single-molecule sensitivity
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in detecting aptamer function post-release. However, limitations of this method,
including rapid fluorophore photobleaching and incomplete dye activation, may have
led to underestimation of loading capacity. Development of alternative quantification
strategies, such as FRET-based readouts or molecular beacons, may provide a more

accurate measure of RNA integrity and release kinetics.

In terms of therapeutic delivery, NGs functionalised with a PSMA-targeting peptide
enabled selective mRNA delivery to PCa cells, both in monolayer and 3D spheroid
models. While thiol-maleimide coupling was effective for peptide conjugation,
heterogeneity in maleimide distribution across NG populations likely contributed to
batch-to-batch variability in targeting efficiency. These findings point to the need
for more controlled conjugation strategies, such as pre-functionalised copolymers or

site-specific click chemistry, to ensure reproducibility and scalable synthesis.

Functionally, NT-PGCla-loaded NGs induced pronounced anti-proliferative effects
in PCa cells, with transcriptomic profiling revealing downregulation of proliferative
signalling, metabolic reprogramming, and upregulation of pro-apoptotic pathways.
Despite these promising results, the mechanistic basis of NT-PGClo-mediated tumour
suppression remains incompletely understood. Given the emerging roles of PGCla in
cellular metabolism, mitochondrial biogenesis, and inflammation, further dissection of
its downstream interactome and metabolic rewiring effects is warranted. In particular,
integration of metabolomic and phosphoproteomic analyses could provide deeper
insights into how PGCla isoforms influence oncogenic signalling cascades and cellular

energetics.

In vivo studies in xenograft-bearing immunocompromised mice confirmed the sys-
temic tolerability of the NG and its tumour-selective accumulation. However, the
therapeutic effect, while initially strong, diminished beyond 30 days, suggesting that
tumour progression may eventually override the metabolic blockade imposed by
NT-PGCla overexpression. This underscores the potential need for combinatorial
therapeutic strategies, such as co-delivery with AMPK agonists (e.g., BI9774), to rein-
force tumour suppression and prevent resistance. Furthermore, increasing NG dosage

or incorporating sustained-release architectures may enhance therapeutic durability.
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However, such modifications must be balanced against safety and immunogenicity

concerns, which were not exhaustively evaluated in this study.

A significant limitation of this work lies in the use of immunocompromised models,
which precludes analysis of immune-mediated effects. Considering that NGs may
interface with innate immune cells (e.g., macrophages, dendritic cells), and given
the immunomodulatory potential of PGCla, future studies in immunocompetent
or humanised models are imperative. These investigations could elucidate the
extent to which NG-mediated gene delivery reshapes immune cell metabolism,
antigen presentation, and anti-tumour immunity. Such knowledge would not only
inform NG design but also open up possibilities for synergistic immuno-nanotherapy
combinations. Indeed, the versatility of NG platforms offers the potential for
multi-modal delivery approachs, in which the therapeutic RNA cargo could be
co-delivered alongside small-molecule drugs, proteins or immunomodulatory agents.
Such strategies are particularly attractive for synergistic therapies, such as combining
siRNA or mRNA with immune checkpoint inhibitors, metabolic modulators, or
chemotherapeutic agents. By enabling spatiotemporally controlled co-delivery,
NGs could potentiate both immune and tumour-intrinsic effects, allowing for more

comprehensive modulation of disease pathways.

Formulation design for co-encapsulation would need to consider potential cargo—cargo
interactions, differential release kinetics, and loading efficiency limitations. Strategies
such as compartmentalised nanogel cores or sequential layering via electrostatic inter-
actions may offer pathways to mitigate these challenges. Moreover, orthogonal release
triggers (e.g., pH-sensitive vs. redox-sensitive linkages) could be engineered to allow
staged release of payloads in response to specific cues within the tumour microen-
vironment. This could enable, for instance, a burst release of immunomodulatory
agents followed by sustained mRNA translation. Such functionality would provide
a high degree of programmability and could be especially useful in personalised

medicine or combination immunotherapy contexts.

Another area for future exploration is the pharmacokinetics, biodistribution, and

metabolic fate of NGs post-administration. Although minimal toxicity was observed
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over the two-month treatment window, long-term accumulation in clearance organs,
NG degradation kinetics, and potential immunogenicity remain unresolved. Moreover,
the observed off-target uptake in liver and spleen indicates a need to optimise NG
surface properties, such as size, zeta potential, and ligand density, to minimise MPS
clearance. Employing nanobody conjugation may improve circulation time and
tumour-specific delivery. While the inclusion of PEG was explored in this work to
extend the circulation time and limit protein-corona formation, recent clinical and
preclinical findings have highlighted a growing incidence of anti-PEG antibodies in
patients, particularly those receiving repeated doses of PEGylated therapeutics or
mRNA vaccines. These immune responses can accelerate blood clearance, reduce
therapeutic efficacy, and, in some cases, provoke adverse events. Given the potential
immunogenicity and the increasing scrutiny of PEG in clinical applications, the

substitution of PEG with alternative stealth polymers warrants serious consideration.

Polysarcosine (pSar), a non-ionic, hydrophilic polypeptoid, has emerged as a promis-
ing PEG alternative due to its excellent biocompatibility, biodegradability, and
lack of detectable immunogenicity.[234] Like PEG, polysarcosine confers colloidal
stability and resists opsonisation, thereby prolonging NP circulation half-life. Unlike
PEG, however, polysarcosine is less prone to eliciting immune responses, making it
particularly attractive for chronic or repeated administration regimens. Incorporating
polysarcosine into the NG architecture—either as a grafted surface polymer or as a
block copolymer integrated into the network—could enhance the platform’s clinical
translation by mitigating immunological risks while maintaining the pharmacokinetic
benefits traditionally associated with PEGylation. Future studies should therefore
evaluate the impact of pSar-modification on NG pharmacokinetics, biodistribution,
and bio-nano interactions, particularly in the context of systemic administration

where stealth characteristics are critical for therapeutic efficacy.

While preliminary efforts were made to understand NG penetration of solid tumours
using the 3D spheroid model, the NG platform would benefit from testing in more
advanced 3D in vitro systems including, patient-derived organoids and organ-on-

chip microfluidic devices. These models offer the ability to simulate tissue-specific
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architecture, extracellular matrix stiffness, cell-cell and cell-matrix interactions, as
well as dynamic perfusion that better mimics human physiology. For instance, tumour
organoids derived from patient biopsies can provide insight into how NGs penetrate,
distribute, and activate within heterogeneous tumour niches. Similarly, vascularised
organ-on-chip models incorporating endothelial barriers, flow, and immune cells can
be used to study NG biodistribution, transcytosis, and clearance in a more realistic
context. These systems can also be leveraged to study NG-induced immunogenicity,
cytokine responses, and cellular uptake mechanisms in real-time using live imaging

and multiplexed analysis.

While efforts were made to develop a system to match the stringent requirements
proposed by the FDA-approved NP formulations in the clinic, there are many aspects
of the NG platform that remain underdeveloped and insufficiently validated, which
limit the translatability of this platform. These criteria—ranging from chemical sim-
plicity and large-scale manufacturability to biodegradability, biodistribution precision,
batch-to-batch consistency, and redosability—set a high bar for clinical viability. Al-
though the NGs developed herein were rationally designed using customisable, facile,
biodegradable chemistries (e.g., disulfide linkages) and demonstrated favourable
in vitro performance, key limitations persist in areas such as synthesis scalability,
structural heterogeneity, off-target accumulation, and long-term storage stability. As
such, this platform requires significant optimisation both in wvitro and in vivo prior
to successful clinical translation. Furthermore, comparison against clinically relevant
LNP platforms is essential to contextualise the performance and the translational
potential of the NGs. Head-to-head benchmarking will determine whether the ad-
vantages offered by the NG chemistry translate into superior or comparable payload

retention, delivery efficiency, safety and manufacturability.

One of the major barriers to clinical translation of nanomedicine platforms lies in
their alignment with regulatory and manufacturing standards, particularly GMP.
In particular, to enable systematic optimisation of NG compositions, more compre-
hensive screening of monomer types, their relative incorporation ratios, and their

influence on NG architecture is essential. However, a key limiting factor in this work
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was the synthetic strategy itself, which constrained the breadth and throughput of for-
mulation screening. While free-radical polymerisation offers several advantages-most
notably, its compatibility with aqueous reaction conditions and minimal reliance on
harsh organic solvents—it inherently suffers from a lack of control over key reaction
parameters. This results in significant variability in polymer network formation and
contributes to batch-to-batch inconsistencies, ultimately impeding the reproducibility
and scalability of the platform. Moreover, the stochastic nature of this synthetic
methodology limits the ability to draw clear structure-activity relationships (SARs)
across formulations. To address these challenges, alternative synthetic approaches
such as nanoprecipitation or emulsion-based polymerisation could be explored. These
methods offer improved control over particle formation and network uniformity,
and may facilitate higher RNA loading efficiencies through better encapsulation
mechanics, without requiring increased RNA input. Implementing such controlled
or semi-controlled synthetic methods would also open the door to high-throughput
formulation screening, thereby enabling a more robust evaluation of formulation-
performance relationships and accelerating translational development. Once a robust
and scalable synthetic framework is established, the integration of Al-driven analysis
pipelines could markedly accelerate the design process. By applying machine learning
models to datasets derived from physicochemical characterisation, cellular uptake,
transfection efficiency, and stimuli-responsiveness, it would be possible to predict
formulation behaviour and identify optimal NG compositions tailored to specific
therapeutic applications. This data-driven approach could enable adaptive formula-
tion development, wherein iterative experimental cycles are guided by computational
outputs, thereby significantly enhancing the efficiency, precision, and customisability
of RNA delivery platform design. Furthermore, to ensure regulatory compliance,
future protocols must be GMP-compatible, which includes the use of pharmaceuti-
cally acceptable monomers, catalysts and solvents to limit any residual toxicity. This
will ultimately suppose the reproducibility and safety required for clinical trials and

market authorisation.

A particular factor left underexplored in this work was the storage and long-term

stability of the mRNA-loaded NGs. This is especially important in global contexts
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where cold-chain infrastructure is limited. Although this work did not assess the
lyophilisation compatibility of the NG platform, future studies should explore
the feasibility of freeze-drying NGs to enhance storage stability, improve shelf-
life, and potentially enable room-temperature transport and administration. Key
considerations include identifying suitable cryoprotectants and lyoprotectants (e.g.,
trehalose, sucrose, mannitol) that can prevent particle aggregation or morphological
collapse during the freezing and drying process. Further, the effect of lyophilisation
on RNA stability and NG integrity under accelerated aging and stress conditions
(temperature/humidity cycling) could be evaluated to model real-world transport

scenarios.

Taken together, this body of work demonstrates the feasibility of using disulfide-
crosslinked, stimuli-responsive NGs as a flexible and effective platform for RNA
delivery. While challenges remain in achieving consistent targeting, efficient RNA
loading, and durable therapeutic responses, the fundamental principles established
herein provide a robust foundation for continued innovation. By integrating advanced
characterisation tools, systems biology approaches, and clinically relevant models,
the NG platform can be further refined to meet the growing demand for precise,

personalised RNA-based nanomedicines.
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Figure Al: Quantification of monomer conversion by 'H NMR analysis. a)
Reaction kinetics of polymerization monitored by 'H NMR by the gradual disappear-
ance of the vinyl olefin signals. b) Partial 'H NMR spectra of the polymerisation
mixtures for the preparation of nanogels included in the study as a representative
example. Peaks integrated to calculate the monomer conversions are indicated. All
NMR were conducted in D;O. Sodium acetate was used as internal standard (IS).
Intensities have been scaled for clarity.
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Figure A2: Characterisation of AC-GUA monomer. a) '"H NMR spectrum of
acrylated guanidine (AC-GUA). 'H NMR (400 MHz, D,0): 56.35 (d), 86.11 (dd),
05.86 (d), 54.18 (t), 63.22 (t), 62.25 (s), 61.89 (q). b) Atmospheric pressure chemical
ionization — mass spectra of acrylated guanidine. M = (C;H;3N30,) [M + H]*
= 172.1064 m/z. c) Fourier transform infrared spectroscopy (FT-IR) of arcylated
guanidine (AC-GUA) N-H stretch: 3700-3500 cm™; alkyl sp® C-H stretch: 2950-2850
em™ (strong), carbonyl C=0 stretch: 1655 cm™ (strong); C-O-C stretch: 1095 cm™
(sharp).
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Figure A3: Characterisation of PolyR monomer. a) 'H NMR spectrum of
PolyR. '"H NMR (400 MHz, D,0): 87.15 (d), 56.87 (d), 84.23 (t), 83.85 (1), 83.77 (1),
03.58 (tt), 83.48 (t), 83.34 (t), 83.11 (t), 82.50 (m), 81.70 (q) 81.11 (t). b) Matrix
assisted laser desorption ionization-time of flight — mass spectra (MALDI-ToF MS)
of POlyR. M = (069H135N25022) [M + H]+ = 1666.9 m/z.
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Figure A4: Characterisation of PolyH monomer. a)'H NMR spectrum of PolyH.
"H NMR (400 MHz, D50): 88.54 (s), 57.20 (m), 85.58 (d), 85.34 (d), 83.69 (t), 83.58
(tt), 63.48 (t), 83.09 (t), 61.15 (t). b) Matrix assisted laser desorption ionization-time

of flight — mass spectra (MALDI-ToF MS) of PolyH. M = (CggH105N190492) [M +
H|* = 1552.8 m/z.
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Figure A5: Characterisation of SS-DiA crosslinker. a)'H NMR spectrum of
the disulfide crosslinker (SS-DiA). 'H NMR (400 MHz, (CD3),S0O): 88.05 (t, 2H),
6.07 (s,2H), 5.69-76 (m, 2H), 4.05-4.09 (m, SH), 3.61-3.65 (t, 4H), 3.57-3.59 (t,
4H), 3.48-3.53 (m, 56H), 2.88-2.91 (t, 4H), 2.31-2.34 (t, 4H), 1.88 (s, 6H) *Residual
solvent (CD3)2SO (5 2.50). b) ¥C nuclear magnetic resonance (NMR) spectrum of
SS-DiA disulfide-based crosslinker: *C NMR (400 MHz, (CD3)2SO): 5171.04, 166.89,
135.18, 125.36, 69.98-70.24, 69.20, 64.38, 64.54, 38.23, 36.79, 35.58, 18.49. c¢) Fourier
transform infrared spectroscopy (FT-IR) of SS-DiA disulfide-based crosslinker: N-
Amine C(O)N-H stretch: 3700-3200 cm™ (broad); alkyl sp® C-H stretch: 2950-2850
cm™ (sharp), carbonyl C=0 stretch: 1650 cm™ (sharp).
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Figure A6: Characterisation of SS-DiA crosslinker GSH-responsiveness. a)
Atmospheric-pressure chemical ionization (APCI) mass spectra of SS-DiA: calculated
mass (CsoHgaNoOg2So™): 1137.57 m/z, actual: 1137.57 m/z. b) APCI-MS of the
cleaved, GSH-treated SS-DiA: M = (CosHyNO1;SHT) [M + H|T = 586.2969 m/z.
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Figure A7: Imaging Mango II RINA transfection. Maximum projection of HeLa
cells treated with MII-RNA-jetM, MII-RNA_ NG and fixed at 12 h post-transfection,
stained with 200 nM TO1-B (yellow) and 1pg/mL Hoechst 33342. Control cells
treated with only 200 nM TO1-B and no Mango II RNA also shown. All images
were taken with 40 x oil immersion objective.
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Figure A8: Schematic presentation of PSMA-pep synthesis. The terminal
amine of the PSMA-617-inspired peptide reacts with the NHS ester of a bifunctional
PEG-based linker bearing a free thiol, resulting in a thiolated, PEGylated PSMA

peptide (PSMA-pep). Subsequent deprotection yielded the final targeting construct.
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Figure A9: Characterisation of SS-DiA crosslinker. a)'H NMR spectrum
of the thiolated, PEGylated PSMA-peptide (PSMA-pep). 'H NMR (400 MHz,
(CDCl3): 610.86 (s, 2H), 10.07 (s,1H), 7.34-8.10 (m, 7H), 5.32-5.54 (t, 2H), 4.13(t,
1H), 3.22-3.25 (t, 88H), 2.89 (t, 2H), 2.10 (d, 2H), 1.54-1.78 (m, 8H), 1.45 (t, 1H)
*Residual solvent (CDCl3 (5 7.29)). b) *C NMR of thiolated, PEGylated PSMA-pep
(PSMA-pep). 13C NMR (400 MHz, CDCl3): 5179.04, 175.78-174.5, 157.56, 136.50,
130.01, 122.34-126.57, 68.04-69.98, 60.34, 42.28, 37.56-38.94, 31.28-32.94, 27.67-28.98.
¢) Matrix-Assisted Laser Desorption/lonization mass spectrometry: calculated mass
(CgoH139N50335;7): 1741.91, actual mass : 1726.99 m/z. d) HPLC chromatogram of
the purified PSMA-pep. A single peak at 5.37 min indicates >91% purity. Conditions:
Phenomenex-C18(2) luna 3pm 100 A reverse-phase column, gradient elution using
water (0.1% TFA) and acetonitrile (0.09% TFA), flow rate 1.0 mL/min, detection at
220 nm.
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Figure A10: Flow cytometry histograms showing fluorescent NG uptake in C4-2
and PC3 cells following incubation with PSMA-targeted nanogels (PSMA_ NG)
or untargeted nanogels (Ut_NG), with and without prior blocking using anti-
PSMA antibody. Untreated cells served as a negative control. Each panel shows
representative histograms from three independent biological replicates (top and
bottom rows). Percentages of FITC+ cells are indicated in each plot.
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Figure A11: Quantification of the intracellular uptake of the targeted and untargeted
NGs by flow cytometry in C4-2 cells, after pre-treatment with various endocytotic
inhibitors. Mean fluorescence intensities (MFI %) of the two differently treated cell
populations are shown (n=3).
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Figure A12: Mitochondrial and glycolytic function analysis following NT-
PGC1la delivery. a)Oxygen consumption rate (OCR) measurements indicate
mitochondrial respiration profiles of C4-2 cells treated with NT-PGCla encapsulated
in NGs (NT-PGCla_ NG, black), JetMESSENGER-mediated NT-PGCla (light
grey), scrambled RNA in nanogels (sctRNA NG, green), or untreated (yellow). NT-
PGClo_NG treatment leads to the highest spare respiratory capacity, suggesting
enhanced mitochondrial functionality. b) Extracellular acidification rate (ECAR)
traces show glycolytic activity under the same treatment conditions. NT-PGCla_ NG-
treated cells display the lowest compensatory glycolysis following oligomycin injection,
indicating reduced reliance on glycolysis and a metabolic shift toward oxidative
phosphorylation. (n = 6).

Figure A13: Tracking biodistribution of NT-PGC1la expression in xenograft-
bearing male immunocompromised (NSG) mice. a) Ez vivo fluorescence
imaging and b) radiant efficiency quantification of main organs extracted from the
mice at 24 h after injection of NGs (n = 5). ¢) mCardinal protein expression in major
organs determined by western blotting and d) associated quantification. Vinculin
was used as a loading control. e) Comparison of mCardinal mRNA levels in all main
organs and tumours, as quantified by RT-qPCR. RNA levels normalised to GAPDH
expression and shown as fold change relative to untreated cells. In all cases, data
are presented as mean £ SD, and statistical significance was determined using an
ordinary one-way ANOVA with Dunnett’s multiple comparisons test, where RNA
levels of treated cells were compared against those of untreated cells: ****p < 0.0001,
*HEp < 0.0002, ns < 0.1234.

229



abnd 1xoU U0 PINULUO))

[{eRUIEhE TANDD ¢SOl ¢4resD0 66948¢ T~ ¢600TTO0000DOSNA

oI [ UI[IAD TINDDO 70-9€8°¢  1006V€0 6VETET T~ €80G€ETO0000DSNH

(ouaSopnasd) g oxI[ A UI[24D G'TANDD G0=0T'¢c 6¢4cec0 G6.L196°0- G¥¥06¢000000DSNH

o wpAd GANDD GO0-°T¥r'v  ¥294¢1°0 8TITES 0~ 94¥L4T00000DSNH

D UIPAD DONOD 80984F  €¥L060°0 GV6C1G0" LEGCTTO0000DSNH

T oI A UIPAd I'TANDD 70206 86LITT0 1¢60%¥°0- 67¢€9T000000DSNH

CV WRAD GVNOD GCOr9'c  899661°0 700950°¢- 98¢SG¥T00000OSNH

Tq urR4d LANDDO ¢SOl ¢4reEsD0 G6948¢ T~ ¢600TTO0000DOSNA

T 4o THNDDO 6¢2T0°T  €ELVET0 GLO6LELT- €LTS0TO0000OSNA
T ose

-opnuopud sypads-omionys dey INHA er-°Iy'1 - L0cL0T0 L16006°T- 96¥89T00000DSNH
Jurure)

-0 UIRWOP [I00-PI[I0D UTUIIO3 ONID €09er'8  €699¢°0 G94CI8 0" G€8G0C00000OSNH
g oseurny oseury urojoxd

yuopuadop  urmpour[es /mnmoied gV 0§01¥'C  VELCVTO GGTOETC- T€60TT00000DSNH

QUWIRN OUOY) [OQUIAG oUOK) (ped SO 98URY)PIOAZ30] (J] ouen)

"QUWIRU [[NJ pur ‘[oquiAs ‘onfea-d pajsnlpe ‘1011 prepuels ‘@8ueyd p[oj ‘(I 2uas surpnur symsal bas-yNY gV °[qr],

230



abd 1xaU U0 PINULIUO))

L PIIRIDOSSE 9[2AD UOISTAID ][99 LVOdd 809GE6  PE8LCI0 G0€669°0- Peery100000DSNH
[HAHN JO 107R[N351 9042 [[d NHYAD VE€oLCL  864¥40°0 L9¢€L9°0- €8L¢¢T000000DSNH
7 POIRID0SSE S[AD UOTSIAID [[90 rvoao 072188 0€0680°0 LELTIG 0" 6,L0LT00000DSNH
dPT O[PAD UOTSTAID [[99 driodd 9099€'8  6LL901°0 691670~ LLET8000000DSNH
1 I03e[mgolr
sisojdode pue 994> UOISIAIP [[90 ravon I[1-907°¢ 6906900 9Cev.Ly 0~ 6€€090000000DSNH
€CT 904D TOTSIAID [[00 ecIOUdd V0=8T'T  ¥¢€6L0°0 G8GE1E0- G9¥1ST00000DSNH
T oseuny oI ofod IM'1d 0T0LE6 9679410 7S$9196°0- TG899T00000DSNH
¢] Oseury oUIUOoaIY) /oul
-Ios quiodspayp  onojut 1gNg dardand 9I-9%17'9  ¥61¢61°0 96.8¢4°T- 0L69ST00000DSNH
TV 4D TVNDO er=0r'ec  $€09¢r0 1002¢98°C- TOTEETO00000DSNH
oV WA ¢VNOD GCOrS'c  899661°0 ¥0¢950°¢- 98¢SG¥T00000OSNH
WA ANDO €0T-98G'T 9€¥.L80°0 960668 T~ €90¢9T00000OSNH
¢ w4 GANDD 699967  ¥ECITT0 GE688Y T~ G0ESLTO0000DSNH
T 4D THNDDO 6¢210°T  €ELVET0 GLO6LEL T~ €LTS0TO0000OSNA
ed uIpAd cdNDD G09cc’'T  TOTEYE0 €L00LE T~ ¢80.L¥TO0000OSNH
OWRN OUOY) [OQqUIAG OUOK) (ped HSOJ SurRYOHPIOAZSO] (J] Puox)

obnd snowaid woif panuiguod — 7y 9[qe],

231



abod jxou uo panuluo;))

uagIjue resonu [[00 suryersjiord VYNDd 6G69L6'¢  ¢66060°0 0GCI8V' 1~ 979¢ET00000DSNH

L9-T3] uorjerdyrjord Jo ioyreul LITMIN 709899 0TI¥65E°0 125550 €L.8¥7T100000DSNH
Jojiqryur uory

-eorpdox yN( poremsor ged ‘ury NTTM T1-9¢0'9 06E8V¢ 0 G6079G 1~ 89¢.L¢c00000DSNH
1030%] [RWOS0aD1[dS pur

1ogengor uorjeosridor YN TNINS TNINS 809T9'T  T146€990°0 864¥8¢°0- ¢69¢¢T100000DSNH
1 UOIS9Y0D pIjewl

-OIT 193818 pue uonedrdar YN 10DSd 0V=2¢6'T  LVPITT0 OTTL8V'T- ¢869€T00000DSNH

¢ POYeId0sse 914D UOISIAID [[0D ovoOaAd GIOGYV L 688GLT0 697E6T 1~ T99¥8T00000DSNH

DG O[94D UOISIAID [0 D4cOdD GI919°¢  0L6C¢V10 ¢69.00°T- GO78STO0000DHSNH

€, 9[94AD UOISIAIP [[0D €LDdd ¥E-98L°¢  ¢cL690°0 769098°0 TLEVET00000DSNHA

§ PoYeIdI0sse 9[IAD UOISIAID [[0D VOUD 60°T10°L 06STPV10 ore6v80- 0697ET00000DSNH
I0)RN3al

O[24D [[00 'y Ioquuowt AJrurey [1-84Z2  YITDAYZ G09ZL'C 8989610 068180~ G66£0200000DSNH

VGG 994D UOISIAIP [[09 vacodd 80°00'T ¥R89KET0 6G886L°0- G¥0¥9T00000DSNH

OWRN OUOY) [OQqUIAG OUOK) (ped HSOJ SurRYOHPIOAZSO] (J] Puox)

obnd snowaid woif panuiguod — 7y 9[qe],

232



abod jxou uo panuluo;))

¢,d umjord moumy €LdL ¢0-9¢0'6  98¥8¥1°0 068564970~ 0068L000000DSNH
YV oseury evioame VIUNV IT9659'T LTOLLTO 0GELLT'T- 98G.8000000DSNH
[ ejoq uruojes TANNLO LI9LYY  6L6990°0 V¥7cL949°0- 9€089T00000DSNH
[ OSBUL{ SUIUODI} /UL [ MV LLMV 90-°1¥'¢ 9616110 LVEGRG0- 80¢¢7100000DSNH
eydre ] esewostodo} YN VcdOdL 709L¢'6  GCI8IT0 T0€ELG0- LY LTETO0000DSNH
uragord Jurpurq AN ddOAN 6020C° T  VLLLLTO €ITGL0°T- VITVTC00000DSNH
10900} uondros
-rer) THq ‘dusboouo-ojord HAN DAIN 80-20L°G¢  P4TI8L0°0 869.L71°0- L669€TO0000DSNH
X 1039} pajelosse ) AN XVIN 70-°67°¢  0€ETR0°0 ¢LAe0TE 0~ ¢G65CT00000DSNH
Osed D) ueg0ouo-0j01d Sy SVUM €0O8T'T  96£80T°0 €6L09€°0- €0LEETO0000DSNA
1 urejoxd
Surpuiq ] eserwosiodoy YN( 1dddO.L 70209 %  1¥¢80T°0 6€816€°0- 18LE9T00000DSNH
[ SUOISIAID .IRI[OTIU 90O TANIN €02¢0°¢ 6268010 8CC6CE 0~ TTCTZT00000DSNH
T VN Surpoouou
Juol payensdar 103dader usdorpue ITONTHV 90-97€8  9IETLLO 6618€4°¢C- 96809¢00000DSNH
OWRN OUOY) [OQqUIAG OUOK) (ped HSOJ SurRYOHPIOAZSO] (J] Puox)

obnd snowaid woif panuiguod — 7y 9[qe],

233



abod jxou uo panuluo;))

VI
T0y1qIUul oseury juepuadop urpAd VINMAO 60Core’c  GeI8ET’0 LTVECTY ¢9L¥¢1000000DSNH
I
u19101d0dAT3-g-etd[e o1t surona IOU'T GEOGT'T  L9E8ET0 G0CIY9 1~ 9€CTLT000000DSNA
¢ Ioquiotn AJrure]
ureyd SUO[ ASBIIUAS YO-[4d® eISOV GCO8Y'T  CLITCTO 076561 T~ €86¢€¢T00000DSNH
10ye[ngor uoryeorjdor pue
TarodxaT SurpeIUl 1dgJd0L HYOLL 8T208°€  6L7661°0 0¥6L0L°T- 7€40¥T100000DSNH
103dedar weSorpue (Yy) qv GCoTGC  CLO6ETO L8TOST T~ €8069T00000DSNH
[ peonpur usgorpue IOIV 80206'F  T009.L0°0 6666770 9197 T1000000DSNH
109depe Sulfeu
-31s ‘g orenjsqus Aemyied Y IHI 8SdH 80269°¢  €099¥1°0 GTeaT8 0" T6¥TST00000DSNH
[ xoqoswoy 3N [-€X3IN 70299°T  L9¢¢9¢0 G96S8¢ 1~ 7€0L9T00000DSNH
¢ Ioonpsurr)
[eUSIs wWn[ed pajerosse mowny g ILSOV.L PPo4T' T €9€60¢°0 ¢LE006°C- ¢6Cr8T000000DOSNH
OWRN OUOY) [OQqUIAG OUOK) (ped HSOJ SurRYOHPIOAZSO] (J] Puox)

obnd snowaid woif panuiguod — 7y 9[qe],

234



abd 1xaU U0 PINULIUO))

ureroxd Jurjoe

-19JUT [T OSRULY SUIUODI)/SULIDS dITTMLS 809G9C  T6V6IT°0 V817€89°0 6851771000000 SNH
[ pungns xo[dwos HG T, IDSL 67298'C  L99990°0 G6€6.L6°0 66959T00000DSNH
¢ nungus xodwod HST, GOSL 9020€'T  8¢4C80°0 GVI91¥°0 L6TE0T00000DSNH

8 osedsen 8dSVD 6C9€Sy  69€LL0°0 0€ELL8 0 ¢10790000000DSNH
10yem

-301 stsoydode X pojyenosse g1 Xvd €0°Tc' T 0€c681°0 64€.29°0 880.80000000DSNH

ujord SunorIUL YENMAD  dIVENMAD  LG90ST  09€980°0 CIILBET 79489100000DSNH
1 oseurjopnosd sopqqri TdTd.L 909€L'C  G8cLST0 0V.L9€L°0 PEEELTO0000DSNH
eydpe junqgns

o1jATereD oseuny-¢ ojeydsoydsiq

-G'p-1onsourjApryeydsoyd VOEMId 902068  €¢cSY10 9081799°0 6.8TC¢T000000DSNH
gofowoy ursue) pue ssejerdsoyd NHLd 619¢¢’c  L916L0°0 0687690 G98TLTO0000OSNH
¢gd ugord moumy) €4dL Gr-eyL'c  GLYPO0T 0 7€949€8°0 OTSTPTO0000DSNH
dl
T0)qIul oseuny yuopuadop urpAd dINMADO L89EY'T  C¥8I800 GClI1E9'T 9LZTTTO00000DSNA
OWRN OUOY) [OQqUIAG OUOK) (ped HSOJ SurRYOHPIOAZSO] (J] Puox)

obnd snowaid woif panuiguod — 7y 9[qe],

235



abod jxou uo panuluo;))

¢ uxe GNIXV €I29LT €V0IET0 620460 979891000000 SNH

[ uxe INIXV Gr-.%0'c  169401°0 80LLYS0 9¢T€0T00000DSNH
Kemyyed

gurreusts N JO 109R[3a1 DJV odVv 90°9¥'¢  LES8TT0 9¢04¢9°0 ¢867ET000000DSNH
I0)RN3al

sisopdode oIl AAVA PU® 8dSVD qvi1dd GCoy8Y  9.9L90°0 9¢TICIL0 ¢0¥7€0000000DSNH
TuouoduIod WoSAS

Iredo1 yoyewsT ‘g So[0WOY TSN ¢SINd €09G69° L L2LcsT 0 €8L91¥°0 ¢19¢¢T000000DOSNA
(oue3

-opnoesd) oI [eUIIog-) ZSINJ TOCSINd €060, 68€TI80 WyIeY'1 €46.8T000000DSNH

T oseuny 1ossorddns moumy ogre] ISLVT 1€-964°¢  L€9E80°0 V.L6LL6°0 €C0TET00000OSNA

P oqupw Ajrurey qVINS VAVINS GCOVL'S 9219L0°0 €8E9VL0 9791V T00000DSNH

urejoxd pajeroosse T dVLM 90-°9%4'T  8¥600T°0 LYE86Y0 LGY97T00000DSNH

T09em3d1 T d1oydode-ord dMVd 9€9GT'9  ¥8E680°0 €L0GeT'T G¢yLLTO0000OSNA

eydpe T 109eA10000 HYVAd  VIODUVAd  SPI-O8F'T 2€0L0€°0 8ETCY6'L 61860T00000DSNH

OWRN OUOY) [OQqUIAG OUOK) (ped HSOJ SurRYOHPIOAZSO] (J] Puox)

obnd snowaid woif panuiguod — 7y 9[qe],

236



abd 1xaU U0 PINULIUO))

I0)e[ngol

sisopdode oIl VA PUe 8ASVD  UVTIAD GCOV8F 9292900 92131L°0 20v€0000000DSNH
[ S180)

-dode jo 1oyqryur pajemsar ¢G4l TJVIYUL Vo7’ T G9STR0°0 6EELTR0 GG80LTO0000DSNH

8T 1030¥] [IM013 1se[qoIqY 8TADI 80-°1Z'G  2€8TI90 VELOLL'T LTV9ST00000DSNA
T oy

-oxd opqonpur ¢¢d ujord moumy  [T[ECAL 90-960'¢  ¢6STOT'0 ¢959.L¥ 0~ ¥.2SGL100000DSNA
oI

L fyprusdumoutmy jo uorssarddns TLLS 70-965'Cc  ST1160°0 6972S€ 0~ 17€L0000000DSNH
¢

zossoxddns mowmny toddrz ouronoy eSLZ1 GOOET'T  8GL¥60°0 ST6EET 0 9T8L0T00000DSNH

0g Lypruestmonimy jo tossorddns 02LS 709669 0866510 70L95S°0 £6608T00000DSNH
¢ umy

-oxd Surpuiq ¢gd ujord mowmny  gJdesdl  9T°0CT  €€L660°0 €r20e8 0 V1SEVT00000DSNH
¥ ojepipueod o[qe

-ToJsueriqus duissorddns moumy 7OSSL 66-78'C 7069800 VOLVYR'T 18Z¥8T00000DSNA

OWRN OUOY) [OQqUIAG OUOK) (ped HSOJ SurRYOHPIOAZSO] (J] Puox)

obnd snowaid woif panuiguod — 7y 9[qe],

237



[ oudBopnosd 1dDZV  TdIdDZV VLo9€°L  8PGLLO0 GIOSTY T 8V116C000000DSNH
©}9( 9SRIAXO(IRD YO)-[AI00R dovov LO=VT'C  90680T°0 I86CL9°0 §64920000000OSNH
1 oseu
-TuresueI)  OI190RO[BXO-OTUIRIN(3 TLOD Ge968'¢  L8r0L0°0 1eEV88°0 €500¢T000000OSNH
T DoLIred 9yeantdd rerpuorpojm IDdIN 9094¢'6  60€L0T°0 6CS10S°0 ¢9.090000000OSNH
OWRN OUOY) [OQqUIAG OUOK) (ped HSOJ SurRYOHPIOAZSO] (J] Puox)

obnd snowaid woif panuiguod — 7y 9[qe],

238



References

Siegel, R. L.; Miller, K. D.; Fuchs, H. E.; Jemal, A. Cancer statistics, 2022.
CA: A Cancer Journal for Clinicians 2022, 72, 7-33.

Datta, D.; Aftabuddin, M.; Gupta, D. K.; Raha, S.; Sen, P. Human Prostate
Cancer Hallmarks Map. Scientific Reports 2016, 6, 30691.

Rebello, R. J.; Oing, C.; Knudsen, K. E.; Loeb, S.; Johnson, D. C.; Reiter,
R. E.; Gillessen, S.; Van der Kwast, T.; Bristow, R. G. Prostate cancer. Nature
Reviews Disease Primers 2021, 7, 9.

Sekhoacha, M.; Riet, K.; Motloung, P.; Gumenku, L.; Adegoke, A.; Mashele,
S. Prostate Cancer Review: Genetics, Diagnosis, Treatment Options, and
Alternative Approaches. Molecules 2022, 27, 5730.

Bernal, A.; Bechler, A. J.; Mohan, K.; Rizzino, A.; Mathew, G. The Current
Therapeutic Landscape for Metastatic Prostate Cancer. Pharmaceuticals
2024, 17, 351.

Katsogiannou, M.; Ziouziou, H.; Karaki, S.; Andrieu, C.; Villeneuve, M. H. d.;
Rocchi, P. The hallmarks of castration-resistant prostate cancers. Cancer
Treatment Reviews 2015, 41, 588-597.

Pujana-Vaquerizo, M.; Bozal-Basterra, L.; Carracedo, A. Metabolic adapta-
tions in prostate cancer. British Journal of Cancer 2024, 131, 1250-1262.
McNeal, J. E. Normal and pathologic anatomy of prostate. Urology 1981,
17, 11-16.

Zlotta, A. R. et al. Prevalence of prostate cancer on autopsy: cross-sectional
study on unscreened Caucasian and Asian men. Journal of the National

Cancer Institute 2013, 105, 1050-1058.

239



(10)

(11)

(12)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

Abate-Shen, C.; Shen, M. M. Molecular genetics of prostate cancer. Genes €
Development 2000, 14, 2410-2434.

Tan, M. H. E.; Li, J.; Xu, H. E.; Melcher, K.; Yong, E.-1. Androgen receptor:
structure, role in prostate cancer and drug discovery. Acta Pharmacologica
Sinica 2015, 36, 3-23.

Toivanen, R.; Shen, M. M. Prostate organogenesis: tissue induction, hormonal
regulation and cell type specification. Development (Cambridge, England)
2017, 144, 1382-1398.

Verze, P.; Cai, T.; Lorenzetti, S. The role of the prostate in male fertility,
health and disease. Nature Reviews Urology 2016, 13, 379-386.

Bostwick, D. G.; Liu, L.; Brawer, M. K.; Qian, J. High-grade prostatic
intraepithelial neoplasia. Reviews in Urology 2004, 6, 171-179.

Héggman, M. J.; Macoska, J. A.; Wojno, K. J.; Oesterling, J. E. The
relationship between prostatic intraepithelial neoplasia and prostate cancer:
critical issues. The Journal of Urology 1997, 158, 12-22.

Brawer, M. K. Prostatic intraepithelial neoplasia: an overview. Reviews in
Urology 2005, 7 Suppl 3, S11-18.

Tomlins, S. A. et al. Recurrent Fusion of TMPRSS2 and ETS Transcription
Factor Genes in Prostate Cancer. Science 2005, 310, 644-648.

Tomlins, S. A.; Laxman, B.; Varambally, S.; Cao, X.; Yu, J.; Helgeson, B. E.;
Cao, Q.; Prensner, J. R.; Rubin, M. A.; Shah, R. B.; Mehra, R.; Chinnaiyan,
A. M. Role of the TMPRSS2-ERG gene fusion in prostate cancer. Neoplasia
(New York, N.Y.) 2008, 10, 177-188.

Mills, I. G. Maintaining and reprogramming genomic androgen receptor
activity in prostate cancer. Nature Reviews. Cancer 2014, 1/, 187-198.
Espiritu, S. M. G. et al. The Evolutionary Landscape of Localized Prostate
Cancers Drives Clinical Aggression. Cell 2018, 173, 1003-1013.e15.
Antonarakis, E. S.; Keizman, D.; Zhang, Z.; Gurel, B.; Lotan, T. L.; Hicks,
J. L.; Fedor, H. L.; Carducci, M. A.; De Marzo, A. M.; Eisenberger, M. A. An
immunohistochemical signature comprising PTEN, MYC, and Ki67 predicts

240



(22)

(23)

(24)

(25)

(26)

(28)

(29)

progression in prostate cancer patients receiving adjuvant docetaxel after
prostatectomy. Cancer 2012, 118, 6063-6071.

Robinson, D. et al. Integrative Clinical Genomics of Advanced Prostate
Cancer. Cell 2015, 162, 454.

Carver, B. S.; Chapinski, C.; Wongvipat, J.; Hieronymus, H.; Chen, Y_;
Chandarlapaty, S.; Arora, V. K.; Le, C.; Koutcher, J.; Scher, H.; Scardino,
P. T.; Rosen, N.; Sawyers, C. L. Reciprocal feedback regulation of PI3K and
androgen receptor signaling in PTEN-deficient prostate cancer. Cancer Cell
2011, 19, 575-586.

Pearson, H. B. et al. Identification of Pik3ca Mutation as a Genetic Driver of
Prostate Cancer That Cooperates with Pten Loss to Accelerate Progression
and Castration-Resistant Growth. Cancer Discovery 2018, 8, 764-779.
Grasso, C. S. et al. The mutational landscape of lethal castration-resistant
prostate cancer. Nature 2012, 487, 239-243.

Gurel, B.; Iwata, T.; Koh, C. M.; Jenkins, R. B.; Lan, F.; Van Dang, C.;
Hicks, J. L.; Morgan, J.; Cornish, T. C.; Sutcliffe, S.; Isaacs, W. B.; Luo, J.;
De Marzo, A. M. Nuclear MYC protein overexpression is an early alteration
in human prostate carcinogenesis. Modern Pathology: An Official Journal
of the United States and Canadian Academy of Pathology, Inc 2008, 21,
1156-1167.

Hubbard, G. K.; Mutton, L. N.; Khalili, M.; McMullin, R. P.; Hicks, J. L.;
Bianchi-Frias, D.; Horn, L. A.; Kulac, I.; Moubarek, M. S.; Nelson, P. S.;
Yegnasubramanian, S.; De Marzo, A. M.; Bieberich, C. J. Combined MYC
Activation and Pten Loss Are Sufficient to Create Genomic Instability and
Lethal Metastatic Prostate Cancer. Cancer Research 2016, 76, 283-292.
Ku, S. Y. et al. Rb1l and Trp53 cooperate to suppress prostate cancer lineage
plasticity, metastasis, and antiandrogen resistance. Science (New York, N.Y.)
2017, 355, 78-83.

Park, H. U.; Suy, S.; Danner, M.; Dailey, V.; Zhang, Y.; Li, H.; Hyduke,
D. R.; Collins, B. T.; Gagnon, G.; Kallakury, B.; Kumar, D.; Brown, M. L.;
Fornace, A.; Dritschilo, A.; Collins, S. P. AMP-activated protein kinase

241



(30)

(31)

(32)

(34)

(35)

(37)

(38)

promotes human prostate cancer cell growth and survival. Molecular Cancer
Therapeutics 2009, 8, 733-741.

Clarke, N. W.; Hart, C. A.; Brown, M. D. Molecular mechanisms of metastasis
in prostate cancer. Asian Journal of Andrology 2009, 11, 57-67.

Berish, R. B.; Ali, A. N.; Telmer, P. G.; Ronald, J. A.; Leong, H. S. Transla-
tional models of prostate cancer bone metastasis. Nature Reviews. Urology
2018, 15, 403-421.

Sturge, J.; Caley, M. P.; Waxman, J. Bone metastasis in prostate cancer:
emerging therapeutic strategies. Nature Reviews. Clinical Oncology 2011, 8,
357-368.

Gillessen, S. et al. Management of Patients with Advanced Prostate Cancer.
Part I: Intermediate-/High-risk and Locally Advanced Disease, Biochemical
Relapse, and Side Effects of Hormonal Treatment: Report of the Advanced
Prostate Cancer Consensus Conference 2022. European Urology 2023, 83,
267-293.

Agarwal, N.; Padmanabh, S.; Vogelzang, N. J. Development of novel immune
interventions for prostate cancer. Clinical Genitourinary Cancer 2012, 10,
84-92.

Bienkowski, M.; Tomasik, B.; Braun, M.; Jassem, J. PARP inhibitors for
metastatic castration-resistant prostate cancer: Biological rationale and cur-
rent evidence. Cancer Treatment Reviews 2022, 104, 102359.

Fizazi, K.; Carducci, M.; Smith, M.; Damiao, R.; Brown, J.; Karsh, L.; Milecki,
P.; Shore, N.; Rader, M.; Wang, H.; Jiang, Q.; Tadros, S.; Dansey, R.; Goessl,
C. Denosumab versus zoledronic acid for treatment of bone metastases in
men with castration-resistant prostate cancer: a randomised, double-blind
study. Lancet (London, England) 2011, 377, 813-822.

Parker, C. et al. Alpha emitter radium-223 and survival in metastatic prostate
cancer. The New England Journal of Medicine 2013, 369, 213-223

Wang, F.; Li, Z.; Feng, X.; Yang, D.; Lin, M. Advances in PSMA-targeted
therapy for prostate cancer. Prostate Cancer and Prostatic Diseases 2022,

25, 11-26.

242



(40)

(41)

(43)

Milowsky, M. I.; Galsky, M. D.; Morris, M. J.; Crona, D. J.; George, D. J.;
Dreicer, R.; Tse, K.; Petruck, J.; Webb, I. J.; Bander, N. H.; Nanus, D. M.;
Scher, H. I. Phase 1/2 multiple ascending dose trial of the prostate-specific
membrane antigen-targeted antibody drug conjugate MLN2704 in metastatic
castration-resistant prostate cancer. Urologic Oncology: Seminars and Origi-
nal Investigations 2016, 34, 530.e15-530.e21.

Petrylak, D. P. et al. PSMA ADC monotherapy in patients with progressive
metastatic castration-resistant prostate cancer following abiraterone and/or
enzalutamide: Efficacy and safety in open-label single-arm phase 2 study.
The Prostate 2020, 80, 99-108.

Ma, Q.; Gomes, E. M.; Lo, A. S.-Y.; Junghans, R. P. Advanced generation
anti-prostate specific membrane antigen designer T cells for prostate cancer
immunotherapy. The Prostate 2014, 74, 286—296.

Einsele, H.; Borghaei, H.; Orlowski, R. Z.; Subklewe, M.; Roboz, G. J.;
Zugmaier, G.; Kufer, P.; Iskander, K.; Kantarjian, H. M. The BiTE (bispecific
T-cell engager) platform: Development and future potential of a targeted
immuno-oncology therapy across tumor types. Cancer 2020, 126, 3192-3201.
Deegen, P. et al. The PSMA-targeting Half-life Extended BiTE Therapy
AMG 160 has Potent Antitumor Activity in Preclinical Models of Metastatic
Castration-resistant Prostate Cancer. Clinical Cancer Research: An Official
Journal of the American Association for Cancer Research 2021, 27, 2928
2937.

Barron, E. S. G.; Huggins, C. The metabolism of the prostate; transamination
and citric acid. The Journal of Urology 1946, 55, 385-390.

Bader, D. A. et al. Mitochondrial pyruvate import is a metabolic vulnerability
in androgen receptor-driven prostate cancer. Nature Metabolism 2019, 1,
70-85.

Costello, L. C.; Franklin, R. B. Citrate metabolism of normal and malignant
prostate epithelial cells. Urology 1997, 50, 3-12.

Warburg, O.; Wind, F.; Negelein, E. THE METABOLISM OF TUMORS IN
THE BODY. The Journal of General Physiology 1927, 8, 519-530.

243



(48)

(49)

(51)

(52)

(53)

(54)

(55)

(56)

Luengo, A.; Li, Z.; Gui, D. Y.; Sullivan, L. B.; Zagorulya, M.; Do, B. T.;
Ferreira, R.; Naamati, A.; Ali, A.; Lewis, C. A.; Thomas, C. J.; Spranger, S.;
Matheson, N. J.; Vander Heiden, M. G. Increased demand for NAD+ relative
to ATP drives aerobic glycolysis. Molecular Cell 2021, 81, 691-707.€6.
Marshall, S.; Bacote, V.; Traxinger, R. R. Discovery of a metabolic pathway
mediating glucose-induced desensitization of the glucose transport system.
Role of hexosamine biosynthesis in the induction of insulin resistance. The
Journal of Biological Chemistry 1991, 266, 4706-4712.

Choi, S. Y. C.; Ettinger, S. L.; Lin, D.; Xue, H.; Ci, X.; Nabavi, N.; Bell, R. H.;
Mo, F.; Gout, P. W.; Fleshner, N. E.; Gleave, M. E.; Collins, C. C.; Wang, Y.
Targeting MCT4 to reduce lactic acid secretion and glycolysis for treatment
of neuroendocrine prostate cancer. Cancer Medicine 2018, 7, 3385-3392.
Uo, T. et al. A Compound That Inhibits Glycolysis in Prostate Cancer Con-
trols Growth of Advanced Prostate Cancer. Molecular Cancer Therapeutics
2024, 23, 973-994.

Cutruzzola, F.; Giardina, G.; Marani, M.; Macone, A.; Paiardini, A.; Rinaldo,
S.; Paone, A. Glucose Metabolism in the Progression of Prostate Cancer.
Frontiers in Physiology 2017, 8, 97.

Costello, L. C.; Feng, P.; Milon, B.; Tan, M.; Franklin, R. B. Role of zinc in
the pathogenesis and treatment of prostate cancer: critical issues to resolve.
Prostate Cancer and Prostatic Diseases 2004, 7, 111-117.

Yap, T. A. et al. Complex I inhibitor of oxidative phosphorylation in advanced
solid tumors and acute myeloid leukemia: phase I trials. Nature Medicine
2023, 29, 115-126.

Zaidi, S.; Gandhi, J.; Joshi, G.; Smith, N. L.; Khan, S. A. The anticancer
potential of metformin on prostate cancer. Prostate Cancer and Prostatic
Diseases 2019, 22, 351-361.

Patra, K. C.; Hay, N. The pentose phosphate pathway and cancer. Trends in
Biochemical Sciences 2014, 39, 347-354.

244



(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

Dore, M. P.; Davoli, A.; Longo, N.; Marras, G.; Pes, G. M. Glucose-6-
phosphate dehydrogenase deficiency and risk of colorectal cancer in Northern
Sardinia: A retrospective observational study. Medicine 2016, 95, e5254.
Cohen, H. J.; Elizalde, A.; Miller, S. P. Cytologic studies of glucose-6-
phosphate dehydrogenase in malignancy. Cancer 1968, 21, 1055-1060.
Whitburn, J.; Rao, S. R.; Morris, E. V.; Tabata, S.; Hirayama, A.; Soga,
T.; Edwards, J. R.; Kaya, Z.; Palmer, C.; Hamdy, F. C.; Edwards, C. M.
Metabolic profiling of prostate cancer in skeletal microenvironments identifies
G6PD as a key mediator of growth and survival. Science Advances 2022, 8,
eabf9096.

Gillis, J. L. et al. A feedback loop between the androgen receptor and 6-
phosphogluoconate dehydrogenase (6PGD) drives prostate cancer growth.
eLife 2021, 10, e62592.

Samarzija, [. Post-Translational Modifications That Drive Prostate Cancer
Progression. Biomolecules 2021, 11, 247.

Itkonen, H. M.; Gorad, S. S.; Duveau, D. Y.; Martin, S. E. S.; Barkovskaya, A.;
Bathen, T. F.; Moestue, S. A.; Mills, I. G. Inhibition of O-GlcNAc transferase
activity reprograms prostate cancer cell metabolism. Oncotarget 2016, 7,
12464-12476.

Pavlova, N. N.; Thompson, C. B. THE EMERGING HALLMARKS OF
CANCER METABOLISM. Cell metabolism 2016, 23, 27-47.

Ahmad, F.; Cherukuri, M. K.; Choyke, P. L.. Metabolic reprogramming in
prostate cancer. British Journal of Cancer 2021, 125, 1185-1196.

Wu, X.; Daniels, G.; Lee, P.; Monaco, M. E. Lipid metabolism in prostate
cancer. American Journal of Clinical and Experimental Urology 2014, 2,
111-120.

Liang, K.; Dai, J.-Y. Progress of potential drugs targeted in lipid metabolism
research. Frontiers in Pharmacology 2022, 15, 01-23.

Hillowe, A.; Gordon, C.; Wang, L.; Rizzo, R. C.; Trotman, L. C.; Ojima,
I.; Bialkowska, A.; Kaczocha, M. Fatty acid binding protein 5 regulates

245



(68)

(69)

(70)

(74)

(76)

docetaxel sensitivity in taxane-resistant prostate cancer cells. PloS One 2023,
18, €0292483.

O’Sullivan, S. E.; Kaczocha, M. FABP5 as a novel molecular target in prostate
cancer. Drug Discovery Today 2020, 25, 2056-2061.

Swamynathan, M. M. et al. FABP5 Inhibition against PTEN-Mutant Therapy
Resistant Prostate Cancer. Cancers 2023, 16, 60.

Pascual, G.; Avgustinova, A.; Mejetta, S.; Martin, M.; Castellanos, A.; Attolini,
C. S.-O.; Berenguer, A.; Prats, N.; Toll, A.; Hueto, J. A.; Bescos, C.; Di Croce,
L.; Benitah, S. A. Targeting metastasis-initiating cells through the fatty acid
receptor CD36. Nature 2017, 541, 41-45.

Schlaepfer, I. R.; Rider, L.; Rodrigues, L. U.; Gijéon, M. A.; Pac, C. T
Romero, L.; Cimic, A.; Sirintrapun, S. J.; Glodé, L. M.; Eckel, R. H.; Cramer,
S. D. Lipid catabolism via CPT1 as a therapeutic target for prostate cancer.
Molecular Cancer Therapeutics 2014, 13, 2361-2371.

Centenera, M. M. et al. ELOVL5 Is a Critical and Targetable Fatty Acid
Elongase in Prostate Cancer. Cancer Research 2021, 81, 1704-1718.

Xu, H.; Li, S.; Sun, Y.; Xu, L.; Hong, X.; Wang, Z.; Hu, H. ELOVL5-Mediated
Long Chain Fatty Acid Elongation Contributes to Enzalutamide Resistance
of Prostate Cancer. Cancers 2021, 13, 3957.

Stopsack, K. H.; Gerke, T. A.; Sinnott, J. A.; Penney, K. L.; Tyekucheva,
S.; Sesso, H. D.; Andersson, S.-O.; Andrén, O.; Cerhan, J. R.; Giovannucci,
E. L.; Mucci, L. A.; Rider, J. R. Cholesterol Metabolism and Prostate Cancer
Lethality. Cancer Research 2016, 76, 4785-4790.

Jiang, S. et al. Cholesterol Induces Epithelial-to-Mesenchymal Transition
of Prostate Cancer Cells by Suppressing Degradation of EGFR through
APMAP. Cancer Research 2019, 79, 3063-3075.

Solanki, A. A.; Liauw, S. L. Role of HMG-CoA reductase inhibitors with
curative radiotherapy in men with prostate cancer. Open Access Journal of

Urology 2011, 3, 95-104.

246



(80)

(81)

(82)

(83)

(84)

(85)

(86)

Dillard, P. R.; Lin, M.-F.; Khan, S. A. Androgen-independent prostate cancer
cells acquire the complete steroidogenic potential of synthesizing testosterone
from cholesterol. Molecular and Cellular Endocrinology 2008, 295, 115-120.
Summermatter, S.; Baum, O.; Santos, G.; Hoppeler, H.; Handschin, C.
Peroxisome proliferator-activated receptor {gamma} coactivator 1{alpha}
(PGC-1{alpha}) promotes skeletal muscle lipid refueling in vivo by activating
de novo lipogenesis and the pentose phosphate pathway. The Journal of
Biological Chemistry 2010, 285, 32793-32800.

Svensson, R. U. et al. Inhibition of acetyl-CoA carboxylase suppresses fatty
acid synthesis and tumor growth of non-small-cell lung cancer in preclinical
models. Nature Medicine 2016, 22, 1108-1119.

De Visser, K. E.; Joyce, J. A. The evolving tumor microenvironment: From
cancer initiation to metastatic outgrowth. Cancer Cell 2023, 41, 374-403.
El-Kenawi, A. et al. Macrophage-Derived Cholesterol Contributes to Ther-
apeutic Resistance in Prostate Cancer. Cancer Research 2021, 81, 5477—
5490.

Kalogirou, C. et al. MiR-205-driven downregulation of cholesterol biosynthesis
through SQLE-inhibition identifies therapeutic vulnerability in aggressive
prostate cancer. Nature Communications 2021, 12, 5066.

Shangguan, X.; Ma, Z.; Yu, M.; Ding, J.; Xue, W.; Qi, J. Squalene Epoxidase
Metabolic Dependency Is a Targetable Vulnerability in Castration-Resistant
Prostate Cancer. Cancer Research 2022, 82, 3032-3044.

Hardie, D. G.; Carling, D. The AMP-Activated Protein Kinase. Furopean
Journal of Biochemistry 1997, 246, 259-273.

Hardie, D. G. AMP-Activated Protein Kinase as a Drug Target. Annual
Review of Pharmacology and Toxicology 2007, 47, 185-210.

Zadra, G.; Photopoulos, C.; Tyekucheva, S.; Heidari, P.; Weng, Q. P.; Fedele,
G.; Liu, H.; Scaglia, N.; Priolo, C.; Sicinska, E.; Mahmood, U.; Signoretti, S.;
Birnberg, N.; Loda, M. A novel direct activator of AMPK inhibits prostate
cancer growth by blocking lipogenesis. FMBO Molecular Medicine 2014,
DOI: 10.1002/emmm.201302734.

247


https://doi.org/10.1002/emmm.201302734

(87)

(88)

(89)

(92)

(93)

(95)

Hawley, S. A.; Pan, D. A.; Mustard, K. J.; Ross, L.; Bain, J.; Edelman,
A. M.; Frenguelli, B. G.; Hardie, D. G. Calmodulin-dependent protein kinase
kinase-{3 is an alternative upstream kinase for AMP-activated protein kinase.
Cell Metabolism 2005, 2, 9-19.

Penfold, L. et al. AMPK activation protects against prostate cancer by
inducing a catabolic cellular state. Cell Reports 2023, 42, 112396.

Penfold, L.; Woods, A.; Muckett, P.; Nikitin, A. Y.; Kent, T. R.; Zhang, S.;
Graham, R.; Pollard, A.; Carling, D. CAMKK2 Promotes Prostate Cancer
Independently of AMPK via Increased Lipogenesis. Cancer Research 2018,
78, 6747-6761.

Inoki, K.; Zhu, T.; Guan, K.-L. TSC2 mediates cellular energy response to
control cell growth and survival. Cell 2003, 115, 577-590.

Gwinn, D. M.; Shackelford, D. B.; Egan, D. F.; Mihaylova, M. M.; Mery, A_;
Vasquez, D. S.; Turk, B. E.; Shaw, R. J. AMPK Phosphorylation of Raptor
Mediates a Metabolic Checkpoint. Molecular Cell 2008, 30, 214-226.
Corton, J. M.; Gillespie, J. G.; Hawley, S. A.; Hardie, D. G. 5-aminoimidazole-
4-carboxamide ribonucleoside. A specific method for activating AMP-activated
protein kinase in intact cells? Furopean Journal of Biochemistry 1995, 229,
558-565.

Faubert, B.; Boily, G.; Izreig, S.; Griss, T.; Samborska, B.; Dong, Z.; Dupuy,
F.; Chambers, C.; Fuerth, B. J.; Viollet, B.; Mamer, O. A.; Avizonis, D.;
DeBerardinis, R. J.; Siegel, P. M.; Jones, R. G. AMPK is a negative regulator
of the Warburg effect and suppresses tumor growth in vivo. Cell Metabolism
2013, 17, 113-124.

Jones, R. G.; Plas, D. R.; Kubek, S.; Buzzai, M.; Mu, J.; Xu, Y.; Birn-
baum, M. J.; Thompson, C. B. AMP-activated protein kinase induces a
p53-dependent metabolic checkpoint. Molecular Cell 2005, 18, 283-293.
Lee, C.-W.; Wong, L. L.-Y.; Tse, E. Y.-T.; Liu, H.-F.; Leong, V. Y.-L.; Lee,
J. M.-F.; Hardie, D. G.; Ng, I. O.-L.; Ching, Y.-P. AMPK promotes p53
acetylation via phosphorylation and inactivation of SIRT1 in liver cancer

cells. Cancer Research 2012, 72, 4394-4404.

248



(97)

(99)

(100)

(101)

(102)

(103)

(104)

Liang, J.; Shao, S. H.; Xu, Z.-X.; Hennessy, B.; Ding, Z.; Larrea, M.; Kondo,
S.; Dumont, D. J.; Gutterman, J. U.; Walker, C. L.; Slingerland, J. M.;
Mills, G. B. The energy sensing LKB1-AMPK pathway regulates p27(kip1)
phosphorylation mediating the decision to enter autophagy or apoptosis.
Nature Cell Biology 2007, 9, 218-224.

Motoshima, H.; Goldstein, B. J.; Igata, M.; Araki, E. AMPK and cell
proliferation — AMPK as a therapeutic target for atherosclerosis and cancer.
The Journal of Physiology 2006, 57/, 63-71.

Evans, A. M.; Mustard, K. J. W.; Wyatt, C. N.; Peers, C.; Dipp, M.; Kumar,
P.; Kinnear, N. P.; Hardie, D. G. Does AMP-activated protein kinase couple
inhibition of mitochondrial oxidative phosphorylation by hypoxia to calcium
signaling in O2-sensing cells? The Journal of Biological Chemistry 2005, 280,
41504-41511.

Zakikhani, M.; Dowling, R. J. O.; Sonenberg, N.; Pollak, M. N. The effects of
adiponectin and metformin on prostate and colon neoplasia involve activation
of AMP-activated protein kinase. Cancer Prevention Research (Philadelphia,
Pa.) 2008, 1, 369-375.

Jurmeister, S.; Ramos-Montoya, A.; Neal, D. E.; Fryer, L. G. D. Transcrip-
tomic analysis reveals inhibition of androgen receptor activity by AMPK in
prostate cancer cells. Oncotarget 2014, 5, 3785-3799.

Shen, T.; Huang, S. The role of Cdc25A in the regulation of cell proliferation
and apoptosis. Anti-cancer agents in medicinal chemistry 2012, 12, 631-639.
Scott, J. W.; Norman, D. G.; Hawley, S. A.; Kontogiannis, L.; Hardie, D. G.
Protein kinase substrate recognition studied using the recombinant catalytic
domain of AMP-activated protein kinase and a model substratel. Journal of
Molecular Biology 2002, 317, 309-323.

Nardo, G. et al. Glycolytic phenotype and AMP kinase modify the pathologic
response of tumor xenografts to VEGF neutralization. Cancer Research 2011,
71, 4214-4225.

Hart, P. C.; Mao, M.; de Abreu, A. L. P.; Ansenberger-Fricano, K.; Ekoue,
D. N.; Ganini, D.; Kajdacsy-Balla, A.; Diamond, A. M.; Minshall, R. D.;

249



(105)

(106)

(107)

(108)

(109)

(110)

(111)

Consolaro, M. E. L.; Santos, J. H.; Bonini, M. G. MnSOD upregulation
sustains the Warburg effect via mitochondrial ROS and AMPK-dependent
signalling in cancer. Nature Communications 2015, 6, 6053.

Doménech, E. et al. AMPK and PFKFB3 mediate glycolysis and survival in
response to mitophagy during mitotic arrest. Nature Cell Biology 2015, 17,
1304-1316.

Laderoute, K. R.; Calacagan, J. M.; Chao, W.-R.; Dinh, D.; Denko, N.;
Duellman, S.; Kalra, J.; Liu, X.; Papandreou, I.; Sambucetti, L.; Boros, L. G.
5’-AMP-activated protein kinase (AMPK) supports the growth of aggres-
sive experimental human breast cancer tumors. The Journal of Biological
Chemistry 2014, 289, 22850-22864.

Khan, A. S.; Frigo, D. E. A spatiotemporal hypothesis for the regulation,
role, and targeting of AMPK in prostate cancer. Nature Reviews. Urology
2017, 1/, 164-180.

Sahra, I. B.; Laurent, K.; Loubat, A.; Giorgetti-Peraldi, S.; Colosetti, P.;
Auberger, P.; Tanti, J. F.; Le Marchand-Brustel, Y.; Bost, F. The antidiabetic
drug metformin exerts an antitumoral effect in vitro and in vivo through a
decrease of cyclin D1 level. Oncogene 2008, 27, 3576-3586.

Kalender, A.; Selvaraj, A.; Kim, S. Y.; Gulati, P.; Brilé, S.; Viollet, B.; Kemp,
B. E.; Bardeesy, N.; Dennis, P.; Schlager, J. J.; Marette, A.; Kozma, S. C.;
Thomas, G. Metformin, Independent of AMPK, Inhibits mTORCI1 in a Rag
GTPase-Dependent Manner. Cell Metabolism 2010, 11, 390-401.
Santidrian, A. F.; Gonzalez-Girones, D. M.; Iglesias-Serret, D.; Coll-Mulet, L.;
Cosialls, A. M.; de Frias, M.; Campas, C.; Gonzalez-Barca, E.; Alonso, E.;
Labi, V.; Viollet, B.; Benito, A.; Pons, G.; Villunger, A.; Gil, J. AICAR
induces apoptosis independently of AMPK and p53 through up-regulation
of the BH3-only proteins BIM and NOXA in chronic lymphocytic leukemia
cells. Blood 2010, 116, 3023-3032.

Xiao, B.; Sanders, M. J.; Carmena, D.; Bright, N. J.; Haire, L. F.; Underwood,
E.; Patel, B. R.; Heath, R. B.; Walker, P. A.; Hallen, S.; Giordanetto, F.;

250



(112)

(113)

(114)

(115)

(116)

(117)

Martin, S. R.; Carling, D.; Gamblin, S. J. Structural basis of AMPK regulation
by small molecule activators. Nature Communications 2013, 4, 3017.
Tennakoon, J. B.; Shi, Y.; Han, J. J.; Tsouko, E.; White, M. A.; Burns,
A. R.; Zhang, A.; Xia, X.; Ilkayeva, O. R.; Xin, L.; Ittmann, M. M.; Rick,
F. G.; Schally, A. V.; Frigo, D. E. Androgens Regulate Prostate Cancer Cell
Growth via an AMPK-PGC-1a-Mediated Metabolic Switch. Oncogene 2014,
33, 5251-5261.

Choudhury, Y.; Yang, Z.; Ahmad, I.; Nixon, C.; Salt, I. P.; Leung, H. Y.
AMP-activated protein kinase (AMPK) as a potential therapeutic target
independent of PI3K/Akt signaling in prostate cancer. Oncoscience 2014, 1,
446-456.

Frigo, D. E.; Howe, M. K.; Wittmann, B. M.; Brunner, A. M.; Cushman, I.;
Wang, Q.; Brown, M.; Means, A. R.; McDonnell, D. P. CaM kinase kinase
beta-mediated activation of the growth regulatory kinase AMPK is required
for androgen-dependent migration of prostate cancer cells. Cancer Research
2011, 71, 528-537.

Massie, C. E. et al. The androgen receptor fuels prostate cancer by regulating
central metabolism and biosynthesis. The EMBO journal 2011, 30, 2719—
2733.

Karacosta, L. G.; Foster, B. A.; Azabdaftari, G.; Feliciano, D. M.; Edelman,
A. M. A regulatory feedback loop between Ca2+ /calmodulin-dependent
protein kinase kinase 2 (CaMKK2) and the androgen receptor in prostate
cancer progression. The Journal of Biological Chemistry 2012, 287, 24832—
24843.

Fu, H.; He, H.-c.; Han, Z.-d.; Wan, Y.-p.; Luo, H.-w.; Huang, Y.-q.; Cai, C.;
Liang, Y.-x.; Dai, Q.-s.; Jiang, F.-n.; Zhong, W.-d. MicroRNA-224 and its
target CAMKK2 synergistically influence tumor progression and patient prog-
nosis in prostate cancer. Tumour Biology: The Journal of the International

Society for Oncodevelopmental Biology and Medicine 2015, 36, 1983-1991.

251



(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

Chhipa, R. R.; Wu, Y.; Ip, C. AMPK-mediated autophagy is a survival
mechanism in androgen-dependent prostate cancer cells subjected to androgen
deprivation and hypoxia. Cellular Signalling 2011, 23, 1466—1472.

Jeon, S.-M.; Chandel, N. S.; Hay, N. AMPK regulates NADPH homeostasis
to promote tumour cell survival during energy stress. Nature 2012, 485,
661-665.

Egan, D. F. et al. Phosphorylation of ULK1 (hATG1) by AMP-activated
protein kinase connects energy sensing to mitophagy. Science (New York,
N.Y.) 2011, 331, 456-461.

Kim, J.; Kundu, M.; Viollet, B.; Guan, K.-L. AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulkl. Nature Cell Biology 2011,
13, 132-141.

Puigserver, P.; Wu, Z.; Park, C. W.; Graves, R.; Wright, M.; Spiegelman,
B. M. A cold-inducible coactivator of nuclear receptors linked to adaptive
thermogenesis. Cell 1998, 92, 829-839.

Puigserver, P.; Adelmant, G.; Wu, Z.; Fan, M.; Xu, J.; O’'Malley, B.; Spiegel-
man, B. M. Activation of PPARY Coactivator-1 Through Transcription Factor
Docking. Science 1999, 286, 1368-1371.

Torrano, V. et al. The metabolic co-regulator PGCla suppresses prostate
cancer metastasis. Nature Cell Biology 2016, 18, 645-656.

Qian, L.; Zhu, Y.; Deng, C.; Liang, Z.; Chen, J.; Chen, Y.; Wang, X.; Liu,
Y.; Tian, Y.; Yang, Y. Peroxisome proliferator-activated receptor gamma
coactivator-1 (PGC-1) family in physiological and pathophysiological process
and diseases. Signal Transduction and Targeted Therapy 2024, 9, 50.

Lin, J.; Puigserver, P.; Donovan, J.; Tarr, P.; Spiegelman, B. M. Peroxisome
proliferator-activated receptor gamma coactivator 1beta (PGC-1beta ), a
novel PGC-1-related transcription coactivator associated with host cell factor.
The Journal of Biological Chemistry 2002, 277, 1645-1648.

Zhang, Y.; Huypens, P.; Adamson, A. W.; Chang, J. S.; Henagan, T. M.;
Boudreau, A.; Lenard, N. R.; Burk, D.; Klein, J.; Perwitz, N.; Shin, J.;
Fasshauer, M.; Kralli, A.; Gettys, T. W. Alternative mRNA Splicing Produces

252



(128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

a Novel Biologically Active Short Isoform of PGC-1a. The Journal of Biological
Chemistry 2009, 28/, 32813-32826.

Kressler, D.; Schreiber, S. N.; Knutti, D.; Kralli, A. The PGC-1-related
protein PERC is a selective coactivator of estrogen receptor alpha. The
Journal of Biological Chemistry 2002, 277, 13918-13925.

Schreiber, S. N.; Emter, R.; Hock, M. B.; Knutti, D.; Cardenas, J.; Podvinec,
M.; Oakeley, E. J.; Kralli, A. The estrogen-related receptor alpha (ERRal-
pha) functions in PPARgamma coactivator lalpha (PGC-1lalpha)-induced
mitochondrial biogenesis. Proceedings of the National Academy of Sciences
of the United States of America 2004, 101, 6472—-6477.

Wallace, M.; Metallo, C. M. PGCla drives a metabolic block on prostate
cancer progression. Nature Cell Biology 2016, 18, 589-590.

Dhara, A.; Aier, 1.; Paladhi, A.; Varadwaj, P. K.; Hira, S. K.; Sen, N.
PGC1 alpha coactivates ERG fusion to drive antioxidant target genes under
metabolic stress. Communications Biology 2022, 5, 1-11.

Michael, L. F.; Wu, Z.; Cheatham, R. B.; Puigserver, P.; Adelmant, G.;
Lehman, J. J.; Kelly, D. P.; Spiegelman, B. M. Restoration of insulin-sensitive
glucose transporter (GLUT4) gene expression in muscle cells by the transcrip-
tional coactivator PGC-1. Proceedings of the National Academy of Sciences
of the United States of America 2001, 98, 3820-3825.

Benton, C. R.; Nickerson, J. G.; Lally, J.; Han, X.-X.; Holloway, G. P.; Glatz,
J. F. C.; Luiken, J. J. F. P.; Graham, T. E.; Heikkila, J. J.; Bonen, A. Modest
PGC-1alpha overexpression in muscle in vivo is sufficient to increase insulin
sensitivity and palmitate oxidation in subsarcolemmal, not intermyofibrillar,
mitochondria. The Journal of Biological Chemistry 2008, 283, 4228-4240.
Lustig, Y.; Ruas, J. L.; Estall, J. L.; Lo, J. C.; Devarakonda, S.; Laznik,
D.; Choi, J. H.; Ono, H.; Olsen, J. V.; Spiegelman, B. M. Separation of
the gluconeogenic and mitochondrial functions of PGC-1{alpha} through S6
kinase. Genes & Development 2011, 25, 1232-1244.

Huang, T.-Y.; Zheng, D.; Houmard, J. A.; Brault, J. J.; Hickner, R. C.;

Cortright, R. N. Overexpression of PGC-1a increases peroxisomal activity

253



(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

and mitochondrial fatty acid oxidation in human primary myotubes. American
Journal of Physiology. Endocrinology and Metabolism 2017, 312, E253-E263.
Hatazawa, Y.; Tadaishi, M.; Nagaike, Y.; Morita, A.; Ogawa, Y.; Ezaki, O.;
Takai-Igarashi, T.; Kitaura, Y.; Shimomura, Y.; Kamei, Y.; Miura, S. PGC-
la-mediated branched-chain amino acid metabolism in the skeletal muscle.
PloS One 2014, 9, €91006.

Sjogren, R. J. O.; Rizo-Roca, D.; Chibalin, A. V.; Chorell, E.; Furrer, R.;
Katayama, S.; Harada, J.; Karlsson, H. K. R.; Handschin, C.; Moritz, T.;
Krook, A.; Naslund, E.; Zierath, J. R. Branched-chain amino acid metabolism
is regulated by ERRa in primary human myotubes and is further impaired
by glucose loading in type 2 diabetes. Diabetologia 2021, 64, 2077-2091.
McDonald, E. J.; Arciero, V. S.; Emmenegger, U. PGCla curtails prostate
cancer metastasis via metabolic rewiring. Translational Cancer Research
2016, 5, DOI: 10.21037/tcr.2016.12.23.

Bost, F.; Kaminski, L. The metabolic modulator PGC-1a in cancer. American
Journal of Cancer Research 2019, 9, 198-211.

Wang, S.; Weissman, D.; Dong, Y. RNA chemistry and therapeutics. Nature
Reviews Drug Discovery 2025, 1-24.

Delaunay, S.; Helm, M.; Frye, M. RNA modifications in physiology and
disease: towards clinical applications. Nature Reviews Genetics 2024, 25,
104-122.

Zhu, Y.; Zhu, L.; Wang, X.; Jin, H. RNA-based therapeutics: an overview
and prospectus. Cell Death & Disease 2022, 13, 644.

Androsavich, J. R. Frameworks for transformational breakthroughs in RNA-
based medicines. Nature Reviews. Drug Discovery 2024, 23, 421-444.
Mullard, A. FDA approves second RNA aptamer. Nature Reviews. Drug
Discovery 2023, 22, T74.

Adams, D. et al. Patisiran, an RNAi Therapeutic, for Hereditary Transthyretin
Amyloidosis. The New England Journal of Medicine 2018, 379, 11-21.

254


https://doi.org/10.21037/tcr.2016.12.23

(146)

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

(155)

Shi, Y.; Zhen, X.; Zhang, Y.; Li, Y.; Koo, S.; Saiding, Q.; Kong, N.; Liu,
G.; Chen, W.; Tao, W. Chemically Modified Platforms for Better RNA
Therapeutics. Chemical Reviews 2024, 12/, 929-1033.

Sullenger, B. A.; Nair, S. From the RNA world to the clinic. Science (New
York, N.Y.) 2016, 352, 1417-1420.

Setten, R. L.; Rossi, J. J.; Han, S.-P. The current state and future directions
of RNAi-based therapeutics. Nature Reviews. Drug Discovery 2019, 18, 421—
446.

Shang, R.; Lee, S.; Senavirathne, G.; Lai, E. C. microRNAs in action:
biogenesis, function and regulation. Nature Reviews. Genetics 2023, 24,
816-833.

Zhou, J.; Rossi, J. Aptamers as targeted therapeutics: current potential and
challenges. Nature Reviews. Drug Discovery 2017, 16, 181-202.

Gan, J. et al. MicroRNA-375 is a therapeutic target for castration-resistant
prostate cancer through the PTPN4/STAT3 axis. Experimental & Molecular
Medicine 2022, 54, 1290-1305.

Kim, K.; Kim, H. H.; Lee, C.-H.; Kim, S.; Cheon, G. J.; Kang, K. W.; Chung,
J.-K.; Youn, H. Therapeutic efficacy of modified anti-miR21 in metastatic
prostate cancer. Biochemical and Biophysical Research Communications 2020,
529, 7107-713.

Li, J.; Raise, J. J.; He, M.; Das, R.; Murthy, N. Non-viral strategies for
delivering genome editing enzymes. Advanced Drug Delivery Reviews 2021,
168, 99-117.

Luna Velez, M. V.; Paulino da Silva Filho, O.; Verhaegh, G. W.; van Hooij,
O.; El Boujnouni, N.; Brock, R.; Schalken, J. A. Delivery of antisense
oligonucleotides for splice-correction of androgen receptor pre-mRNA in
castration-resistant prostate cancer models using cell-penetrating peptides.
The Prostate 2022, 82, 657-665.

De Velasco, M. A.; Kura, Y.; Sakai, K.; Hatanaka, Y.; Davies, B. R.; Campbell,
H.; Klein, S.; Kim, Y.; MacLeod, A. R.; Sugimoto, K.; Yoshikawa, K.; Nishio,

K.; Uemura, H. Targeting castration-resistant prostate cancer with androgen

255



(156)

(157)

(158)

(159)

(160)

(161)

(162)

receptor antisense oligonucleotide therapy. JCI insight 2019, /, 122688,
122688.

Huang, B.; Deng, X.; Zhou, G.; Li, K.; Feng, Y.; Xie, G.; Liu, R.; Song, L.;
Huang, Z.; Jia, Z. SYT4 binds to SNAP25 to facilitate exosomal secretion
and prostate cancer enzalutamide resistance. Cancer Science 2024, 115,
2630-2645.

Dassie, J. P.; Liu, X.-Y.; Thomas, G. S.; Whitaker, R. M.; Thiel, K. W_;
Stockdale, K. R.; Meyerholz, D. K.; McCaffrey, A. P.; McNamara, J. O.; Gian-
grande, P. H. Systemic administration of optimized aptamer-siRNA chimeras
promotes regression of PSMA-expressing tumors. Nature Biotechnology 2009,
27, 839-849.

Rockey, W. M.; Hernandez, F. J.; Huang, S.-Y.; Cao, S.; Howell, C. A.;
Thomas, G. S.; Liu, X. Y.; Lapteva, N.; Spencer, D. M.; McNamara, J. O.; Zou,
X.; Chen, S.-J.; Giangrande, P. H. Rational truncation of an RNA aptamer to
prostate-specific membrane antigen using computational structural modeling.
Nucleic Acid Therapeutics 2011, 21, 299-314.

McNamara, J. O.; Andrechek, E. R.; Wang, Y.; Viles, K. D.; Rempel, R. E.;
Gilboa, E.; Sullenger, B. A.; Giangrande, P. H. Cell type-specific delivery
of siRNAs with aptamer-siRNA chimeras. Nature Biotechnology 2006, 2/,
1005-1015.

Chu, T. C.; Twu, K. Y.; Ellington, A. D.; Levy, M. Aptamer mediated siRNA
delivery. Nucleic Acids Research 2006, 34, e73.

Diao, Y.; Wang, G.; Zhu, B.; Li, Z.; Wang, S.; Yu, L.; Li, R.; Fan, W.; Zhang,
Y.; Zhou, L.; Yang, L.; Hao, X.; Liu, J. Loading of "cocktail siRNAs" into
extracellular vesicles via TAT-DRBD peptide for the treatment of castration-
resistant prostate cancer. Cancer Biology € Therapy 2022, 23, 163-172.
Diao, Y.; Liu, J.; Ma, Y.; Su, M.; Zhang, H.; Hao, X. A specific aptamer-cell
penetrating peptides complex delivered siRNA efficiently and suppressed
prostate tumor growth in vivo. Cancer Biology & Therapy 2016, 17, 498-506.

256



(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

Farokhzad, O. C.; Jon, S.; Khademhosseini, A.; Tran, T.-N. T.; Lavan, D. A ;
Langer, R. Nanoparticle-aptamer bioconjugates: a new approach for targeting
prostate cancer cells. Cancer Research 2004, 64, 7668-7672.

Cheng, J.; Teply, B. A.; Sherifi, I.; Sung, J.; Luther, G.; Gu, F. X.; Levy-
Nissenbaum, E.; Radovic-Moreno, A. F.; Langer, R.; Farokhzad, O. C. For-
mulation of functionalized PLGA-PEG nanoparticles for in vivo targeted
drug delivery. Biomaterials 2007, 28, 869-876.

Ni, X.; Zhang, Y.; Ribas, J.; Chowdhury, W. H.; Castanares, M.; Zhang, Z.;
Laiho, M.; DeWeese, T. L.; Lupold, S. E. Prostate-targeted radiosensitization
via aptamer-shRNA chimeras in human tumor xenografts. The Journal of
Clinical Investigation 2011, 121, 2383-2390.

Min, K.; Song, K.-M.; Cho, M.; Chun, Y.-S.; Shim, Y.-B.; Ku, J. K.; Ban, C.
Simultaneous electrochemical detection of both PSMA (+) and PSMA (-)
prostate cancer cells using an RNA /peptide dual-aptamer probe. Chemical
Communications (Cambridge, England) 2010, 46, 5566-5568.

Yu, Y.; Papukashvili, D.; Ren, R.; Rcheulishvili, N.; Feng, S.; Bai, W.; Zhang,
H.; Xi, Y.; Lu, X.; Xing, N. siRNA-Based Approaches for Castration-Resistant
Prostate Cancer Therapy Targeting the Androgen Receptor Signaling Path-
way. Future Oncology 2023, 19, 2055-2073.

Zhang, Y.; Duan, H.; Zhao, H.; Qi, L.; Liu, Y.; Zhang, Z.; Liu, C.; Chen, L.; Jin,
M.; Guan, Y.; Gao, Z.; Huang, W. Development and Evaluation of a PSMA-
Targeted Nanosystem Co-Packaging Docetaxel and Androgen Receptor siRNA
for Castration-Resistant Prostate Cancer Treatment. Pharmaceutics 2022,
14, 964.

Chen, J.; Yang, Y.; Xu, D.; Li, J.; Wu, S.; Jiang, Y.; Wang, C.; Yang, Z.;
Zhao, L. Mesoporous silica nanoparticles combined with AKR1C3 siRNA
inhibited the growth of castration-resistant prostate cancer by suppressing
androgen synthesis in vitro and in vivo. Biochemical and Biophysical Research
Communications 2021, 540, 83-89.

Compagno, D.; Merle, C.; Morin, A.; Gilbert, C.; Mathieu, J. R. R.; Bozec,
A.; Mauduit, C.; Benahmed, M.; Cabon, F. SIRNA-directed in vivo silencing

257



(171)

(172)

(173)

(174)

(175)

(176)

(177)

(178)

of androgen receptor inhibits the growth of castration-resistant prostate
carcinomas. PloS One 2007, 2, e1006.

Haag, P.; Bektic, J.; Bartsch, G.; Klocker, H.; Eder, I. E. Androgen receptor
down regulation by small interference RNA induces cell growth inhibition
in androgen sensitive as well as in androgen independent prostate cancer
cells. The Journal of Steroid Biochemistry and Molecular Biology 2005, 96,
251-258.

Wu, Z.; Asokan, A.; Samulski, R. J. Adeno-associated Virus Serotypes: Vector
Toolkit for Human Gene Therapy. Molecular Therapy 2006, 14, 316-327.
Sun, A.; Tang, J.; Terranova, P. F.; Zhang, X.; Thrasher, J. B.; Li, B. Adeno-
associated virus-delivered short hairpin-structured RNA for androgen receptor
gene silencing induces tumor eradication of prostate cancer xenografts in
nude mice: a preclinical study. International Journal of Cancer 2010, 126,
764-774.

Pardi, N.; Hogan, M. J.; Porter, F. W.; Weissman, D. mRNA vaccines - a
new era in vaccinology. Nature Reviews. Drug Discovery 2018, 17, 261-279.
Kibler, H. et al. Self-adjuvanted mRNA vaccination in advanced prostate
cancer patients: a first-in-man phase I/Ila study. Journal for Immunotherapy
of Cancer 2015, 3, 26.

Stenzl, A. et al. Results of the randomized, placebo-controlled phase 1/I1IB
trial of CV9104, an mRNA based cancer immunotherapy, in patients with
metastatic castration-resistant prostate cancer (nCRPC). Annals of Oncology
2017, 28, v408-v4009.

Linch, M.; Papai, Z.; Takacs, I.; Imedio, E. R.; Kiihnle, M.-C.; Derhovanessian,
E.; Vogler, I.; Renken, S.; Graham, P.; Sahin, U.; Tiireci, O. 421 A first-in-
human (FIH) phase I/IIa clinical trial assessing a ribonucleic acid lipoplex
(RNA-LPX) encoding shared tumor antigens for immunotherapy of prostate
cancer; preliminary analysis of PRO-MERIT. Journal for ImmunoTherapy
of Cancer 2021, 9, DOI: 10.1136/jitc-2021-SITC2021.421.

Pan, X.; Chen, K.; Gao, W.; Xu, M.; Meng, F.; Wu, M.; Wang, Z. Q.; Li, Y. Q.;
Xu, W.; Zhang, M.; Luo, Y. Circular RNA circBNC2 inhibits tumorigenesis

258


https://doi.org/10.1136/jitc-2021-SITC2021.421

(179)

(180)

(181)

(182)

(183)

(184)

(185)

(186)

by modulating ferroptosis and acts as a nanotherapeutic target in prostate
cancer. Molecular Cancer 2025, 24, 29.

Lu, L.; Wang, F.; Chen, J.; Zhao, C.; Guo, S.; Dong, D.; Jiang, M.; Huang, Y.
CircTENM3 inhibites tumor progression via the miR-558 /' RUNX3 axis in
prostate cancer. Journal of Translational Medicine 2023, 21, 850.

Zhang, Y.; Liu, F.; Feng, Y.; Xu, X.; Wang, Y.; Zhu, S.; Dong, J.; Zhao, S.;
Xu, B.; Feng, N. CircRNA circ_ 0006156 inhibits the metastasis of prostate
cancer by blocking the ubiquitination of SI00A9. Cancer Gene Therapy 2022,
29, 1731-1741.

Pan, T. Modifications and functional genomics of human transfer RNA. Cell
Research 2018, 28, 395-404.

Chen, G.; Abdeen, A. A.; Wang, Y.; Shahi, P. K.; Robertson, S.; Xie, R.;
Suzuki, M.; Pattnaik, B. R.; Saha, K.; Gong, S. A biodegradable nanocapsule
delivers a Cas9 ribonucleoprotein complex for in vivo genome editing. Nature
Nanotechnology 2019, 14, 974-980.

Zhen, S.; Takahashi, Y.; Narita, S.; Yang, Y.-C.; Li, X. Targeted delivery
of CRISPR/Cas9 to prostate cancer by modified gRNA using a flexible
aptamer-cationic liposome. Oncotarget 2016, 8, 9375-9387.

Park, J. J.; Kim, J. E.; Jeon, Y.; Lee, M. R.; Choi, J. Y.; Song, B. R.; Park,
J. W.; Kang, M. J.; Choi, H. J.; Bae, S. J.; Lee, H.; Kang, B. C.; Hwang,
D.Y. Deletion of NKX3.1 via CRISPR/Cas9 Induces Prostatic Intraepithelial
Neoplasia in C57BL/6 Mice. Technology in Cancer Research & Treatment
2020, 19, 1533033820964425.

Riedel, M.; Cai, H.; Stoltze, I. C.; Vendelbo, M. H.; Wagner, E. F.; Bakiri, L.;
Thomsen, M. K. Targeting AP-1 transcription factors by CRISPR in the
prostate. Oncotarget 2021, 12, 1956-1961.

Ye, R.; Pi, M.; Cox, J. V.; Nishimoto, S. K.; Quarles, L. D. CRISPR/Cas9
targeting of GPRC6A suppresses prostate cancer tumorigenesis in a human
xenograft model. Journal of Fxperimental ¢ Clinical Cancer Research 2017,

36, 90.

259



(187)

(188)

(189)

(190)

(191)

(192)

(193)

(194)

(195)

(196)

Rushworth, L. K.; Harle, V.; Repiscak, P.; Clark, W.; Shaw, R.; Hall, H.;
Bushell, M.; Leung, H. Y.; Patel, R. In vivo CRISPR/Cas9 knockout screen:
TCEALT silencing enhances docetaxel efficacy in prostate cancer. Life Science
Alliance 2020, 3, €202000770.

Neill, B.; Romero, A. R.; Fenton, O. S. Advances in Nonviral mRNA Delivery
Materials and Their Application as Vaccines for Melanoma Therapy. ACS
Applied Bio Materials 2023, DOI: 10.1021/acsabm.3c00721.

Zhang, X. et al. Functionalized lipid-like nanoparticles for in vivo mRNA
delivery and base editing. Science Advances 2020, 6, eabc2315.

Avci-Adali, M.; Behring, A.; Keller, T.; Krajewski, S.; Schlensak, C.; Wendel,
H. P. Optimized conditions for successful transfection of human endothelial
cells with in vitro synthesized and modified mRNA for induction of protein
expression. Journal of Biological Engineering 2014, 8, 8.

Ju, Y.; Carreno, J. M.; Simon, V.; Dawson, K.; Krammer, F.; Kent, S. J.
Impact of anti-PEG antibodies induced by SARS-CoV-2 mRNA vaccines.
Nature Reviews Immunology 2023, 23, 135-136.

Vert, M.; Doi, Y.; Hellwich, K.-H.; Hess, M.; Hodge, P.; Kubisa, P.; Rinaudo,
M.; Schué, F. Terminology for biorelated polymers and applications (IUPAC
Recommendations 2012). Pure and Applied Chemistry 2012, 84, 377-410.
De Jong, W. H.; Borm, P. J. Drug delivery and nanoparticles: Applications
and hazards. International Journal of Nanomedicine 2008, 3, 133-149.
Mitchell, M. J.; Billingsley, M. M.; Haley, R. M.; Wechsler, M. E.; Peppas,
N. A.; Langer, R. Engineering precision nanoparticles for drug delivery. Nature
Reviews Drug Discovery 2021, 20, 101-124.

Ali, M. R. K.; Wu, Y.; El-Sayed, M. A. Gold-Nanoparticle-Assisted Plasmonic
Photothermal Therapy Advances Toward Clinical Application. The Journal
of Physical Chemistry C' 2019, 123, 15375-15393.

Yang, W.; Chen, P.; Boonstra, E.; Hong, T.; Cabral, H. Polymeric Micelles
with pH-Responsive Cross-Linked Core Enhance In Vivo mRNA Delivery.
Pharmaceutics 2022, 14, 1205.

260


https://doi.org/10.1021/acsabm.3c00721

(197)

(198)

(199)

(200)

(201)

(202)

(203)

(204)

(205)

(206)

High, K. A.; Roncarolo, M. G. Gene Therapy. New England Journal of
Medicine 2019, 381, 455-464.

Pasi, K. J.; Rangarajan, S.; Mitchell, N.; Lester, W.; Symington, E.; Madan,
B.; Laffan, M.; Russell, C. B.; Li, M.; Pierce, G. F.; Wong, W. Y. Multiyear
Follow-up of AAV5-hFVIII-SQ Gene Therapy for Hemophilia A. The New
England Journal of Medicine 2020, 382, 29-40.

Esrick, E. B. et al. Post-Transcriptional Genetic Silencing of BCL11A to
Treat Sickle Cell Disease. The New England Journal of Medicine 2021, 38/,
205-215.

Mendell, J. R. et al. Single-Dose Gene-Replacement Therapy for Spinal
Muscular Atrophy. The New England Journal of Medicine 2017, 377, 1713~
1722.

Kohn, D. B. et al. Autologous Ex Vivo Lentiviral Gene Therapy for Adenosine
Deaminase Deficiency. The New England Journal of Medicine 2021, 38/,
2002-2013.

Russell, S. et al. Efficacy and safety of voretigene neparvovec (AAV2-
hRPE65v2) in patients with RPE65-mediated inherited retinal dystrophy: a
randomised, controlled, open-label, phase 3 trial. Lancet (London, England)
2017, 390, 849-860.

Aronson, S. J. et al. Prevalence and Relevance of Pre-Existing Anti-Adeno-
Associated Virus Immunity in the Context of Gene Therapy for Crigler-Najjar
Syndrome. Human Gene Therapy 2019, 30, 1297-1305.

Wu, Z.; Yang, H.; Colosi, P. Effect of genome size on AAV vector packaging.
Molecular Therapy: The Journal of the American Society of Gene Therapy
2010, 18, 80-86.

Paunovska, K.; Loughrey, D.; Dahlman, J. E. Drug delivery systems for RNA
therapeutics. Nature Reviews Genetics 2022, 23, 265-280.

Ma, Y.; Li, S.; Lin, X.; Chen, Y. A perspective of lipid nanoparticles for RNA
delivery. Ezxploration 2024, 4, 20230147.

261



(207)

(208)

(209)

(210)

(211)

(212)

(213)

(214)

(215)

(216)

Balwani, M. et al. Phase 3 Trial of RNAi Therapeutic Givosiran for Acute
Intermittent Porphyria. The New England Journal of Medicine 2020, 382,
2289-2301.

Ray, K. K.; Wright, R. S.; Kallend, D.; Koenig, W.; Leiter, L. A.; Raal, F. J.;
Bisch, J. A.; Richardson, T.; Jaros, M.; Wijngaard, P. L. J.; Kastelein, J. J. P.
Two Phase 3 Trials of Inclisiran in Patients with Elevated LDL Cholesterol.
New England Journal of Medicine 2020, 382, 1507-1519.

Garrelfs, S. F. et al. Lumasiran, an RNAi Therapeutic for Primary Hyper-
oxaluria Type 1. The New England Journal of Medicine 2021, 384, 1216—
1226.

Polack, F. P. et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19
Vaccine. The New England Journal of Medicine 2020, 383, 2603-2615.
Parums, D. V. Editorial: First Full Regulatory Approval of a COVID-19
Vaccine, the BNT162b2 Pfizer-BioNTech Vaccine, and the Real-World Im-
plications for Public Health Policy. Medical Science Monitor: International
Medical Journal of Experimental and Clinical Research 2021, 27, €934625.
Baden, L. R. et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2
Vaccine. The New England Journal of Medicine 2021, 384, 403—-416.

Buck, J.; Grossen, P.; Cullis, P. R.; Huwyler, J.; Witzigmann, D. Lipid-Based
DNA Therapeutics: Hallmarks of Non-Viral Gene Delivery. ACS nano 2019,
15, 3754-3782.

Ostro, M. J.; Giacomoni, D.; Lavelle, D.; Paxton, W.; Dray, S. Evidence for
translation of rabbit globin mRNA after liposomemediated insertion into a
human cell line. Nature 1978, 27/, 921-923.

Dimitriadis, G. J. Translation of rabbit globin mRNA introduced by liposomes
into mouse lymphocytes. Nature 1978, 274, 923-924.

Felgner, P. L.; Gadek, T. R.; Holm, M.; Roman, R.; Chan, H. W.; Wenz, M.;
Northrop, J. P.; Ringold, G. M.; Danielsen, M. Lipofection: a highly efficient,
lipid-mediated DNA-transfection procedure. Proceedings of the National
Academy of Sciences 1987, 84, 7413-7417.

262



(217)

(218)

(219)

(220)

(221)

(222)

(223)

(224)

(225)

Malone, R. W.; Felgner, P. L.; Verma, I. M. Cationic liposome-mediated
RNA transfection. Proceedings of the National Academy of Sciences 1989,
86, 6077-6081.

Nabel, G. J.; Nabel, E. G.; Yang, Z. Y.; Fox, B. A.; Plautz, G. E.; Gao, X_;
Huang, L.; Shu, S.; Gordon, D.; Chang, A. E. Direct gene transfer with
DNA-liposome complexes in melanoma: expression, biologic activity, and lack
of toxicity in humans. Proceedings of the National Academy of Sciences 1993,
90, 11307-11311.

Semple, S. C.; Klimuk, S. K.; Harasym, T. O.; Dos Santos, N.; Ansell, S. M_;
Wong, K. F.; Maurer, N.; Stark, H.; Cullis, P. R.; Hope, M. J.; Scherrer, P.
Efficient encapsulation of antisense oligonucleotides in lipid vesicles using
ionizable aminolipids: formation of novel small multilamellar vesicle structures.
Biochimica et Biophysica Acta (BBA) - Biomembranes 2001, 1510, 152-166.
Kulkarni, J. A.; Darjuan, M. M.; Mercer, J. E.; Chen, S.; van der Meel, R.;
Thewalt, J. L.; Tam, Y. Y. C.; Cullis, P. R. On the Formation and Morphology
of Lipid Nanoparticles Containing Ionizable Cationic Lipids and siRNA. ACS
nano 2018, 12, A787-4795.

Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W. Theory of self-assembly of
lipid bilayers and vesicles. Biochimica Et Biophysica Acta 1977, 470, 185-201.
Altmoglu, S.; Wang, M.; Xu, Q. Combinatorial library strategies for synthesis
of cationic lipid-like nanoparticles and their potential medical applications.
Nanomedicine (London, England) 2015, 10, 643-657.

Zimmermann, T. S. et al. RNAi-mediated gene silencing in non-human
primates. Nature 2006, 441, 111-114.

Love, K. T. et al. Lipid-like materials for low-dose, in vivo gene silencing.
Proceedings of the National Academy of Sciences of the United States of
America 2010, 107, 1864—-1869.

Sedic, M.; Senn, J. J.; Lynn, A.; Laska, M.; Smith, M.; Platz, S. J.; Bolen,
J.; Hoge, S.; Bulychev, A.; Jacquinet, E.; Bartlett, V.; Smith, P. F. Safety
Evaluation of Lipid Nanoparticle-Formulated Modified mRNA in the Sprague-

263



(226)

(227)

(228)

(229)

(230)

(231)

(232)

(233)

(234)

Dawley Rat and Cynomolgus Monkey. Veterinary Pathology 2018, 55, 341—
354.

Kauffman, K. J.; Dorkin, J. R.; Yang, J. H.; Heartlein, M. W.; DeRosa, F.; Mir,
F. F.; Fenton, O. S.; Anderson, D. G. Optimization of Lipid Nanoparticle
Formulations for mRNA Delivery in Vivo with Fractional Factorial and
Definitive Screening Designs. Nano Letters 2015, 15, 7300-7306.
Paunovska, K.; Da Silva Sanchez, A. J.; Sago, C. D.; Gan, Z.; Lokugam-
age, M. P.; Islam, F. Z.; Kalathoor, S.; Krupczak, B. R.; Dahlman, J. E.
Nanoparticles Containing Oxidized Cholesterol Deliver mRNA to the Liver
Microenvironment at Clinically Relevant Doses. Advanced Materials 2019,
31, 1807748.

Kauffman, K. J.; Oberli, M. A.; Dorkin, J. R.; Hurtado, J. E.; Kaczmarek,
J. C.; Bhadani, S.; Wyckoff, J.; Langer, R.; Jaklenec, A.; Anderson, D. G.
Rapid, Single-Cell Analysis and Discovery of Vectored mRNA Transfection
In Vivo with a loxP-Flanked tdTomato Reporter Mouse. Molecular Therapy
Nucleic Acids 2018, 10, 55-63.

Finn, J. D. et al. A Single Administration of CRISPR/Cas9 Lipid Nanoparti-
cles Achieves Robust and Persistent In Vivo Genome Editing. Cell Reports
2018, 22, 2227-2235.

Cheng, Q.; Wei, T.; Farbiak, L.; Johnson, L. T.; Dilliard, S. A.; Siegwart, D. J.
Selective organ targeting (SORT) nanoparticles for tissue-specific mRNA
delivery and CRISPR-Cas gene editing. Nature Nanotechnology 2020, 15,
313-320.

Eygeris, Y.; Gupta, M.; Kim, J.; Sahay, G. Chemistry of Lipid Nanoparticles
for RNA Delivery. Accounts of Chemical Research 2022, 55, 2-12.

Kranz, L. M. et al. Systemic RNA delivery to dendritic cells exploits antiviral
defence for cancer immunotherapy. Nature 2016, 53/, 396—401.

Intellia Therapeutics Highlights Strategic Priorities and Anticipated Devel-
opment Milestones for 2022 | Intellia Therapeutics, en.

Bayraktutan, H.; Kopiasz, R. J.; Elsherbeny, A.; Espuga, M. M.; Gumus, N.;
Oz, U. C.; Polra, K.; McKay, P. F.; Shattock, R. J.; Ordénez-Moran, P.;

264



(235)

(236)

(237)

(238)

(239)

(240)

(241)

(242)

Mata, A.; Alexander, C.; Gurnani, P. Polysarcosine functionalised cationic
polyesters efficiently deliver self-amplifying mRNA. Polymer Chemistry 2024,
15, 1862-1876.

Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O. C. Degradable Controlled-
Release Polymers and Polymeric Nanoparticles: Mechanisms of Controlling
Drug Release. Chemical Reviews 2016, 116, 2602—2663.

Wang, G.; Zhang, M.; Lai, W.; Gao, Y.; Liao, S.; Ning, Q.; Tang, S. Tu-
mor Microenvironment Responsive RNA Drug Delivery Systems: Intelligent
Platforms for Sophisticated Release. Molecular Pharmaceutics 2024, DOI:
10.1021/acs.molpharmaceut.4c00334.

AlSawaftah, N. M.; Awad, N. S.; Pitt, W. G.; Husseini, G. A. pH-Responsive
Nanocarriers in Cancer Therapy. Polymers 2022, 1/, 936.

Dong, S.; Feng, Z.; Ma, R.; Zhang, T.; Jiang, J.; Li, Y.; Zhang, Y.; Li, S.; Liu,
X.; Liu, X.; Meng, H. Engineered Design of a Mesoporous Silica Nanoparticle-
Based Nanocarrier for Efficient mRNA Delivery in Vivo. Nano Letters 2023,
DOI: 10.1021/acs.nanolett.2c04486.

Dowdy, S. F. Endosomal escape of RNA therapeutics: How do we solve this
rate-limiting problem? RNA (New York, N.Y.) 2023, 29, 396-401.

Yan, T.; Zhu, S.; Hui, W.; He, J.; Liu, Z.; Cheng, J. Chitosan based pH-
responsive polymeric prodrug vector for enhanced tumor targeted co-delivery
of doxorubicin and siRNA. Carbohydrate Polymers 2020, 250, 116781.
Dastgerdi, N. K.; Gumus, N.; Bayraktutan, H.; Jackson, D.; Polra, K.; McKay,
P. F.; Atyabi, F.; Dinarvand, R.; Shattock, R. J.; Martinez-Pomares, L.;
Gurnani, P.; Alexander, C. Charge neutralized poly(3-amino ester) polyplex
nanoparticles for delivery of self-amplifying RNA. Nanoscale Advances 2024,
6, 1409-1422.

Joubert, N.; van der Vlies, E. G. G. T. A.; Wauthoz, M. A. F. M.; van der
Maaden, R. N. M.; J. A. F. D., J-P; M., H. J; M., G.; P., V.; L., J.-C,;
B., J.-P; V., Y.; L., L. Engineering of a pH-Responsive Poly(amidoamine)
Dendrimer for the Selective Delivery of mRNA in Cancer Cells. Angewandte
Chemie International Edition 2015, 54, 9552-9556.

265


https://doi.org/10.1021/acs.molpharmaceut.4c00334
https://doi.org/10.1021/acs.nanolett.2c04486

(243)

(244)

(245)

(246)

(247)

(248)

(249)

(250)

(251)

Gurnani, P.; Blakney, A. K.; Yeow, J.; Bouton, C. R.; Shattock, R. J.;
Stevens, M. M.; Alexander, C. An improved synthesis of poly(amidoamine)s
for complexation with self-amplifying RNA and effective transfection. Polymer
Chemistry 2020, 11, 5861-5869.

Hong, S.-T.; Lin, H.; Wang, C.-S.; Chang, C.-H.; Lin, A. M.-Y.; Yang, J. C.-H.;
Lo, Y.-L. Improving the anticancer effect of afatinib and microRNA by
using lipid polymeric nanoparticles conjugated with dual pH-responsive and
targeting peptides. Journal of Nanobiotechnology 2019, 17, 89.

Zhao, T.; Liang, C.; Zhao, Y.; Xue, X.; Ma, Z.; Qi, J.; Shen, H.; Yang, S.;
Zhang, J.; Jia, Q.; Du, Q.; Cao, D.; Xiang, B.; Zhang, H.; Qi, X. Multistage
pH-responsive codelivery liposomal platform for synergistic cancer therapy.
Journal of Nanobiotechnology 2022, 20, 177.

Bakhtiar, A.; Chowdhury, E. H. PH-responsive strontium nanoparticles for
targeted gene therapy against mammary carcinoma cells. Asian Journal of
Pharmaceutical Sciences 2021, 16, 236-252.

Lee, S.; Nasr, S.; Rasheed, S.; Liu, Y.; Hartwig, O.; Kaya, C.; Boese, A.; Koch,
M.; Herrmann, J.; Miiller, R.; Loretz, B.; Buhler, E.; Hirsch, A. K. H.; Lehr,
C.-M. Proteoid biodynamers for safe mRNA transfection via pH-responsive
nanorods enabling endosomal escape. Journal of Controlled Release 2023,
353, 915-929.

Liou, G.-Y.; Storz, P. Reactive oxygen species in cancer. Free radical research
2010, 44, 10.3109/10715761003667554.

Gao, F.; Xiong, Z. Reactive Oxygen Species Responsive Polymers for Drug
Delivery Systems. Frontiers in Chemistry 2021, 9, DOI: 10.3389/fchem.
2021.649048.

Zheng, M.; Liu, Y.; Wang, Y.; Zhang, D.; Zou, Y.; Ruan, W.; Yin, J.; Tao,
W.; Park, J. B.; Shi, B. ROS-Responsive Polymeric siRNA Nanomedicine
Stabilized by Triple Interactions for the Robust Glioblastoma Combinational
RNAi Therapy. Advanced Materials 2019, 31, 1903277.

Wan, W.-j.; Huang, G.; Wang, Y.; Tang, Y.; Li, H.; Jia, C.-h.; Liu, Y.;
You, B.-g.; Zhang, X.-n. Coadministration of iRGD peptide with ROS-

266


https://doi.org/10.3389/fchem.2021.649048
https://doi.org/10.3389/fchem.2021.649048

(252)

(253)

(254)

(255)

(256)

(257)

(258)

(259)

sensitive nanoparticles co-delivering siFGL1 and siPD-L1 enhanced tumor
immunotherapy. Acta Biomaterialia 2021, 136, 473-484.

Schafer, F. Q.; Buettner, G. R. Redox environment of the cell as viewed
through the redox state of the glutathione disulfide/glutathione couple. Free
Radical Biology and Medicine 2001, 30, 1191-1212.

Wu, G.; Lupton, J. R.; Turner, N. D.; Fang, Y.-Z.; Yang, S. Glutathione
Metabolism and Its Implications for Health. The Journal of Nutrition 2004,
134, 489-492.

Kennedy, L.; Sandhu, J. K.; Harper, M.-E.; Cuperlovic-Culf, M. Role of
Glutathione in Cancer: From Mechanisms to Therapies. Biomolecules 2020,
10, 1429.

Xu, Y.; Wu, X.; Li, F.; Huang, D.; Zhu, W. CDCA4, a downstream gene
of the Nrf2 signaling pathway, regulates cell proliferation and apoptosis in
the MCF-7/ADM human breast cancer cell line. Molecular Medicine Reports
2018, 17, 1507-1512.

Zou, Y.; Zheng, M.; Yang, W.; Meng, F.; Miyata, K.; Kim, H. J.; Kataoka, K.;
Zhong, 7. Virus-Mimicking Chimaeric Polymersomes Boost Targeted Cancer
siRNA Therapy In Vivo. Advanced Materials (Deerfield Beach, Fla.) 2017,
29, DOI: 10.1002/adma.201703285.

Dutta, K.; Das, R.; Medeiros, J.; Thayumanavan, S. Disulfide Bridging Strate-
gies in Viral and Nonviral Platforms for Nucleic Acid Delivery. Biochemistry
2021, 60, 966-990.

Guo, P.; Yang, J.; Huang, J.; Auguste, D. T.; Moses, M. A. Therapeutic
genome editing of triple-negative breast tumors using a noncationic and
deformable nanolipogel. Proceedings of the National Academy of Sciences
2019, 116, 18295-18303.

Blakney, A. K.; Zhu, Y.; McKay, P. F.; Bouton, C. R.; Yeow, J.; Tang, J.;
Hu, K.; Samnuan, K.; Grigsby, C. L.; Shattock, R. J.; Stevens, M. M. Big
Is Beautiful: Enhanced saRNA Delivery and Immunogenicity by a Higher
Molecular Weight, Bioreducible, Cationic Polymer. ACS Nano 2020, 1/,
5711-5727.

267


https://doi.org/10.1002/adma.201703285

(260)

(261)

(262)

(263)

(264)

(265)

(266)

(267)

(268)

(269)

Dabas, R.; Navaratnam, N.; lino, H.; Saidjalolov, S.; Matile, S.; Carling, D.;
Rueda, D. S.; Kamaly, N. Precise intracellular uptake and endosomal release
of diverse functional mRNA payloads via glutathione-responsive nanogels.
Materials Today Bio 2025, 30, 101425.

Dabas, R.; Koh, A.; Carling, D.; Kamaly, N.; Brown, A. E. X. Redox-
Responsive Polymeric Nanogels as Efficient mRNA Delivery Vehicles in
Caenorhabditis elegans. microPublication Biology 2024, DOI: 10.17912/
micropub.biology.001428.

Lang, W.; Tan, W.; Zhou, B.; Zhuang, Y.; Zhang, B.; Jiang, L.; Yao, S. Q.;
Ge, J. Mitochondria-Targeted Gene Silencing Facilitated by Mito-CPDs.
Chemistry (Weinheim an Der Bergstrasse, Germany) 2023, 29, €¢202204021.
Higuchi, T.; Kuramoto, R. Study of possible complex formation between
macromolecules and certain pharmaceuticals. I. Polyvinylpyrrolidone with
sulfathiazole, procaine hydrochloride, sodium salicylate, benzyl penicillin,
chloramphenicol, mandelic acid, caffeine, theophylline, and cortisone. Journal
of the American Pharmaceutical Association 1954, 43, 393-397.

Hoffman, A. S. The origins and evolution of "controlled" drug delivery systems.
Journal of Controlled Release: Official Journal of the Controlled Release
Society 2008, 132, 153-163.

Heller, J.; Himmelstein, K. J. Poly(ortho ester) biodegradable polymer
systems. Methods in Enzymology 1985, 112, 422-436.

Danckwerts, M.; Fassihi, A. Implantable Controlled Release Drug Delivery
Systems: A Review. Drug Development and Industrial Pharmacy 1991, DOI:
10.3109/03639049109026629.

Langer, R.; Folkman, J. Polymers for the sustained release of proteins and
other macromolecules. Nature 1976, 263, 797-800.

Heller, J. Controlled release of biologically active compounds from bioerodible
polymers. Biomaterials 1980, 1, 51-57.

Peppas, N. A.; Merrill, E. W. Development of semicrystalline poly(vinyl alco-
hol) hydrogels for biomedical applications. Journal of Biomedical Materials

Research 1977, 11, 423-434.

268


https://doi.org/10.17912/micropub.biology.001428
https://doi.org/10.17912/micropub.biology.001428
https://doi.org/10.3109/03639049109026629

(270)

(271)

(272)

(273)

(274)

(275)

(276)

(277)

(278)

(279)

Birrenbach, G.; Speiser, P. P. Polymerized micelles and their use as adjuvants
in immunology. Journal of Pharmaceutical Sciences 1976, 65, 1763-1766.
Batz, H.-G.; Franzmann, G.; Ringsdorf, H. Model Reactions for Synthesis
of Pharmacologically Active Polymers by Way of Monomeric and Polymeric
Reactive Esters. Angewandte Chemie International Edition in English 1972,
11, 1103-1104.

Roseman, T. J.; Higuchi, W. I. Release of Medroxyprogesterone Acetate from
a Silicone Polymer. Journal of Pharmaceutical Sciences 1970, 59, 353-357.
Roseman, T. J. Release of steroids from a silicone polymer. Journal of
Pharmaceutical Sciences 1972, 61, 46-50.

Khanna, S. C.; Jecklin, T.; Speiser, P. Bead Polymerization Technique for
Sustained-Release Dosage Form. Journal of Pharmaceutical Sciences 1970,
59, 614-618.

Folkman, J.; Long, D. M. The use of silicone rubber as a carrier for prolonged
drug therapy. Journal of Surgical Research 1964, 4, 139-142.

Beach, M. A.; Nayanathara, U.; Gao, Y.; Zhang, C.; Xiong, Y.; Wang, Y.;
Such, G. K. Polymeric Nanoparticles for Drug Delivery. Chemical Reviews
2024, DOI: 10.1021/acs.chemrev.3c00705.

Ishagat, A.; Herrmann, A. Polymers Strive for Accuracy: From Sequence-
Defined Polymers to mRNA Vaccines against COVID-19 and Polymers in
Nucleic Acid Therapeutics. Journal of the American Chemical Society 2021,
143, 20529-20545.

Kumarasamy, R. V.; Natarajan, P. M.; Umapathy, V. R.; Roy, J. R.;
Mironescu, M.; Palanisamy, C. P. Clinical applications and therapeutic poten-
tials of advanced nanoparticles: a comprehensive review on completed human
clinical trials. Frontiers in Nanotechnology 2024, 6, DOI: 10.3389/fnano.
2024 .1479993.

Mahmud, M. M.; Pandey, N.; Winkles, J. A.; Woodworth, G. F.; Kim, A. J.
Toward the scale-up production of polymeric nanotherapeutics for cancer

clinical trials. Nano Today 2024, 56, 102314.

269


https://doi.org/10.1021/acs.chemrev.3c00705
https://doi.org/10.3389/fnano.2024.1479993
https://doi.org/10.3389/fnano.2024.1479993

(280)

(281)

(282)

(283)

(284)

(285)

(286)

(287)

Nie, Z.; Xu, S.; Seo, M.; Lewis, P. C.; Kumacheva, E. Polymer Particles
with Various Shapes and Morphologies Produced in Continuous Microfluidic
Reactors. Journal of the American Chemical Society 2005, 127, 8058-8063.
Kabanov, A. V.; Vinogradov, S. V. Nanogels as pharmaceutical carriers: finite
networks of infinite capabilities. Angewandte Chemie (International Ed. in
English) 2009, 48, 5418-5429

Lee, V. Y.; Havenstrite, K.; Tjio, M.; McNeil, M.; Blau, H. M.; Miller,
R. D.; Sly, J. Nanogel Star Polymer Architectures: A Nanoparticle Platform
for Modular Programmable Macromolecular Self-Assembly, Intercellular
Transport, and Dual-Mode Cargo Delivery. Advanced Materials 2011, 23,
4509-4515.

Soni, K. S.; Desale, S. S.; Bronich, T. K. Nanogels: An overview of properties,
biomedical applications and obstacles to clinical translation. Journal of
Controlled Release: Official Journal of the Controlled Release Society 2016,
240, 109-126.

Chakroborty, S.; Nath, N.; Mahal, A.; Barik, A.; Panda, A. R.; Fahaduddin;
Bal, T.; Obaidullah, A. J.; Elawady, A. Stimuli-responsive nanogels: A smart
material for biomedical applications. Journal of Molecular Liquids 2024, 403,
124828.

Ashwani, P. V.; Gopika, G.; Arun Krishna, K. V.; Jose, J.; John, F.; George, J.
Stimuli-Responsive and Multifunctional Nanogels in Drug Delivery. Chemistry
& Biodiversity 2023, 20, €202301009.

Molina, M.; Asadian-Birjand, M.; Balach, J.; Bergueiro, J.; Miceli, E.;
Calderon, M. Stimuli-responsive nanogel composites and their application in
nanomedicine. Chemical Society Reviews 2015, 4/, 6161-6186

Basak, S.; Khare, H. A.; Roursgaard, M.; Kempen, P. J.; Lee, J. H.; Bazban-
Shotorbani, S.; Kreemer, M.; Chernyy, S.; Andresen, T. L.; Almdal, K.;
Kamaly, N. Simultaneous Cross-Linking and Cross-Polymerization of Enzyme
Responsive Polyethylene Glycol Nanogels in Confined Aqueous Droplets for
Reduction of Low-Density Lipoprotein Oxidation. Biomacromolecules 2021

22, 386—-398.

270



(288)

(289)

(290)

(291)

(292)

(293)

(294)

(295)

(296)

(297)

Dabas, R.; Koh, A.; Carling, D.; Kamaly, N.; Brown, A. E. X. Redox-
Responsive Polymeric Nanogels as Efficient mRNA Delivery Vehicles in
Caenorhabditis elegans. microPublication Biology 2024, DOI: 10.17912/
micropub.biology.001428.

Dabas, R.; Blagojevic, L.; Kamaly, N. Synthesis of Stimuli-responsive Nanogels
using Aqueous One-step Crosslinking and Co-nanopolymerization. Journal
of Visualized Experiments (JoVE) 2025, ¢63981.

Kanjilal, P.; Dutta, K.; Thayumanavan, S. Thiol-Disulfide Exchange as a
Route for Endosomal Escape of Polymeric Nanoparticles. Angewandte Chemie
International Edition 2022, 61, €202209227.

Mauri, E.; Giannitelli, S. M.; Trombetta, M.; Rainer, A. Synthesis of Nanogels:
Current Trends and Future Outlook. Gels 2021, 7, 36.

Nguyen, T.-D.; Dang, T.-T. T. Old path, new frontier. Nature Chemical
Biology 2022, 18, 582-583.

Choksi, A. U.; Khan, A. I.; Lokeshwar, S. D.; Segal, D.; Weiss, R. M.; Martin,
D. T. Functionalized nanoparticles targeting biomarkers for prostate cancer
imaging and therapy. American Journal of Clinical and Ezperimental Urology
2022, 10, 142-153.

Rosenfeld, L.; Sananes, A.; Zur, Y.; Cohen, S.; Dhara, K.; Gelkop, S.; Ben Zeev,
E.; Shahar, A.; Lobel, L.; Akabayov, B.; Arbely, E.; Papo, N. Nanobodies
Targeting Prostate-Specific Membrane Antigen for the Imaging and Therapy
of Prostate Cancer. Journal of Medicinal Chemistry 2020, 63, 7601-7615.
Adamo, G.; Grimaldi, N.; Campora, S.; Bulone, D.; Bondi, M. L.; Al-Sheikhly,
M.; Sabatino, M. A.; Dispenza, C.; Ghersi, G. Multi-Functional Nanogels for
Tumor Targeting and Redox-Sensitive Drug and siRNA Delivery. Molecules
2016, 21, 1594.

Narayanan, K. B.; Bhaskar, R.; Han, S. S. Recent Advances in the Biomedical
Applications of Functionalized Nanogels. Pharmaceutics 2022, 14, 2832.
Huynh, U.; Wu, P.; Qiu, J.; Prachyathipsakul, T.; Singh, K.; Jerry, D. J.;
Gao, J.; Thayumanavan, S. Targeted Drug Delivery Using a Plug-to-Direct

271


https://doi.org/10.17912/micropub.biology.001428
https://doi.org/10.17912/micropub.biology.001428

(298)

(299)

(300)

(301)

(302)

(303)

(304)

(305)

(306)

Antibody—Nanogel Conjugate. Biomacromolecules 2023, DOI: 10.1021/acs.
biomac.2c01269.

Xu, H.; Ding, J.; Du, Y.; Li, L.; Li, Y.; Zhao, M.; Su, Y.; Lin, Z. Aptamer-
functionalized AuNCs nanogel for targeted delivery of docosahexaenoic acid
to induce browning of white adipocytes. Journal of Materials Chemistry B
2023, 11, 4972-4979.

Zhang, Q.; Ding, F.; Liu, X.; Shen, J.; Su, Y.; Qian, J.; Zhu, X.; Zhang, C.
Nanobody-guided targeted delivery of microRNA wvia nucleic acid nanogel to
inhibit the tumor growth. Journal of Controlled Release 2020, 328, 425-434.
Shan, X.; Gong, X.; Li, J.; Wen, J.; Li, Y.; Zhang, Z. Current approaches of
nanomedicines in the market and various stage of clinical translation. Acta
Pharmaceutica Sinica. B 2022, 12, 3028-3048.

Cai, P.; Zhang, X.; Wang, M.; Wu, Y.-L.; Chen, X. Combinatorial Nano—Bio
Interfaces. ACS Nano 2018, 12, 5078-5084.

Cheung, T. H.; Shoichet, M. S. The Interplay of Endosomal Escape and RNA
Release from Polymeric Nanoparticles. Langmuir 2025, 41, 7174-7190.
Chatterjee, S.; Kon, E.; Sharma, P.; Peer, D. Endosomal escape: A bottleneck
for LNP-mediated therapeutics. Proceedings of the National Academy of
Sciences of the United States of America 2024, 121, €2307800120.

Kong, W.; Wei, Y.; Dong, Z.; Liu, W.; Zhao, J.; Huang, Y.; Yang, J.; Wu,
W.; He, H.; Qi, J. Role of size, surface charge, and PEGylated lipids of
lipid nanoparticles (LNPs) on intramuscular delivery of mRNA. Journal of
Nanobiotechnology 2024, 22, 553.

Kopac, T. Protein corona, understanding the nanoparticle-protein interactions
and future perspectives: A critical review. International Journal of Biological
Macromolecules 2021, 169, 290-301.

Shybeka, I.; Maynard, J. R. J.; Saidjalolov, S.; Moreau, D.; Sakai, N.;
Matile, S. Dynamic Covalent Michael Acceptors to Penetrate Cells: Thiol-
Mediated Uptake with Tetrel-Centered Exchange Cascades, Assisted by
Halogen-Bonding Switches. Angewandte Chemie International Edition 2022,
61, €202213433.

272


https://doi.org/10.1021/acs.biomac.2c01269
https://doi.org/10.1021/acs.biomac.2c01269

(307)

(308)

(309)

(310)

(311)

(312)

(313)

(314)

Coelho, F.; Saidjalolov, S.; Moreau, D.; Thorn-Seshold, O.; Matile, S. In-
hibition of Cell Motility by Cell-Penetrating Dynamic Covalent Cascade
Exchangers: Integrins Participate in Thiol-Mediated Uptake. JACS Au 2023,
3, 1010-1016.

Gasparini, G.; Sargsyan, G.; Bang, E.-K.; Sakai, N.; Matile, S. Ring Tension
Applied to Thiol-Mediated Cellular Uptake. Angewandte Chemie (Interna-
tional Ed. in English) 2015, 5/, 7328-7331.

Kato, T.; Lim, B.; Cheng, Y.; Pham, A.-T.; Maynard, J.; Moreau, D.;
Poblador-Bahamonde, A. I.; Sakai, N.; Matile, S. Cyclic Thiosulfonates
for Thiol-Mediated Uptake: Cascade Exchangers, Transporters, Inhibitors.
JACS Au 2022, 2, 839-852.

Fontmorin, J. M.; Burgos Castillo, R. C.; Tang, W. Z.; Sillanpaé, M. Sta-
bility of 5,5-dimethyl-1-pyrroline- N-oxide as a spin-trap for quantification
of hydroxyl radicals in processes based on Fenton reaction. Water Research
2016, 99, 24-32.

Kussmaul, L.; Hirst, J. The mechanism of superoxide production by
NADH:ubiquinone oxidoreductase (complex I) from bovine heart mitochon-
dria. Proceedings of the National Academy of Sciences 2006, 103, 7607—
7612.

Lee, M.-C.-i.; Velayutham, M.; Komatsu, T.; Hille, R.; Zweier, J. L. Mea-
surement and Characterization of Superoxide Generation from Xanthine
Dehydrogenase: A Redox-Regulated Pathway of Radical Generation in Is-
chemic Tissues. Biochemistry 2014, 53, 6615-6623.

Tamura, G.; Shinohara, Y.; Tamura, A.; Sanada, Y.; Oishi, M.; Akiba, I.;
Nagasaki, Y.; Sakurai, K.; Amemiya, Y. Dependence of the swelling behavior
of a pH-responsive PEG-modified nanogel on the cross-link density. Polymer
Journal 2012, 44, 240-244.

Martin, M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.journal 2011, 17, 10-12.

273



(315)

(316)

(317)

(318)

(319)

(320)

(321)

(322)

(323)

(324)

(325)

Patro, R.; Duggal, G.; Love, M. L.; Irizarry, R. A.; Kingsford, C. Salmon
provides fast and bias-aware quantification of transcript expression. Nat
Methods 2017, 14, 417-419.

Soneson, C.; Love, M. I.; Robinson, M. D. Differential analyses for RNA-seq:
transcript-level estimates improve gene-level inferences. F1000Res 2015, /,
1521.

Love, M. I.; Huber, W.; Anders, S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology 2014, 15, 550.
Ignatiadis, N.; Klaus, B.; Zaugg, J. B.; Huber, W. Data-driven hypothesis
weighting increases detection power in genome-scale multiple testing. Nat
Methods 2016, 13, 577-580.

Stephens, M. False discovery rates: a new deal. Biostatistics 2017, 18, 275—
294.

Yu, G.; Wang, L.-G.; Han, Y.; He, Q.-Y. clusterProfiler: an R package for
comparing biological themes among gene clusters. OMICS 2012, 16, 284-287.
Morgulchik, N.; Kamaly, N. Meta-analysis of In Vitro Drug-Release Pa-
rameters Reveals Predictable and Robust Kinetics for Redox-Responsive
Drug-Conjugated Therapeutic Nanogels. ACS Applied Nano Materials 2021,
4, 4256-4268.

Najjar, T. A.; Allam, N. K.; Sawy, E. N. E. Anionic/nonionic surfactants for
controlled synthesis of highly concentrated sub-50 nm polystyrene spheres.
Nanoscale Advances 2021, 3, 5626-5635.

Krishnan, S.; Klein, A.; El-Aasser, M. S.; Sudol, E. D. Effect of Surfactant
Concentration on Particle Nucleation in Emulsion Polymerization of n-Butyl
Methacrylate. Macromolecules 2003, 36, 3152—-3159.

Saffarionpour, S. Preparation of Food Flavor Nanoemulsions by High- and
Low-Energy Emulsification Approaches. Food Engineering Reviews 2019, 11,
259-289.

Blackburn, W. H.; Lyon, L. A. Size Controlled Synthesis of Monodispersed,
Core/Shell Nanogels. Colloid and polymer science 2008, 286, 563.

274



(326)

(327)

(328)

(329)

(330)

(331)

(332)

(333)

(334)

Hokajarvi, A.-M.; Rytkonen, A.; Tiwari, A.; Kauppinen, A.; Oikarinen, S.;
Lehto, K.-M.; Kankaanpéa, A.; Gunnar, T.; Al-Hello, H.; Blomqvist, S.;
Miettinen, I. T.; Savolainen-Kopra, C.; Pitkanen, T. The detection and
stability of the SARS-CoV-2 RNA biomarkers in wastewater influent in
Helsinki, Finland. Science of The Total Environment 2021, 770, 145274.
Ghazali, H. S.; Askari, E.; Seyfoori, A.; Naghib, S. M. A high-absorbance
water-soluble photoinitiator nanoparticle for hydrogel 3D printing: synthesis,
characterization and in vitro cytotoxicity study. Scientific Reports 2023, 13,
8577.

Wei, M.; Gao, Y.; Jiang, S.; Nie, J.; Sun, F. Design of photoinitiator-
functionalized hydrophilic nanogels with uniform size and excellent biocom-
patibility. Polymer Chemistry 2019, 10, 2812-2821.

Liu, P.; Pearce, C. M.; Anastasiadi, R.-M.; Resmini, M.; Castilla, A. M.
Covalently Crosslinked Nanogels: An NMR Study of the Effect of Monomer
Reactivity on Composition and Structure. Polymers 2019, 11, 353.
Lohmann, V.; Rolland, M.; Truong, N. P.; Anastasaki, A. Controlling size,
shape, and charge of nanoparticles via low-energy miniemulsion and het-
erogeneous RAFT polymerization. FEuropean Polymer Journal 2022, 176,
111417.

Xu, X.-J.; Chen Preparation of Nanoparticles of Poly(methyl methacrylate)
Latexes at ¥ Condition. Langmuir 2004, 20, 528-531.

Sui, H.; Dong, S.; Zhang, P.; Hao, J. Effect of environmental factors on the
emulsion polymerization of nanogels. Chemical Physics Letters 2022, 790,
139353.

Kim, S.; Kim, C.; Lee, K. In Hydrogels for Tissue Engineering and Regenera-
tive Medicine, Oliveira, J. M., Silva-Correia, J., Reis, R. L., Eds.; Academic
Press: 2024, pp 413-432.

Verma, D.; Bhatia, A.; Chopra, S.; Dua, K.; Prasher, P.; Gupta, G.; Tam-
buwala, M. M.; Chellappan, D. K.; Aljabali, A. A. A.; Sharma, M.; Kapoor,
D. N. In Advanced Drug Delivery Systems in the Management of Cancer,

275



(335)

(336)

(337)

(338)

(339)

(340)

(341)

Dua, K., Mehta, M., de Jesus Andreoli Pinto, T., Pont, L. G., Williams, K. A.,
Rathbone, M. J., Eds.; Academic Press: 2021, pp 351-358.

Vusurovi¢, J.; Schneeberger, E.-M.; Breuker, K. Interactions of Protonated
Guanidine and Guanidine Derivatives with Multiply Deprotonated RNA
Probed by Electrospray lonization and Collisionally Activated Dissociation.
ChemistryOpen 2017, 6, 739-750.

Kumler, W. D.; Eiler, J. J. The Acid Strength of Mono and Diesters of
Phosphoric Acid. The n-Alkyl Esters from Methyl to Butyl, the Esters of
Biological Importance, and the Natural Guanidine Phosphoric Acids. Journal
of the American Chemical Society 1943, 65, 2355-2361.

Udhayakumar, V. K.; De Beuckelaer, A.; McCaffrey, J.; McCrudden, C. M.;
Kirschman, J. L.; Vanover, D.; Van Hoecke, L.; Roose, K.; Deswarte, K.;
De Geest, B. G.; Lienenklaus, S.; Santangelo, P. J.; Grooten, J.; McCarthy,
H. O.; De Koker, S. Arginine-Rich Peptide-Based mRNA Nanocomplexes
Efficiently Instigate Cytotoxic T Cell Immunity Dependent on the Amphi-
pathic Organization of the Peptide. Advanced Healthcare Materials 2017, 6,
1601412.

Liu, Y.; Wan, H.-H.; Tian, D.-M.; Xu, X.-J.; Bi, C.-L.; Zhan, X.-Y.; Huang,
B.-H.; Xu, Y.-S.; Yan, L.-P. Development and Characterization of High Effi-
cacy Cell-Penetrating Peptide via Modulation of the Histidine and Arginine
Ratio for Gene Therapy. Materials 2021, 1/, 4674.

Kim, S. W.; Kim, N. Y.; Choi, Y. B.; Park, S. H.; Yang, J. M.; Shin, S. RNA
interference in vitro and in vivo using an arginine peptide/siRNA complex
system. Journal of Controlled Release: Official Journal of the Controlled
Release Society 2010, 143, 335-343.

Teo, S. L. Y.; Rennick, J. J.; Yuen, D.; Al-Wassiti, H.; Johnston, A. P. R.;
Pouton, C. W. Unravelling cytosolic delivery of cell penetrating peptides with
a quantitative endosomal escape assay. Nature Communications 2021, 12,
3721.

Najjar, K.; Erazo-Oliveras, A.; Mosior, J. W.; Whitlock, M. J.; Rostane,
I.; Cinclair, J. M.; Pellois, J.-P. Unlocking Endosomal Entrapment with

276



(342)

(343)

(344)

(345)

(346)

(347)

(348)

Supercharged Arginine-Rich Peptides. Bioconjugate Chemistry 2017, 28,
2932-2941.

Mitchell, D. J.; Kim, D. T.; Steinman, L.; Fathman, C. G.; Rothbard, J. B.
Polyarginine enters cells more efficiently than other polycationic homopoly-
mers. The Journal of Peptide Research: Official Journal of the American
Peptide Society 2000, 56, 318-325.

Vedadghavami, A.; Zhang, C.; Bajpayee, A. G. Overcoming negatively charged
tissue barriers: Drug delivery using cationic peptides and proteins. Nano
Today 2020, 34, 100898.

He, J.; Xu, S.; Mixson, A. J. The Multifaceted Histidine-Based Carriers for
Nucleic Acid Delivery: Advances and Challenges. Pharmaceutics 2020, 12,
T74.

Zhang, L.; Ambulos, N.; Mixson, A. In Gene Delivery to Mammalian Cells:
Volume 1: Nonviral Gene Transfer Techniques, Heiser, W. C., Ed.; Humana
Press: Totowa, NJ, 2004, pp 33-52.

Jafarian, E.; Hekmatiyan, A.; Cheraghdar, A.; Safarzadeh, H.; Shamsi, M.
Elimination performance of Nile blue from wastewater using by carboxymethyl
cellulose-graft-poly(methacrylic acid-co-acrylamide) /kaolin nanocomposite
hydrogel. International Journal of Environmental Science and Technology
2023, 20, 9933-9944.

Chovelon, B.; Peyrin, E.; Ragot, M.; Salem, N.; Nguyen, T. G.; Auvray, B.;
Henry, M.; Petrillo, M.-A.; Fiore, E.; Bessy, Q.; Faure, P.; Ravelet, C. Nile
blue as reporter dye in salt aggregation based-colorimetric aptasensors for
peptide, small molecule and metal ion detection. Analytica Chimica Acta
2023, 1243, 340840.

M, M.; Patidar, R. K.; Tiwari, R.; Srivastava, N.; Ranjan, N. Nile Blue: A
Red-Emissive Fluorescent Dye That Displays Differential Self-Assembly and
Binding to G-Quadruplexes. The Journal of Physical Chemistry B 2023, 127,
9915-9925.

277



(349)

(350)

(351)

(352)

(353)

(354)

(355)

(356)

(357)

(358)

Klipp, A.; Burger, M.; Leroux, J.-C. Get out or die trying: Peptide- and
protein-based endosomal escape of RNA therapeutics. Advanced Drug Delivery
Reviews 2023, 200, 115047.

Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M. A.; Alkawareek, M. Y.;
Dreaden, E. C.; Brown, D.; Alkilany, A. M.; Farokhzad, O. C.; Mahmoudi, M.
Cellular Uptake of Nanoparticles: Journey Inside the Cell. Chemical Society
reviews 2017, 46, 4218-4244.

Klumperman, J.; Raposo, G. The complex ultrastructure of the endolysosomal
system. Cold Spring Harbor Perspectives in Biology 2014, 6, a016857.
Huotari, J.; Helenius, A. Endosome maturation. The EMBO journal 2011,
30, 3481-3500.

Rennick, J. J.; Johnston, A. P. R.; Parton, R. G. Key principles and methods
for studying the endocytosis of biological and nanoparticle therapeutics.
Nature Nanotechnology 2021, 16, 266-276.

Laurent, Q.; Martinent, R.; Moreau, D.; Winssinger, N.; Sakai, N.; Matile, S.
Oligonucleotide Phosphorothioates Enter Cells by Thiol-Mediated Uptake.
Angewandte Chemie International Edition 2021, 60, 19102-19106.
Vermeulen, L. M. P.; Brans, T.; Samal, S. K.; Dubruel, P.; Demeester, J.;
De Smedt, S. C.; Remaut, K.; Braeckmans, K. Endosomal Size and Membrane
Leakiness Influence Proton Sponge-Based Rupture of Endosomal Vesicles.
ACS nano 2018, 12, 2332-2345.

Bus, T.; Traeger, A.; Schubert, U. S. The great escape: how cationic polyplexes
overcome the endosomal barrier. Journal of Materials Chemistry B 2018, 6,
6904-6918.

Wojnilowicz, M.; Glab, A.; Bertucci, A.; Caruso, F.; Cavalieri, F. Super-
resolution Imaging of Proton Sponge-Triggered Rupture of Endosomes and
Cytosolic Release of Small Interfering RNA. ACS Nano 2019, 13, 187-202.
Juncker, T.; Chatton, B.; Donzeau, M. The Prodigious Potential of mRNA
Electrotransfer as a Substitute to Conventional DNA-Based Transient Trans-

fection. Cells 2023, 12, 1591.

278



(359)

(360)

(361)

(362)

(363)

(364)

(365)

(366)

(367)

(368)

Figueroa, E.; Bugga, P.; Asthana, V.; Chen, A. L.; Stephen Yan, J.; Evans,
E. R.; Drezek, R. A. A mechanistic investigation exploring the differential
transfection efficiencies between the easy-to-transfect SK-BR3 and difficult-
to-transfect CT26 cell lines. Journal of Nanobiotechnology 2017, 15, 36.
Yamano, S.; Dai, J.; Moursi, A. M. Comparison of transfection efficiency of
nonviral gene transfer reagents. Molecular Biotechnology 2010, 46, 287-300.
Zhang, H.; Mitin, A.; Vinogradov, S. V. Efficient transfection of blood-brain
barrier endothelial cells by lipoplexes and polyplexes in the presence of nuclear
targeting NLS-PEG-acridine conjugates. Bioconjugate Chemistry 2009, 20,
120-128.

Carralot, J.-P.; Kim, T.-K.; Lenseigne, B.; Boese, A. S.; Sommer, P.; Gen-
ovesio, A.; Brodin, P. Automated high-throughput siRNA transfection in
raw 264.7 macrophages: a case study for optimization procedure. Journal of
Biomolecular Screening 2009, 14, 151-160.

Ouellet, J. RNA Fluorescence with Light-Up Aptamers. Frontiers in Chem-
istry 2016, 4.

Paige, J. S.; Wu, K. Y.; Jaffrey, S. R. RNA Mimics of Green Fluorescent
Protein. Science 2011, 333, 642-646.

Cesarini, V.; Appleton, S. L.; de Franciscis, V.; Catalucci, D. The recent
blooming of therapeutic aptamers. Molecular Aspects of Medicine 2025, 102,
101350.

Chen, W.; Zhao, X.; Yang, N.; Li, X. Single mRNA Imaging with Fluoro-
genic RNA Aptamers and Small-molecule Fluorophores. Angewandte Chemie
International Edition 2023, 62, ¢202209813.

Li, L.; Xu, S.; Yan, H.; Li, X.; Yazd, H. S.; Li, X.; Huang, T.; Cui, C.; Jiang, J.;
Tan, W. Nucleic Acid Aptamers for Molecular Diagnostics and Therapeutics:
Advances and Perspectives. Angewandte Chemie International Edition 2021,
60, 2221-2231.

Autour, A.; C. Y. Jeng, S.; D. Cawte, A.; Abdolahzadeh, A.; Galli, A.;
Panchapakesan, S. S. S.; Rueda, D.; Ryckelynck, M.; Unrau, P. J. Fluorogenic

279



(369)

(370)

(371)

(372)

(373)

(374)

(375)

(376)

(377)

RNA Mango aptamers for imaging small non-coding RNAs in mammalian
cells. Nature Communications 2018, 9, 656.

Cawte, A. D.; Unrau, P. J.; Rueda, D. S. Live cell imaging of single RNA
molecules with fluorogenic Mango II arrays. Nature Communications 2020,
11, 1283.

Cawte, A. D.; lino, H.; Unrau, P. J.; Rueda, D. S. In Post-Transcriptional
Gene Regulation, Dassi, E., Ed.; Methods in Molecular Biology; Springer US:
New York, NY, 2022, pp 267-280.

Trachman, R. J.; Autour, A.; Jeng, S. C. Y.; Abdolahzadeh, A.; Andreoni, A.;
Cojocaru, R.; Garipov, R.; Dolgosheina, E. V.; Knutson, J. R.; Ryckelynck,
M.; Unrau, P. J.; Ferré-D’Amaré, A. R. Structure and functional reselection
of the Mango-III fluorogenic RNA aptamer. Nature Chemical Biology 2019,
15, 472-479.

Liao, Y.; Li, Y.; Schroeder, J. W.; Simmons, L. A.; Biteen, J. S. Single-
Molecule DNA Polymerase Dynamics at a Bacterial Replisome in Live Cells.
Biophysical Journal 2016, 111, 2562-2569.

Watkins, L. P.; Yang, H. Detection of Intensity Change Points in Time-
Resolved Single-Molecule Measurements. The Journal of Physical Chemistry
B 2005, 109, 617-628.

Lu, Y.; Aimetti, A. A.; Langer, R.; Gu, Z. Bioresponsive materials. Nature
Reviews Materials 2016, 2, 1-17.

Sun, B.; Deng, C.; Meng, F.; Zhang, J.; Zhong, Z. Robust, active tumor-
targeting and fast bioresponsive anticancer nanotherapeutics based on natural
endogenous materials. Acta Biomaterialia 2016, 45, 223-233.

Kim, J. D.; Jung, Y. J.; Woo, C. H.; Choi, Y. C.; Choi, J. S.; Cho, Y. W.
Thermo-responsive human o-elastin self-assembled nanoparticles for protein
delivery. Colloids and Surfaces B: Biointerfaces 2017, 149, 122-129.
Mercer, I. G.; Italiano, A. N.; Gazaryan, 1. G.; Steiner, A. B.; Kazakov,
S. V. Degradation Kinetics of Disulfide Cross-Linked Microgels: Real-Time
Monitoring by Confocal Microscopy. Gels 2023, 9, 782.

280



(378)

(379)

(380)

(381)

(382)

(383)

(384)

(385)

(386)

(387)

Shahriari, M.; Zahiri, M.; Abnous, K.; Taghdisi, S. M.; Ramezani, M.; Ali-
bolandi, M. Enzyme responsive drug delivery systems in cancer treatment.
Journal of Controlled Release 2019, 308, 172—-189.

Xu, X.; Saw, P. E.; Tao, W.; Li, Y.; Ji, X.; Bhasin, S.; Liu, Y.; Ayyash,
D.; Rasmussen, J.; Huo, M.; Shi, J.; Farokhzad, O. C. ROS-Responsive
Polyprodrug Nanoparticles for Triggered Drug Delivery and Effective Cancer
Therapy. Advanced Materials 2017, 29, 1700141.

Xu, L.; Cao, Y.; Xu, Y.; Li, R.; Xu, X. Redox-Responsive Polymeric Nanopar-
ticle for Nucleic Acid Delivery and Cancer Therapy: Progress, Opportunities,
and Challenges. Macromolecular Bioscience 2024, 24, 2300238.

Fu, S.; Rempson, C. M.; Puche, V.; Zhao, B.; Zhang, F. Construction of
disulfide containing redox-responsive polymeric nanomedicine. Methods 2022,
199, 67-79.

Forman, H. J.; Zhang, H.; Rinna, A. Glutathione: overview of its protective
roles, measurement, and biosynthesis. Molecular Aspects of Medicine 2009,
30, 1-12.

Hagen, H.; Marzenell, P.; Jentzsch, E.; Wenz, F.; Veldwijk, M. R.; Mokhir,
A. Aminoferrocene-Based Prodrugs Activated by Reactive Oxygen Species.
Journal of Medicinal Chemistry 2012, 55, 924-934.

Li, P.; Yu, Y.; Song, H.; Dai, M.; Wang, F.; Yin, Y.; Wang, J. Potential Ap-
plications of ROS-Responsive Silk Fibroin Materials in Smart Drug Delivery
Systems. ACS Applied Polymer Materials 2024, 6, 3413-3421.

Pelicano, H.; Carney, D.; Huang, P. ROS stress in cancer cells and therapeutic
implications. Drug Resistance Updates 2004, 7, 97-110.

Jomova, K.; Raptova, R.; Alomar, S. Y.; Alwasel, S. H.; Nepovimova, E.;
Kuca, K.; Valko, M. Reactive oxygen species, toxicity, oxidative stress, and
antioxidants: chronic diseases and aging. Archives of Tozicology 2023, 97,
2499-2574.

Anglada, J. M.; Crehuet, R.; Adhikari, S.; Francisco, J. S.; Xia, Y. Reac-
tivity of hydropersulfides toward the hydroxyl radical unraveled: disulfide

281



(388)

(389)

(390)

(391)

(392)

(393)

(394)

(395)

bond cleavage, hydrogen atom transfer, and proton-coupled electron transfer.
Physical Chemistry Chemical Physics 2018, 20, 4793-4804.

Thambi, T.; Park, J. H.; Lee, D. S. Hypoxia-responsive nanocarriers for cancer
imaging and therapy: recent approaches and future perspectives. Chemical
Communications 2016, 52, 8492-8500.

Matini, T.; Francini, N.; Battocchio, A.; Spain, S. G.; Mantovani, G.; Vi-
cent, M. J.; Sanchis, J.; Gallon, E.; Mastrotto, F.; Salmaso, S.; Caliceti, P.;
Alexander, C. Synthesis and characterization of variable conformation pH
responsive block co-polymers for nucleic acid delivery and targeted cell entry.
Polymer Chemistry 2014, 5, 1626-1636.

Xu, X.; Xiao, T.; Zhang, C.; Wang, Z.; Li, G.; Chen, J.; Ouyang, Z.; Wang,
H.; Shi, X.; Shen, M. Multifunctional Low-Generation Dendrimer Nanogels
as an Emerging Probe for Tumor-Specific CT/MR Dual-Modal Imaging.
Biomacromolecules 2023, DOI: 10.1021/acs.biomac.2c01403.

Li, H.; Yang, X.; Gao, F.; Qian, C.; Li, C.; Oupicky, D.; Sun, M. Bioreduction-
ruptured nanogel for switch on/off release of Bel2 siRNA in breast tumor
therapy. Journal of Controlled Release: Official Journal of the Controlled
Release Society 2018, 292, 78-90.

Xie, R.; Wang, X.; Wang, Y.; Ye, M.; Zhao, Y.; Yandell, B. S.; Gong, S.
pH-Responsive Polymer Nanoparticles for Efficient Delivery of Cas9 Ribonu-
cleoprotein With or Without Donor DNA. Advanced Materials (Deerfield
Beach, Fla.) 2022, 34, €2110618.

Su, X.; Fricke, J.; Kavanagh, D. G.; Irvine, D. J. In Vitro and in Vivo
mRNA Delivery Using Lipid-Enveloped pH-Responsive Polymer Nanoparti-
cles. Molecular Pharmaceutics 2011, 8, 774-787.

Du, R.; Fielding, L. A. pH-Responsive Nanogels Generated by Polymerization-
Induced Self-Assembly of a Succinate-Functional Monomer. Macromolecules
2024, 57, 3496-3501.

Peeler, D. J.; Sellers, D. L.; Pun, S. H. pH-Sensitive Polymers as Dynamic
Mediators of Barriers to Nucleic Acid Delivery. Bioconjugate Chemistry 2019,
30, 350-365.

282


https://doi.org/10.1021/acs.biomac.2c01403

(396)

(397)

(398)

(399)

(400)

(401)

(402)

(403)

(404)

Bazban-Shotorbani, S.; Hasani-Sadrabadi, M. M.; Karkhaneh, A.; Serpooshan,
V.; Jacob, K. I.; Moshaverinia, A.; Mahmoudi, M. Revisiting structure-
property relationship of pH-responsive polymers for drug delivery applications.
Journal of Controlled Release 2017, 253, 46—63.

Mehta, M. J.; Kim, H. J.; Lim, S. B.; Naito, M.; Miyata, K. Recent Progress
in the Endosomal Escape Mechanism and Chemical Structures of Polycations
for Nucleic Acid Delivery. Macromolecular Bioscience 2024, 2/, 2300366.
Cupic, K. L.; Rennick, J. J.; Johnston, A. P.; Such, G. K. Controlling
endosomal escape using nanoparticle composition: current progress and future
perspectives. Nanomedicine 2019, 1/, 215-223.

Osipova, O.; Zakharova, N.; Pyankov, I.; Egorova, A.; Kislova, A.; Lavrentieva,
A.; Kiselev, A.; Tennikova, T.; Korzhikova-Vlakh, E. Amphiphilic pH-sensitive
polypeptides for siRNA delivery. Journal of Drug Delivery Science and
Technology 2022, 69, 103135.

Ryu, J.-H.; Chacko, R. T.; Jiwpanich, S.; Bickerton, S.; Babu, R. P.; Thayu-
manavan, S. Self-Cross-Linked Polymer Nanogels: A Versatile Nanoscopic
Drug Delivery Platform. Journal of the American Chemical Society 2010,
182, 17227-17235.

Wu, P.; Gao, J.; Prasad, P.; Dutta, K.; Kanjilal, P.; Thayumanavan, S.
Influence of Polymer Structure and Architecture on Drug Loading and Redox-
Triggered Release. Biomacromolecules 2022, 23, 339-348.

Sies, H. Hydrogen peroxide as a central redox signaling molecule in physi-
ological oxidative stress: Oxidative eustress. Redox Biology 2017, 11, 613~
619.

Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-
mediated mechanisms: a radical therapeutic approach? Nature Reviews Drug
Discovery 2009, 8, 579-591.

Guan, X. Glutathione and glutathione disulfide — their biomedical and
pharmaceutical applications. Medicinal Chemistry Research 2023, 32, 1972—
1994.

283



(405)

(406)

(407)

(408)

(409)

(410)

(411)

(412)

(413)

(414)

(415)

Chiang, Y.-T.; Yen, Y.-W.; Lo, C.-L. Reactive oxygen species and glutathione
dual redox-responsive micelles for selective cytotoxicity of cancer. Biomaterials
2015, 61, 150-161.

Nakamura, H.; Takada, K. Reactive oxygen species in cancer: Current findings
and future directions. Cancer Science 2021, 112, 3945-3952.

Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso,
G.; Castoria, G.; Migliaccio, A. ROS in cancer therapy: the bright side of the
moon. Fxperimental € Molecular Medicine 2020, 52, 192-203.

Mailloux, R. J. Teaching the fundamentals of electron transfer reactions in
mitochondria and the production and detection of reactive oxygen species.
Redox Biology 2015, 4, 381-398.

Xu, D.; Qiao, T.; Zhou, Y.-M.; Wu, X.-Y.; Cui, Y.-L. A brain-targeted and
ROS-responsive natural polysaccharide nanogel for enhancing antidepressant
therapy. Chemical Engineering Journal 2025, 507, 160719.

Liu, X. et al. Adaptive Amphiphilic Dendrimer-Based Nanoassemblies as
Robust and Versatile siRNA Delivery Systems. Angewandte Chemie Interna-
tional Edition 2014, 53, 11822-11827.

Gruenberg, J. The endocytic pathway: a mosaic of domains. Nature Reviews
Molecular Cell Biology 2001, 2, 721-730.

Duncan, R. Drug-polymer conjugates: potential for improved chemotherapy.
Anti-Cancer Drugs 1992, 3, 175.

Mukherjee, S.; Ghosh, R. N.; Maxfield, F. R. Endocytosis. Physiological
Reviews 1997, 77, 759-803.

Genedy, H. H.; Delair, T.; Alcouffe, P.; Crépet, A.; Chatre, E.; Alhareth,
K.; Montembault, A. Nanoassemblies of Chitosan-Based Polyelectrolyte
Complexes as Nucleic Acid Delivery Systems. Biomacromolecules 2024,
25, 4780-4796.

Lundqvist, M.; Stigler, J.; Elia, G.; Lynch, I.; Cedervall, T.; Dawson, K. A.
Nanoparticle size and surface properties determine the protein corona with
possible implications for biological impacts. Proceedings of the National

Academy of Sciences 2008, 105, 14265-14270.

284



(416)

(417)

(418)

(419)

(420)

(421)

(422)

(423)

Cedervall, T.; Lynch, I.; Lindman, S.; Berggard, T.; Thulin, E.; Nilsson, H.;
Dawson, K. A.; Linse, S. Understanding the nanoparticle-protein corona using
methods to quantify exchange rates and affinities of proteins for nanoparticles.
Proceedings of the National Academy of Sciences 2007, 10/, 2050-2055.
Han, S.; da Costa Marques, R.; Simon, J.; Kaltbeitzel, A.; Koynov, K.;
Landfester, K.; Maildnder, V.; Lieberwirth, I. Endosomal sorting results
in a selective separation of the protein corona from nanoparticles. Nature
Communications 2023, 1, 295.

Yan, Y.; Gause, K. T.; Kamphuis, M. M. J.; Ang, C.-S.; O’Brien-Simpson,
N. M.; Lenzo, J. C.; Reynolds, E. C.; Nice, E. C.; Caruso, F. Differential Roles
of the Protein Corona in the Cellular Uptake of Nanoporous Polymer Particles
by Monocyte and Macrophage Cell Lines. ACS Nano 2013, 7, 10960-10970.
Monopoli, M. P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Baldelli
Bombelli, F.; Dawson, K. A. Physical—Chemical Aspects of Protein Corona:
Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles. Journal
of the American Chemical Society 2011, 133, 2525-2534.

Suk, J. S.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L. M. PEGylation as a strategy
for improving nanoparticle-based drug and gene delivery. Advanced Drug
Delivery Reviews 2016, 99, 28-51.

Padin-Gonzélez, E.; Lancaster, P.; Bottini, M.; Gasco, P.; Tran, L.; Fadeel,
B.; Wilkins, T.; Monopoli, M. P. Understanding the Role and Impact of
Poly (Ethylene Glycol) (PEG) on Nanoparticle Formulation: Implications for
COVID-19 Vaccines. Frontiers in Bioengineering and Biotechnology 2022,
10.

Bertrand, N.; Grenier, P.; Mahmoudi, M.; Lima, E. M.; Appel, E. A.; Dor-
mont, F.; Lim, J.-M.; Karnik, R.; Langer, R.; Farokhzad, O. C. Mechanistic
understanding of in vivo protein corona formation on polymeric nanoparticles
and impact on pharmacokinetics. Nature Communications 2017, 8, 777.
Tang, D. G. Understanding and targeting prostate cancer cell heterogeneity
and plasticity. Seminars in cancer biology 2022, 82, 68-93.

285



(424)

(425)

(426)

(427)

(428)

(429)

(430)

(431)

(432)

Racker, E. Bioenergetics and the problem of tumor growth. American Scientist
1972, 60, 56-63.

LeBleu, V. S.; O’Connell, J. T.; Herrera, K. N. G.; Wikman-Kocher, H.; Pantel,
K.; Haigis, M. C.; de Carvalho, F. M.; Damascena, A.; Chinen, L. T. D.;
Rocha, R. M.; Asara, J. M.; Kalluri, R. PGC-1a mediates mitochondrial
biogenesis and oxidative phosphorylation to promote metastasis. Nature cell
biology 2014, 16, 992-15.

Valcarcel-Jimenez, L. et al. PGCla Suppresses Prostate Cancer Cell Invasion
through ERRa Transcriptional Control. Cancer Research 2019, 79, 6153—
6165.

Debnath, S.; Zhou, N.; McLaughlin, M.; Rice, S.; Pillai, A. K.; Hao, G.; Sun,
X. PSMA-Targeting Imaging and Theranostic Agents—Current Status and
Future Perspective. International Journal of Molecular Sciences 2022, 23,
1158.

Sartor, O. et al. Lutetium-177-PSMA-617 for Metastatic Castration-Resistant
Prostate Cancer. New England Journal of Medicine 2021, 385, 1091-1103.

Ajish Kumar, K. S.; Mathur, A. Total chemical synthesis of PSMA-11: API
for 68Ga-PSMA-11 used for prostate cancer diagnosis. Furopean Journal of
Medicinal Chemistry Reports 2021, 3, 100014.

Schéafer, M.; Bauder-Wist, U.; Roscher, M.; Motlova, L.; Kutilova, Z.;
Remde, Y.; Klika, K. D.; Graf, J.; Barinka, C.; Benesova-Schéfer, M. Struc-
ture—Activity Relationships and Biological Insights into PSMA-617 and Its
Derivatives with Modified Lipophilic Linker Regions. ACS Omega 2025, 10,
7077-7090.

Chang, S. S. Overview of Prostate-Specific Membrane Antigen. Reviews in
Urology 2004, 6, S13-S18.

Kumar, K. S. A.; Mathur, A. A convenient total synthesis of PSMA-617:
A prostate specific membrane antigen (PSMA) ligand for prostate cancer
endotherapeutic applications. Furopean Journal of Medicinal Chemistry

Reports 2022, 6, 100084.

286



(433)

(434)

(435)

(436)

(437)

(438)

(439)

(440)

(441)

(442)

(443)

Lundmark, F.; Olanders, G.; Rinne, S. S.; Abouzayed, A.; Orlova, A.; Rosen-
strom, U. Design, Synthesis, and Evaluation of Linker-Optimised PSMA-
Targeting Radioligands. Pharmaceutics 2022, 14, 1098.

Yao, R.-S.; Zhang, W.-b.; Yang, X.-Z.; Liu, J.; Liu, H-T. HPMC/PAA
hybrid nanogels via aqueous-phase synthesis for controlled delivery of insulin.
Biomaterials Science 2014, 2, 1761-1767.

Penders, J.; Pence, 1. J.; Horgan, C. C.; Bergholt, M. S.; Wood, C. S.; Najer,
A.; Kauscher, U.; Nagelkerke, A.; Stevens, M. M. Single Particle Automated
Raman Trapping Analysis. Nature Communications 2018, 9, 4256.

Chiang, C.-K.; Chen, W.-T.; Chang, H.-T. Nanoparticle-based mass spec-
trometry for the analysis of biomolecules. Chemical Society Reviews 2011,
40, 1269-1281.

Mullen, D. G.; Banaszak Holl, M. M. Heterogeneous Ligand—Nanoparticle
Distributions: A Major Obstacle to Scientific Understanding and Commercial
Translation. Accounts of Chemical Research 2011, /4, 1135-1145.

Ginalski, K.; Grishin, N. V.; Godzik, A.; Rychlewski, L. Practical lessons from
protein structure prediction. Nucleic Acids Research 2005, 33, 1874—1891.
Jr, G. J. T. RAMAN SPECTROSCOPY OF PROTEIN AND NUCLEIC
ACID ASSEMBLIES. Annual Review of Biophysics 1999, 28, 1-27.

Bakht, M. K.; Beltran, H. Biological determinants of PSMA expression,
regulation and heterogeneity in prostate cancer. Nature Reviews Urology
2025, 22, 26-45.

Sheehan, B. et al. Prostate-Specific Membrane Antigen Expression and
Response to DNA Damaging Agents in Prostate Cancer. Clinical Cancer
Research 2022, 28, 3104-3115.

Rajasekaran, S. A.; Anilkumar, G.; Oshima, E.; Bowie, J. U.; Liu, H.; Heston,
W.; Bander, N. H.; Rajasekaran, A. K. A Novel Cytoplasmic Tail MXXXL
Motif Mediates the Internalization of Prostate-specific Membrane Antigen.
Molecular Biology of the Cell 2003, 14, 4835-4845.

Cultrara, C. N.; Shah, S.; Antuono, G.; Heller, C. J.; Ramos, J. A.; Samuni,
U.; Zilberberg, J.; Sabatino, D. Size Matters: Arginine-Derived Peptides

287



(444)

(445)

(446)

(447)

(448)

(449)

(450)

Targeting the PSMA Receptor Can Efficiently Complex but Not Transfect
siRNA. Molecular Therapy. Nucleic Acids 2019, 18, 863-870.
Rivero-Buceta, E.; Vidaurre-Agut, C.; Vera-Donoso, C. D.; Benlloch, J. M.;
Moreno-Manzano, V.; Botella, P. PSMA-Targeted Mesoporous Silica Nanopar-
ticles for Selective Intracellular Delivery of Docetaxel in Prostate Cancer
Cells. ACS Omega 2019, 4, 1281-1291.

Anilkumar, G.; Rajasekaran, S. A.; Wang, S.; Hankinson, O.; Bander, N. H.;
Rajasekaran, A. K. Prostate-specific Membrane Antigen Association with
Filamin A Modulates Its Internalization and NAALADase Activityl. Cancer
Research 2003, 63, 2645-2648.

Anilkumar, G.; Barwe, S. P.; Christiansen, J. J.; Rajasekaran, S. A.; Kohn,
D. B.; Rajasekaran, A. K. Association of prostate-specific membrane antigen
with caveolin-1 and its caveolae-dependent internalization in microvascular en-
dothelial cells: Implications for targeting to tumor vasculature. Microvascular
Research 2006, 72, 54-61.

Niora, M.; Pedersbaek, D.; Miinter, R.; Weywadt, M. F. d. V.; Farhangibarooji,
Y.; Andresen, T. L.; Simonsen, J. B.; Jauffred, L. Head-to-Head Comparison of
the Penetration Efficiency of Lipid-Based Nanoparticles into Tumor Spheroids.
ACS Omega 2020, 5, 21162-21171.

Sabourian, P.; Yazdani, G.; Ashraf, S. S.; Frounchi, M.; Mashayekhan, S.;
Kiani, S.; Kakkar, A. Effect of Physico-Chemical Properties of Nanoparticles
on Their Intracellular Uptake. International Journal of Molecular Sciences
2020, 21, 8019.

Wang, Y.; Liu, J.; Cui, H.; Zhang, L.; Li, Z.; Wang, X.; Wang, J.; Chen,
Q.; Zhao, Y. Triple-transformable dynamic surroundings for programmed
transportation of bio-vulnerable mRNA payloads towards systemic treatment
of intractable solid tumors. Biomaterials 2024, 311, 122677.

Chu, J. et al. Non-invasive intravital imaging of cellular differentiation with a

bright red-excitable fluorescent protein. Nature methods 2014, 11, 572-578.

288



(451)

(452)

(453)

(454)

(455)

(456)

(457)

(458)

(459)

Zhang, W.; Xu, Y.; Guo, R.; Zhuang, P.; Hong, H.; Tan, H.; Wang, M. Ther-
anostic Bottle-Brush Polymers Tailored for Universal Solid-Tumor Targeting.
ACS Nano 2024, 18, 11688-11702.

He, Z.; Le, Z.; Shi, Y.; Liu, L.; Liu, Z.; Chen, Y. A Multidimensional Approach
to Modulating Ionizable Lipids for High-Performing and Organ-Selective
mRNA Delivery. Angewandte Chemie International Edition, n/a, €202310401.
Kumar, M.; Kulkarni, P.; Liu, S.; Chemuturi, N.; Shah, D. K. Nanoparticle
biodistribution coefficients: A quantitative approach for understanding the
tissue distribution of nanoparticles. Advanced Drug Delivery Reviews 2023,
194, 114708.

Traldi, F.; Liu, P.; Albino, I.; Ferreira, L.; Zarbakhsh, A.; Resmini, M.
Protein-Nanoparticle Interactions Govern the Interfacial Behavior of Poly-
meric Nanogels: Study of Protein Corona Formation at the Air/Water Inter-
face. International Journal of Molecular Sciences 2023, 24, 2810.

Hou, X.; Zaks, T.; Langer, R.; Dong, Y. Lipid nanoparticles for mRNA
delivery. Nature Reviews Materials 2021, 6, 1078-1094.

Golombek, S. K.; May, J.-N.; Theek, B.; Appold, L.; Drude, N.; Kiessling,
F.; Lammers, T. Tumor targeting via EPR: Strategies to enhance patient
responses. Advanced Drug Delivery Reviews 2018, 130, 17-38.

Zilkowski, I.; Ziouti, F.; Schulze, A.; Hauck, S.; Schmidt, S.; Mainz, L.; Sauer,
M.; Albrecht, K.; Jundt, F.; Groll, J. Nanogels Enable Efficient miRNA
Delivery and Target Gene Downregulation in Transfection-Resistant Multiple
Myeloma Cells. Biomacromolecules 2019, 20, 916-926.

Abu Shelbayeh, O.; Arroum, T.; Morris, S.; Busch, K. B. PGC-1a Is a Master
Regulator of Mitochondrial Lifecycle and ROS Stress Response. Antiozidants
2023, 12, 1075.

Anderson, R. M.; Barger, J. L.; Edwards, M. G.; Braun, K. H.; O’Connor,
C. E.; Prolla, T. A.; Weindruch, R. Dynamic regulation of PGC-1a localization
and turnover implicates mitochondrial adaptation in calorie restriction and

the stress response. Aging Cell 2008, 7, 101-111.

289



(460)

(461)

(462)

(463)

(464)

(465)

(466)

(467)

(468)

(469)

Malik, N.; Ferreira, B. 1.; Hollstein, P. E.; Curtis, S. D.; Trefts, E.; Weiser
Novak, S.; Yu, J.; Gilson, R.; Hellberg, K.; Fang, L.; Sheridan, A.; Hah,
N.; Shadel, G. S.; Manor, U.; Shaw, R. J. Induction of lysosomal and
mitochondrial biogenesis by AMPK phosphorylation of FNIP1. Science 2023,
380, eabjb559.

Kholmukhamedov, A.; Schwartz, J. M.; Lemasters, J. J. MitoTracker Probes
and Mitochondrial Membrane Potential. Shock (Augusta, Ga.) 2013, 39, 543.
Zhang, Z.; Zou, Z.; Dai, H.; Ye, R.; Di, X.; Li, R.; Ha, Y.; Sun, Y.; Gan, S.
Key genes involved in cell cycle arrest and DNA damage repair identified
in anaplastic thyroid carcinoma using integrated bioinformatics analysis.
Translational Cancer Research 2020, 9, 4188-4203.

Zhang, C.; Zhu, Q.; Gu, J.; Chen, S.; Li, Q.; Ying, L. Down-regulation
of CCNE1 expression suppresses cell proliferation and sensitizes gastric
carcinoma cells to Cisplatin. Bioscience Reports 2019, 39, BSR20190381.
Pawlonka, J.; Rak, B.; Ambroziak, U. The regulation of cyclin D promoters —
review. Cancer Treatment and Research Communications 2021, 27, 100338.
Leal-Esteban, L. C.; Fajas, L. Cell cycle regulators in cancer cell metabolism.
Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 2020,
1866, 165715.

Viner-Breuer, R.; Yilmaz, A.; Benvenisty, N.; Goldberg, M. The essentiality
landscape of cell cycle related genes in human pluripotent and cancer cells.
Cell Division 2019, 14, 15.

Arroyo, M.; Fernandez-Mimbrera, M. A.; Gollini, E.; Esteve-Codina, A_;
Sanchez, A.; Marchal, J. A. TOP2A inhibition and its cellular effects related
to cell cycle checkpoint adaptation pathway. Scientific Reports 2025, 15,
3831.

Ding, Y.; Gao, J.; Chen, J.; Ren, J.; Jiang, J.; Zhang, Z.; Tong, X.; Zhao, J.
BUBI1b impairs chemotherapy sensitivity via resistance to ferroptosis in lung
adenocarcinoma. Cell Death € Disease 2024, 15, 525.

Qin, L.-T.; Huang, S.-W.; Huang, Z.-G.; Dang, Y.-W.; Fang, Y.-Y.; He, J;
Niu, Y.-T.; Lin, C.-X.; Wu, J.-Y.; Wei, Z.-X. Clinical value and potential

290



(470)

(471)

(472)

(473)

(474)

(475)

(476)
(477)

(478)

(479)

mechanisms of BUB1B up-regulation in nasopharyngeal carcinoma. BMC
Medical Genomics 2022, 15, 272.

Liu, Z.; Sun, Q.; Wang, X. PLK1, A Potential Target for Cancer Therapy.
Translational Oncology 2017, 10, 22-32.

Wang, H.; Guo, M.; Wei, H.; Chen, Y. Targeting p53 pathways: mechanisms,
structures and advances in therapy. Signal Transduction and Targeted Therapy
2023, 8, 92.

Zhang, J.; Pu, X.-M.; Wu, X.-J. The Regulatory Effects of CDKN1A on
Relevant Genes in Kaposi’s Sarcoma Cells. Annals of Clinical € Laboratory
Science 2019, 49, 568-573.

Bencivenga, D.; Stampone, E.; Aulitto, A.; Tramontano, A.; Barone, C.;
Negri, A.; Roberti, D.; Perrotta, S.; Della Ragione, F.; Borriello, A. A cancer-
associated CDKN1B mutation induces p27 phosphorylation on a novel residue:
a new mechanism for tumor suppressor loss-of-function. Molecular Oncology
2021, 15, 915-941.

Glaviano, A. et al. PI3K/AKT/mTOR signaling transduction pathway and
targeted therapies in cancer. Molecular Cancer 2023, 22, 138.

Fu, M.; Hu, Y.; Lan, T.; Guan, K.-L.; Luo, T.; Luo, M. The Hippo sig-
nalling pathway and its implications in human health and diseases. Signal
Transduction and Targeted Therapy 2022, 7, 376.

Tzavlaki, K.; Moustakas, A. TGF-3 Signaling. Biomolecules 2020, 10, 487.
Pistritto, G.; Trisciuoglio, D.; Ceci, C.; Garufi, A.; D’Orazi, G. Apoptosis
as anticancer mechanism: function and dysfunction of its modulators and
targeted therapeutic strategies. Aging (Albany NY) 2016, 8, 603-619.
Ward, T. H.; Cummings, J.; Dean, E.; Greystoke, A.; Hou, J. M.; Backen, A.;
Ranson, M.; Dive, C. Biomarkers of apoptosis. British Journal of Cancer
2008, 99, 841-846.

Adams, C.; Cazzanelli, G.; Rasul, S.; Hitchinson, B.; Hu, Y.; Coombes, R. C.;
Raguz, S.; Yagiie, E. Apoptosis inhibitor TRIAP1 is a novel effector of drug
resistance. Oncology Reports 2015, 34, 415-422.

291



(480)

(481)

(482)

(483)

(484)

(485)

(486)

(487)

(488)

Cheratta, A. R.; Thayyullathil, F.; Pallichankandy, S.; Subburayan, K.;
Alakkal, A.; Galadari, S. Prostate apoptosis response-4 and tumor suppression:
it’s not just about apoptosis anymore. Cell Death € Disease 2021, 12, 47.
Liu, Z.; Ding, Y.; Ye, N.; Wild, C.; Chen, H.; Zhou, J. Direct Activation
of Bax Protein for Cancer Therapy. Medicinal research reviews 2016, 30,
313-341.

Liu, J.; Uematsu, H.; Tsuchida, N.; Ikeda, M.-A. Essential role of caspase-
8 in p53/p73-dependent apoptosis induced by etoposide in head and neck
carcinoma cells. Molecular Cancer 2011, 10, 95.

Huo, Y.; Cao, K.; Kou, B.; Chai, M.; Dou, S.; Chen, D.; Shi, Y.; Liu, X.
TP53BP2: Roles in suppressing tumorigenesis and therapeutic opportunities.
Genes € Diseases 2022, 10, 1982-1993.

Priolo, C.; Pyne, S.; Rose, J.; Regan, E. R.; Zadra, G.; Photopoulos, C.;
Cacciatore, S.; Schultz, D.; Scaglia, N.; McDunn, J.; De Marzo, A. M.; Loda,
M. AKT1 and MYC Induce Distinctive Metabolic Fingerprints in Human
Prostate Cancer. Cancer research 2014, 74, 7198-7204.

Mosquera, J. M.; Beltran, H.; Park, K.; MacDonald, T. Y.; Robinson, B. D.;
Tagawa, S. T.; Perner, S.; Bismar, T. A.; Erbersdobler, A.; Dhir, R.; Nelson,
J. B.; Nanus, D. M.; Rubin, M. A. Concurrent AURKA and MYCN gene
amplifications are harbingers of lethal treatment-related neuroendocrine
prostate cancer. Neoplasia (New York, N.Y.) 2013, 15, 1-10.

Ma, Q.; Zhang, W.; Wu, K.; Shi, L. The roles of KRAS in cancer metabolism,
tumor microenvironment and clinical therapy. Molecular Cancer 2025, 2/,
14.

Chen, X.; Ma, J.; Wang, X.; Zi, T.; Qian, D.; Li, C.; Xu, C. CCNB1 and
AURKA are critical genes for prostate cancer progression and castration-
resistant prostate cancer resistant to vinblastine. Frontiers in Endocrinology
2022, 13, DOI: 10.3389/fendo.2022.1106175.

Butler, L. M.; Centenera, M. M.; Neufing, P. J.; Buchanan, G.; Choong,
C. S. Y.; Ricciardelli, C.; Saint, K.; Lee, M.; Ochnik, A.; Yang, M.; Brown,

M. P.; Tilley, W. D. Suppression of Androgen Receptor Signaling in Prostate

292


https://doi.org/10.3389/fendo.2022.1106175

(489)

(490)

(491)

(492)

(493)

Cancer Cells by an Inhibitory Receptor Variant. Molecular Endocrinology
2006, 20, 1009-1024.

Formaggio, N.; Rubin, M. A.; Theurillat, J.-P. Loss and revival of androgen
receptor signaling in advanced prostate cancer. Oncogene 2021, 40, 1205—
1216.

Dadwal, U. C.; Chang, E. S.; Sankar, U. Androgen Receptor-CaMKK2 Axis
in Prostate Cancer and Bone Microenvironment. Frontiers in Endocrinology
2018, 9, 335.

Pulliam, T. L.; Goli, P.; Awad, D.; Lin, C.; Wilkenfeld, S. R.; Frigo, D. E.
Regulation and role of CAMKK2 in prostate cancer. Nature Reviews Urology
2022, 19, 367-380.

Orning, P.; Lien, E. Multiple roles of caspase-8 in cell death, inflammation,
and innate immunity. Journal of leukocyte biology 2021, 109, 121-141.
Thakur, S.; Kumar, V.; Das, R.; Sharma, V.; Mehta, D. K. Biomarkers of
Hepatic Toxicity: An Overview. Current Therapeutic Research 2024, 100,
100737.

293



	Statement of Originality
	Copyright Statement
	Acknowledgements
	Content
	Abbreviations
	List of Figures
	List of Tables
	Abstract
	Introduction
	Prostate cancer: a metabolic malignancy
	PCa formation, progression and therapeutic landscape
	Metabolic reprogramming in PCa
	Glycolysis and the Warburg Effect
	Amino acid metabolism
	Lipid metabolism

	The role of AMPK: The Guardian of Cellular Energy Homeostasis
	PGC1α: The master regulator of mitochondrial biogenesis 

	The world of RNA therapeutics
	Challenges in development of RNA-based therapeutics

	Nanoparticle-mediated RNA delivery 
	Rationale for RNA delivery
	Lipids and lipid nanoparticles for RNA delivery
	Polymeric nanoparticles for RNA delivery
	pH-responsive nanomaterials
	Reactive oxygen species (ROS)-responsive nanomaterials
	Redox-responsive nanomaterials


	Nanogels: an engineerable platform for RNA delivery
	Stimuli-responsive nanogels
	Disulfide-based NGs
	Radical polymerisation synthesis of NGs
	Active vs passive targeting mechanisms


	Hallmarks of clinically relevant delivery systems

	Experimental section
	Standard characterisation methods
	Nuclear magnetic resonance (NMR)
	Fourier–Transform infrared spectra (FT-IR)
	Mass spectrometry
	Dynamic light scattering (DLS) and electrophoretic light scattering (ELS)
	Transmission electron microscopy (TEM)
	UV-vis absorption spectroscopy and UV-vis fluorescence spectrophotometry
	SPARTA Raman Micro-Spectroscopy Analysis

	Synthesis of cationic monomers
	Acrylated guanidinium (AC-GUA)
	Polyarginine (R6) and Polyhistidine (H6)

	Synthesis of disulfide crosslinker
	Procedure and characterisation
	Confirmation of cleavage of disulfide crosslinker with GSH.

	NG synthesis
	mRNA-loaded NG synthesis
	PSMA-targeted NG synthesis

	Biological-focused NG and mRNA characterisation routines
	In vitro transcription of mRNA
	Characterisation of mRNA-NG complexation ability and mRNA stability by agarose gel electrophoresis
	Cell culture
	Protocols for in vitro transfection studies
	Cellular uptake studies via confocal microscopy
	Endosomal escape analysis via confocal microscopy
	Quantification of cellular uptake via flow cytometry
	Thiol-mediated uptake inhibition assay
	Immunofluorescence studies
	Transfection efficiency quantification by western blot analysis
	Transfection efficiency quantification by RT-qPCR
	Mitochondrial biogenesis assessment using flow cytometry
	Protein corona evaluation
	Endocytosis inhibition studies
	Cytotoxicity assessment
	Mitochondrial respiration analysis using the seahorse XF mito stress test
	Haemolysis assay
	RNA encapsulation stability and release kinetics in response to various physiologically mimetic stimuli.
	Generation of reactive oxygen species.
	Potentiometric titration to determine pKa values of NGs
	Immunohistochemical and immunofluorescence staining of tumour sections
	Spheroid formation, imaging, and nanoparticle uptake
	Bulk RNA sequencing
	In vivo biodsitrubtion and therapy assessment
	mCardinal_NG biodistribution in healthy mice
	C4-2b xenograft model for therapeutic assessment
	Serum Biochemistry for in vivo cytotoxicity



	Optimisation of RNA-loaded nanogel synthesis 
	Introduction
	Results & Discussion
	Influence of surfactant concentration on NG synthesis
	Influence of initiator content on NG synthesis
	Optimising crosslinker ratio
	Enhancing RNA entrapment efficiency by identifying optimal cationic monomer ratio
	Assessing best cationic monomer type for optimal RNA binding
	Fluorescent nanogel synthesis and optimisation
	Endosomal escape evaluation of optimised NGs
	In vitro mRNA transfection efficiency screening of cationic monomers
	Evaluating transfection efficiency of AETC_NG using fluorogenic Mango II RNA aptamers: a case study.

	Conclusions and limitations

	Assessing the Stimuli-Responsive Properties of Disulfide-Based Nanogels 
	Introduction
	Results & Discussion
	Evaluating GSH-responsiveness of disulfide NGs
	Evaluating ROS-responsiveness of disulfide NGs
	Evaluating pH-responsiveness of disulfide NGs
	Physiological ionic strength as an environmental cue: impact on NG architecture
	Protein corona formation as an environmental cue: impact on NG architecture

	Conclusions and Limitations

	Design, development and validation of PCa targeting redox-responsive nanogels 
	Introduction
	Results & Discussion
	Design and characterisation of NGs targeting the prostate specific membrane antigen (PSMA)
	In vitro specificity assessment of PSMA-targeted NGs.
	Monitoring in vivo biodistribution and targeting efficiency assessment in C57BL/6 mice
	Validating PGC1α & NT-PGC1α mRNA overexpression and downstream effects on mitochondrial biogenesis
	Validating effects of NG-mediated NT-PGC1α overexpression on PCa progression in a xenograft model of PCa

	Conclusions & Limitations

	Conclusions and Outlook
	Appendix 
	References



