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ABSTRACT

The objective of this work is to develop glycol chitosan (GC) based gene delivery
vehicles with an extracellular matrix (ECM) targeting capacity incorporating
hyaluronidase as part of a three-component electrostatic complex of a polymer, a
plasmid and an enzyme to improve the diffusion of the nanosystems in the tumor
microenvironment. This is also to the best of our knowledge the first study, describing
a quantitative strategy using an HPLC method to estimate the amount of bound

enzyme to the ternary electrostatic complex.

Our data showed that molecular weight, polymer to DNA mass ratio, treatment and
complexation time as well as complexation medium all influence the potential of the
nanosystems to deliver genes in the U87 glioma cell line in vitro. When compared to
the positive control, Lipofectamine a GC polymer of 37 kDa (GC37) showed about
70 % of Lipofectamine’s transfection efficiency to deliver a B-Gal reporter gene to U87
cells after 17 h treatment time and 24 h complexation time at 4° C. The ternary
electrostatic complexes were ineffective at delivering B-Gal DNA in vitro, although
they showed some transfection potential in mice on nasal administration. However
further studies are needed to confirm these findings and to identify the brain regions
where the B-Gal protein is expressed. A subcutaneous and an intranasal route of
administration were used to test the in vivo transfection efficiency of the GC37
polyplexes in mice and to compare it to the positive control Lipofectamine and naked
B-Gal. Lipofectamine/p-Gal lipoplexes (LF2) appeared with the highest signal
measured by VIS, 48 h post subcutaneous administration when compared to the
naked plasmid (D2) and the GC37/p-Gal polyplex (GCP3) all at the same dose (0.207
ug kg -' B-Gal DNA), although statistical analysis identified no significant differences
between any of the treatments. On the other hand, the main intranasal study showed
baseline levels of active B-Gal enzyme for mice treated with Lipofectamine/ B-Gal
lipoplexes (LF1), naked B-Gal DNA (D1) and GC37/B3-Gal polyplexes (GCP2) all at
the same dose (0.067 mg kg™ B-Gal DNA). This raised important questions, which
need addressing such as the suitability of the enzyme activity assay for nasal
administration along with reproducibility concerns surrounding nasal administration in
mice. Although further studies are needed to reveal the full in vivo potential of GC37
for effects occurring away from the administration site, GC37 could offer a
considerable advantage as an attractive candidate for polymer-mediated gene
therapy due to its significantly lower cytotoxicity than Lipofectamine and comparable

transfection potential.



IMPACT STATEMENT

Gene therapy or the intracellular delivery of genetic material with a therapeutic
potential has sparked a great deal of research interest due to the possibility of
providing a radical treatment solution rather than just alleviating disease symptoms.
Viral vectors and non-viral vectors (liposomes, polymers and proteins) have been
widely used in pre-clinical studies for the delivery of genetic material, offering
protection from enzymatic degradation, promoting intracellular trafficking of the

packaged nucleic acid, hence efficiency .

The real hope for the clinical relevance of gene therapy came in 1989 with the first
approved clinical trial using a retroviral vector introducing a marking neomycin gene
in tumor-infiltrating lymphocytes (TILs) 2. TILs were then transferred intravenously in
five patients with advanced malignant melanoma with no reported safety concerns
and considerable regression of the cancer in almost half of the patients. This marker
study served as the first direct evidence for the successful genetic modification of
cells, which were returned to patients without any harm. It paved the way for the
approval of many more gene therapy clinical trials with reports of 2597 entries until
2017 of ongoing and completed clinical trials targeting cancer, monogenic diseases
(cystic fibrosis), infectious diseases and cardiovascular diseases '. However, only
0.1 % of all gene therapy products have been reported to arrive to Phase IV with no

polymer-mediated gene products being currently marketed.

Polymer-mediated gene transfer is still facing some challenges related to its complex
nature. The three main events in polymer-mediated gene therapy, which have an
impact on the transfection efficiency are cellular uptake, endosomal escape and
nuclear import (the latter being important only for the delivery of plasmid DNA). The
lack of understanding, which physicochemical characteristics of the polymer and/or
the resulting polyplex play a role in each of those stages and their effect on
transfection efficiency make their clinical application a cumbersome task. This work
outlines an approach for the modification of the structure of the polymer vector aiming
to increase its efficiency by facilitating endosomal escape. Next, it gives a systematic
approach for the optimisation of the in vitro transfection efficiency of the
nanocomplexes in the glioma cell line U87. Moreover, it sheds light on the importance
of polymer molecular weight for transfection. Additionally, it simultaneously focuses
on a strategy targeting the tumor microenvironment in glioblastoma, which is a

physical barrier for the delivery of therapeutic molecules further into the tumor. Finally,



it explores the in vivo potential of the nanocomplexes to reach the brain via an

intranasal route of administration bypassing the blood brain barrier.

The new knowledge generated will be used to gain a better understanding of the
factors influencing the transfection efficiency of polymers in vitro and in vivo. This in
turn may change the status quo of polymer-mediated gene delivery and set up the
scene for their improved clinical performance. Additionally, on a narrower scope the
work undertaken will have a direct impact on our research group. The findings will
open new research opportunities seeking to answer the remaining questions and will
further contribute to achieving the overarching goal of expanding the clinical

relevance of polymers in gene therapy.
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Chapter 11 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

1 Introduction

1.1 Delivery of drugs to the Central Nervous System (CNS)

Treating neurological disease such as brain tumours, neurodegenerative diseases,
inborn metabolic errors or infectious diseases is a challenging task due to the
presence of two protective barriers en route to the brain, the blood brain barrier (BBB)
and the blood-cerebrospinal fluid barrier (BCSF) 34. These two barriers regulate the
transport of molecules across in order to maintain homeostasis. They represent the
intrinsic defence mechanism of the brain against toxic and infectious agents, but at
the same time they are a major obstacle for the efficient delivery of drugs targeting

neurological diseases and conditions.

1.1.1 The Blood Brain Barrier (BBB) and the blood-cerebrospinal fluid barrier
(BCSF)
The BBB is a capillary barrier of endothelial cells (ECs), packed closely together by
tight junctions (Tjs) and adherens junction (Ajs), which prevent paracellular transport®
with low pinocytotic activity &7 but limited transcellular transport occur 8. Unlike the
BBB, which consists of endothelial cells connected via Tjs, the BCSF barrier consists
of choroid plexus cells (vascular tissue found in all brain ventricles) connected with
Tjs surrounding a macrovascular endothelium with an intracellular gap and
fenestrations °1°. On the other side of the BCSF barrier is the arachnoid membrane,
which covers the brain and is also made from cells connected with Tjs. The transport
of molecules to the brain and the CSF under physiological conditions is mediated by
transcellular pathways including passive transport (diffusion), active transport or both
Various active transport mechanisms of molecules (carrier-mediated influx or efflux)
have been reported along with paracellular passive diffusion "2 (Figure 1-1). The
movement of molecules depends largely on their charge, hydrophobicity and
molecular weight 213, Low molecular weight lipophilic molecules transverse the BBB
by passive diffusion, while hydrophilic ones use receptor-mediated or adsorptive
active transport '*. These mechanisms are in place to ensure the supply of the brain
with amino acids, nucleotides, carboxylic acids and glucose. Receptor-mediated
transport ensures the movement of macromolecules with a conjugated receptor
ligand such as insulin, transferrin and lactoferrin. Adsorptive-mediated endocytosis

aids in the transport of cationic substances (Figure 1-1).
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Figure 1-1: The Blood Brain Barrier regulates the transport of molecules and ions
through a variety of mechanisms.

1.1.1.1 Intranasal administration to bypass the BBB

Typically, intranasal administration has been largely explored as an administration
route to treat minor local conditions such as nasal congestion, rhinorrhea, nasal
infections or rhinosinusitis '°. Nasal delivery undoubtedly has numerous advantages
such as ease of administration, non-invasiveness, rapid onset of action, relatively
large and permeable surface area and avoidance of the first pass hepatic metabolism.
However, the novelty of using intranasal delivery comes from its suitability to mediate
the transport of therapeutic molecules through the olfactory “neuroepithilim” to the

brain since this is the only part of the CNS unprotected by the BBB 6.

Intranasal administration is mediated through the olfactory neuronal pathway, the
trigeminal neuronal pathway or systemically (Figure 1-2). Olfactory neurons connect
the olfactory region of the nasal cavity to the brain — olfactory bulb and frontal cortex.
By contrast, the trigeminal neurons connect the respiratory region to more rostral
parts of the brain — pons, medulla and spinal cord. The trigeminal nerve has three
branches, mandibular, maxillary and ophthalmic, but only the last two are proven to
be involved in the transport of molecules from the nose to the brain due to the
presence of maxillary and ophthalmic neurons passing through the nasal mucosa 7.
It is hard to differentiate if molecules are using the olfactory or the trigeminal pathway,
since the olfactory regions is also innervated by branches of the trigeminal nerve, it
is generally believed that both are involved. Moreover, trigeminal nerve branches
passing through the cribriform plate (a horizontal segment forming the roof of the

nasal cavity) Is involved in the delivery of substances from the nose to the forebrain'®.
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An intranasally administered drug will diffuse through the nasal mucosa reaching the
branches of the trigeminal nerve present in the olfactory and respiratory region. A
variety of transport mechanism have been proposed for the movement of drugs
through the nasal mucosa such as paracellular, transcellular, carrier-mediated
transport, receptor-mediated transport, and transcytosis 1920, It is thought that the
transport of the drug to the brain via the trigeminal pathway is mediated through either
intracellular trafficking or endocytosis. The olfactory pathway includes the transport
of the drug through paracellular and transcellular mechanisms from the nasal cavity
through the olfactory mucosa. Then transport through the axon and nerve bundles
across the cribriform plate deliver the molecule to the olfactory bulb. Finally,
intraneuronal slow (axonal transport) and extra-neuronal rapid transport (through
perineural channels) is involved in the delivery of the drug from the olfactory bulb to

the brain 7.

On nasal administration after mucocilliary clearance the molecule will be transported
to the interior of the nasal cavity to the respiratory, olfactory neuronal networks and
blood vessels 222, It will then be transported through the blood vessels into the
systemic application and then across the BBB to the brain. The neuronal pathway
through the olfactory or trigeminal nerves via intra or extracellular routes to reach the

olfactory bulb and the brain is the preferred pathway of drugs after intranasal

delivery?'.23,
p— | Systemic Pathway : I BBB :
I Olfactory nerve |
N
Intranasal —l Neuronal Pathway
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_’l Mucaocilliary Clearance |—’ I Organs/Tissues |

Figure 1-2: Diagram illustrating the nose to brain transport of drug molecules and the
central role of the olfactory and trigeminal neuronal pathways.

1.2 The extracellular matrix of healthy tissues

The extracellular matrix (ECM) is the non-cellular component of all connective tissues.
It consists of a variety of macromolecules such as fibrous proteins; collagen,
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fibronectin, elastins and laminins; glycosaminoglycans (GAGs) such as hyaluronic
acid, chondroitin sulfate, heparan sulfate; proteoglycans (PGs) e.g. decorin,
syndecans, perlecan, and agrin. ?*. These macromolecules form complex self -
assemblies and three-dimensional structures, which are heavily hydrated and provide
a mechanical support for the surrounding cells and organs. In addition to the physical
scaffolding function of the ECM it is known to play a very important role in cell
signalling pathways and be involved in cell growth, cell survival, differentiation and

homeostasis 25-26,

1.21 Collagens

Collagens represent around 30 % of the total protein mass of multicellular organisms,
which makes them also the most predominant structural component of the ECM 26 .
Collagens of different types can form fibres, which provide high tensile strength and
regulate cell adhesion and migration 26. The fibrillar structures are formed due to the
presence of repeating (Gly-X-Y), amino acid sequences, where X is usually a proline
and Y is a hydroxyproline. The unique repeating sequences form triple helical
structures, which are thought to be the reason for the formation of the rod-like
structures of the collagen fibres 27-28. Interstitial collagen is secreted by either stromal

fibroblasts or fibroblast recruited from neighbouring tissues 2°.

1.2.2 Elastins

Elastins are fibrous proteins, which are also abundant in connective tissues. Elastins
can also form fibres, which facilitate passive recoil of connective tissues exposed to
continuous stretch and account for their resilience and extensibility *°. Enzymes of
the lysyl oxidase (LOX) family are responsible for crosslinking the secreted

tropoelastin (the precursor of elastin) into elastin fibres 3'.

1.2.3 Fibronectins

Fibronectins are another type of fibrous ECM proteins, which are closely associated
with cell attachment32. Fibronectins have many important functional domains
including a heparin, fibrin, collagen and most importantly an integrin binding domain
(Arg-Gly-Asp or RGD motif)33. Integrins function as a linker mediating the interactions
between the extracellular matrix and the cytoskeleton hence they are referred to as
transmembrane adhesion proteins 32. Takashashi et al. showed that the integrin
binding domain is a binding site for a5B1 and aVB3 integrin adhesion molecules?*.
They also showed that interaction with the RGD motif is essential for the formation of

fibronectin fibrils. The integrin binding domain is exposed after an extensive
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mechanical stretch by cellular traction forces, which is shown to be several times over

its resting length 3°.

1.2.4 Glycosaminoglycans and Proteoglycans

GAGs can be either sulfated (heparan sulfate, chondroitin sulfate and keratin sulfate)
or non-sulfated (hyaluronic acid) 3* polysaccharides consisting of repeating
disaccharide sugar units (N-acetylglucosamine, N-acetylglucosamine sulfate, D-
glucuronic acid or L-iduronic acid and galactose). The molecules of GAGs are very
hydrophilic and interact with water molecules in the ECM to form extensive hydrogel
networks, which allows them to withstand high compressive forces®. GAGs are
usually modified with specific proteins in the rough endoplasmic reticulum and Golgi

apparatus and secreted as proteoglycans®’.

Proteoglycans may be classified into three groups based on the GAG chain and the
core protein localization. The three groups are small leucine rich proteoglycans
(SLRPs), modular PGs and cell surface PGs. 3. Proteoglycans are part of very
important signalling pathways, hence mutations in the genes coding for PGs result in
many genetic diseases 2*. SLRPs can bind and activate epidermal growth factor
receptor (EGFR), insulin-like growth factor 1 receptor (IGFIR) as well as tumour
growth factor TGF B 3438, Modular PGs are known to perform a variety of functions
facilitating cell adhesion, migration and proliferation. Additionally basement modular
PGs, such as agrin and perlecan ) have dual functions of pro and anti-angiogenic
factors 3°. Syndecans and glypicans as cell surface PGs can act as co-receptors of

other cell surface receptors 4.

Hyaluronic acid (also known as hyaluronate or hyaluronan) is a negatively charged,
unbranched polysaccharide consisting of N-acetylglucosamine and glucuronic acid
covalently attached with (3-(1,4) glyosidic bonds. It is synthesized by the hyaluronan
synthase enzymes HAS 1, HAS 2 and HAS 3 0 . By contrast to the above-mentioned
proteoglycans hyaluronan is an unmodified GAG, which is not attached to a specific
protein to form a proteoglycan. In humans hyaluronan is found to be degraded by a
family of six enzymes called hyaluronidases 4!, which have different locations in the
body. Similarly, to all the other GAGs, hyaluronan networks retain water molecules
and hyaluronic acid together with the other ECM components play a crucial role in
maintaining water balance, porosity and malleability of the ECM as part of

homeostasis mechanisms.
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1.3 The extracellular matrix of solid tumours as a barrier for the delivery of
drugs
Malignant solid tumours are characterised by the presence of a stroma and an
extracellular matrix (ECM). The stroma comprises of stromal cells, which include
cancer-associated fibroblasts (CAFs) 42 , pericytes 3, endothelial cells 44, tumour
infiltrating hematopoietic cells and innate and adaptive immune cells 5. The ECM is
composed of glycoproteins, GAGs and a variety of ECM proteins such as, collagens,
laminins, elastins efc. An event related to tumorigenesis is the uncontrolled extensive
fibrosis called desmoplasia, which is characterised by an increase in the synthesis of
matrix proteins by myofibroblasts (Figure 1-3). Myofibroblasts are transdifferentiated
fibroblasts depositing copious amounts of collagen, which may be crosslinked by the
LOX (lysyl oxidasees) resulting in a stiffened ECM 46. Myofibroblasts and tumour cells
are also responsible for the deposition of matrix metalloproteinases (MMPs), which
degrade all kinds of ECM proteins facilitating the remodelling of the ECM#’. In addition
to the rigid, rich in collagen ECM, a number of solid tumours and neoplastic tissues
in the body have also been shown to overexpress hyaluronan “8. In a healthy state
hyaluronan is a polysaccharide universally distributed in different parts of the body.
Its function is to ensure not only the rigidity of connective tissues, where it is abundant,
but also to bind to the CD44 receptor and RHAMM (hyaluronan-mediated motility
receptor) triggering signal transduction pathways associated with cell proliferation,
migration and recruitment of neutrophils 8. In the diseased cancer state these roles
of hyaluronan, exacerbate further the condition by decreasing the accessibility of the
tumour stromal cells from one side and by increasing the tumour aggressiveness on
the other, promoting cell proliferation, migration and metastasis #°. In the same way
while in normal tissues the ECM as a whole plays a role in protecting the cells from
bacterial invasion, maintaining homeostasis, ensuring functional relations between
cells and regulating macromolecule transport through the interstitium: in solid tumours
the stiffened, rigid ECM blocks the transport of macromolecules contributing to their
physical resistance to drugs 2%, antibodies °°, immunotoxins 5' and oncolytic

adenoviruses %2 (Figure 1-3).
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Figure 1-3: The desmoplasmic reaction and the overexpression of matrix
components hampers the delivery of therapeutics in solid tumours.

1.3.1 Gliomas

Malignant gliomas are extremely aggressive brain tumours and they progress by
invading the normal brain parenchyma, which makes them very difficult to treat by
local surgery and radiotherapy %3. High-grade gliomas (lll and 1V) are classified as
diffuse gliomas due to their aggressive nature of infiltrating the surrounding healthy
brain tissue, which results in low chances of remission due to continues expansion of
the tumour. Fast spreading of the tumour even for low-grade gliomas (I and Il) results
in a rapid progression to high grade lll and IV gliomas ¢%. The World Health
Organization (WHO) classifies Glioblastoma multiforme (GBM) as a grade IV glioma,
which arises from astrocytes %4%. GBM affects about three per 100,000 people every

year with recurrence in nearly all patients 6.

The standard of care currently includes brain surgery, followed by radiotherapy in
combination with temozolomide (TMZ) 8.  Additionally, a monoclonal antibody
(bevacizumab) targeting the vascular endothelial growth factor (VEGF) is used for the
treatment of recurrent gliomas %’. However, the median survival post diagnosis and
treatment is between 12 and 15 months with a patient’s death rate of greater than 95
% within 5 years of diagnosis 8. GBM remains an incurable disease and new

alternatives are urgently needed to improve treatment outcomes.

1.3.1.1  Gene expression in GBM

The sequential acquisition of genetic mutations in benign gliomas leads to the

development of malignant gliomas 5°. Four clinical subtypes have been identified for
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GBM including: classical, neural, proneural and mesenchymal 8°. The difference in
the clinical subtypes comes from the set of characteristic mutations for each one of

them.

Classical GBM is described in 95% of the cases, arising de novo, within 3 - 6 months
in older patients °. The genetic alterations in a classical GBM include an amplification
of chromosome 7 along with a deletion of chromosome 10, overexpression of
epidermal growth factor (EGFR) and mutations in phosphatase and tensin homologue
(PTEN) %56°_ The overexpression of EGFR results in increased proliferation through
the Ras-Sch-Grb-2 pathway, which in turn leads to uncontrolled cell growth together
with a reduction in apoptosis ¢'. Furthermore a point mutation in the EGFR amplicons
has been reported for almost half of the classical GBM cases analysed ©°. The mutant
variant Il of the receptor vlll EGFR is associated with permanent activation, which
causes mitogenic effects and induces cell division®?. PTEN is a tumour suppressor
and the loss of function caused by a mutation results in failure to attenuate the
signalling cascade in the P13K/Akt/mTOR causing proliferation, uncontrolled growth

and migration 3.

Proneural or secondary GBM usually takes 10 - 15 years to develop and arises from
a lower grade astrocytoma 8'. Typical mutations often present in proneural GBM are
overexpression of the platelet derived growth factor receptor alpha (PDGFRA),
mutated p53 tumour suppressor, retinoblastoma genes and isocitrate dehydrogenase
(IDH-1) 586067 PDGFRA is a mitogen, the increased expression of which leads to
tumour cell proliferation ¢'. p53 acts as a switch to G1 in cell cycle promoting cellular
death and apoptosis, hence a mutated p53 leads to cell immortalization and
uncontrolled division. IDH-1 mutations have been associated with changes in histone
acetylation which can in turn alter gene expression (upregulate PDGFRA) and

chromatin structure 8465,

Mesenchymal GBM is characterised with deletions or mutations in neurofibromin-1,
which is another tumour-suppressor gene described for 32 % of the mesenchymal
cases %. High levels of necrosis are reported for patients with mesenchymal GBM,
which could be attributed to the overexpression of proteins from the tumour necrosis

factor superfamily €° .

The neural GBM type has the closest gene expression patterns as to normal neurons

and nerve cells and is characterised with changes associated with the other
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subgroups of GBM and no specific genetic modifications, which would make it easy

to distinguish it from the other GBM subgroups €.

1.3.1.2 The ECM of gliomas

Similar to the ECM of other solid tumours, the ECM of gliomas is rich in fibrillar
collagens, fibronectin and laminins 6. Moreover, hyaluronan content is also found to
be higher in malignant glioma tissue & with an increase in the levels of CD44 and
RHAMM receptors as well, which is in contrast to normal brain tissue. Radotra et al.
found that glioma invasion in vitro is mediated through hyaluronan binding to the
CD44 receptor 4%, a fact that further emphasizes the importance of hyaluronan not
only as a key component of the glioma ECM, but also as a key player in the signal

transduction pathways governing glioma invasion and metastasis.

1.4 Gene therapy

Gene therapy is an emerging field in the pharmaceutical sciences, because of the
great potential that the variety of techniques offer for treating acute as well as chronic
diseases such as cancers, viral infections and genetic disorders. The basic concept
behind this general term is intracellular delivery of genetic material to generate a
therapeutic effect. The treatment can target cells where an abnormal gene, causing
a disease is repaired by introducing a healthy copy of the gene. This is referred to as
gene editing and it is mediated by the CRISPR/Cas 9 system, where Cas 9 is a
nuclease complexed to a synthetic guide (QRNA). The action of the guide RNA and
the nuclease ensure that the genome is cut at a desired place, where a gene can be
excised and/or new genes added % The new gene can be introduced to help fight
a disease or a “faulty gene” (mutated gene) can be inactivated. It can be applied to
either germ-line cells or somatic cells. Germ-line gene therapy is not used in humans
as it poses many ethical questions, while somatic gene therapy is widely used as the
changes in the genes have an impact on the cells of the individual only and will not

be passed on to the next generation.

1.4.1 Delivery vehicles of nucleic acids.

Naked nucleic acid cannot reach the cells if administered systemically, as there is a
high risk they will be quickly degraded by nucleases °. In addition to that the passive
uptake of nucleic acids by the cells is a highly inefficient process, because of their
large size and their negative charge so smart carriers and ways for targeted delivery
are needed. However, the rule has its exceptions as naked DNA delivery was

attempted and has been successful to some extent in routes of local administration
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such as intramuscular injection for DNA vaccination, intratumoral injection for some
cancers etc, but generally the efficiency of naked nucleic acids is limited 7. The
delivery of plasmid DNA requires nuclear transport, which is a limitation of the
approach as it adds another barrier to the delivery process i.e. crossing the nuclear
membrane 2. By contrast sSiRNA and mRNA perform their functions in the cytoplasm
where mRNA initiates the synthesis of the coded therapeutic protein, while siRNA

attenuates the translation of the target protein by the process of RNA interference.

Small interfering RNA molecules (siRNA) are relatively short length nucleic acids (21-
25 nucleotides, or with a molecular weight of approximately 13 kDa), which can
“switch on” the RNA interference (RNAi) pathway 73. siRNAs are short double
stranded molecules consisting of a “sense” passenger strand and an “antisense”
guide strand 73. Once in the cytoplasm siRNA associates with the RNA-inducing
silencing complex (RISC)™. The RISC complex is activated when the passenger
strand is cleaved from the siRNA duplex by Ago (Argonaute) protein, a main
component of the RISC complex. The “antisense” guide strand then guides the
complex to the complementary mRNA 5. The mRNA molecule is cleaved at position
10 and 11 from the paired siRNA counting from the 5' end resulting in the formation
of mRNA fragments 76. The mRNA fragments are then consequently degraded by

exonucleases, which prevents the translation of the coded protein.

The development of suitable gene delivery methods plays a pivotal role in the success
and the future of gene therapy. Currently the strategies for gene delivery can be
classified into two main groups: viral gene delivery systems or non-viral gene delivery

systems.

1.4.1.1 Viral-mediated gene delivery

In viral-mediated gene delivery, the viral genomes are modified so the genes
responsible for viral replication are removed, while a therapeutic gene is inserted””.
Viral vectors may be divided into two groups: lytic and non-lytic vectors 7. Non-lytic
vectors produce virions and leave the host cells intact (adenoviruses and
lentiviruses), while lytic viruses produce virions and destroy the host cells (human
herpes simplex virus) 778, Viral vector mediated gene delivery is considered the most
successful and has a higher efficiency than non-viral mediated gene delivery.
However, safety concerns due to insertional mutagenesis and immunogenicity are
challenges for their systemic application 7°. Additionally, novel nucleic acid-based

therapies using synthetic siRNAs, DNA oligonucleotides or mRNAs cannot be

31



Chapter 11 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

delivered by viral vectors. This is the reason why efforts in research have shifted
towards the discovery of new systems that can facilitate gene delivery without the

need for a viral vector.

Despite the problems associated with viral mediated gene delivery, around 70 % of
the clinical trials include carries modified with adenoviruses, lentiviruses or
retroviruses &. There are currently thirteen approved gene therapeutics in different
countries twelve of which are with viral vectors 8'. In 2003 Gendicine® was the first
gene therapy approved in China for the treatment of non-squamous head and neck
cell carcinoma. It is an adenoviral vector carrying the therapeutic p53 gene. Only two
years later Oncorine™ was another gene therapy available in China for the treatment
of nasopharyngeal carcinoma. In 2012 the European market had finally its first
approved adenoviral gene therapy under the name Glybera,.The drug targets a rare
disease, which is the characterised by absence of the enzyme lipoprotein lipase
LPL8, LPL facilitates the clearance of fat containing chylomycrons after the
consumption of a rich in fat meal. Glybera has been withdrawn shortly after due to
low patient demand and high cost. Between 2015 and 2018 there were another three
gene therapeutics using viral vectors approved in Europe: Imlygic™, Stramvelis™

and Zalmoxis™ for the treatment of melanoma, lymphopenia and leukemia.®

1.4.1.2 Non-viral mediated gene delivery

Non-viral gene delivery strategies combine both chemical and physical methods 8485,
Physical methods rely on techniques such as the gene gun, electroporation, particle
bombardment and ultrasound while chemical methods include the use of liposomes
and cationic polymers. A major advantage of non-viral gene transfer methods is their
lower antigenicity in comparison to viral mediated gene delivery methods 8. There
are three major events in lipoplex and polyplex delivery (Figure 1-4): internalisation
via endocytosis (1), endosomal escape and release (2), nuclear import for DNA
delivery (3a) release of siRNA in the cytoplasm and association with the RISC

complex (3b), release of MRNA and association with the ribosome (3c¢).
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Figure 1-4: The three major events in non-viral mediated gene delivery, endocytosis
(1), endosomal escape (2) nuclear import for nanocomplexes with a DNA cargo (3a),
nanocomplexes release siRNA (3b) or mRNA (3c).

1.4.1.2.1 Lipoplex formation, internalisation and endosomal escape

Lipids are amphiphilic molecules, which consist of a polar head group, which can be
positive, neutral or negative and a hydrophobic tail. The hydrophobic tail consists of
hydrocarbon chains of different length (between eight and eighteen carbon atoms).
The positive charge of the head group may originate from a peptide, amino acid or
from guanidinium or pyridinium groups 88 . The positive head group of the lipids
interacts with the negatively charged phosphate groups from the nucleic acid, which
leads to the formation of an electrostatic complex called a lipoplex. Lipoplexes can
include a neutral lipid such as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) and cholesterol (Chol), cationic lipids such as [e.g., N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethylammonium chloride (DOTMA) or N-[1-(2,3-dioleoyloxy)]-
N,N,N-trimethylammonium propane methyl-sulfate (DOTAP), 1,2-dimyristy-
loxypropyl-3-dimethyl-hydroxy ethyl ammonium bromide (DMRIE-C), efc.

The transfection efficiency of lipid-nucleic acid formulations depends on the overall
charge of the lipoplex, the size, the mechanism of entering the cell and the release
mechanism, which leads to dissociation of the cargo nucleic acid from the lipoplex. A
study by Esposito et al., showed that nanoparticles between 400 — 450 nm are more
effective than nanoparticles between 950 — 1050 nm %°. Kenny et al. show that their
liposome entrapped siRNA LEsiRNA with a size lower than 100 nm attenuates the
translation of the anti-apoptotic protein survivin, which is overexpressed in a number

of tumours °'. It is important to note that size as a parameter affecting transfection
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efficiency cannot be considered independently but rather in combination with other

characteristics of the lipid-nucleic acid formulations.

Lipoplexes are thought to enter the cell using two pathways; either by endocytosis or
by membrane fusion . The endocytic pathway appears to be the preferred
mechanism of cell entry. Prior to internalisation the overall positive charge of the
lipoplex is responsible for the interaction with the negatively charged phospholipids
on the cell membrane. There are several endocytic pathways that operate in the cell
and the contribution of each one for the internalisation of lipoplexes is not fully
understood. Endocytosis can be clathrin dependent or clathrin independent
(phagocytosis, micropinocytosis or caveolae-mediated internalisation) 9-%. The
endocytic pathway used for lipoplex internalisation appears to be dependent on the
type of the lipid. A clathrin-mediated endocytic pathway has been reported for
DOTAP/DNA lipoplexes % , while a caveolin-mediated endocytosis is described for
1,2-dimyristy-loxypropyl-3-dimethyl-hydroxy ethyl ammonium bromide (DMRIE-C)".
Additionally, cell entry of the lipoplex depends on the type of “cargo” nucleic acid. Lu
et al., showed that a small amount of siRNA/lipoplexes are internalised into the cell

via simple fusion of the lipoplexes with the cell membrane .

The release mechanism of the cargo nucleic acid from the lipoplex is thought to occur
through fusion of the lipids with the endosomal membrane. The process leads to the
formation of temporary perturbations in the endosome membrane, which facilitate the
escape of the nucleic acid into the cytoplasm °°. A crucial step in the process is the
inward “flip flop” of negatively charged lipids on the cytoplasmic side of the endosome
towards the inner side of the endosome 1%, which leads to the formation of neutral
charge ion pairs with the cationic lipids '°'. The result of the “flip flop” and the
consecutive neutralisation of charges causes destabilisation in the lamellar

organization of the endosomal membrane and the release of the nucleic acid.

The first gene therapy using lipid carrier was approved in 2011. ONPATTRO or
Patisiran has been developed to target nerve damage caused by hereditary
transthyretin amyloidosis (hATTR). hATTR is an autosomal dominant disease
resulting from a mutation in the transthyretin gene (TTR) that leads to the
accumulation of misfolded TTR proteins in the nerves, heart and Gl tract %2, Patisiran
is a lipid nanoparticle delivering siRNA to hepatocytes, which are the primary source

of the misfolded protein in the circulation as a result of the mutation.
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1.4.1.2.2 Polyplex formation, internalisation and endosomal escape

In a similar to lipoplexes manner, polyplexes are formed by an electrostatic interaction
between the nucleic acid and the cationic polymer '%. Polyplexes are made of
cationic and in some cases amphiphilic polymers. Cationic polymers can be either
linear: poly(L-lysine) (PLL) and polyarginine (PLA), polyethyleneimine (PEIl), chitosan
or branched (cationic dendrimers) such as poly (amidoamine, PAMAM), poly
(dimethylaminoethyl methacrylate) 8194, Polyplex complexation is crucial for the
interaction with the negatively charged groups of the phospholipid bilayer. Since
complexation and binding affinity is pivotal also for unpacking of the cargo nucleic
acid in the right cellular compartment, the importance of the balance between binding

and dissociation will be discussed together in section 1.4.1.3.

Polyplex cellular uptake is a consequence of electrostatic and/or hydrophobic
interactions between the polyplex and the membrane. It has been shown that the
adsorption of polyplexes with hydrophobic moieties on membranes induces
membrane deformations which in turns leads to endocytosis '°5. Therefore,
hydrophobic interactions with the membrane are promoting cellular uptake. In a
similar fashion electrostatic interactions are said to enhance cellular uptake, but at
the same time an increase in the number of positive charges can result in cytotoxicity
106, Similarly, an increase in polyplex hydrophobicity has also been reported to cause
membrane deformation and cytotoxicity. Kozielski et al. showed that poly beta amino
esters (PBAE) co-polymerised with different ratios of hydrophobic monomers carrying
siRNA possessed optimal gene silencing activity and were less toxic when having
moderate hydrophobicity'?”. Toxicity is also associated with the molecular weight and
the type of the polymer structure: linear or branched %1%, Higher molecular weight
polymer and branched structures are described to be more toxic than lower molecular
weight polymers and linear structures Similarly, enhanced positive charge and high
transfection efficiency is usually associated with high cytotoxicity for lipoplexes too'°.
A strategy to preserve the transfection efficiency but to reduce the cytotoxicity is the
use of anionic lipids to overcome the cationic lipid associated toxicity. Kapoor et al.
incorporated siRNA into liposomes composed of anionic lipids using calcium ion
bridges, the positive charge of which was needed for complexation '''. The obtained
lipoplexes showed significant silencing and lower toxicity when compared to cationic
lipoplexes. Chemical modifications in the structure of both lipoplexes and polyplexes
by addition of polyethylene glycol (PEG) to reduce the surface positive charge have

also been explored as strategies to reduce toxicity '12.

35



Chapter 11 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

Cellular uptake may be promoted by grafting a ligand to the structure of the
nanoparticle. This would not only facilitate internalisation through receptor - mediated
endocytosis, but also add targeting potential to the system. Conjugation of folic acid
to PEG shielded pDNA and siRNA nanoparticles increased their cellular uptake and
gene transfer/silencing activity when compared to control nanoparticles with no ligand
functionalisation ''3. Both lipoplexes and polyplexes are shown to enter the cell
through different endocytic pathways, however a major difference between the two
types of gene delivery platforms is the endosomal escape mechanism which for
polyplexes is a consequence of the “proton sponge” effect, while for lipoplexes is a

result of direct interaction of the lipids with the endosomal membrane °2.

The ability of cationic polymers to buffer the acidic pH in the endosome is known as
their buffer capacity. Buffer capacity is closely related to the positive charges of the
polymer and their proton affinities (basicity). A polymer with higher basicity will readily
accept a proton and this in the context of the endosome will result in a continuous
influx of protons from the cytoplasm resulting in an increased influx of ClI- ions and
water creating osmotic pressure, swelling and consequent disruption of the
endosome, a process described as the “proton sponge” effect 4115, Sonawane et al.
advocated strongly in favour of the proton sponge effect as the mechanism through
which polyplexes exert their release from the endosome '"6. Even though the “proton
sponge” is widely accepted as the release mechanism of the cargo nucleic acid in the
cytoplasm, research in the area is ongoing as the theory has recently been challenged
"7 This notwithstanding buffer capacity is still an important parameter for the efficient
performance of polyplexes as transfection agents, which needs to be considered
when designing new polymer vectors. Lachelt et al. synthesized a small library of
oligo (ethanamino) amides containing ethanamino and histidine amino acids carrying
pDNA. The authors demonstrated that increased buffer capacity of the polymers due

to increased continuous cationization coincides with improved gene transfer 118,

Another strategy to improve endosomal escape is the engineering of sequences with
direct disruptive properties on the endosomal membrane, including the incorporation
of cell penetrating peptides (CPPs) in the composition of the nanoparticle. In such
cases the intrinsic activity of CPPs to introduce detergent like pores in the plasma
membrane is used to create pores in the endosomal membrane. KALA and GALA
sequences have been successfully grafted to nanoparticles to induce endosome

leakage ''°. KALA is a peptide that adopts an a - helical conformation at acidic pH
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(4.5) and it has been shown to promote 100 % endosomal leakage at a variety of pH
(4.5 —8) 120,

1.4.1.3 Spatial release depending on the cargo nucleic acid

The rate of dissociation of the nanocomplexes and the influence of the size of the
cargo nucleic acids along with the carrier physical characteristics and their effects on
gene delivery are not yet clear. Previous studies demonstrated that gene expression
from plasmids injected in the cell cytoplasm is a lot less pronounced in comparison to
plasmids injected directly into the nucleus 12122, |t has also been reported that naked
DNA is unstable in the cytoplasm and is susceptible to degradation by numerous
endogenous nucleases and has a half-life of 50 - 90 mins 2. Unlike DNA,
nanocomplex disassembly must happen in the cytoplasm for other types of nucleic
acids such as siRNA, shRNA, mRNA, as these nucleic acids exert their function in
the cytoplasm. Live cell imaging of lipoplexes carrying siRNA, showed an immediate
release in the cytoplasm straight from the endosome 124125, Single particle live
tracking analysis of lipoplexes and PEI polyplexes revealed that direct movement
using microtubules governs intracellular trafficking of both lipo — and polyplexes
residing in the endosome en route to the nucleus. On the other hand, random diffusion
through the cytoplasm to reach the perinuclear space is described for nanocomplexes
that have already escaped the endosome. This was proven by the fact that 90 % of
the lipoplexes and PEl-polyplexes had direct movement using microtubules when
they co - localised with the lysosome 126127, Nuclear import and access to the
transcription cell machinery has been nominated as the potential transfection rate
limiting step for DNA delivery. Additionally, rapidly dividing cells have been reported
to be easier to transfect because of their frequently dissociating nuclear envelope by
contrast to quiescent cells which have an intact nuclear membrane 2. In the case of
quiescent cells, lipo - and polyplexes have been reported to enter the nucleus with
fusion or penetration of the nuclear membrane respectively '?°. Smart carriers
incorporating a nuclear localisation signal (NLS) have been also developed to
improve the nuclear import of nanocomplexes. NLS is a short peptide sequence
PKKKRKV derived from the viral T antigen. It recognises and binds directly to
importin—f or to the adapter protein importin-a. The binding to importin- guides the
NLS - importin complex to the docking site in the nuclear pore complex (NPC) and
facilitates nuclear internalisation by an unknown mechanism '3°. An NLS modified
ternary polyplex incorporating PEl/cyclodextran and DNA showed the same

transfection efficiency in both dividing and non-dividing cells 131,
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Since nuclear import is an intracellular barrier for efficient DNA delivery a balance
between a stable nanocomplex, which can deliver the target gene protected from
enzymatic degradation, allowing its dissociation from the complex in the nucleus is
crucial. By contrast to DNA delivery, siRNA and mRNA delivery requires the nucleic
acid release to happen in the cytoplasm. Different strategies to modify the structure
of the carriers in order to ensure control on the cellular compartments where
unpacking occurs have been also employed. Feng et al. report on the fine balance
between hydrophobicity of the carrier, charge density and carrier length as a pre-
requisite for efficient packaging during internalisation, intracellular trafficking and
release in the nucleus '32. On demand spatial siRNA release from light-sensitive, pH
or redox responsive carriers have been all reported to enhance gene silencing by

controlled release in the cytoplasm 133136

1.4.1.3.1.1 Gene therapy approaches targeting GBMW

The evaluation of epigenetic and genetic data about changes in gliomas on a
genome-wide level have shed light on common pathways disrupted in these tumours
and contributed to an improved understanding of important key mutations. The
progress made in expanding the genetic knowledge of gliomas and particularly
glioblastoma (GBM) have resulted in multiple strategies focusing on gene therapy
approaches targeting GBM. Common strategies include the use of suicide genes,

immunomodulatory and tumour-suppressor gene therapy '%7.

Suicide gene therapy uses genes that code for an enzyme, which targets an inactive
precursor (prodrug) to convert it to its active cytotoxic form. Suicide gene therapy for
the treatment of GBM has been widely used with viral vectors. The two common
systems include the delivery of thymidine kinase (tk) or cytosine deaminase (CD) by
two retroviruses: a herpes simplex virus type | (HSV) and Toca 511. The enzymes
convert the systemically administered prodrugs ganciclovir (GCV) or 5-flurocytosine
(5-FC) to the active chemotherapeutic agents, ganciclovir 3-phosphate (GCV-3P) or
5-flurouracil (5-FU) respectively 3139, As a structural analogue of deoxy guanosine
triphosphate (dGTP) GCV 3-P competes for DNA polymerases and inhibits DNA
replication, while 5-FU blocks the action of thymidine synthase (TS) interrupting the
synthesis of DNA™0, By contrast to the HSV-tk/lGCV system, which showed no
improvement in 1-year survival rates in a Phase 3 trial including 248 patients newly
diagnosed with GBM 38, the Toca 511/CD and FC administered orally showed tumour
regression at the infusion site of patients with recurrent high-grade glioma '#'. The

system is currently in Phase 2/3 clinical trial for the treatment of GBM (Table 1-1).
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The overarching goal of immunotherapy is to overcome the tumour induced immune
suppression by stimulating the immune system through the introduction of genes
encoding cytokines or antibodies. Although for a long time it has been widely
accepted that immune cells are unable to cross the BBB, there is a substantial amount
of evidence supporting the tumour-induced suppression in gliomas 42143, HSV-tk
system, but with an adenovirus (AdV-tk) instead of a retrovirus was used in
conjunction with the prodrug valacyclovir. Valacyclovir is converted to the cytotoxic
anti-herpetic drug acyclovir, which stimulates the synthesis of toxic nucleotide mimics
resulting in tumour cell death and activation of the tumour-associated immune cells
144 A Phase 1B study of newly diagnosed patients used the valacyclovir AdV-tk
system directly administered in the tumour bed after re-section, radiotherapy and
chemotherapy with temozolomide (TMZ) showed a small increase (25 % and 33 % in
2- and 3-year survival rates respectively) when compared to the standard of care
(Table 1-1). The immunotherapy approach applied in the study was verified by the
detection of CD3+ cells after post-treatment analysis of tumours 4. Moreover, a
phase Il clinical trial showed improved median survival rates when compared to the
standard of care (13.5 % vs 17.9 %) '%5. The AdV-tk valacyclovir system was also
recently used in combination with radiotherapy in a Phase 1 clinical trial in paediatric
patients diagnosed with malignant glioma and recurrent ependymoma 46
(Table 1-1). At least 16 months survival rate post-treatment was reported for half of

the participants with no dose-limited toxicities, but grade 3 lymphopenia was common
146

Tumour-suppressors are crucial for prevention of oncogenesis. It has been reported
that at least 1 tumour suppressor gene in all GBM patients is deleted or mutated,
while in fact 91 % of the patients have 2 or more dysfunctional tumour-suppressor
genes '%’. Pre-clinical studies in animal models have demonstrated promising results
and increased survival by delivering genes coding for functional tumour-suppressors
such as p53 8 and cyclin inhibitors #°. Unfortunately, the pre-clinical data did not
match the clinical outcome, which was demonstrated by Lang et al. in a Phase |
clinical trial with 12 recurrent glioma patients treated with adenovirus transferring a
p53 coding gene. Only minimal toxicity has been reported, but a limited distribution of

the therapy was achieved '%° (Table 1-1).

Despite the 25-year long history in the use of viral vectors in clinical trials for the
treatment of malignant gliomas their efficiency to penetrate the tumour is limited and

they have showed only marginal increase in survival rates so far. Non-viral vectors
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as gene transfer agents for GBM treatment on the other hand have not been
investigated to the same extent in the clinic as viral vectors. Although 15.6 % of all
gene therapy clinical trials up to 2014 are reported to be non-viral vectors mediated
8, The combination of gene therapy approaches with nanotechnology offers the
possibility of new therapeutic options for the treatment of gliomas. In parallel with the
progress of biological delivery vectors, nanotechnology approaches for gene therapy
and chemotherapy using synthetic carriers such as polymers ' and liposomes 52
have also been widely studied. Nanoparticles are usually several hundred nm in size,
they are able to cross the capillary to accumulate in tumours due to the leaky tumour
vasculature and impaired lymphatic system and improve the pharmacokinetics of
encapsulated drugs 15354, The characteristics of the polymer nanoparticles can be
customised in order to provide improved biocompatibility, biodistribution, low toxicity

and optimal cell penetration 55,

In the early 2000’s a lipid-based formulation (LIPO-HSV-1-tk) of a plasmid coding for
the suicide gene HSV-1-tk was used in a phase I/l clinical trial in patients with
recurrent GMB via intratumoral infusion '%6. A pilot clinical trial with a liposome
formulation carrying a TNF-related apoptosis inducing ligand (TRAIL) and a cytotoxic
drug (paclitaxel) together with a peptide (angiopep-2), mediating passage through the
blood brain barrier (BBB) was used in patients with GBM or anaplastic astrocytomas’.
Unfortunately, both clinical trials did not result in satisfactory results and were
terminated. Currently, there are only two non-viral mediated gene therapies in clinical
trials for the treatment of GBM. A liposome carrying a p53 gene (SGT-53) in
combination with TMZ is in Phase Il clinical trial for the treatment of recurrent
glioblastoma (Table 1-1). The SGT-53 is a transferrin-targeted liposome carrying p53
DNA, which can cross the BBB and showed enhanced anti-tumour activity when
compared to TMZ alone %8, Additionally, gold nanoparticles (NU-0129) carrying a
siRNA targeting Bcl-2-like protein 12 (Bcl2L12) involved in resistance to apoptosis

and tumour progression '5° entered an early Phase | clinical trial (Table 1-1).

A very promising study describes the preclinical evaluation of air-core liposomes
carrying siRNA attenuating the synthesis of the anti-apoptotic protein sirtuin. The
authors combined a physical and a chemical method for the delivery of the siRNA
lipoplexes. A low frequency ultrasound was used with a subcutaneous injection of the
lipid formulation in mice. The ultrasound induced bursting of the nanobubbles and
resulted in increased siRNA release and spread of the nanoparticles which resulted

in elevated cancer apoptosis "¢,
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There are no clinical trials of polymer-based complexes bearing nucleic acids
described in literature targeting GBM. The research in this area for now is focused at
the experimental pre-clinical stage aiming to increase the understanding of polymer-
based gene delivery. Several research papers describe the use of polymer-based
transfection systems targeting gliomas. PEI polymers modified by the addition of
myristic acid carrying plasmid DNA coding for TRAIL were shown to increase the
survival rate of mice with an intercranial glioma tumour model after an intravenous
injection '®'. In addition to the chemical modifications introduced in the polymer
structure, the synthesis of branched polymers (dendrimers) has been attempted in a
different study to improve the surface/volume ratio of DNA binding. PAMAM
dendrimers were conjugated to a viral peptide Tat to mediate membrane crossing '¢2.
The polymer was used to deliver anti-EGFR shRNA in mice bearing flank
subcutaneous gliomas. The polyplex was shown to supress the EGFR/Akt signalling
and decrease tumour growth %2, Like dendrimers, dendrigrafts are also branched
structures, which have shown potential as gene delivery vehicles. Dendrigraft poly-L-
Lysine (DGL) in combination with a laminin targeted peptide was able to cross the
BBB %3 and deliver DNA coding for the anti-apoptotic protein survivin. The study
showed prolonged survival of mice bearing a U87 xenograft in comparison to the non-
targeted dendrigraft '64. Similarly, to dendrimers, dendrigraft cytotoxicity increases in
a dose-dependent manner with a resulting hemotoxicity 65166, Successful reduction
of toxicity has been achieved by the incorporation of anionic polymers % or
PEGylation "7 in the structure of DGLs. A very recent study by Mastokaros et al.
showed that PEGylation was used to improve the penetration of PBAEs in brain tissue
in combination with convection-enhanced delivery (CED). CED is a local delivery
strategy used in glioma, with catheters which can be placed within the tissue ensuring
the infusion of therapeutic agents over the course of a few hours. PEGylated
polyplexes showed a 20-fold increase in volume distribution when compared to non-
PEGylated ones 8. Studies in glioma brain models are necessary in order to confirm

the potential clinical relevance of the PEGylated PBAEs systems for local delivery.

A common reoccurring trend for all of the listed examples in a clinical and in a pre-
clinical set up is the limited diffusion of therapeutic molecules in solid tumours
impeded by the presence of a dense ECM, the increased interstitial pressure and the
heterogeneous vasculature of the tumour "%, Targeting the ECM and the neoplastic
cells have also shown promise to enhance the efficacy of a therapy. Dmitrieva et al.
showed that an oncolytic virus expressing chondroitinase had greater efficacy when

compared to a virus without the ECM targeting. It has been recently demonstrated
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that chitosan nanoparticles carrying anti Gal-1 siRNA delivered intranasally were able
to reach the olfactory bulbs and inhibit the synthesis of Gal-1, which is a key regulator
of the tumour ECM and promotes resistance to conventional chemotherapy and

experimental immunotherapy '7°.

1.4.1.4 Glycol chitosan as a gene delivery vector

Chitosan is a polysaccharide consisting of repeating N-acetylglucosamine and D-
glucosamine units linked by (3-(1—4) - glyosidic bonds (Figure 1-4, A). It is derived
from chitin by deacetylation in strong alkali solutions and elevated temperatures """ .
Chitin is a polysaccharide abundant in nature and it is the major constituent of the
exoskeleton of crustaceans, insects and some fungi, however due to its poor solubility
chitin has limited medical and pharmaceutical application. By contrast chitosan with
a degree of deacetylation of about 50 % or higher is soluble in aqueous acidic media,
because of the protonation of the primary amine groups (-NHz) attached to the C2 of
the sugar units. It is used clinically as a wound healing dressing material '7? and
experimentally for controlled drug release '73'74 and a. non-viral gene delivery

vector'75-177,

The protonation of the -NH groups in acidic conditions gives the polymer an overall
positive charge at pH lower than 6.5 (pKa of -NH>-6.5) 78, This property of chitosan
has been widely explored through its ability to form electrostatic complexes with
oppositely charged polyanions such as nucleic acids and oligonucleotides for the
preparation of gene delivery carriers. Chitosan can condense the cargo nucleic acid
at an efficient amine to phosphate (N-P) ratio into nanoparticles, where the nucleic
acid is protected from the action of nucleases. The factors that are affecting
transfection efficiency in general such as the molecular weight of the polymer vectors,
the positive charge density (which in the case of chitosan is determined by the degree
of deacetylation, DD), the N-P ratio and the route of administration are also factors
affecting the gene delivery efficiency of chitosan. The variation of all these factors
result in changes of the size of the particles and their charge, which in turns has an
effect on the cell uptake and release of the nucleic acid, hence they all need to be

considered for the design of efficient transfection agents.

The molecular weight of chitosans is an important parameter influencing their
transfection efficiency. Higher molecular weight chitosans form stable complexes with
both pDNA and siRNA, however the larger Mw chitosans used the larger the obtained
siRNA/chitosan or pDNA/chitosan complexes are formed. Large and stable
complexes provide good protection of the cargo nucleic acids from nucleases, but
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lead to an overall increase in size, which can result in poor cellular uptake. Ishii et al.,
demonstrated that with the increase in the Mw of the chitosans used in SOJ cells,
expression of the pGL3-Luc plasmid was also decreased '° and the lower Mw
chitosans of 40 and 84 kDa were better as transfection agents than the 100 kDa.
Chitosan-siRNA complexes prepared with chitosan of 20 kDa molecular weight
showed enhanced gene silencing in HelLa cells in vitro in comparison to complexes
obtained from a 200 kDa and 460 kDa polymers 8. On the other hand, molecular
weight influences the level of transfection not only by affecting cellular uptake, but
also the ability of the complex to dissociate so the nucleic acid can be released.
However, the preparation of a very unstable complex as showed by Liu et al. with a
10 kDa chitosan and siRNA resulted in the formation of large aggregates and
insufficient gene silencing '8'. These findings confirm the complicated interplay of the
parameters affecting transfection and the need for their fine tuning when designing

polymer-based nucleic acid carriers.

Besides the Mw, the degree of deacetylation (DD) of chitosan is of major importance
for the charge of the polymer and its solubility. Higher degrees of deacetylation for
both siRNA and pDNA formulations of different molecular weight chitosans result in
improved complexation ability with the target nucleic acid, due to an increase in the

number of primary amines 182183,

The route of administration of gene delivery vectors plays a very important role and it
is a major obstacle for some gene delivery systems. A crucial advantage over other
polymeric gene delivery vectors are chitosan’s mucoadhesive properties '8, which
makes it a suitable candidate for intranasal, oral and intratracheal routes of
administration. An intranasal route of administration of siRNA (chitosan-based siNS1
nanoparticles) before or after infection with (respiratory syncytial virus) RSV showed
significantly decreased virus titres in the lungs and decreased inflammation compared

to controls 185,

Chitosan has some of the important characteristics needed for an efficient
transfection agent. It is biodegradable '8 and possesses mucoadhesive properties,
which makes it an attractive candidate for a promising gene delivery vector for
mucosal application. However, the transfection efficiencies reported are poor in
comparison to other polymeric vectors because of solubility issues and the lack of
buffering capacity. To overcome these problems a variety of modifications have been
introduced to its structure. The investigation of chitosan’s properties focuses primarily

on the Introduction of groups to improve its solubility at physiological pH and buffer

43



Chapter 11 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

capacity. Unfortunately, most of the modifications, which aim to increase chitosan’s
solubility decrease the fraction of free primary amines 86187 which has a negative
effect on its complexation potential with the nucleic acids. A variety of different
chitosan derivatives have been synthesized by grafting hydrophilic molecules to
improve its water solubility. The modifications include the grafting of polyethylene
glycols '8 carboxymethyl '8, dicarboxymethyl, succinyl '8 functional groups to the
primary amines. Another derivative of chitosan developed to increase water solubility
is glycol chitosan '8-1°1, By contrast glycol chitosan is an O-glycosylated derivative
of chitosan with an incorporated glycol, which makes it even more attractive as a
water-soluble chitosan derivative, because of the retained potential for complexation
due to the unmodified primary amines. However, Knight et al., showed that besides
the currently accepted structure of O-glycosylated GC (Figure 1-4 , B) they prove
that GC is a mixture N-glycosylated and O-glycosylated polymer molecules (Figure
1-4, C) Modifications aiming to increase the charge density of chitosan and glycol
chitosan are also of particular interest due to the increased buffer capacity of the
resultant polymers, which facilitates intracytoplasmic release of the carried nucleic

acid.

Trimethylated chitosan or introducing quaternization of the N-terminal primary amine
groups 92, which carries a permanent positive charge is a chitosan derivative with an
increased solubility and 16 to 50 fold increase in transfection efficiency when
compared to other polyamines. The resultant N-trimethyl chitosan derivatives of 100
kDa with the highest quaternization showed the highest transfection efficiency,
however this coincided with an increase in toxicity. To overcome the toxicity problems
some further modifications of the polymers were made with grafted PEG molecules
12 The PEGylated trimethyl chitosan showed decreased toxicity. A similar strategy
to increase the charge density of chitosan was also investigated by Kim et al. who
conjugated urocanic acid (an imidazole containing compound) to chitosan and
reported a 1 to 3 fold improvement in the transfection efficiency when compared to
unmodified chitosan, but still lower levels of gene expression when compared to

Lipofectamine %,
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Figure 1.4: Chemical structure of chitosan (A), O-glycolated glycol chitosan (B)
(widely accepted chemical structure), N,O - glycolated glycol chitosan (C) (chemical
structure proposed by Knight et al.) 194,
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Table 1-1: Clinical trials of gene therapy approaches in glioblastoma

Gene Advantage Limitations Vector Mechanism Clinical trial Combination Clinical trial number
therapy phase Therapy

S . Limited spatial Retrovirus HSV-tk Ganciclovir NCTO00001328
® Safety in clinical trials P
o distribution
(=
S Requires short-term Poor gene transfer
o gene expression - Toca 511 Toca 511/CD /i Oral 5-FC NCT02414165
° efficiency
Q
;;; Enhances sensitivity to Inability to target

conventional therapy dispersed tumour cells | Retro or Adenovirus HSV-tk Ganciclovir Sandmair et al..
SCH - 58500 p53 transfer | N/A NCT00004080
Must overcome
5 tumour induced
o immunosuppression | Adenovirus AdV-p53 p53 transfer | N/A NCT00004041
(o Eradication of individual
s tumour cells Autoimmune adverse
7 Long — term immunity side effects.
% Does not require tumour Liposome P53 transfer 1l TMZ NCT02340156
] - associated antigens Tumour SGT - 53
§ immunoediting as a
. means of tumour Gold nanoparticles Oncogene Early Phase | N/A NCT03020017
escape NU-0129 Bcl2L12

- o AdV — tk HSV - tk | Valacyclovir NCT00751270
2 L . Poor in vivo gene
& Safety in clinical trials
i transfer
2
9 Pmiﬁ?j(')ﬁ‘; zzl’l‘:'“ze Limited spatial AdV — tk HSV -tk lla Valacyclovir  and NCT02340156
E distribution radiation therapy
£
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1.5 Aim and Ojectives
1.5.1 Aim
The aim of the project is to develop a GC-based and a PEG (polyethylene glycol) -

based gene delivery vehicle with low toxicity and good efficiency that may be used
for gene therapy in glioblastoma. A strategy focusing on the modification of the GC
and PEG backbone to incorporate ionizable groups, which are thought to play role in
the endosomal escape of polyplexes due to the “proton sponge” effect and the
resulting endosomal rapture is going to be employed first. Next, the aim of this work
is to explore for the first time the possibility of combining the promise that gene
therapy holds for cancer therapy together with an ECM targeting approach using GC-
based nanoparticles carrying pDNA coated with hyaluronidase. To test the in vivo
transfection potential of the polyplexes and the ECM targeting approach of the three-
component system (plasmid, polymer and hyaluronidase) we will explore two
administration routes. The first one will involve the intranasal delivery of the
nanoparticles (NPs) to the brain. An intranasal route of delivery of polymer-based NPs
carrying siRNA has been already attempted in our lab and downregulation of the
target gene was observed in the olfactory bulbs and cortex '°5. Intranasal delivery
represents an attractive way to bypass the BBB, however the lack of understanding
of the NPs diffusion en route to the brain and the problem of delivering them to a
specific area can make it difficult to predict and interpret the effect of hyaluronidase.
Therefore, we propose to have a second route of administration, which would involve

the delivery of the NPs via a subcutaneous injection in mice.

1.5.2 Objectives

2.21 To synthesize and characterise different polymers with a range of
molecular weights based on either glycol chitosan or PEG backbones and
different number of grafted terminal amines.

2.2.2 To determine and compare the pDNA condensation potential of all the
polymers to complex pDNA. To characterise the obtained nanocomplexes
for their size and zeta potential.

2.2.3 To optimise their in vitro transfection potential in the glioma cell line U87
by varying different parameters: complexation time, temperature during
complexation time, complexation medium and treatment time.

224 To coat the obtained complexes with hyaluronidase. To develop a
quantitative strategy to estimate the amount of free and bound enzyme

and to test their in vitro potential to digest hyaluronic acid.
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2.2.5 To test the in vivo transfection efficiency of the polyplexes coated with
hyaluronidase and the non-coated polyplexes using an intranasal and a
subcutaneous route of administration and to compare their transfection
potential to Lipofectamine and naked DNA.
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2 Synthesis and characterisation of cationic ethyl-amino
derivatives of Glycol Chitosan and cationic polyamine
derivatives of Polyethylene Glycol

The following two chapters will describe the synthesis and characterisation of new
polymer vectors. This chapter will focus on the synthesis and characterisation of the
semi-synthetic glycol chitosan variants functionalised with an ethyl-amino group to
obtain different substitution levels of N-ethyl-amino substituted variants of GC
(EAGC). The second synthetic chapter will show the synthesis and characterisation
of a polyethylene glycol functionalised with the polyamine spermidine. The
synthesized compounds will give us the opportunity to explore the nucleic acid
condensation potential and transfection efficiency of multi-amine functionalised
molecules. The variety of structures generated in our small library of potential gene
delivery vectors will give us the opportunity to evaluate the parameters that contribute

to an efficient gene delivery platform.

2.1 Introduction

EAGC variants are synthesized by grafting an ethyl-amino group to the primary
amines of glycol chitosan (GC). EAGC polymers carrying siRNA have already been
synthesized and characterised by Carlos et al., who were able to show an increase

buffer capacity and improved in vivo gene silencing .

In an attempt to increase the charge density of glycol chitosan and improve its buffer
capacity we will graft an ethyl-amino group to the primary amines attached to C2 of

the sugar to obtain N-ethylamine derivatives of GC.

2.1.1 Characterisation methods
2.1.1.1 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance spectroscopy (NMR) is widely used as an analytical
technique for structure prediction in organic chemistry. Subatomic particles (neutrons,
protons and electrons) spin around their axes. The nuclei of some atoms have no
overall spin (e.g. '?C) in such cases the number of protons and the number of
neutrons is even. By contrast some nucleus have a non-zero overall spin (I). In such
cases the sum of neutrons and protons is an odd number or if the number of protons
and neutrons is an odd number, then the nucleus has either half-integer spin (e.g.

1/2) or integer spin (e.g. 1) respectively. '*C and 'H are the most common elements
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in organic molecules, which have a %2 spin and their spinning behaviour is widely

used in NMR spectroscopy to determine the structure of organic molecules '%7.

For a nucleus with an overall spin (1) quantum mechanics predicts 2I+1 orientations,
so in the case of a nucleus with a %2 spin there are 2 possible orientations. If there is
no external magnetic field applied the two orientations of a nucleus with 2 spin will
be of equal energy, however if there is an applied magnetic field they split and each
level has a magnetic quantum number m. Figure 2-1 shows the changes in the
energy level of the nucleus when an external magnetic field is applied on the nuclei.
At the lower energy level, some of the nuclei will be aligned with the magnetic field.
When they are irradiated with a radio frequency at some of the lower energy level
nuclei will absorb radiation and their nuclear spin will flip and will no longer be aligned
with the field but will be opposing itinstead. The absorption of electromagnetic energy
by the nucleus and the consecutive flip of its nuclear spin from the lower energy level

to the higher energy level is called nuclear resonance and it is recorded as a signal.

nuclear spin opposing the magnetic field

External magnetic field

m=-1/2 |
Nofield o o
o nuclear spin aligning with the magnetic field
E m=+ 1/2T

Figure 2-1:The change in electron spin moment when an external magnetic field is
applied

In a molecule, the nuclei are surrounded by an electron density. The electrons
surrounding the nuclei have a shielding effect protecting it from the influence of the
external magnetic field. Additionally, the resonance frequency of a nucleus will also
depend on the neighbouring atoms in a molecule. The influence of one atom over
another is the important information, which provides details on the structure of the
molecule 97198 The presence of electron-withdrawing atoms, m-bonds or higher
electron density will influence the resonance frequency of the nuclei in a molecule
and will all have an effect on their chemical shifts (8). All chemical shifts are recorded

as peaks compared to tetramethysilane (TMS), which is widely used for 3C and H
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NMR spectroscopy calibration. (CH3)sSi (TMS) has 12 identical hydrogen atoms,
which have the same magnetic environment resulting in the same spin flip energy.
These protons will give rise to a single peak in the '"H-NMR spectrum of TMS or a
singlet. During analysis of a molecule the resonance frequency of the analyte nuclei
are recorded as peaks, which are compared to the chemical shift of TMS, which is

assigned to be 0.

21.1.2 2-Dimensional NMR experiments, correlation NMR spectroscopy

Complex molecules and polymers have a structure which is difficult to be
characterised fully by the information provided by one dimensional *C or 'H-NMR
experiments. The development of more advanced spectroscopic methods and their
combination with computational power made it possible to perform also two-
dimensional NMR experiments. 'H-'"H COSY (Correlation Spectroscopy) indicates
which hydrogen atoms are coupled to each other. The 'H spectra are plotted in the x
and y axis in a grid, the correlations of coupling hydrogen atoms are in the grid and
information for the structure is obtained by matching these correlations with the x and
y axis. The same principle applies to HMQC (Heteronuclear Multiple Quantum
Coherence) experiments where instead of detecting hydrogen atoms, which are
coupled to other hydrogen atoms, the correlation in the grid or the map appear when
there is a hydrogen coupled to a heteroatom (either '3C or >N). The x from the grid
shows the chemical shifts of the 'H atoms, while the y-axis shows the chemical shifts
of the '3C atoms. Additionally, '*C DEPT (Distortionless Enhancement of Polarisation
Transfer) experiments can also be plotted against a 'H spectrum to provide
information for the number of hydrogens coupled to a carbon atom. In a CDEPT 135
experiment a series of pulses with a various delay times are used to create a DEPT
spectra where secondary carbons appear in the opposite site of the spectrum when

compared to primary and tertiary carbons, which helps in the structure elucidation.

2.1.1.3 Multi detector gel permeation chromatography (GPC)

GPC or size exclusion chromatography (SEC) is a technique which separates
molecules based on their size. The operating principle in conventional SEC includes
the interaction of molecules with a column packed with porous beads. Molecules,
which are bigger in size (larger hydrodynamic radii and molecular mass) do not enter
the pores of the beads and elute first, while smaller in size molecules elute later as
they are retained in the column when passing through the pores '%°. Conventional
size exclusion chromatography needs calibration of the column with standards of

known molecular weight before the analysis of an unknown sample. A major problem
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with the technique is that it is assumed that the unknown sample and the reference
standards used for calibration have the same conformation hence elution from the
column. In the case of polymers, which are generally polydisperse and can adopt
different conformations in solution, this could result in erroneous molecular weight
measurements. To overcome this problem a MALLS detector working on the principle
of Rayleigh scattering can be coupled with SEC. Light scattering detectors are very
useful as they provide an absolute measurement of molecular weight without the need

of column calibration and the use of standards.

In a classical light scattering experiment when a collimated laser beam hits a
macromolecule much smaller than the wavelength of radiation the molecule behaves
as point scatter. In this case the light is scattered isotropically meaning that it will be
the same at every angle on the perpendicular plane of the scattered light. However
large molecules can scatter light through different parts of the molecule and the
scattered light varies significantly with angle. The different detectors of MALLS can
measure the intensity of the scattered light. The reduction in scattering in higher
angles compared to lower angles can be used to estimate the size of the molecule
through measuring the radius of gyration Rg. Rg is the root mean square averaged
distance of the components of the molecule from its centre of gravity. The intensity of
the scattered light is measured as the Rayleigh ratio RO, which is the ratio between
the excess scattered light by the sample and solvent combination over that of the
solvent alone. The Rayleigh ratio is directly proportional to the molecular weight of

the sample (1)

Kc/Re = 1/Mw + 1/Mw (16T12/342 )sin2 (8/2) (< r > 2)2 + AxC
(1)

C is the solute concentration; Re is the Rayleigh ratio; Mw is the weight-averaged
molecular weight, A the wavelength of incident light, 6 the angle of collection, <r>, the
z-averaged mean radius of gyration and A; is the second virial coefficient, which
quantifies the interaction between the macromolecule and the solvent, No is

Avogadro’s number, Kc is given by (2)

Ke - 21?n?(dn/dC)

NoA*
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A very important parameter in light scattering calculations is the refractive index
increment. The refractive index increment dn/dC shows the degree by which the
refractive index of a solution varies with the change in the concentration of the solute.
Therefore, to measure the absolute molecular weight of a polymer in solution the

GPC-MALLS is also coupled to a refractive index detector.

2.2 Materials and methods

2.2.1 Materials

Materials Purity Supplier
o
2 60% Wako Chemicals
Glycol chitosan no information on
whether it is (Gillingham, UK)

endotoxin free)

VWR (VWR BDH Prolabo

Hydrochloric acid >98 % (Fontenay-sous-Bois,
France)
Sigma Aldrich
2-(Boc-amino) ethyl bromide 99.5 %

(Gillingham, UK)

Sigma Aldrich
Triethylamine 299.5% .
(Gillingham, UK)
Sigma Aldrich
H 0,
Diethyl ether 299.5 % (Gillingham, UK)
N-methyl-2-pyrrolidone 99 Sigma Aldrich
(NMP) ° (Gillingham, UK)
(Cambridge Isotope
Methanol D4 99.8 % Laboratories (Nantwich,
UK)
Sigma Aldrich

Deuterium Oxide (D-0) (Gillingham, UK)
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Sigma Aldrich

H 0,
Sodium acetate anhydrous 299 % (Gillingham, UK)

Merck, Sigma Aldrich

Acetic Acid Glacial (Gillingham,UK)

Sigma Aldrich
. . . o
Sodium citrate monobasic 2995 % (Gillingham, UK)
Sigma Aldrich
Citric Acid 2995 %

(Gillingham, UK)

Medicell Membranes Ltd.

Visking Dialysis Tubing (London, UK)

2.2.2 Methods
2.2.2.1 Degradation of Glycol Chitosan

10 g of glycol chitosan were weighed out and transferred to an Erlenmeyer flask and
dissolved in 375 ml of 4 M HCI (13 mg ml ") as described previously °' . The content
of the Erlenmeyer flask was then equally split in three and transferred to three new
flasks. The flasks were then incubated for 1 h, 2 h and 6 h in a preheated water bath
at 50° C. Atfter the acid degradation was completed the content of the flasks was
transferred to three dialysis bags (3.5 kDa MWCOQO) and they were then placed ina 5
L beaker filled with distilled water. Dialysis was carried out for 24 hours with a
minimum of 5 - 6 changes of the water. Electroconductivity measurements were taken
before every change of the water and the dialysis was considered completed when
the reading on the portable electroconductivity meter was below 40 siemens per
meter, S m -'. The dialysed solution was then freeze dried on a ScanVac Freeze

Dryer.

2.2.2.2 Reaction of degraded Glycol chitosan (dGC) with 2-(Boc-amino) ethyl
bromide

Small scale reactions were prepared to obtain a range of substitution levels with a

variation in the temperature used and the equivalents of the 2-(Boc-amino) ethyl

bromide (2-Boc AEB) per sugar chitosan monomer (Table 2-1). The reactions were

as follows: 2 eq ,5 eq ,10 eq of 2-Boc AEB at 40° and a double reaction of 10 eq 2-

Boc AEB at 40° C (topping up by a fresh solution of 2-Boc AEB in NMP) and 5eq of
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2-Boc AEB at room temperature (RT). All the reactions were carried out with 20 mg
of dGC in 4 ml of NMP with 5 eq of triethylamine. Glass vials (7 ml) were used for all
the reaction mixtures and they were left stirring for 24 hours at either 40° C or at room
temperature. The double reaction with approximately 20 eq of 2-Boc AEB was left at
40° C in an oil bath for 48 hours. After the incubation of the samples an ether
extraction was performed with 3x (v:v) diethyl ether (12 ml), which was added to the
samples and afterwards the vials were left to settle for a few minutes in order for
phase separation to occur. The aqueous phase of all the samples was collected and
the ether extraction was repeated three times per sample. The collected aqueous
fractions were then transferred to dialysis bags (MWCO 3.5 kDa), the bags were
placed in 5 L beakers filled with distilled water. Dialysis was performed over 24 hours
with 5 - 6 changes of the water every 1 - 2 hours as described previously. The
conditions for the small-scale reactions set up were replicated for both GC batches
used. A range of substitution levels were chosen based on the estimated ethyl-amino
(EA) substitution levels from the '"H-NMR data. Then the polymers with the chosen
modification levels were synthesized on a larger scale using the same protocol as for
the small-scale reactions but with 100 mg of dGC in 20 ml of NMP.

2.2.2.3 Deprotection of N-ethyl-amino glycol chitosan variants

The samples were deprotected in 4 M HCI (5 mg ml ') for 4 hours stirring at room
temperature. At the end of the reaction samples were transferred to dialysis bags
(MWCO 3.5 kDa ) and were dialysed against water for 24 hours with as many changes
of the water as needed to bring the electroconductivity of the water close to a

negligible value (>40 S/m).

2.2.2.4 Nuclear magnetic resonance (NMR)

The samples for NMR analysis were prepared at 20 mg ml -! in the appropriate
deuterated solvent. 1 ml of the clear solution was added to an NMR tube and the
samples were analysed on either AMX 400 MHz or AMX 500 MHz Bruker
spectrometer. Boc protected EAGC variants were dissolved in deuterated methanol
and analysed, while dGC and the deprotected EAGC variants were analysed using

deuterium oxide.

Percent ethyl-amino substitution of the Boc protected polymers and the deprotected
polymers is calculated form their '"H-NMR spectra using the integration (l) of the Boc
protons for the protected polymers or the protons representative of a single or double

ethyl-amino substitution attached to the C2 of the sugar for the deprotected polymers.
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All the spectra were analysed via Topspin 2.3 software. Details of the corresponding
substitution calculations are given in the legend of the 'H-NMR spectra of the

corresponding polymer together with all peak assignments in the structure.

2.2.2.5 Multi-detector Gel Permeation Chromatography (GPC)

The MALLS and dRI detector used were a 120 mW solid-state laser (wave length,
A658 nm) DAWN® HELEOSTM and Optilab rEX Interferometric Refractometer
respectively, which were supplied by Wyatt Technology Corporation, USA. The
MALLS detector was also coupled to a Quasi Elastic Light Scattering (QELS) detector
supplied by Wyatt Technology Corporation. SEC was performed using Phenomenex
PolySep™ - GFC-P 4000 column (300 x 7.8 mm) protected by a Phenomenex
PolySep™ - GFG-P guard column (35 x 7.8 mm). An Agilent 1200 series liquid
chromatography (LC) system with an isocratic pump, a degasser and an auto sampler

unit was used to provide the flow rate of the mobile phase to the column.

Sodium acetate/acetic acid and sodium citrate/citric acid buffer systems were
prepared at different pH values using the Henderson Hasselbach equation 2% (3).
Table 2-1 gives information on the details for the recipes of the buffers used to 1L

volume.

pH= pKa + log1o ([A=])/([HA]) 3)

56



Chapter 2I Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

Table 2-1: Buffer systems used for the GPC - MALLS

Buffer Mass of Volume of glacial
Buffer system Molarity sodium acetate . .g pH
acetic acid (ml)
(mM) (9)
500 24.6 1.4 5
1000 24.6 40.4 4
Sodium
acetate/acetic acid 500 6.1 22 4
250 3.05 11 4
125 1.5 10.5 4
Buffer Mass of .
. . . Mass of citric
Molarity sodium citrate acid (g) pH
] (mM) (9)
Sodium
citrate/citric acid 250 26 103 3
125 53 20.5 3

The refractive index increments (dn/dC) were measured by manually injecting a
series of dilutions of the polymer in the mobile phase at different concentrations (0.1
to 0.6 mg ml ') into the dRI detector. The dRI detector was pre-set at 25° C and a
wavelength of 658 nm and a stable baseline was observed before the start of the

manual injections.

GPC-MALLS experiments were performed by preparing a 5 mg ml -! solution of the
polymer to be analysed in the mobile phase used for the run at a flow rate of 0.7 ml
min ' for 20 minutes. The data obtained from both dn/dC and GPC-MALLS
experiments was analysed using ASTRA software for Windows, version 5.3.2

supplied by Wyatt Technologies.
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2.3 Results

2.3.1 Degradation and characterisation of Glycol Chitosan (GC)

The different molecular weight glycol chitosan batches obtained after 1 h, 2 h and 6
h of degradation were of 57kDa (GC57), 37 kDa (GC37) and 21 kDa (GC21). All the
degraded GC (dGC) were characterised by GPC - MALLS and NMR. Table 2-2
shows that longer degradation times resulted in the preparation of smaller in size GC
polymers. Peak assignments for the degraded GC were made from the 'H-NMR

spectrum shown on Figure 2-2.

Table 2-2: Molecular weight and polydispersity values for degraded GCs

Mw/Mn

GCbatch Mn(Da) Mw(Da) - o ersity)

GC100 98000 113021 1.153
GC&s7 55231 57212 1.036
GC37 37200 37440 1.006
GC21 20940 21180 1.025

58



Chapter 2I Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

HO HO HO HO
5
5
0 4 (o 0 o)
//ég/ 3359 /—/g\& //g\gpo
Ho—~-223—071 |5 -3=2~1-07T 4 oTHo

NH NH, NH, NH;
o= 6

CH; a b b b

4,5

'IJ
| ,

‘ 2a /|
A

ON "']ql

1
_ .J.L._JJ / \J L.____,'\k_ N |

L L R R D R D L D D D D P L
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

B R

Figure 2-2: degraded GC37 "H-NMR (D;0): 2.1=[CH3-CO-NH-), 82.9-3.2=[-CH-(OH)-
CH-(NH:)], 034-42=[-CH(OH), -CH»(OH) and -CH-(OH)-CH-NH-CO-)], 8479=[D:0],
05.5=[-O-CH-O-]. Yield of GC 1=0.8g (27%), yield GC 2 (24%,).

In attempts to check if we have N-glycolated residues of GC as reported by Kinght et
al. we performed 'H-NMR and 'H-'H COSY experiments of GC37 at pH < 2 and pH
> 10 following the method descried in their paper. The study describes NMR analysis
of glycol chitosan at 90° C. Due to the problems of elevating the temperature to 90°
C with the Bruker AD 400 Mhz Spectrometer we used 50° C instead. The '"H-NMR
spectrum for the two different pH values is shown on Figure 2-3. Our results showed
the presence of a few small peaks at pH >10 between &.5-34. We observed the same
pattern of the spectra reported by Knight et al. for both pH values, who proposed that
the small peak (825, pH > 10) upfield from the signal in the proton spectrum of GC
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assigned as 2 (Figure 2-3) is a N-glycosylated C2 of the sugar. The chemical shifts
of the same peaks reported by Knight et al. are different (83.1-36), but this is due to the
higher temperature used for their NMR experiments. In addition to the proton spectra
we performed 'H-"H COSY NMR experiments for GC37 at pH > 10 and pH < 2. The
'H-"H COSY spectra of the samples showed a correlation of the peak at 52 with the
protons attached to C1 and C3 from the sugar. The correlation with C1 is visible only
for the high pH since the protons attached to C1 are buried behind the water protons.
Based on these findings and on the data reported by Knight et al. we marked the
small peak (825) immediately upfield of 2 as N-gly 2 (red line in Figure 2-4). The
figure shows the presence of another correlation with the protons of one of the small
peaks (03234) with protons from the sugar (green line, Figure 2-4). The same
correlations are present for GC37 at pH < 2, however they appear immediately
downfield from the protons attached to C2 (2) by contrast to the high pH sample
(Figure 2-5). Knight et al., explained this as an effect related to amine groups directly
affected by protonation/deprotonation effects. The correlation of 2 with the multiplet
representing the sugar protons and with the protons attached to C1 assigned as 1 are
also visible (blue line, Figure 2-4). The colour coding of the lines is kept the same for
the grids representing the COSY experiments for the GC37 samples at the two

extreme pH environments (Figure 2-4 and Figure 2-5).
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Figure 2-3: Elevated temperature '"H -NMR spectra of degraded N,O-Glycolated
glycol chitosan GC37 at pH > 10 and pH < 2 in D»0 and a proposed structure for glycol

chitosan-based on a study by Knight et al.

PH.>.10: &, 35=[CH3-CO-NH-), acetyl protons; &2s=[-CH-(OH)-CH-(NH)-CH,CH>OH]
N-glycolated C2 sugar protons (N-gly 2) ; 8300=[-CH-(OH)-CH-(NH)], C2 sugar
protons; 037.45=[-CH(OH), -CH>(OH) and -CH-(OH)-CH-NH-CO-),sugar protons
04.79=[D20]

PH < 2: 06,3s=[CH3-CO-NH-),acetyl protons; &3s=[-CH-(OH)-CH-(NH)],C2 sugar
protons; 03.8.45=[-CH(OH), -CH2(OH) and -CH-(OH)-CH-NH-CO-), sugar protons];

04.79=[D20], &5.1s=[-O-CH-O-], C1 sugar protons
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2.3.2 Testing for optimal conditions for the reaction of 2-(Boc-amino ethyl)
bromide and degraded GC

Small scale reactions were prepared to test a range of conditions, which were then

used to synthesize EAGC variants with different EA substitution levels. Table 2-3

represents the range of conditions and the substitution levels calculated from the 'H-

NMR spectra of the samples using the protons representing the Boc group (Figure

2-6).

Table 2-3: Conditions for small scale reactions of 2-Boc-AEB with degraded GC

Small scale reactions (20mg dGC)

Mass of 2- 2-AEB
2 Boc--AEB*(eq), t (°) BocAEB NMP (ml) substitution (%)
(mg)

2eq, 40°C 37 2 3

5eq, 40°C 92 2 7

10eq, 40°C 185 2 11

10eq, 40°C (double reaction) 372 2 17
5eq, RT 92 2 2

*2-Boc-AEB-2-(Boc-amino-ethyl) bromide

Two reactions and 60° C and 80° C were also performed, but after the completion of
the reaction we were unable to solubilise the obtained polymers potentially due the
high level of modification. 5 eq and 10 eq of 2-Boc-AEB at 40° C as well as a double
reaction of the 10 eq (by adding a fresh solution of 2-Boc-AEB for another 24 h) were

used to synthesize EAGC variants with low, medium and high EA substitution levels.
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Figure 2-6: Small scale reactions of dGC and 2-Boc-AEB (CD30D): 7, &1.4s[CH3-CO-
NH-, Boc protons], 6: 621=[CH3-CO-NH-) — acetyl protons; 2. 82.9-3.3=[-CH-(OH)-CH-
(NH>)] — protons attached to the non-substituted C2 of the sugar; 2a, 3,4 and 5 - 83 4
4.2=[-CH(OH), -CH2(OH) and -CHJ]-(OH)-CH-NH-CO-)], sugar protons; d479=[D,0],1 -
04.8.50=[-O-CH-O-], protons attached to C1 from the sugar. Percent substitution is
calculated using the integration of the Boc protons (divided by 9) over the integration
of the sugar protons (divided by 9) times 10
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2.3.2.1 Characterisation of EAGC variants by NMR

The two molecular weight GCs were used to synthesize six different EAGC variants
with low (EA6GC37, EA9GC21), medium (EA13GC37, EA16GC21) and high level of
ethyl-amino (EA) substitution (EA23GC37, EA24GC21). The level of substitution in
the codes for the different variants is given as a number, which corresponds to the
percentage substitution calculated from the '"H-NMR spectrum of the deprotected
samples. The yield for all the variants is listed in Table 2-4 and as clear from the
table the yield for all the polymers was equal or higher than 30 % potentially due to
extensive dialysis. The reaction was repeated three times, ones for the small scale
set up and another two times for the two different Mw GC (GC37 and GC21). Figure

2-7 represents the general reaction scheme for the synthesis of the variants.

Table 2-4: Conditions for large scale reactions of 2- Boc-AEB with dGC and reaction
yield

Large scale reactions (100mg dGC)

Mass of 2- 2-Boc-AEB Yield

EAGC code Boc-AEB NMP (ml)  substitution
(mg) (%) (%)
EA6GC37 920 10 6 22
EA13GC37 1850 10 13 28
EA23GC37 3720 10 23 31
EA9GC21 920 10 9 9
EA16GC21 1850 10 16 17
EA24GC21 3720 10 24 22

As a quality control measurement, the reagents GC (1) and the 2-(Boc-amino) ethyl
bromide (2) were analysed via NMR before the start of the reaction. Peak
assignments of the corresponding protons for GC (1) are shown on Figure 2-2. NMR
analysis was used also to control the reaction with the 2-(Boc-amino)-ethyl bromide
and to calculate the level of substitution before deprotection as well as after Boc

removal. A set of NMR experiments were performed for all the EAGC variants in order
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to assign all the peaks in the NMR spectrum. The analysis of the correlations after
the 2D NMR experiments (*H-'H COSY NMR and 'H-'3C DEPT NMR) showed that
the low and medium level of substitution EAGC variants (EA6GC37, EA9GC21 and,
EA13GC37, EA16GC21) share the same characteristics. Similarly, the NMR spectra
of the high level of EA substitution (EA23GC37 and EA24GC21) showed the same
patterns. The reaction yielded consistency in the substitution levels regardless of the

different molecular weights GC used before and after deprotection (Table 2-5).

Table 2-5: Level of EA substitution between the two different batches of GC (GC37
and GC21) before and after deprotection

L | of EA
sjl\)’:ti:)u tion % EA substitution % EA substitution
EAGC level before level after
for the two GC deprotection deprotection
batches P P
EA24GC21 24 24
High
EA23GC37 23 24
EA13GC37 11 13
Medium
EA16GC21 14 16
EA6GC37 4 6
Low
EA9GC21 8 9

EA24GC21 or the highest level of substitution for the tested conditions revealed the
presence of secondary and tertiary amines, 4. "H-NMR spectrum of EA24GC21 on
Figure 2-8 shows the presence of a single EA substitution (2b) and the double EA
substitution (2¢). 'H-'H COSY confirmed that the two new peaks in the 'H-NMR of
EA24GC21 represent proton 2 of the sugar (Figure 2-9). '*C-CDEPT NMR and 'H-
NMR correlation spectroscopy confirmed that 2cC is a tertiary carbon, same as 2¢
(where C as a superscript indicates a carbon atom (Figure 2-10). However, no peak
is detected in the 13C DEPT NMR corresponding to 2b®. The '*C DEPT135 spectrum
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could confirm that protons assigned as 7 and 8 (Figure 2-8) are the two sets of
protons of the amino-ethyl group, as they are attached to secondary carbons. The
ethyl-amino origin of protons 7 and 8 was further confirmed by 2D '*C-'H HMQC

correlation NMR spectroscopy (data not shown).
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Figure 2-7: General reaction scheme for the synthesis of the EAGC variants with
different substitution levels. 4 represents EAGC variants with the highest substitution
level for the tested conditions while the low and medium substitution level EAGC
polymers are indicated as 3. 4 shows the presence of a mixture of secondary and
tertiary amines, while 3 shows the presence of only tertiary amines 1 represents GC
(both molecular weights) before the reaction with 2 2-(Boc-amino) ethyl bromide takes
place. 5 and 10 equivalents of 2 were used to synthesize EAGC variants with low and
medium substitution levels respectively, while the high substitution level EAGC
variants are synthesized by repeating the reaction with 10 eq 2-(Boc-amino) ethyl
bromide. 20 eq of triethylamine and 40° C are kept constant for all the reactions
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Figure 2-8: "H-NMR EA24GC21 in (D;O) 821=[CH3-CO-NH-), &2 5=[-CH-N-(CH>-
CH2NH2)2], 62_65=[ CH—NH-CHz-CHz-NHz] y 62_3.2,95=[-CH-(OH)-CH-(NH2)], 53,1=[-CH2-
CH2>-NH5>], 63.2=[-CH2>-CH2-NH>], 34-4.1=[-CH(OH), -CH>(OH) and -CH]-(OH)-CH-NH-
CO-)], 046=[-O-CH-O-]. 0479=[D20], Yield of EA24GC21 =0.058g (22%). Percent
substitution is calculated from the integration of 2b (divided by 1) and 2c protons
(divided by 1) over the integration of the sugar protons (divided by 9) times 100.
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Figure 2-9: '"H-'"H COSY NMR) of EA24GC21 in (D20) , the 2D spectrum shows the
protons of (2b) and (2c), which have the same correlations as protons (2). 2b and 2¢
correlate with C1 and C3, which confirms the presence of two types of EA
substitutions - a single EA substitution and a double EA substitution, hence the

presence of secondary and tertiary amines in the structure of EA24GC21.
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Figure 2-10: ("H-NMR — "3C DEPT NMR) of EA24GC21 — The "3C spectrum is shown
on the y axis, the carbons attached to the protons shown on the x axis are marked
with the same number, but with a | as a superscript. On the y axis 6' 521.5= [CH3-CO-
NH — acetyl group of the sugar), 7' 83s=[-CH2-CH>-NH,, ethyl amino group], 8' d44=[-
CH,-CH»>-NH,, ethyl amino group],2' &ss53=[-CH-(OH)-CH-(NH>)], 5' 5960 =[-
(CH5)20H, glycol],2¢' 561= [-CH-N-(CH»-CH.NH.),, double ethyl amino substitution of
214" 5 693=[-CH-CH,-O, sugar moiety ), 3!, &73=[ CH-OH-CH-O-CH-CH>, sugar
moiety].

By contract to the high EA substitution level EAGC variants of both GC37 and GC21,
the low and medium EA substitution level EAGC variants did not show the presence
of a mixture of secondary and tertiary amines, but only tertiary amines (3 and 5,
Figure 2-7). The 'H-NMR results showed the presence of a peak at d,5and 2 .55 for

the larger and smaller polymers respectively, hence 2c or tertiary amines were
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detected only. No peak representing 2b (secondary amines) was found at 8,7 (Figure
2-11).

o _:-:-_?-, Dazktop\Azya

| EA16GC2

| EA9GC21 |

| EA6GC37

— T
1 -0 [ppm]

Figure 2-11:Comparison between the "H-NMR of the EAGC variants with low and
medium EA substitution levels . The spectra show the presence of 2c¢ protons at 625
(black circle) for EA6GC37 and EA13GC37 and at 0258 (red circle) for EA9GC21 and
EA16GC21.

The 'H-"H COSY and 'H-'3C DEPT NMR of the medium and low EA substitution
levels confirmed the speculations that only tertiary amines are present. Similarly, to
the high EA substitution level EAGC variant 2¢ protons were found to correlate with
proton 1 and 3, however in the 'H-'"H COSY spectrum of all the samples no other
correlations with protons 1 and 3 were detected, hence we were unable to detect the
presence of secondary amines (Figure 9-1 and Figure 9-2, see Appendix). *C DEPT
NMR confirmed that 2c protons are attached to a tertiary carbon. From the '*C DEPT
NMR spectrum it was also visible that the two sets of EA protons 7 and 8 were
attached to secondary carbons as in the case of the high EA level of substitution

EAGC variants (Figure 9-3 and Figure 9-4, see Appendix).

2.3.2.2 Characterisation of EAGC variants by GPC

In attempt to measure the molecular weight of the EAGC variants many factors were
taken into consideration and the conditions of the method were altered as different
problems were encountered. The information generated for the influence of the
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different factors is very useful and would help us to measure the molecular weight of

the EAGC variants more accurately.

2.3.2.21 Optimisation of the GPC method for accurate molecular weight
measurements of the low, medium and high substitution level EAGC
variants.

The molecular weight of the EAGC variants was measured with a buffer system

consisting of 1 M sodium acetate/acetic acid, pH=4. The results of the measurements

are shown in Table 2-6

Table 2-6: Molecular weight and polydispersity values for EAGC variants

EAGC  Mn(Da) Mw (Da) (poly“:l‘;:re':sity) dn/dc
EA6GC37 51030 52750 1,034 0.1461
EA13GC37 52460 55450 1.057 0.1647
EA23GC37 39650 44280 1.041 0.1568
EA9GC21 25560 26600 1,042 0.1607
EA16GC21 33290 34700 1117 0.1331

The table shows that with the increase of the modification levels, the molecular weight
of the polymers increases as well, which is to be expected. However, two problems
were encountered. First, the fact that the increase in molecular weight does not
correspond to the molecular weight, which can be predicted roughly based on the
NMR experiments. Based on the NMR results EA23GC37 with a substitution level of
23 % should have a molecular weight of approximately 39 kDa, while the measured
molecular weight is 44 kDa (Table 2-6). Second with the increase of the EA
substitution level, the light scattering profiles of the tested EAGC polymers showed
the presence of a second peak, eluting before the one of the polymers. The increase
in the EA modification resulted in an increase in intensity of the shoulder peak (Figure
2-12). An anomalous dn/dc value is shown in Table 2-6 for EA16GC21, which could
be attributed to an error in dilutions during standards preparation for dRI analysis as
all other dn/dc values are similar. Interestingly, polydispersity is low for all the

polymers, which could be explained with the extensive dialysis resulting in the
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removal of small molecular weight polymers, hence improved molecular weight

distribution and polydispersity, although at the cost of lower yields.

2.3.2.2.1.1 Effect of the dissolution time

It was hypothesised that an increased time for dissolution before analysis would
encourage the polymer-solvent interactions rather than the polymer-polymer
interactions hence aggregation will be reduced. By contrast the results of the
experiment showed that increasing time for dissolution, by leaving the polymer
solution in the mobile phase overnight before analysis increased drastically the

shoulder peak in the light scattering monitor (Figure 9-5, see Appendix).
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Figure 2-12: GPC-MALLS profiles of EAGC variants in 1 M sodium acetate/acetic
acid buffer system, pH=4, LS (light scattering in red), dRI (differential refractive index
in blue): Shoulder peak increases in intensity with the increase of EA substitution level
(LS-light scattering, red line). From bottom to top EA9GC21 — low level of EA
substitution (C), EA16GC21 — medium level of EA substitution (B) and EA24GC21-
high level of EA substitution (A).
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The peak at the end of the run is referred in literature as ghost peak or system peak.,
it's commonly caused by a loss of equilibrium in the system 2°9'. This could be due to
different sample composition, buffer used or anything which could influence the
equilibrium between the mobile phase and the stationary phase. The polymers shown
on Figure 2-12 were analysed on the same day with the same buffer, hence salt
content and pH. A potential solution to this would be to use blanks in between runs in
order to allow for longer equilibration time. It is worth mentioning that the so-called
system peak does not have any influence on the quality of the analysis of the results.

2.3.2.2.1.2 Effect of the ionic strength of the buffer

The ionic strength of the sodium acetate/acetic acid buffer was varied (1M,0.5M, 0.25
M and 0.125 M) and the pH was kept constant at 4. The sample for analysis was
chosen on purpose to be an EAGC variant with the highest EA level of substitution
as the shoulder peak for the high-level substitution EAGC variants appeared with the
highest intensity on the light scattering monitor. The results of the experiment showed
that the decrease in ionic strength results in decrease of the observed shoulder.
(Figure 2-13).

10{ EA24GC2

1M, pH 4

0.25M, pH 4
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Figure 2-13: Effect of ionic strength on aggregation of EA24GC21 . The graph shows
four different runs of EA24GC21 with sodium acetate buffer, pH=4 and 1 M (in red),
0.5 M (in pink), 0.25 M (in blue) and 0.125 M in green. The shoulder peak of
EA24GC21 is decreasing with the decrease in molarity of the buffer.

The intensity of the shoulder peak is decreasing with the decrease in molarity of the
buffer, but the graph also shows that the non-specific interactions of the polymer with
the column increase, which is clear from the tailing of the peaks. So, reducing further
the strength of the buffer is potentially going to solve the problem of aggregation, but
at the same time the excessive tailing will cause a non-symmetrical profile, which will
affect the accuracy of the molecular weight measurements. It was then hypothesised
that charge is another very important factor, which can influence the behaviour of the
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polymer in the buffer and the polymer interactions with the column. In an attempt to
strike a balance between the ionic strength of the buffer and the charge of the polymer
to avoid the chances of aggregation/tailing in the light scattering we investigated the

effect of polymer charge by altering the pH of the buffer.

2.3.2.21.3 Effect of charge

The reduced ionic strength of the buffer showed a trend towards a reduction of
aggregation. To study the effect of charge experiments with a sodium citrate/citric
acid buffer, pH=3 were performed. By decreasing the pH a more positively charged
polymer chain is obtained as more amines will be protonated. This will then lead to a
more open conformation of the polymer, because of an electrostatic repulsion
between the positive charges, which is used to avoid aggregation. Two runs with
sodium citrate/citric acid buffer, pH=3 were performed with a molarity of 0.25 M and
0.125 M were used. The results showed that a major improvement was achieved as
the aggregation appears to be reduced to a minimum even with the 24 % EA modified

polymer and a more symmetrical profile of EA24GC21 was obtained. (Figure 2-14)
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Figure 2-14: Light scattering profile of EA24GC21 in 0.25 M sodium citrate buffer,
pH=3 and 0.125 M sodium citrate buffer, pH=3. The graph shows that the combination
of an optimal ionic strength and positive charge of the polymer decreased aggregation
fo a minimum as visible from the light scattering profile of both runs.

The optimisation of the method led to identifying the right conditions to measure
accurately the molecular weight of the synthesized EAGC variants. Unfortunately,
due to technical problems with the GPC-MALLS we were unable to re-measure the

molecular weight of the EAGC variants
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2.4 Discussion

To improve the buffer capacity of glycol chitosan we synthesized a range of EAGC
variants with low, medium and high substitution levels for the tested conditions. The
introduction of secondary (-NH) and tertiary (-N-) amines with higher proton affinities
than primary amines (-NH.) is hypothesised to improve the buffer capacity of GC 2%2.
Improved buffer capacity will facilitate endosomal escape and transfection efficiency.
However, as described previously an increase in positive charge can result in
elevated toxicity, hence in search of the fine balance we designed EAGC variants
with three different modification levels. Additionally, as molecular weight is also known
to play a crucial role not only for complexation of the polymers with the cargo nucleic
acids, but also for the ability of the obtained nanoparticles to cross the cellular
membrane (size dependent)'80.203-205 we used GCs with two molecular weights. A
study by Carlos et al. showed that EAGC variants with a range of substitutions
showed increased buffer capacity when compared to the unmodified GC 2% [(-NH>)
pKa 6.41+ 0.05)]'"® due to the presence of a mixture of secondary and tertiary amines
in some of the polymers. Secondary and tertiary amines have higher pKa values (9-
10) 207208 gs they are more basic than primary amines. However, the authors show
that the presence of tertiary amines coincides with an increase in toxicity '%. The
synthesis of EAGC variants with low, medium and high level of ethyl-amine (EA)
substitution is a three-stage process with two intermediate purification steps. 1d and
2D NMR experiments were used to characterise the obtained polymers and to

calculate the percentage substitution.

The first stage of the reaction is the acid degradation of glycol chitosan. A relationship
between degradation time and the range of Mw obtained has been established in our
lab previously 29°210, Based on this reference the time points for degradation were
chosentobe 1 h 2 hand 6 h In order to obtain dGC with a Mw range between 20 000
—60 000 kDa. The Mw of the three GC batches was 57220 (GC57), 37200 Da (GC37)
and 20940 Da (GC21) (Table 2-2) for 1 h, 2 h and 6 h degradation respectively.
Dialysis was used to remove the excess hydrochloric acid from the degradation
mixture. NMR analysis provided information for the structure of GC before the start of
the reaction with 2-Boc AEB and all the peak were assigned (Figure 2-2) As a quality
control measurement, the 2-Boc AEB was also analysed via 'H-NMR (data not
shown). The peak with a chemical shift 145 corresponds to the protons of the methyl
groups (CHjs) of the fert-butyloxycarbonyl group (Boc) group (Figure 2-6). Boc groups
are used for protection of amine groups to avoid side reactions. Boc groups are easily

removed in strong acids such as ftrifluoroacetic acid/dichloromethane and
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hydrochloric acid/methanol mixtures with the addition of a scavenger, which traps the

tert-carbonyl cation 211212,

The next stage of the synthesis process is the reaction between GC and 2-Boc-AEB.
To provide a range for the EA substitution level, small scale reactions testing, two
different temperatures and different equivalents of 2-Boc AEB were prepared.
Percent substitution for the Boc protected EAGC variants was calculated using the
integration of the Boc protons over the integration of the sugar protons since the peak
representing the modification (EA protons) is overlapping with the C2 protons of the
sugar, hence we were unable to use it to calculate the % EA substitution. The different
conditions of the small-scale reactions are listed in (Table 2-3). From the table, it is
clear that an elevated temperature leads to an increase in modification level as the
lowest modification level is 2.5 % of EA substitution (RT) vs 6.9 % (40° C), comparing
two reactions with 5 molar equivalents of 2-Boc AEB. The reaction between 2-Boc
AEB and GC is also proven to be more effective at 40°C as shown by Carlos et al.
206 Therefore, based on the results of the small-scale reactions we chose three
conditions (5, 10 and a double reaction of 10 molar equivalents of 2-Boc AEB) with

GC37 and GC21 at 40° C, which we synthesized on a five times larger scale.

The third stage of the synthesis is the deprotonation of the EAGC variants, which was
performed in 4 M HCI in water for 3 h with triethylamine used as a proton scavenger.
Successful removal of the Boc group was confirmed by 'H-NMR. After deprotection
the "H-NMR of the samples showed the presence of two new peaks for the highest
level of substitution EAGC variants (EA23GC37 and EA24GC21). The first peak
assigned as 2b appeared at 8275 for EA23GC37 (data not shown) and (&265) for
EA24GC21 respectively (Figure 2-8). The second peak assigned as 2c¢ (Figure 2-8)
appears with the same chemical shift for both high EA substitution level EAGC

variants at d25.

'H-"H COSY showed that the two peaks at 8,75 and 0265 (2b) and .5 (2c) have
correlations with the protons attached to C1 and C3, the same as the peak at &25-2.05
(2) representing the protons of C2 from the sugar, next to the N of the primary amine
group (Figure 2-9). Therefore, the two sets of protons 2b and 2c giving rise to the
two peaks in the spectra of the high EA level of substitution EAGC after deprotection
are both substituted C2 from the sugar, hence two modifications are detected. This is
further confirmed by the results obtained from the CDEPT 135 experiments when
correlated with the proton spectra as 2c represents protons attached to a tertiary

carbon (2cC-2c, Figure 2-10). However, we were unable to confirm that the peak at
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0265 (2b) represents protons attached to a tertiary carbon as no correlation of 2b is

visible on Figure 2-10.

Interestingly 2c is also present for the low and medium EAGC variants. However, for
EA9GC21 and EA16GC21 it appears with a slight downfield shift at 5,58 (Figure 2-
11). EA9GC21 and EA16GC21 are both obtained from GC21, which is almost half of
the molecular weight of GC37 (21180 vs 37440). The stack plot of the proton
experiments shows that the whole spectra of EA9GC21 and EA16GC21 is shifted
downfield when compared to EA6GC37 and EA13GC37. A potential explanation for
this could be the presence of more hydrogen bonds between EAGC and water
molecules for the larger polymer which will provide more shielding from the external
magnetic field. Moreover, there is a peak at 6.9 for EA9GC21 and EA16GC21 and
028 EABGC37 and EA13GC37 (Figure 2-11). These peaks do not show any
correlations in 2D NMR experiments with the protons attached to C1 and C3 from the
sugar (data not shown). Based on these findings we concluded that the two
modifications in the structure EA23GC37 and EA24GC21 are a result of a single and
a double EA substitution, hence in agreement with the findings of Carlos et al. these
polymers have a mixture of secondary and tertiary amines (Figure 2-7, structures 4
and 6). By contrast the low and medium level EAGC variants (EA9GC21, EA6GC37,
EA13GC37 and EA16GC21 appeared to have only tertiary amines (Figure 9-1-
Figure 9-4, see Appendix, Figure 2-7, structures 3 and 5).

The reaction with 2-Boc (amino-ethyl bromide is a halide alkylation reaction of primary
amines, the mechanism of which is shown below on (Figure 2-15). The N from the
primary amine acts as a nucleophile as it has a lone electron pair and attacks the
electrophile C of 2-(Boc-amino) ethyl bromide displacing the bromide and creating the
new C-N bond. Triethylamine (: B) deprotonates the positive N centre yielding a
secondary amine. Secondary amines as mentioned earlier have higher pKa values
than primary amines, hence behave as stronger nucleophiles, which leads to a double

substitution and the production of tertiary amines as shown by Carlos et al.
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Figure 2-15: Mechanism of the reaction of halide alkylation of the primary amines of
glycol chitosan . 1: Formation of secondary amines 2: Formation of tertiary amines.
R-represents the polymer chain, while B represents triethylamine.

As mentioned before the peaks at 629 (EA9GC21, EA16GC21) and &.5 (EA6GC37,
EA13GC37), did not show any correlations with the C1 and C3 from the sugar.
However, a small peak at 6.5 is also present for the degraded GC37 before the
reaction with 2-Boc AEB was performed (Figure 2-2). Knight et al. reported the
presence of N-glycolated secondary and tertiary amines and proposed a new
structure of glycol chitosan contradictory to the widely accepted O-glycolated glycol
chitosan'* (Figure 1-4, B and C). The general scheme for the synthesis of glycol
chitosan from chitin, includes a reaction with ethylene oxide, followed by
deacetylation. It has been shown that if chitin is initially deacetylated the epoxide
would react more favourably with the amine groups than the hydroxyl groups which
would yield N-glycolated residues instead of O-glycolated ones. In attempt to check
whether the glycol chitosan we used has a mixture of N-glycolated and O-glycolated
residues we performed "H-NMR experiments at acidic (pH < 2) and basic (pH >10)
as described by Knight et al. Similarly, to Knight et al. the high pH sample of GC
showed the presence of several small peaks, however instead of the chemical shifts
reported by them (83.1-36) the small peaks in our experiments appear at 8,5-34. This
is probably due to the higher temperature (90° C) used for their experiments versus
(50° C) for ours. Exposure of the polymer at high temperature could cause de-
shielding of the structure, because of the breaking of hydrogen bonds between the
polymer and the water molecules. We have confirmed the temperature dependent
downfield chemical shift of the whole spectrum with an increase in temperature

(Figure 9-6, see Appendix).
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The stack NMR spectra on Figure 2-3 shows the downfield chemical shift of the
peaks from 2.8-3.4 ppm to 3.4-3.8 ppm in the low pH case. The downfield shift is also
visible for the protons attached to C1 assigned as 1 (Figure 2-2), which for the GC
(pH < 2) are no longer buried underneath the protons of the water peak and appear
at 8s.2.5.4. Knight et al. explain this with the occurring protonation and deprotonation of
the amine groups in the acidic and basic environments, which the polymer
experiences. As visible from the stack spectra of the samples at the two pH values
there is no chemical shift for the methyl protons of the acetyl group, assigned as 6
(Figure 2-2). This further confirms that the chemical shifts noted for the groups above
for the two pH values are due to protonation/deprotonation effects. Therefore, Knight
et al. suggested that the peak immediately upfield from H2 represents protons
attached to a C next to a N exactly like H2 does (the protons attached to the carbon
next to the nitrogen from the primary amines of GC), hence a N-glycolated secondary
amine of GC is present. Our data from the 2D NMR experiments is in agreement with
these findings as the new peak (N-gly 2, Figure 2-3) correlates with protons from the
sugar (H3) and with (H1) (red line, Figure 2-4 and Figure 2-5). The figure shows the
presence of another correlation with the protons of one of the small peaks (3323.4)
with protons from the sugar (green line, Figure 2-4). Due to the complexity of the
structure it is hard to assign these protons, Knight et al. speculated that they are
coming from the methylene groups of the glycol attached to the primary amine and
they even proposed the presence of tertiary N-glycolated amines (Figure 1-4, C).
However, we are unable to make this conclusion based on the results we have.
Although there is some proof for the presence of N-glycolated secondary amines in
the structure of our glycol chitosan, more experiments with intermediate pH values
need to be performed to rule out the possibility to have changes in the two spectra
because of protonation/deprotonation events related solely to the primary amines in

the structure.

In attempt to measure the molecular weight of the EAGC polymers we performed a
series of optimisation steps of the protocol used for the GPC - MALLS. Table 2-6
shows the molecular weight averages and the polydispersity values for the EAGC
variants (except EA24GC21). The increasing level of modification resulted in an
increase of the measured molecular weight for both GC37 and GC21, however the
measured molecular weight averages are not accurate as the increase for all the
polymers is not representative of the modification level calculated from the NMR. In
addition to that we observed a shoulder peak in the light scattering profiles of the

polymers (red Figure 2-12). The intensity of the shoulder peak increases with the
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increase in modification. As the light scattering is more sensitive the shoulder peak is
visible only when the sample is passing through the LS detector, a possible indication
of aggregation. Aggregates scatter light aggressively, however they are not detected
by the dRI possibly due to their low concentration hence no shoulder is observed in
the dRI.

In search of the reason for the observed effects in the light scattering we altered a
few parameters, which we considered important to prevent aggregation: i) the
dissolution time of the polymers before sample analysis ii) the type of the buffer
system used iii) the ionic strength of the buffer and iv) the charge of the polymer.
EA24GC21 was chosen to be the polymer for all the tests as its light scattering profile
had the highest intensity shoulder peak. We considered first increasing the dissolution
time of the polymer before the run was performed as a common practice in the lab is
to run the samples immediately after adding the mobile phase and after filtration. We
hypothesised that this could encourage the polymer-solvent interactions over the
polymer-polymer interactions. Contrary to what we expected an overnight dissolution
of EA24GC21 in the sodium acetate buffer resulted in a light scattering profile with a
shoulder (data not shown). The next parameter to change was the type of the mobile
phase used. Instead of the widely used sodium acetate/acetic acid system we tried a
5 % ammonium sulphate/3 % acetonitrile, pH=4, a buffer used for GPC-MALLS
measurements of PLL 2'3. The results showed no change in the LS profile of
EA24GC21 and in this instance the type of the ions used did not prevent the

aggregation.

lonic strength of the buffer is a crucial parameter, which plays an important role in
screening the charges along the chain of a polyelectrolyte by facilitating an
electrostatic interaction between the salt ions and the ionic groups of the polymer in
solutions, which is thought to minimise the inter-chain electrostatic interactions 2 .
However, high ionic strength is proven to increase the chance of a hydrophobic
microdomains formation in the polymer chain, which is shown to induce inter-chain
association and aggregation due to enhanced hydrophobic interactions 2'°. By
decreasing the ionic strength of the sodium acetate buffer from 1 M to 0.125 M, pH=4
we managed to achieve a significant improvement in the reduction of the observed
shoulder peak in the LS spectra of EA24GC21 at 0.125 M (Figure 2-13). The ions of
the mobile phase in GPC are of major importance as they prevent secondary
electrostatic interactions of the polymers with the stationary phase of the column,

hence tailing of the eluted peaks. The recommended salt concentration to be used is
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in the range of 0.1 M - 0.5 M 2'5, We have attempted to reduce even further the ionic
strength of the buffer to 65 mM, but the obtained LS profile of EA24GC21 showed a
completely non-symmetrical peak with excessive tailing (data not shown). This result
prompted us to consider reducing the pH of the buffer to 3 in an attempt to strike a
balance between charge of the polymer and ionic strength. The new mobile phase
used was sodium citrate/citric buffer, pH=3. The new buffer prepared showed a
considerable improvement in the LS spectra of EA24GC21 with an improved peak
symmetry for both 0.25 M and 0.125 M sodium citrate. Unfortunately, due to almost
permanent technical problems with the machine we have as yet been unable to use

the optimised conditions to measure the molecular weight of the polymers.

2.5 Conclusions

To sum up EAGC polymers with a variation in the substitution level namely (low,
medium and high ethyl-amino substitution level were successfully synthesised and
purified. The characterisation of the EAGC polymers presented several challenges
related to structure elucidation due to the complexity of the polymer molecules, the
polymer-polymer interactions and the polymer-solvent interactions. The work of the
chapter demonstrated that some of the problems were solved and an optimised
method for molecular weight determination using GPC and light scattering was
presented. The data helped us learn more about the behaviour of our polymers in
solution and defined polymer charge and ionic strength as key parameters affecting

the polymer’s conformation and aggregation behaviour in light scattering experiments
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3 Synthesis and characterisation of BS PEG (5) bis
spermidine

3.1 Introduction

The term polyamines is collectively used to describe organic compounds bearing one
or more amino groups. Polyamines such as spermine, spermidine and putrescine are
meant to play crucial roles in maintaining cellular growth and differentiation. 216-219,
These functions have been shown to be important for cancer cell proliferation where
a decrease in the polyamine concentration results in triggering apoptosis and cellular
growth inhibition 220221 The mechanisms through which polyamines regulate gene
expression and facilitate cell proliferation are still not well understood. Interestingly,
synthetic polyamine analogues show in vitro anti-proliferative activity in many cell
lines 222223 Polyamine analogues use a polyamine transporter to enter the cell but
have no cell growth accelerating functions. They can be either chemically designed
mimetics, which block their binding sites or anti-metabolites 2>4. Very successful
analogues with anti-tumour activity are the bis (ethyl) polyamines. N',N" di - (ethyl)

norspermine is in clinical trials for the treatment of hepatoma 225,

It has been shown that cationic biogenic polyamines and their synthetic analogues
interact and stabilize DNA and RNA molecules 2%62?" Therefore, in addition to the
synthesis of polyamine analogues research has focused also on the use of the
intrinsic affinity of polyamines to complex DNA and RNA molecules as polycationic
loads grafted to polymers or liposomes to enhance nucleic acid binding. The presence
of secondary amines in the structure of polyamines results in an increased buffer
capacity of the polyamine functionalised structures hence it may facilitate endosomal

escape.

Jiang et al. have successfully synthesized a chitosan graft spermine (CHI-g-SPE),
which showed improved transfection efficiency of pDNA and low cytotoxicity in vitro
and in vivo in lung cancer mice models 2. A study by Huang et al. demonstrated the
functionalisation of another polysaccharide with spermine 22°. Starch molecules of
around 50 kDa were modified with spermine to obtain starch modified spermine
(SMS). The molecule containing the highest primary amine content showed
approximately 40 % transfection efficiency of plasmid pAC-GFP-C1 in a liver cancer
cell line (HepG2). High transfection efficiency and low toxicity was also reported for a

spermine grafted polyethylene glycol diacrylate PEG-alt-SPE in vitro 23°. The formed
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nanocomplexes with pEGFP-N2 and PEG-alt-SPE were introduced by a non-invasive
aerosol delivery in Kras*A"lung cancer model mice and confirmed the non-toxic nature
of the nanocomplexes as well as the efficient delivery of the plasmid. Spermine
grafted lipids or lipo-spermines were investigated for their in vivo transfection
efficiency in a study by Viola et al. *'. The research of the group identified that lipo-
spermines with the longest fatty acid chains are also the most toxic gene carriers.
Butanoyl-spermine was found to be the most successful gene carrier, forming non-
cytotoxic and homogeneous nanocomplexes, which could transfect BALB/c mice
effectively with a firefly luciferase gene. A recent study by Xie et al. constructed a
hyperbranched poly-spermine by conjugating it to citric acid 2%2. The new
biodegradable non-toxic vector showed significant decrease of lung tumours and fully

supressed lung tumorigenesis in K-ras*A! mice.

In this chapter, we report on the synthesis and characterisation of a small

polyethylene glycol molecule bi functionalised with spermidine.

3.2 Materials and Methods
3.2.1 Materials

Materials Purity Supplier

BS (5) hydroxysuccinimde Thermo Fisher Scientific
suberate (Loughborough, UK)
. . Sigma Aldrich

N', N5 bis Boc spermidine >95 9%

(Gillingham, UK)

Merck, Sigma Aldrich

Dichloromethane (DCM) 99 %
(Loughborough, UK)
Sigma Aldrich
Sodium carbonate 299.5 % .
(Gillingham, UK)
Sigma Aldrich
Diethyl ether 299.5%

(Gillingham, UK)
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Cambridge Isotope

Deuterated Chloroform 99.8 % Laboratories (Nantwich,
UK)

(Cambridge Isotope
Methanol D4 99.8 % Laboratories (Nantwich,
UK)

Sigma Aldrich

Deuterium Oxide (D-0) (Gillingham, UK)

Sigma Aldrich

. . )
Triethylamine 299.5 % (Gillingham, UK)

Merck, Sigma Aldrich

Methanolic Hydrochloric acid (Gillingham,UK)

3.2.2 Methods
3.2.2.1 Synthesis of BS PEG (5) bis spermidine
80 mg of BS (5) PEG hydroxysuccinimde were dissolved in 2 ml of DCM (40 mg ml -

") in a 7 ml glass vial. 2 eq of N ', N ° bis Boc spermidine with 2 eq of triethylamine
were added to the mixture. The reaction was left stirring at room temperature with the

glass vial closed for 24 hours.

3.2.2.1.1 A two-step purification process of BS PEG (5) tetra Boc spermidine

DCM and water are immiscible liquids, hence phase separation allowed us to purify
the mixture. Two washes with a 5 % Na>COs followed by two washes of 0.05 M HCI
were performed. The solutions were added to the mixture and were shaken for 30
seconds then left to settle to allow the two immiscible liquids to separate. The density
of DCM is higher than water (1.33 g/cm® vs 1 g/cm?®) hence the organic fraction
containing the modified molecule was at the bottom of the vial, while the aqueous
fractions containing the N-hydroxysuccinimde and ftriethylamine chloride were
situated on top of the organic phase. The aqueous fractions from the four washes

were carefully extracted from the vial with a Pasteur glass pipette.
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3.2.2.1.2 Deprotection of BS PEG (5) tetra Boc spermidine

After purification, the glass vial containing the purified modified molecule was placed
on a rotary evaporator to remove the DCM. 4 ml of 3 M HCl/methanol were added to
the oily droplet observed after DCM evaporation. The glass vial with the deprotection
cocktail was left stirring for 3 h at room temperature with the cap open. The residual

methanol from the reaction mixture was evaporated on a rotary evaporator.

3.2.2.2 Characterisation of BS PEG (5) bis spermidine

3.2.2.2.1 'H-NMR and 'H-'"H COSY NMR

20 mg of BS PEG (5) tetra Boc spermidine were dissolved in 0.7 ml of deuterated
chloroform and transferred to an NMR tube. The analysis of the sample was
performed on a 500 MHz Bruker Spectrometer at 16 scans for the proton spectrum,

while for the COSY spectrum the number of scans was increased to 64.

3.2.2.2.2 'H-NMR and 'H-'H COSY NMR of BS PEG (5) bis spermidine

20 mg of BS PEG (5) bis spermidine was dissolved in 0.7 ml of deuterium oxide and
transferred to an NMR tube. The proton spectrum was obtained using 16 scans, while
the COSY spectrum was obtained using 64 scans. The spectra from all NMR

experiments was analysed via Topspin v 3.2.

3.3 Results
3.3.1 Synthesis and characterisation of BS PEG (5) bis spermidine
N-hydroxysuccinimde BS (5) PEG suberate was reacted with N ', N 5 bis Boc

spermidine in the presence of triethylamine to obtain BS PEG (5) bis spermidine, a
PEG-based oligomer functionalised with the polyamine spermidine. A general
scheme of the reaction is presented on Figure 3-1. Starting material 1 and 2 were
analysed by 'H-NMR prior the reaction. The obtained 'H-NMR of compound 3 is
shown on Figure 3-2. The peak with a chemical shift 8¢5.68 represents the protons
attached to the N atom form the newly formed amide bond. The integration of the
peak at ds5.68is 2.01, which confirms the presence of two amide bonds formed, one
on each side of 3. An additional step, which is not shown on Figure 3-1 is the
purification step, which takes place before Boc deprotection. The reaction mixture
needs to be purified from the N-hydroxysuccinimde released from (1) and
triethylamine. Figure 3-2 shows the presence of a triplet at d1.35 representing the
protons of the methyl groups of triethylamine. The protons of the methylene groups
of triethylamine are overlapping with the multiplet at 83.3.3, hence there are not visible

on Figure 3-2. A two-step purification process was used to clean the reaction mixture
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and the reaction was monitored through 'H-NMR. Additionally, 'H-'H COSY NMR

was used to assign the protons of the multiplet at 833 3.
o)
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Figure 3-1: General scheme for the synthesis of BS PEG (5) bis-spermidine. N-
hydroxysuccinimde BS (5) PEG suberate (1) reacts with 1N, 5N bis Boc spermidine
(2) in the presence of triethylamine to form BS PEG (5) tertra-Boc-spermidine (3). The
removal of the Boc group is performed in the presence of 3M HCI in methanol. The
deprotected BS PEG (5) bis-spermidine is then obtained (4). The hydrolysed N-
hydroxysuccinimde (5) is released.
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Figure 3-2: "H-NMR spectrum of BS PEG (5) tetra Boc spermidine in CDCl3: &1.35
[N-(CH2CHs), (q), triethylamine], 3,7: &1.6 [(-CH>-) , methylene protons of
spermidine)], 1: &1.5[-O-C-(CH3)3, protons od the tert-butyl carbonyl group (Boc)] 6: &1.7
[(-CH:2)- methylene protons of spermidine], 9: 62 5[NH-CO-CH2-methylene protons of
PEG], 13 6265 [FCH2-CH2-, methylene protons of N-hydroxysuccinimde), 2,5,4 and 8:
03.33 [-CH2NH-CO-0O-C-(CH3)3, CH3-C-O-CO-N-(CHs)2, (-CO-NH-CH2z-), methylene
protons of spermine], 11: 63.65 [(-CH2-CH2-O-)4, protons of ethylene glycol], 10: 6375 [-
O-CH2-CH3, methylene protons of PEG], 0s.4 (solvent peak, residual DCM], 12: d¢.5.6.8
[ (-NH-CO-)2, protons of amide group], 67.21[CDClIs], 87 % modification level. The
modification level was calculated using the integration of the amide protons (divided
by 2) (12) over the integration of the methylene protons next to an oxygen (divided by
4) (10) multiplied by 100 to show percent.
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3.3.2 A two-step purification process of BS PEG (5) tetra Boc spermidine
BS PEG (5) tetra Boc spermidine was purified with two washing steps with Na-CO3

and HCI. Na,CO3z;was used to remove N-hydroxysuccinimde, while HCI was used to
remove triethylamine. The cleaning of the sample was possible, because the reaction
was done in dichloromethane (DCM) and the aqueous fractions from the washing
step was removed after the organic phase with BS PEG (5) tetra Boc spermidine was
separated at the bottom of the glass vial. '"H-NMR of the purified compound showed
that the peak at &, corresponding to the protons of N-hydroxysuccinimde is no longer
visible (Figure 3-3). However, a very small amount of triethylamine is still present in
the sample (8135, 1=2.08)
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Figure 3-3: 'H -NMR spectrum of the purified BS PEG (5) tetra Boc spermidine in
CDCI3
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3.3.3 Characterisation of BS PEG (5) bis spermidine via NMR
After deprotection of the Boc groups in 4 M HCI in methanol BS PEG (5) bis

spermidine was analysed via 'H-NMR. The results showed complete Boc
deprotection after 3 h of incubation. The sample was analysed in D2O as after
deprotection the molecule was soluble in water. Peak assignments are shown on
Figure 3-4, the assignments were made only after performing 'H-'H COSY NMR and

determining the correlations as shown on Figure 3-5.
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Figure 3-4: 'H-NMR of BS PEG (5) bis spermidine in D>0O. 2: 517 [NH>-CH>-CH>-), 6:
51.83['CO-NH-CH2-CH2-], 5: 52,2[CH2-CH2-CH2], 8: 0263 [NH-CO-CHz], 1,3,4and 7: 63.1-
3.32 [-CHzNH-CO-CHz-], CH2-NH—(CH2)2, (-CHz-CHz-NH)], 10: 63,8[(-CH2-CH2-O-)4], 9:
03.9 [FO-CH2-CHz], 64.70[D20]
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Figure 3-5: "H-'"H COSY NMR of BS PEG (5) bis spermidine in D-O : The correlations
are colour coded and the colour corresponds to the colour of the adjacent protons in
the structure.

3.4 Discussion

This chapter describes the synthesis and characterisation of a novel polyamine
functionalised molecule as a potential gene delivery platform. We designed an
efficient and simple synthesis scheme, which involved a fast purification two-step
process. NMR was used for the full characterisation of the molecule at the different

stages of the synthesis and the purification.
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Figure 3-6: Mechanism of amide bond formation between N-hydroxysuccinimde
ester and a primary amine.

The lone pair of electrons of the nitrogen from the primary amine group acts as a
nucleophile and attacks the C from the carbonyl of the ester, which is an electrophile
(6*) as the oxygen is withdrawing the electron density and acquires a partial negative
charge (&). This makes the N-hydroxysuccinimde (5) (Figure 3-1) a good leaving
group and facilitates the amide bond formation. The reaction is widely used in
bioconjugate techniques of functionalising molecules 233. The 'N-°N bis Boc
spermidine has two primary amines and one secondary, one is used for the amide
bond formation, while the other two are protected by a Boc group to avoid cross
reactivity. At this stage NMR analysis confirmed the presence of 3 (Figure 3-1). The
singlet at 2.6 ppm represents the protons of the methylene groups of the N-
hydroxysuccinimde, which integrates as 8.34 (expected integration of 8 protons if the
molecule is functionalised from both ends). The spectrum is calibrated using the triplet
at 2.4 ppm originating from the 'H-NMR of the PEG. The reaction was considered
completed due to the presence of the broad peak with a chemical shift of 6.5 - 6.8
ppm. This peak is not present in the '"H-NMR spectra of the starting materials, it
represents the protons of the amide bond and integrates as 2 confirming an amide
bond formation on each end of the molecule. Amide protons in '"H-NMR are with
reported chemical shifts between 5-9 ppm 234, The integration of this peak is used to
calculate the level of modification of BS PEG (5) tetra Boc spermidine estimated to
be 87 %. Figure 3-2 shows the presence of triethylamine in the sample (triplet at 1.34
and a quintet overlapping with the multiplet of spermine at 0333. The reported
chemical shifts of triethylamine in chloroform are slightly different (t. 0.99, q.2.48) 235,
however this is probably due to the fact that there is also some dichloromethane left

in the reaction mixture (ds.3).

The purification steps involved washing of the sample with a Na,CO3 solution and a
dilute solution of HCI to extract the N-hydroxysuccinimde and the triethylammonium
chloride. Figure 3-3 shows the successful removal of the impurities as the peak with

a 2.6 ppm is no longer detected and the majority of triethylamine is also removed.
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However there appears to be trace amounts of triethylamine trapped in the mixture
(t. ©1.34), Figure 3-3.

After the purification was completed the second stage of the synthesis include the
removal of the Boc group. Boc deprotection was performed for 3 hours in 3 M
HCl/methanol (structure 4, Figure 3-1) and the completion of the deprotection was
monitored via "H-NMR, no peak at 815 is visible (Figure 3-4). Peak assignments were
made after "H-'H COSY experiments (Figure 3-5) and only after comparison with the
literature data. The methylene protons of spermidine next to the N from the secondary
and primary amines together with the amide give rise to the complex multiplet of at
0333, Figure 3-7 shows the structure of spermidine and its equivalent sets of protons.
There are four sets of equivalent protons, which give rise to four signals in the NMR.
However, in the case of BS PEG (5) bis spermidine the primary amine attached to 1!
is an amide. In a study by Frassineti et al., the combined efforts of structure prediction
tools and NMR experiments helped in elucidating the protonation constants of
spermine 236, They showed that the methylene protons attached toa N 1, 1!, 2 and 2'
from the amine groups give rise to the multiplet in the proton spectra. In another study
by Geall et al. polyamines were used in a homoligation reaction to produce lipo-
spermine conjugates with different lipids (palmitic acid, stearic, oleic and elaidic acids.
All the different lipids were conjugated to spermine by an amide bond. The authors
assigned the peaks in the multiplet by performing 'H and '*C NMR experiments. The
data corresponds to our results from the 'H -'"H COSY NMR (Figure 3-5). It appears
that the amide protons in the multiplet will be the furthest downfield, followed by the
protons attached to the C next to N form the secondary amines and the C next to N
from the primary amine. This findings are in consensus with other studies which prove
that methylene groups a to a secondary amine are reported to have larger upfield

chemical shifts than those a to a primary amine 2%,

Figure 3-7: Equivalent sets of protons in the structure of Spermidine. There are 4
sets of chemically equivalent protons.
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3.5 Conclusions

The chapter focuses on the synthesis and purification of a short PEG oligomer bi
functionalised with spermidine. Our data demonstrates the successful synthesis of
BS PEG (5) bis spermidine and its full characterisation via a set of NMR experiments.
The chapter describes also the challenge related to the limited options for purification
due to the small size of the molecule and the minor size differences between product
and impurities. To overcome this a smart and efficient synthesis scheme was
designed with an intermediate purification step, which yielded 87% modification

calculated from the NMR and a pure product.
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4 Preparation and characterisation of glycol chitosan and
polyethylene glycol-based nucleic acid nanocomplexes and
their in vitro activity in U87 cells

4.1 Introduction

Polymer-mediated gene therapy relies on the formation of electrostatic complexes,
between the negatively charged phosphate groups of the nucleic acid and the positive
charges of the polymer carrier. The resulting complex, called a polyplex offers the
cargo nucleic acid protection from enzymatic degradation, possesses an overall
positive charge and size in the nm range 238, Polymer-mediated gene delivery is
facing several barriers, which so far have been hampering their application in the
clinic. These challenges are related to the three main events associated with polymer
-mediated gene transfer: cellular uptake, release in the cytoplasm and uptake by the
nucleus (the latter being important only for pDNA). Additionally, these three major
stages in polymer-mediated gene transfer incorporate a complex network of
physicochemical parameters, the interplay of which makes assigning individual
contributors for cell entry, endosomal escape and nuclear import difficult.
Furthermore, serum stability, short half-life in the circulation with fast clearance and
haemolysis are additional obstacles, which impede the clinical application of polymers
as gene carriers 23°, Therefore, polymer vector design is a troublesome task and in

fact results in strategies that work against each other.

Interactions of the negatively charged phospholipids in the cell membrane with the
positive charges of the polyplexes is considered the first step prior to endocytosis,
so it is important for internalisation 24024, On the other hand since a positive charge
contributes to plasma protein binding and haemolytic effects, strategies to develop

neutral or anionic polyplexes have been also employed 242243,

Some other examples of design strategies focus on polyplex stability/flexibility
optimisation as a crucial step for cell uptake 24, but others report that increased
stability can result in poor polyplex dissociation in the cytoplasm 245, Wei et al.,
implemented a method for the reversable hydrophilization to improve polyplex
stability without obstructing dissociation in the cytoplasm 246. On the other hand, pre
-mature dissociation in the cytoplasm can result in poor plasmid transfection efficiency
since it is believed that the polyplex rather than the released naked DNA enters the

nucleus 247,

96



Chapter 41 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

This chapter will focus on describing a systematic approach for optimisation of
transfection parameters based on EAGC polyplexes performance to deliver B-Gal
DNA in U87 cell. First, we modified several parameters with an effect on transfection
efficiency: complexation time, treatment time, complexation medium and temperature
during complexation time for EAGC polyplexes. Then, we investigated the effect of
Mw of the gene carriers, polyplex size and PDI of GC polyplexes to deliver 3-Gal DNA
to U87 cells. Finally, we considered polyplex size as an important parameter
governing entry in U87 cells, which outweighed the importance of endosomal escape

as a barrier under the test conditions we used.

4.2 Materials and methods
4.2.1 Materials

Materials Supplier
LB broth (Lennox) powder Sigma Aldrich
growth medium (Dorset, UK)
Sigma Aldrich

LB agar (Lennox)
(Dorset, UK)

EndoFree plasmid mega Qiagen

extraction kit (Manchester, UK)

GE Healthcare Life

Nustra™ NAP™ columns Sciences

(London, UK)

UltraPure™ agarose Thermo Fisher

Invitrogen (Loughborough, UK)

50 x Tris — acetate (TEA)
buffer with
ethylenediaminetetraacetic (Loughborough, UK)

acid (EDTA)

Thermo Fisher
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Invitrogen SYBR safe DNA
gel stain

Thermo Fisher,
(Loughborough, UK)

luciferin

Perkin Elmer (MA,
United States)

T-PER™ tissue protein
extraction reagent

Thermo Fisher
(Loughborough, UK)

EDTA free halt protease
inhibitor cocktail

Thermo Fisher
(Loughborough, UK)

Blueduice™ gel loading
buffer 10x

Thermo Fisher

(Loughborough)

200 mesh copper grids

Agar Scientific

(Stansted, UK)

uranyl acetate

Agar Scientific

(Stansted, UK)

U87 cells (ATCC® HTB -
14™

ATCC (Teddington,
UK)

minimal essential medium
eagle

Sigma Aldrich (Dorset,
UK)

Gibco™ sodium pyruvate

Thermo Fisher,

Loughborough)

Gibco™ GlutaMAX™

Sigma Aldrich

(Dorset, UK)

penicillin/streptomycin

Sigma Aldrich (Dorset,
UK)
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) _ Sigma Aldrich
trypsin (0.25 w/v with 0.53

mM EDTA) (Dorset, UK)

Sigma Aldrich, Dorset,

trypan blue UK)

Sigma Aldrich (Dorset,
foetal bovine serum

UK)
p-Galactosidase reporter Promega
assay system (E2000) (Southampton, UK)

label IT® tracker™ MIR | Mirus (Coventry, UK)
7015

Thermo Fisher,
Hoechst stain 3342

Loughborough)

, , , Thermo Fisher,
Invitrogen  lipofectamine

2000 Loughborough)

4.2.2 Methods
4.2.2.1 Plasmid preparation

E.coli DH5a strain, containing CMV pB-Galactosidase or luciferase reporter gene
expression plasmids with an ampicillin resistance gene were used . A streak plate of
E.coli DH5a was prepared on an LB agar supplemented with ampicillin (50 ug ml-")
and incubated upside down at 37° C for 12 - 24 hours until single colonies were
formed. A single colony was then isolated from a freshly streaked selective plate and
pre-cultured in 10 mL autoclaved LB broth medium containing ampicillin (50 yg ml-").
The pre-culture was left shaking at 37° C for 16 hours. The LB broth medium was
prepared by dissolving 25 g of LB broth powder in 1 L MilliQ water divided over 2
conical flasks with 2.5 L capacity (0.5 L of medium per flask) followed by autoclaving.
Subsequently, 2 mL of the pre-culture E. coli DH5a strain was transferred to each
conical flask containing the autoclaved medium. The flasks were then incubated at
37° C for 18 h with shaking at 120 rpm. The bacterial cells in medium were then
transferred to four 0.5 L centrifuge containers. The bacterial cultures were centrifuged
at 6000 rpm and 4° C for 15 min (Hermle Z323K, Baltimore, USA). The supernatant
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was discarded, and the pellet from the four containers was further processed using a
plasmid extraction kit protocol. The DNA solution in MilliQ water was desalted through
the illustra NAPTM Columns. The concentration of DNA was estimated by a
NanoDrop (NanoDrop ™ 2000/2000c¢) by measuring absorbance at 260 nm and purity
by considering the 260/280 ratio. A ratio of approximately 1.8 is indicative of a

successful extraction procedure and a pure DNA sample.

4.2.2.2 Preparation of polymer-based nanocomplexes

Nanocomplexes for in vitro studies were prepared at 6 ug ml -! concentration of B-Gal
DNA in either water or 20 mM phosphate buffered saline (PBS), pH=6.8. Equal
volumes of plasmid DNA in PBS or water and different polymer to -Gal mass ratios
(1to 1, 11to0 10, 1 to 40 and 1 to 60) were prepared for all EAGC and GC-based
nanocomplexes, while BS PEG (5) bis spermidine-based nanocomplexes were
prepared at (1 to 10, 1 to 20, 1 to 30, 1 to 40, 1 to 50 and 1 to 60). B-Gal DNA was
always added to the polymer solution followed by mixing up and down with a pipette
for 10 s. Complexation was performed at different time intervals (0.5 h, 1 h, 2 h, 3 h,
24 h) for EAGC polyplexes at room temperature (RT), 4° C and 37° C. GC polyplexes
were prepared at the same concentration after 24 h of complexation time at 4° C in
20 mM PBS, pH=6.8. BS PEG (5) bis spermidine nanocomplexes were prepared in

water after 2 h complexation at RT.

4.2.2.3 Characterisation of polymer-based nanocomplexes
4.2.2.3.1 Gel retardation assays

Agarose gel electrophoresis is a technique in molecular biology widely used to
separate nucleic acids based on their size 248, Separation is possible due to the net
negative charge of the nucleic acid analytes, which will allow them to move towards
the positive pole under the influence of an electric field. Shorter fragments will
generally move faster through the agarose matrix when compared to longer
fragments for a given time 248, The separation quality of the fragments will vary
depending on the percentage of agarose used for the analysis. A higher percentage
of agarose would provide better separation for shorter nucleic acids, while a lower

percentage is more suitable for longer nucleic acids.

1 g of agarose was dissolved in 100 ml of 1x TAE buffer, which was diluted fifty times
from the stock solution (50x TAE 243 g Tris, 100 ml 0.5 M EDTA, 57.1 ml acetic acid)
and 10 ul of SYBR Safe). Then the bottle was placed in the microwave until the
solution turned clear. Next, the solution was kept open under the laminar flow to cool

until it reached room temperature, to allow for holding the bottle with bare hands. An
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electrophoretic chamber with a comb was assembled beforehand and the solution
was poured into the chamber. After approximately 20 mins, when the solution had
set, the comb was removed, and the gel was placed in an electrophoretic cell attached
to a power supply station (PowerPac™, Bio Rad, Hemel, UK). An excess of the 1x
TAE buffer was poured in the cell to cover the gel completely. Polyplex samples and
control samples containing naked plasmid were prepared in a total volume of 22 Ll

(20 pl of sample and 2 pl of loading dye.

4.2.2.3.2 Dynamic light scattering (DLS)

Dynamic light scattering is a physical technique used to measure size distribution in
the sub-micron range of particles in suspension or in solution ?4°, Since particle size
measurements are performed in a liquid, Brownian motion or the random movement
of particles promoted by the collision with the fast-moving solvent molecules, is used
by DLS to determine particle size. The velocity of the Brownian motion is given by a
property known as the translational diffusion coefficient (D). D is used to calculate

particle size using the Stokes-Einstein (4).

KT

3D

(4)

D (h) is the hydrodynamic diameter, D is the translational diffusion coefficient, k is the
Boltzmann’s constant, T is absolute temperature and n is viscosity. As it becomes
clear from the formula an absolute temperature is required for DLS measurements,

because the viscosity of a liquid is related to its temperature 2%.

Stationary particles in a cuvette illuminated by a laser will produce a stationary in
position and size speckle pattern. The speckle pattern is characterised with the
presence of bright and dark patches, which can be seen on a glass screen when a
sample is illuminated by a laser. The bright patches form as a result of constructive
interference of scattered by the particles light, which arrives in the same phase.
Conversely, the dark patches in the speckle pattern arise from mutually destructive
phase addition of scattered by the particles light, which cancel each other out. The

speckle pattern for a system undergoing Brownian motion is constantly evolving due
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to the phase addition of the light scattered by the moving particles, which is creating
new patterns. The size of the particles will determine the rate at which these intensity

fluctuations occur.

The polyplexes were prepared as described previously and size and zeta potential
measurements were carried out using a Malvern Zetasizer Nano S/N (Malvern
Instruments Ltd, UK). Size measurements were performed in low volume dispersible
cuvettes with 100 ul of the respective polyplex. Zeta potential measurements were
performed in a reusable zeta cell and the electrical potential difference between the
electrodes was measured using the ‘Surface Zeta Potential’ mode in the instrument.
Standard solutions supplied by Malvern, were used prior sample measurements for
machine calibration. Polyplex samples were prepared at a concentration
0.1 mg ml ' for both zeta and size measurements in 100 uyl or 1 ml volume

respectively.

4.2.2.3.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy operates in the same way as light microscopy but
uses an electron beam instead of light. Since the wavelength of electrons is much
smaller than the wavelength of light TEM is a more powerful technique with improved
resolution of thousand times when compared to light microscopy images 2%'. TEM
imaging can be used to reveal the finest details of internal structures, in some cases

even as small as atoms.

The electron beam from the electron source passes through a condenser lens in a
vacuum, which makes the beam thinner and more coherent. The coherent beam then
reaches the specimen and parts of it are transmitted depending on the thickness and
electron transparency of the specimen. The specimen is an ultrathin section (less
than 100 nm) or a suspension on a grid. The transmitted portion of electrons passes
through the objective lens, strikes the phosphor screen and an image is generated by
converting the electrons to light. The image is then passed down the column through
the intermediate and the projector lens and it is enlarged all the way. The lighter
regions form the high-resolution black and white image generated represent areas of
the specimen where greater number of electrons were able to pass through, while the

darker ones represent the denser areas of the specimen 251,

One drop of polyplex (prepared as previously described, was placed onto a

carbon/Formvar coated 200 mesh copper grid (Agar Scientific, Stansted, UK) and
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negatively stained with 1 % aqueous uranyl acetate solution. Polymer and naked
nucleic acid solutions were used as negative controls. Imaging was carried out under
Philips CM120 Biotwin Transmission Electron Microscope (Philips, Eindhoven, The
Netherlands). Digital images were captured using a 5SMP AMT camera (Deben Uk
Ltd, Suffolk, UK).

4.2.2.4 Cell culture

U87 cells (ATCC® HTB-14™) were maintained in 75 cm? blue vent cap culture flasks
(Corning, Fisher Scientific Loughborough, UK) in 10 — 12 ml of Minimal Essential
Medium Eagle (MEME) supplemented with 1% Sodium Pyruvate (v/v), 1%
GlutaMAX™ (v/v) , 1 % Penicillin/Streptomycin (v/v) and 10 % foetal bovine serum
(v/v). When cell confluency reached 90 %, cells were detached from the 75cm? culture
flasks using 4 - 5 ml trypsin (0.25 % w/v with 0.53 mM EDTA) after 4 - 5 mins of
incubation at 37° C in the presence of 5 % CO,. To inactivate the trypsin, the cell
suspension was topped up with 8 — 10 ml fresh MEME medium and it was transferred
to 15 ml tubes. The tubes were centrifuged at 400 rcf for 4 mins (Hettich, Microlitre
Centrifuge, Mikro 200/200R) and the cell pellets resuspended in 10 — 12 ml of fresh

medium. 1/3 dilutions of the cell suspension were prepared in new 75 cm? flasks.

For the U87 growth curve 5x10° U87 cells ml -' were seeded in 6 well plates coated
with lysine. Cells were harvested from the plate by replacing the medium with 0.5 ml
of trypsin (after 12 h, 24 h, 60 h, 72 h and 90 h). The plates were then incubated for
4 - 5 mins at 37° C in the presence of 5 % CO.. After that the trypsin was inactivated
by topping up the wells with 1 ml fresh MEME medium. The cell suspension was
transferred to a 1 ml Eppendorf tube and then the tube was centrifuged at 12,000 rpm
(Hettich, Microlitre Centrifuge, Mikro 200/200R) for 5 mins. The supernatant was
discarded and the pellet of cells was re-suspended in 1 ml of MEME. Next, 2 dilution
of the cell suspension was performed with 0.4 % solution of Trypan Blue in distilled
water in a total volume of 20 pl. Cell counting was performed using a haemocytometer
(Neubauer - improver depth 0.1 mrr 1/400 mm?). A 10 ul sample was loaded in the
haemocytometer chamber with a cover slip and placed under the microscope to count
cells. Three squares were counted diagonally (always including the middle one) and
the average number of cells from the three squares (n) was used to calculate the
concentration of cells per millilitre (ml) with the following formula: cells/ml = n x 2 x
104,
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4.2.2.4.1 Transfection experiments in U87 cells

U87 cells were seeded in lysine coated 6 well plates at a density of 5 x 10° cells per
well in 1 ml of MEME. The cells were left for 72 h to reach exponential phase and
were then treated with nanocomplexes, prepared as described in section 4.2.2.2.
After 72 h the full MEME medium from each well of the plate was replaced by 1.5 ml
of FBS free MEME medium. Then, 0.5 ml of the tested nanocomplexes were added
to each well containing 1.5 ml of FBS free medium MEME to make up the total volume
to 2 ml per well. The plates were then left for either 4 h, 6 h or 17 h in an incubator at
37° C in the presence of 5 % CO.. After that the FBS free medium with the treatments
was aspirated and replaced with 2 ml per well of full MEME medium containing 10 %
FBS. The plates were then left in the incubator at 37° C for another 24 h before

performing the B-Galactosidase assay.

4.2.2.4.2 p-Galactosidase assay

Transfection efficiency of the nanocomplexes was measured by a reporter assay
using the substrate of p-Galactosidase enzyme  O-nitrophenyl—3-D-
galactopyraniside (ONPG). Transfection efficiency of the nanocomplexes was
expressed in mU of active enzyme per well using a calibration curve with a
commercial B-Galactosidase enzyme. The reporter assay system including the
substrate and the commercial enzyme was purchased from Promega. U87 cells after
the 24 h recovery period were treated with 0.25 ml lysis buffer per well. Complete
lysis of cells was achieved after 15 mins incubation of the plates at room temperature,
while shaking at a slow speed. To confirm lysis occurred the plates were placed under
a light microscope, Next, the cells were scraped off the wells of the plate and
transferred to Eppendorf tubes. After 5 mins of centrifugation at 10 000 rcf (relative
centrifugal force) supernatants were collected in new tubes, while the pellets with the
cell debris were discarded. 30 ul of cell extracts for each treatment were pipetted onto
a 96 well transparent plate and 30 ul of the commercial 2x ONPG. The 96 well plate
with the enzymatic reaction was left incubating at 37° C for 45 mins to a maximum of
1 hour. Simultaneously with the test samples, dilutions of the commercial enzyme in
distilled water were prepared. 30 ul of the enzyme dilutions were pipetted onto the
same plate. Absorbance at 495 nm was measured on a spectrophotometer (Spectra
Max M series). Calibration curves were prepared every time with the test samples, to
ensure the validity and reproducibility of the assay. Absorbance measurements for

cells alone were subtracted from the absorbance readings of the test samples and
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the linear equation from the calibration curve was used to calculate mU active [3-

Galactosidase enzyme per well.

4.2.2.4.3 Live confocal imaging

Confocal microscopy is widely used optical imaging technique to obtain high-
resolution and contrast micrographs. The technique offers a significant advantage
over conventional wide -field 252 fluorescence microscopy, because it is using a spatial
pinhole, which blocks out of focus flare that appears in image formation of specimens
having a thickness greater than 2 um 252, In scanning confocal microscopy, the image
is produced by scanning one or more focused beams of light from a laser across the
specimen, these images are called optical sections. Additionally, 3d structures can
be analysed by stacking several images from different optical planes creating a z -
stack. Confocal imaging is suitable for the analysis of multicolour staining that include

several lasers and excitation/emission filters 252,

B-Galactosidase DNA was labelled using fluorescein (Label IT® Tracker™ and
following the manufacturer’s instructions. The labelled plasmid was then used to
prepare nanocomplexes as described in section 4.2.2.2 and transfection
experiments were performed as explained in section 4.2.2.4.2 using a 4 h treatment
time point for both Lipofectamine/p-Gal and EA13GC37/B-Gal nanocomplexes. U87
cells were seeded at 5 x 10° cells ml -' on 35 mm glass bottom dishes (Nunc™,
Thermo Fisher Scientific, Altrincham, UK) instead of the 6 wells lysine coated plates.
The nucleus of the cells was stained with Hoechst 3342. Briefly, prior imaging
Hoechst stock solution (10 mg ml -! in distilled water) was diluted 1:2000 in PBS. The
cell medium from the plates was discarded and 0.5 ml of Hoechst working solution
was added to each plate. The plates were left incubating at 37° C in the presence of
5 % COfor 5 — 10 mins. Finally, the staining solution was aspirated, and the cells

were washed carefully three times with PBS, pH=7 4.

4.2.2.5 Statistical analysis

All data sets were analysed using either One-way or Two-way ANOVA, multiple

comparisons with Bonferroni test on GrapPad Prism 7.
4.3 Results

4.3.1 Plasmid yield after extraction
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The vyield of both plasmids (B-Gal DNA and Luc-DNA) was calculated using
absorbance measurements at 260 nm. Luc-DNA yield was calculated to be 535 mg
ml -, while the yield for B-Gal was estimated to be 438 mg ml -'. Information about
the purity of the samples was obtained by the measured 260/280 ratio, which was
1.86 and 1.87 for f-Gal DNA and Luc -DNA respectively. The two ratios are close to

1.8, which is indicative of a pure DNA sample and successful extraction.

4.3.2 Growth curve of U87 cells
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Figure 4-1: U87 cells enter exponential phase after 72 h

A growth curve of U87 cells was needed, because it is important to identify the start
of exponential phase for each cell line prior to transfection experiments. When cells
are in actively dividing state the nuclear membrane loses its integrity, which facilitates
nuclear uptake of the nanocomplexes '?8. U87 cells enter exponential phase 72 h
after sub-culturing (Figure 4-1), which is why for the consecutive transfection

experiments 72 h was chosen as a starting point.

4.3.3 Characterisation of EAGC-based nanocomplexes with 3-Gal

The low (EA6GC37), medium (EA13GC37) and high (EA24GC37) ethyl-amino
substituted glycol chitosan variants were complexed with -Galat1to 1, 1to 10, 1 to
40 and 1 to 60 B-Gal to polymer ratio and left for 2 h at room temperature.
Nanocomplex formation and zeta potential at the different mass ratios were monitored
with DLS.
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4.3.3.1 Size distribution and zeta potential

204 ltol
1to 10
1 to 40

1 to 60

Intensity
o
o

A

1 10 100 1000 10000
Size (nm)

Figure 4-2: Representative intensity size graphs of EA6GC37/B-Gal nanocomplexes
with different polymer to B-Gal mass ratios after 2 h complexation time at RT in water

Table 4-1: Size and PDI of EA6GC37/B-Gal nanocomplexes from polyplexes
prepared on two separate days represented in the two separate rows.

B-Gal DNA to
Polydispersity
EA6GC37 Size (nm)
PDI
(mass ratio)
150 + 13 0.111 £ 0.015
1to 1
192 + 29 0.150 + 0.027
87 +13 0.391 £ 0.060
1to 10
111+ 16 0.279 £ 0.033
86 + 15 (25%), 260 + 31 (75%) 0.269 £ 0.025
1to 40
68 + 13 (21%), 202 £ 36 (79%) 0.229 £ 0.028
64 + 15 (24%), 320 £ 45 (76%) 0.415 1+ 0.066
1to 60

86 + 10 (27%), 280 + 28 (73%)  0.380 % 0.031
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The increase of polymer to B-Gal mass ratio resulted in increased polydispersity: PDI
- 0.111 and 0.150 for 1 to 1 EA6GC37 to p-Gal DNA in comparison to PDI - 0.391
and 0.271 for 1 to 10 *p < 0.05; PDI - 0.269 and 0.229 for 1 to 40, *p < 0.05 and PDI
- 0.415 and 0.380 for 1 to 60, **p < 0.01. Figure 4-1 and Table 4-1. Moreover, the

higher mass ratios 1 to 40 and 1 to 60 resulted in a bimodal size distribution.
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Figure 4-3: Representative intensity size graphs of EA13GC37/3-Gal
nanocomplexes with different polymer to B-Gal mass ratios after 2 h complexation
time at RT in water . Each experiment was conducted independently two times.

Similarly, to EA6GC37/3-Gal DNA nanocomplexes, EA13GC37/B-Gal DNA
nanocomplexes showed a bimodal distribution for mass ratios 1 to 40 and 1 to 60,
Figure 4-3 (black and red intensity size plots). Although not as pronounced, two

peaks were also present in the intensity size plot for mass ratio 1 to 10 (green size

plot).
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Table 4-2: Size and PDI of EA13GC37/3-Gal nanocomplexes from polyplexes
prepared on two separate days represented in the two separate rows.

B-Gal
. Polydispersity
+*EA13GC37 Size (nm)
PDI
(mass ratio)
74 £ 12 0.160 £ 0.012
1to1
112+ 13 0.186 + 0.014
18 £ 2,147 £ 12 (97%) 0.278 + 0.028
1t0 10
130 £ 9 (100 %) 0.267 + 0.008
83 + 14 (41%), 320 £ 61 (57%) 0.481 £ 0.014
1to 40
67 11 (39 %), 360 (61%) 0.279 + 0.013
138 £ 15 (45%), 787 £ 45 (45%) 0.515 + 0.021
1to0 60

98 + 34 (51%), 800 (49%) 0.611 + 0.011

In parallel with the findings for EA6GC37/B-Gal nanocomplexes, PDI also increased
with the increase in polymer to [(-Gal DNA ratios for EA13GC37/B-Gal
nanocomplexes: PDI - 0.160 and 0.186 for 1 to 1 mass ratio when compared to PDI
- 0.278 and 0.267 for 1 to 10 (**p < 0.01), PDI - 0.481 and 0.279 for 1 to 40 (**p <
0.01) and PDI - 0.515 and 0.611 for 1 to 60 (***p < 0.001), Table 4-2. Both the low
and medium substitution nanocomplexes showed a tendency to increase also in size
with the increase of polymer to -Gal ratio (Table 4-1 and Table 4-2). The addition of
more polymer to both systems seemed to affect the stability of the nanocomplexes,
which is indicated by the bimodal size distribution and increased polydispersity.
Stability in this chapter with reference to the DLS data is used to describe the dynamic
nature of the interaction between the plasmid and the polymer. Unimodal size
distribution and low PDI values are considered innate characteristics of more stable

polyplexes for the 2 h time point tested, while bimodal size distribution and increased
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PDI values are considered as indications for a less stable polyplex with some

fusion/aggregation effects or incomplete complexation.

By contrast the EA23GC373-Gal nanocomplexes showed different intensity size plots
with a single peak for the higher 1 to 40 and 1 to 60 mass ratios when compared to
EAG6GC37 and EA13GC37 (red and black size plots, Figure 4-4). Additionally, the
PDI values increase only for the 1 to 10 mass ratio PDI - 0.381 and 0.270, when
compared to the 1 to 1 mass ratio PDI - 0.180 and 0.192 (**p < 0.01), but for the
higher ratios 1 to 40 and 1 to 60 there is no significant difference PDI — 0.186 vs PDI
-0.253 and 0.187 and PDI - 0.180 and 0.158 respectively (ns) (Table 4-3). A potential
explanation could be that a more compact nanocomplex is formed with the high ethyl-

amino substitution polymer.
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Figure 4-4: Representative intensity size graphs of EA23GC37/3-Gal
nanocomplexes with different polymer to B-Gal mass ratios after 2 h complexation
time at RT in water . Each experiment was conducted independently two times.
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Table 4-3: Size and PDI values for EA23GC37/B3-Gal nanocomplexes from two
independent experiments represented in the two separate rows.

B-Gal DNA to
Polydispersity
EA23GC37 Size (nm)
PDI
(mass ratio)
133+ 15 0.180 £ 0.018
1to1
112 £19 0.192 + 0.009
11 +£6, 262 £ 31 (94%) 0.381 £ 0.060
1t0 10
12+4,320+£41(91%) 0.270 £ 0.031
325+ 19 0.259 + 0.024
1to 40
261 + 41 0.187 £ 0.054
301 £ 37 0.158 + 0.020
1to 60
245 + 31 0.180 + 0.023

Zeta potential measurements were performed for the nanocomplexes prepared with
the low, medium and high EAGC polyplexes (Figure 4-5 A, B and C). The data
showed that all nanocomplexes are positively charged (+35 mV — +40 mV) while
naked B-Gal DNA is negatively charged (- 23 mV + 2 mV). Interestingly, the increase
of polymer to $-Gal DNA mass ratio did not show a trend in increasing the charge for
any of the EAGC polymers used to prepare the nanocomplexes. There were no

significant differences between the different mass ratios for any of the polyplexes.
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Figure 4-5: Zeta potential of EAGC-based nanocomplexes after 2h of complexation
time at RT in water. EA6GC37/3-Gal DNA (A), EA13GC37/3-Gal DNA (B) and
EA23GC37/B-Gal DNA (C). The graph shows average results of three measurements
on three different days (n=3 = S.D), ****p < 0.0001

4.3.3.2 Gel retardation assays

A gel retardation assay was used to complement the DLS data for the low, medium
and high levels of substitution nanocomplexes at the different mass ratios. Mass
ratios of polymer to DNA of 1 to 1 and 1 to 5 for all EAGC variants showed release of
the plasmid indicated by bands corresponding to the one of free plasmid in lane 1
(Figure 9-13, see Appendix). Naked B-Gal DNA plasmid was used as a control for
the experiment (lane 1, Figure 4-6). The presence of a band (1 to 10 mass ratio,
EAG6GC37/B-Gal DNA, lane 2 Figure 4-6) showed that there is free (-Gal DNA,
indicative of partial or incomplete complexation. The higher ratios for both
EAG6GC37/B-Gal DNA nanocomplexes and EA13GC1/3-Gal DNA (1 to 40 and 1 to

60, lanes 2, 3, 6 and 7 respectively, Figure 4-6) did not show the presence of free

112



Chapter 41 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

B-Gal DNA. These findings appear to conflict the DLS results, which suggest the
presence of more unstable nanocomplexes with the increase of polymer to DNA ratios
for EA6GC37/B-Gal and EA13GC37/B-Gal. On the other hand, the increase of PDI
could indeed suggest a looser, more dynamic structure for the nanocomplexes, yet
still capable of retaining the plasmid. No free DNA was detected for the EA23GC37/3-

Gal nanocomplexes for any of the ratios tested (lane 8, 9 and 10, Figure 4-6).

EA6GC37 EA13GC37 EA23GC37
l_l_\ I l \ l_l_\
PDNA 1:10 140 160 11 110 140 160 1:10 140  1:60
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Figure 4-6: Gel retardation assay of EAGC nanocomplexes with B-Gal plasmid .
EA6GC37 at 1 to 10 mass ratio showed no retardation of the plasmid indicated by the
presence of a band (lane 2) corresponding to the band present in lane 1 (naked (-
Gal DNA). EA13GC37 showed some DNA release at mass ratio 1 to 10 indicated by
a less intense band (lane 5). All the other mass ratios for the medium and high
substituted EAGC variants showed complete retardation of the plasmid (lanes 2 - 4
and 6 - 10).
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43.3.3 TEM

The morphology of the EAGC-based nanocomplexes was studied by TEM.
EA13GC37/B-Gal was chosen at a 1 to 10 mass ratio for the analysis (Figure 4-7,

Left). A naked -Gal DNA at the same concentration was used as a control (Figure
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Figure 4-7: Representative TEM images of B-Gal DNA and EA13GC37/B-Gal
nanocomplexes B-Gal DNA (0.1 mg ml') (Right) and EA13GC37/8-Gal ata 1to 10
mass ratio (Left).

4-7, Right). EA13GC37/B3-Gal nanocomplexes appeared as spherical particles with
higher electron density (dark core). The picture showed the presence of smaller (" 70
nm) and larger in size spherical particles (" 200 nm). By contrast naked B-Gal
appeared as highly disordered structure, which resembles a network 253, It has
already been reported that the different mass ratios of EAGC variants to B-Gal DNA
(as well as different levels of ethyl-amino substitution) did not result in any
morphological differences, hence one polymer and one ratio were chosen for TEM

analysis 2%,

4.3.3.4 In vitro transfection studies with EAGC nanocomplexes

An in vitro screening B-Gal assay was used to find, which of the mass ratios of EAGC
polymer to 3-Gal DNA is resulting in U87 cells transfection with the 3-Gal plasmid and
its product the hydrolytic B-Galactosidase enzyme. EAGC polymer (low, medium and
high ethyl-amino levels of substitution) were used at 1 to 1, 1 to 10, 1 to 40 and 1 to
60 mass ratios to B-Gal DNA. Additionally, variation in the complexation time of the
different nanocomplexes was used (0.5 h, 1 h, 2 h, 3 h and 24 h). The positive control

Lipofectamine/B-Gal was also subjected to the same conditions
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4.3.3.4.1 Mass ratio and complexation time
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Figure 4-8: Transfection efficiency of polyplexes and lipoplexes at different
complexation times (0.5 h, 1 h, 2 h, 3 h and 24 h) of EA13GC37 (1 to 60 B-Gal to
EA13GC37 mass ratio) and Lipofectamine (1 to 2 B-Gal to Lipofectamine mass ratio)
at room temperature (RT) with water as complexation medium). EA13GC37/B-Gal
after 2 h of complexation showed 23 % of Lipofectamine’s transfection efficiency (0.12
1 0.04 mU/well vs 0.52 £ 0.003 mU/well). EA13GC37/B-Gal after 24 h of complexation
showed 15 % of the transfection potential of Lipofectamine (0.08 = 0.04 mU/well). The
results represent three independent experiments (n=3 £ S.D). The light blue rectangle
represents an area of no transfection. Lipofectamine’s transfection efficiency was
considered 100 % for 2 h and 24 h and the polyplex transfection efficiency was then
calculated as a percent of that for the two time points.

The high-throughput screen for the mass ratios and complexation time identified one
EAGC-based nanocomplex EA13GC37/p-Gal (1 to 60 mass ratio) with a five times
weaker potential to transfect U87 cells at the tested conditions when compared to the
positive control Lipofectamine (Figure 4-8). Both 2 h and 24 h complexation time
resulted in similar levels of active B-Galactosidase enzyme (23 % and 15 % of the
transfection efficiency of Lipofectamine respectively). For convenience 2 h
complexation time was chosen as an optimal incubation time point, since
Lipofectamine/B-Gal DNA lipoplexes showed transfection potential for this incubation
period too. This data suggests that complexation time matters both for lipo - and
polyplexes, Lipofectamine/3-Gal DNA lost its potential to transfect U87 cells after 2 h
of complexation time at RT. These effects could be related to changes in the rigidity

of nanocomplexes, which can result in differences in transfection efficiency (entry of
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the nanocomplex in the cells and/or the release of the cargo nucleic acid in the
cytoplasm or the nucleus) 2%52%. Interestingly, no trend in transfection efficiency was

observed for the different mass ratios and the different EAGC variants.

4.3.3.5 Treatment time
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Figure 4-9: Transfection efficiency of polyplexes and lipoplexes at different treatment
times (4 h, 6 h and 17 h) EA13GC37/B-Gal DNA polyplexes showed an increase in
transfection efficiency with the increase of treatment time (4 h: 0.46 £ 0.13, 6 h: 0.37
+ 0.13 and 17 h: 1.38 £ 0.63 B-Gal DNA mU/well), while Lipofectamine/B3-Gal DNA
remained almost unchanged for the three time points tested (4 h: 2.34 + 0.04, 6 h:
2.41 £ 0.26 and 17 h: 2.49 + 0.05 B-Gal DNA mU/well). The results represent three
independent measurements (n=3 £ S.D). Lipofectamine’s transfection efficiency was
considered 100 % for the different treatment times and the polyplex transfection
efficiency was then calculated as a percent of that for the 4 h. 6h and 17h.

Standard transfection protocols report 4 h and 6 h as recommended time points to
treat cells. Transfection efficiency is cell type specific, so optimisation and tailoring of
the protocol towards the cell type used is needed. To test if treatment time affects the
transfection potential of EA13GC37 polyplexes, U87 cell were left with the

nanocomplexes and assayed after 4 h, 6 h and 17 h. The levels of active [3-
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Galactosidase enzyme after 17 h was estimated to be 1.38 mU/well in comparison to
0.37 and 0.46 mU/well for 6 h and 4 h respectively, which is 55 % of Lipofectamine’s
transfection efficiency (Figure 4-9, dark blue bars). Interestingly the time-dependent
increase in transfection efficiency was not detected for the control lipoplexes, which
retained their transfection potential constant throughout the experiment (Figure 4-9,
blue-green bars). Naked (-Gal DNA did not result in any active B-Galactosidase
enzyme (Figure 4-9, grey bars). These findings are further supported by confocal live
imaging experiments, where fluorescein labelled B-Gal DNA carried by Lipofectamine
was already in the nucleus of U87 cells after 4 h treatment time (Figure 4-10, Right
panel, red circle indicating the nuclear localization of B-Gal DNA), while B-Gal DNA
carried by EA13GC37 was still outside the cells, surrounding the cell membrane after
4 n of incubation (Figure 4-10,Left panel, red arrows indicating that 3-Gal DNA is

outside the cell). Z-stacks for both treatments confirmed these conclusions. (Figure

9-10 and Figure 9-11, see Appendix)

Figure 4-10: Live confocal imaging of U87 cells after 4 h of treatment with
EA13GC37/B3-Gal DNA (Left panel) nanocomplexes and Lipofectamine/3-Gal DNA
complexes lipoplexes (Right panel) . 3-Gal DNA labelled with fluorescein (green) and
Hoescht 33342 as a nuclear stain in blue.
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4.3.3.5.1 Transfection efficiency of hanocomplexes prepared in water at 4°C

and RT
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Figure 4-11: Transfection efficiency of EA13GC37 polyplexes and lipoplexes
incubated for 2 h at RT (blue bars) and 2 h at 4° C (grey bars) in water . EA13GC37/3-
Gal DNA incubated at 4° C resulted in 1.08 + 0.54 mU active B-Gal enzyme,
EA13GC37/B3-Gal DNA incubated at RT resulted in 1.38 £ 0.60 mU/well active
enzyme, while Lipofectamine’s transfection efficiency remained constant for both
temperatures (2.63 = 0.06 and 2.5 £ 0.06 for 4° C and RT respectively).

To investigate the variation in transfection efficiency indicated by the standard
deviation for the longest treatment time of 17 h with EA13GC37 (Figure 4-9) two
different temperatures were used 4° C and RT and a 2 h complexation time and water
used as a complexation medium. Complexation in water and in the cold after 2 h did
not improve transfection efficiency and the fluctuations in the levels of active B-Gal
enzyme were still present for EA13GC37/B-Gal (1.08 £ 0.54 at 4° C vs 1.38 £ 0.63 at
RT) or 42 % vs 52 % of Lipofectamine’s transfection efficiency respectively. To further
investigate the variation in transfection efficiency of EA13GC37 polyplexes when
compared to lipoplexes complexation time was increased to 24 h and a comparison
between water and 20 mM PBS, pH=6.8 was made. Size and polydispersity of the
nanocomplexes are considered as parameters, which can provide a potential
explanation for the effect of complexation medium and temperature on the

stability/flexibility of the polyplex and the resulting effect on transfection efficiency.
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4.3.3.5.2 Transfection efficiency of nanocomplexes prepared in PBS at 4° C,
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Figure 4-12: Transfection efficiency of EA13GC37 polyplexes prepared in 20 mM
PBS, pH=6.8 and incubated for 24 h at RT and 4° C. EA13GC37/B3-Gal DNA prepared
at 4° C result in 1.14 £ 0.15 mU/well active B-Galactosidase enzyme (43 % of
Lipofectamine’s transfection efficiency). EA13GC37/3-Gal prepared at RT result in
0.48 £ 0.09 mU/well active B-Galactosidase (18 % of Lipofectamine’s transfection
efficiency). Lipoplexes yield 2.8 + 0.04 and 2.7 + 0.06 mU/well active B-Galactosidase
enzyme when incubated for 2 h at 4° C and RT respectively. Naked 3-Gal DNA does
not result in the translation of active §-Gal enzyme in U87 cells.

Transfection efficiency of the polyplexes prepared in PBS showed a temperature
dependent increase where polyplexes stored at 4° C appeared more effective to

deliver the B-Gal plasmid to U87 cells in comparison to complexes stored at RT.

PDI for polyplexes stored at 4° C and water were significantly higher than PDI for
those prepared in water and stored at RT (PDI: 0.41 £ 0.12 vs PDI: 0.155 £ 0.09).
Interestingly regardless of the complexation temperature PBS as complexation
medium resulted in polyplexes with no difference in PDI values (PDI: 0.277 £ 0.04,
PDI: 0.258 = 0.09 for RT and 4°C respectively, ns), Figure 4-13). These results
suggest that PBS provided conformational consistency of the polyplexes, however
there was no significant difference in the size of the polyplexes prepared in PBS and
water for the two temperatures. Although, a trend for less variability seems to be
present for the size of polyplexes prepared in PBS instead of water regardless of the
temperature (Figure 4-14). Since the objective of the optimisation steps of the

transfection protocol was to investigate the variation in transfection efficiency for the
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polyplexes, 24 h incubation time in 20 mM PBS at 4° C were chosen as optimal

conditions for all consecutive transfection experiments.
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Figure 4-13: Comparison of PDI values between polyplexes prepared in water and
20 mM PBS, pH=6.8 over 24 h incubation period at RT and 4° C . The results
represent three independent measurements (n=3 £ S.D).
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Figure 4-14: Comparison of size values between polyplexes prepared in water and
20 mM PBS, pH=6.8 over a 24 h incubation period at RT and 4° C.

4.3.4 Characterisation of GC-based nanocomplexes

The optimised protocol for mass ratio of polymer to 3-Gal DNA, complexation time
and complexation medium was applied to GC-based polyplexes obtained after 0 h, 1
h, 2 h and 6 h of degradation (GC100 - Mw ~ 100 kDa, GC57 — Mw = 57 kDa, GC37
— Mw = 37 kDa and GC21 — Mw = 21 kDa respectively).
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4.3.4.1 Effect of GC molecular weight on transfection efficiency
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Figure 4-15: Transfection efficiency of polyplexes prepared with different MW GC
polymers.

To investigate how molecular weight affects transfection efficiency, four GC polymers
creating a range of Mw values were chosen. GC37 and GC57 showed similar
transfection efficiency with 66 % and 53 % of Lipofectamine’s transfection potential
(2.8 £ 0.04 mU/well), considered to be 100%. GC37/B-Gal polyplexes resulted in 1.84
+ 0.04 mU/well active B-Galactosidase enzyme while GC57/B-Gal DNA
nanocomplexes yielded 1.49 + 0.17 mU/well. GC100/p-Gal DNA nanocomplexes
resulted in 0.37 + 0.17 mU/well active p-Gal enzyme (13 % of Lipofectamine’s
transfection efficiency). GC21/p-Gal polyplexes and naked (-Gal showed no
transfection efficiency in U87 cell with 0.05 £ 0.004 mU/well and -0.52 £ 0.03 mU/well,
Figure 4-15. Our data identified a 30 — 60 kDa Mw “sweet spot” for transfection
efficiency in U87 cells. This result emphasizes the importance of molecular weight for

transfection efficiency 2%7. In parallel with our findings of defining a “sweet spot “ for
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molecular weight, Ishii et al. reported that a 40 kDa and a 84 kDa chitosan polymers

showed the highest levels of transfection in SOJ cells '°.

4.3.4.2 Size and polydispersity of GC nanocomplexes

Since a polyplex results from a polymer-mediated packaging of a cargo nucleic acid,
we have also considered size and polydispersity as more representative parameters
characterising the resulting polyplex rather than the carrier in search of a potential
explanation for the observed differences in performance. The comparison of size
showed that GC57/3-Gal DNA and GC37/B-Gal DNA polyplexes package the plasmid
into nanoparticles of similar hydrodynamic diameter: 163 nm and 149 nm respectively
(red and black bars, Figure 4-16, A). The high molecular weight GC100 forms larger
nanoparticles of about 200 nm, while GC21 forms the smallest in size nanoparticles
of 106 nm. Nanoparticles are internalised by different endocytic pathways depending
on their size. Nanoparticles with a diameter smaller than 1 ym are thought to enter
the cell by micropinocytosis, a dimeter between 10 — 300 nm is associated with
clathrin-mediated endocytosis 28, while internalisation of particles with a diameter of
~ 80 nm is thought to be mediated through the caveolin endocytic pathway 2%°. This
is important as the type of endocytic pathway will determine also the fate of the cargo.
Clathrin-mediated endocytosis is an endolytic pathway, which involves degradation
of the cargo in the lysosome, while caveolae-mediated endocytosis evades the
lysosome. While lipoplex gene delivery is widely associated with clathrin-mediated
endocytosis 260261 polyplex gene delivery is reported to happen simultaneously
through different endocytic pathways, rather than just one. 26" %. Since the present
study did not investigate the mechanisms involved in the internalisation of GC
polyplexes and due to the complex nature of polymer-mediated gene transfer we
cannot attribute differences in performance due to the different sizes of the GC
nanocomplexes. Furthermore, statistical analysis did not show any significant
difference between the size or the polydispersity of GC37/3-Gal and GC100/p-Gal,
GC57/B-Gal, GC21/B-Gal nanocomplexes (Figure 4-16, A and B).
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Figure 4-16: Size distribution of GC polyplexes (GC100/B3-Gal DNA: 200 + 58nm,
GCb7/B-Gal DNA: 163 + 49, GC37/B-Gal DNA: 149 nm + 43 nm and GC21/B-Gal
DNA: 106 nm + 20 nm), A. Polydispersity of the polyplexes (GC100/3-Gal DNA: 0.184
+ 0.008, GC57/B-Gal DNA:0.330 + 0.098, GC37/B-Gal DNA: 0.280 + 0.035 and
GC21/B3-Gal DNA: 0.211 £ 0.044), B.
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4.3.4.3 Zeta potential of GC nanocomplexes
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Figure 4-17: Zeta potential of GC polyplexes prepared with different Mw GC polymers
at 1 to 60 of B-Gal DNA to GC mass ratio (pH=6.8).

The zeta potential measurements showed a slight positive charge of ~ +5mV for all
the GC polyplexes regardless of the Mw (Figure 4-17). Additionally, different mass
ratios of all the GC polyplexes (1 to 10, 1 to 20, 1 to 30, 1 to 50 and 1 to 60) showed
positive charge in the range of +5 mV to +10 mV, however no trend was observed for
the increase of mass ratio of polymer to DNA or the different Mw of the polymer and

charge (data not shown).
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4.3.4.4 Gel retardation assays

complexation: 24h 4°C 24h RT
r 1 Al l
DNA 21 37 57 100 21 37 57 100 LF
T 1

Figure 4-18: Gel retardation assays of GC nanocomplexes with -Gal DNA at a 60
to 1 polymer to B-Gal DNA mass ratio (lane 2 to lane 9). Lipofectamine/B-Gal DNA at
a 2 to 1 mass ratio (lane 10). Lanes 1 and 11 contain naked B-Gal DNA. Free plasmid
DNA was not detected for any of the nanocomplexes regardless of the molecular
weight (lanes, 2 to 10).

The gel retardation assay of GC polyplexes stored at different temperatures during
the 24 h period of complexation time showed no difference between polyplexes stored
at RT and 4° C to package the B-Gal plasmid. Full retardation of the DNA was
confirmed with the absence of bands corresponding to naked (3-Gal DNA in lane 1

and 11 for any of the GC polyplexes regardless of their Mw (Figure 4-18).

4.3.5 Characterisation of BS PEG (5) bis spermidine nanocomplexes

BS PEG (5) bis spermidine/p-Gal DNA were prepared at 1to 1, 1 t0 20, 1t0 30 1 to
40, 1 to 50 and 1 to 60 B-Gal DNA to oligomer mass ratios. The nanocomplexes were
prepared as described in section 4.2.2.2 and left for 2 h at room temperature.
Nanocomplex formation and zeta potential at the different mass ratios was monitored
by DLS.
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4.3.4.1. Size and zeta potential of BS PEG (5) bis spermidine nanocomplexes
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Figure 4-19: Representative intensity size graphs of BS PEG (5) bis spermidine
nanocomplexes at different mass ratios of bis PEG to B-Gal DNA after 2 h of
complexation time at RT in water . Each experiment was conducted independently

two times in triplicates (n = 2)

Table 4-4: Size and polydispersity values for BS PEG (5) bis spermidine/3-Gal at
different BS PEG (5) bis spermidine to 8-Gal DNA mass ratios.

BS PEG (5) bis
spermidine to

Polydispersity

DNA Size (nm) PDI
(mass ratios)
11020 358 + 30 0.561 £ 0.123
1to 30 873 + 15 0.567 + 0.091
1 to 40 1481 +1 65 0.463 + 0.006
110 50 843 + 62 0.502 £+ 0.127
110 60 869 + 23 0.504 £ 0.023
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The intensity size graphs showed the presence of one peak for all the ratios except
mass ratio 1 to 1 where a peak of about 3.5 nm and a peak about 996 nm were
detected (green line, Figure 4-19). The small peak at 3.5 nm was also detected in a
sample of naked [3-Gal DNA alone (blue line, Figure 4-19). Interestingly, for the rest
of the mass ratios the size and PDI of the nanocomplexes (except for 1 to 20: 358 nm
+ 30 nmand 1to40: 1481 nm + 165 nm, Table 4-4) resulted in similar values for both
size and PDI. The data suggests mass ratio of < 20 results in the formation of large

nanocomplexes with high PDI values.
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Figure 4-20: Zeta potential of BS PEG (5) bis spermidine nanocomplexes after 2 h
of complexation time at RT in water . The graph shows average results of three
measurements on three different days (n=3 £ SD)

The zeta potential measurements are in accordance with the size data. The 1 to 20
mass ratio showed a negative zeta potential of (~ -20mV), which is the charge of
naked B-Gal DNA (Figure 4-5). The increasing mass ratios showed a slight increase

of charge with a maximum of ~ +10 mV for mass ratio 1 to 60.

127



Chapter 41 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

4.3.4.2. Gel retardation assays

The gel retardation assay showed that neither of the mass ratios of bis PEG 5to 3 -
Gal DNA tested (1 to 20, 1 to 40, 1 to 50 and 1 to 60), Figure 4-21 was able to retain
the plasmid, since a band was present in all lanes corresponding to lane 1, where
naked B-Gal DNA was used as a control. The small functionalised oligomer with 5
ethylene glycol monomers was unable to package the plasmid even at the highest 1
to 60 mass ratio. Studies with a non-coding siRNA showed that at the same ratios
there was no band corresponding to free siRNA indicating that nanocomplex
formation was possible with a smaller in size nucleic acid such as siRNA, but not DNA

(20/25 bp vs 7430 bp respectively (Figure 9-7, see Appendix).

complexation: 2h RT
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DNA 1:20 1:30 1:50 1:60

Figure 4.21: Gel retardation assay of BS PEG (5) bis spermidine/3-Gal DNA . The
different mass ratios of BS PEG (5) bis spermidine to B-Gal DNA (1 to 20, 1 to 30, 1
to 50 and 1 to 60, lanes 2, 3, 4 and 5 respectively) show no retardation of the plasmid
indicated by the presence of a band corresponding to the band present in lane 1
(naked B-Gal DNA)

In parallel with the light scattering data and the zeta potential measurements, the gel
retardation assay showed that even the highest ratios of BS PEG (5) bis spermidine
to B-Gal DNA is not able to package the plasmid. Although 1 % agarose gel seem to
be recommended for plasmids ranging from (500 — 10,000 bp) and B-Gal plasmid is
6820 bp, the electrophoretic mobility of the plasmid seems to be affected in that
particular experiment as visible from Figure 4-21 where the band in lane 1
corresponding to naked plasmid hasn’'t moved far in the gel. This can be explained
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with some problems with the chamber voltage during the run, however regardless of
this, release of the plasmid is evident for all DNA to BS PEG (5) bis spermidine mass
ratios (lane 2 to 5, Figure 4-21). TEM imaging confirmed that there are no
nanocomplexes formed since no particles were visible, but a highly disorganised area
of increased electron density representative of naked B-Gal DNA or aggregation
(Figure 9-12, see Appendix). Transfection experiments in U87 cells showed no
efficiency at any of the tested ratios, hence we made the decision not to continue the

work with the short amine functionalised PEG.

4.4 Discussion

This chapter describes the characterisation of nanocomplexes prepared either from
a glycol chitosan-based polymer or the amine functionalised short BS PEG (5) bis
spermidine with a reporter gene coding for $-Galactosidase enzyme. Here, we focus
on the performance of the obtained nanocomplexes to deliver the reporter plasmid in
the glioma cell line U87 and the optimisation of the parameters of transfection using
the glycol chitosan-based polyplexes. We discuss important factors affecting the
efficiency of our delivery nanosystems in U87 cells in an attempt to shed light on the
reasons for the differences in performance caused by changes in complexation time,

temperature during complexation time, treatment time and complexation medium.

A pure sample of 3-Gal DNA was prepared after extraction from the transformed DH5
a strain of Escherichia coli and purity was confirmed by the ratio between absorbance
at 260 nm and 280 nm, which was measured to be 1.86. DNA has an absorbance
maximum at 260 nm (A2so), While proteins have absorbance maxima at 280 nm and
200 nm (Azso and Axqo). A ratio (Azeo/A2sg) of approximately 1.8 for DNA is considered
a pure sample, free of protein contamination 262, The B-Gal DNA was used in
complexation experiments with different mass ratios of the low, medium and high
substitution level EAGC variants. Prior to the complexation experiments with U87
cells, a growth curve of the U87 cells showed that the cells enter exponential phase
after 72 h, hence this time point was chosen for the start of the transfection

experiments (Figure 4-1).

Transfection experiments require optimisation for a specific cell line and optimal
parameters for one cell line may be ineffective in another, which is also true in reverse.
As a starting point for the complexation studies EAGC polymers at 1to 1, 1 to 10, 1
to 40 and 1 to 60 mass ratio (w:w) of polymer to 3-Gal DNA were used and 2 h

complexation time at room temperature and in water as a complexation medium.
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Dynamic light scattering was used to study the interactions of the polymers with the
plasmid. Our data showed that after 2 h of complexation at room temperature, the low
and medium substituted EAGC variants resulted in a bimodal size distribution for
mass ratios 1 to 10, 1 to 40 and 1 to 60 (Figure 4-2, Table 4-1 and Figure 4-3, Table
4-2), suggesting a less compact conformation of the polyplexes with some fusion
effects/aggregation with the increase of the amount of polymer used. Since the
measurements for the two different days given in different rows in Table 4-1, Table
4-2 and Table 4-3 are similar and the same trend is observed for convenience the
data from the first day is used in the comparisons made below. EA13GC37/B-Gal
nanocomplexes showed two populations of particles, smaller and larger in size with
similar percentage abundance for 1:40 and 1:60 mass ratios: 83 nm + 14 nm (41%),
320 nm = 61 nm (57 %) and 138 nm £ 15 nm (45 %), 787 nm = 45 nm (45 %)
respectively (Table 4-2). A slight predominance of the larger polyplexes was
observed for EA6GC37/B-Gal DNA for the same ratios with a size of 86 nm £ 15 nm
(25%), 260 nm £ 31 nm (75 %) and 64 nm £ 15 nm (24 %), 320 nm £ 45 nm (76 %)
(Table 4-1). The higher percentage abundance for the larger particles at mass ratios
1 to 40 and 1 to 60 for EA6GC37/B-Gal DNA polyplexes could be due to the lower
ethyl-amino substitution levels of EA6GC37 when compared to EA13GC37, which
can contribute to more fusion effects and increased chances of aggregation. At this
point it was important to understand if the observed effects are due to incomplete
complexation, or differences in the interaction dynamics between the polymer and the
DNA with an effect on the conformation of the polyplexes. Interestingly, gel retardation
assays showed that EA6GC37/B-Gal and EA13GC37/3-Gal nanocomplexes at the
higher (< 1 to 10 mass ratios) can fully package B-Gal DNA as there was no band for
the nanocomplexes corresponding to the free DNA in lane 1 (Figure 4-6). A similar
trend was observed for both nanocomplexes, where the increase in the amount of
polymer for both systems led to an increase in polydispersity. Altogether these
observations can provide some evidence that regardless of the less compact
conformation, both nanocomplexes are able to retain the plasmid. By contrast the
highest level of ethyl-amino substitution polymer (EA23GC37) showed an unimodal
size distribution (Figure 4-4) for the resulting polyplexes where the hydrodynamic
diameter was measured to be approximately 300 nm (1 to 10, 1 to 40 and 1 to 60
mass ratios, Table 4-3). The polydispersity value for EA23GC37/B-Gal DNA for the 1
to 60 mass ratios was the smallest (PDI:0.158 and 0,180, Table 4-3) when compared
to EA13C37/B8-Gal (PDI: 0.515 and 0.611, Table 4-2) and EA6GC37/B-Gal DNA
(PDI:0.415 and 0.380, Table 4-1) all at the same mass ratio. The monodisperse
population of particles of EA23GC37/B-Gal for the 1 to 60 indicates the formation of
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more compact polyplexes, since this is the polymer with the highest ethyl-amino
substitution level. The different polymer to DNA mass ratios showed similar charge
for the obtained polyplexes (¢: +35 mV to ¢: +40 mV, Figure 4-5) regardless of the
level of ethyl-amino substitution. TEM microscopy confirmed the presence of
spherical particles with a darker core and size between 70 nm and 200 nm
(EA13GC37/B-Gal at 1 to 10 mass ratio, Figure 4-7 Left). Conversely naked B-Gal
DNA in the absence of cationic charges provided by the polymer appeared as areas

of increased electron density, of random shape (Figure 4-7 Right).

BS PEG (5) bis spermidine at any of the tested mass ratios (1 to 20, 1 to 30, 1 to 40,
1 to 50 and 1 to 60 did not result in nanocomplex formation with B-Gal DNA as visible
from the gel retardation assays, showing release of DNA for all the mass ratios tested
after 2 h of complexation time at RT in water (Figure 4-21). The size data showed
the presence of large aggregates of > 800 nm and PDI values higher than 0.5 (Figure
4-19 and Table 4-4). Although higher mass ratios resulted in a slightly positive zeta
potential, which could suggest some level of DNA packaging, there were no particles
detected by TEM (data not shown). Finally, no transfection efficiency was measured
for the BS PEG (5) bis spermidine/B-Gal “complexes” at any of the mass ratios of BS
PEG (5) bis spermidine to 3-Gal DNA.

It has been reported previously that particle size, polydispersity and aggregation
depend strongly on the preparation parameters such as mixing speed, order of mixing
and complexation time 263264, To test how complexation time affects the performance
of the polyplexes to transfect U87 cells we conducted a high-throughput screening of
the tested ratios and the different EAGC variants and used a variety of incubation
time points during complexation at room temperature in water (0.5h, 1 h, 2 h, 3 h and
24 h, Figure 4-8). The polyplexes obtained with EA13GC37 showed ~ 20 % of
Lipofectamine’s transfection efficiency after 2 h and 24 h of complexation time at room

temperature in water.

Polyplex heterogeneity during complexation have been reported to affect transient
gene expression for PEI-DNA polyplexes in transfection experiments with 293 F cell
247 293-F cells are fast-growing clonal isolates derived from transformed human
embryonal kidney (HEK cells) adapted to grow in suspension in the absence of
serum. The authors report on increasing polyplex size and stability over 2 h
complexation time and a trend for a decrease in endocytosis. On the other hand, they
showed that a certain level of stability of the polyplex is needed for nuclear transport,

since the highest levels of transfection was achieved when PEI and DNA were
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detected in the nucleus in their dispersed forms. They also showed that polyplexes
obtained after only 5 mins of complexation time with the lowest stability are ineffective,
which they hypothesise is likely due to the intracellular dissociation of DNA and PEI

prior to nuclear entry.

Our screen identified EA13GC37/3-Gal nanocomplexes with ~ 20 % of
Lipofectamine’s transfection efficiency after 2 h and 24 h complexation time at room
temperature in water at a 60 to 1 mass ratio as successful transfection platforms after
a 4 h treatment time. For convenience since lipoplexes showed transfection efficiency
after 2 h of complexation as well, we chose to continue using 2 h complexation time
for the consecutive transfection experiments. Surprisingly, live confocal imaging with
a 4 h treatment period, revealed that B-Gal DNA carried by EA13GC37 is still outside
the cell surrounding the cell membrane (Figure 4-10, Left panel), while 3-Gal carried
by Lipofectamine is already in the nucleus (Figure 4-10, Right panel). Taking into
consideration these results we carried out transfection experiments with prolonged
treatment times from 4 h, to 6 h and 17 h. After 17 h we observed an increase of the
levels of active B-Gal enzyme and about 55 % of Lipofectamine’s transfection
efficiency (1.38 = 0.63 B-Gal activity mU/well, Figure 4-9). The shorter incubation
times produced similar levels of active enzyme and were both approximately 5 times
less efficient than Lipofectamine to deliver the B-Gal plasmid (0.46 + 0.13 mU/well
and 0.37 £ 0.13 mU/well active B-Gal enzyme after 4 h and 6 h treatment time
respectively, (Figure 4-9). In accordance with our findings Jackobsen et al. showed
that expression levels with FUGENE 6 a commercially available transfection agent
continuously increased with the increase in treatment time from 0.5 h up to 48 h in
CHO-K1 cells derived from the ovarian epithelium of Chinese hamsters. Additionally,
Ogris et al., report on a 20 fold increase in transfection levels after 48 h transfection
time in the murine neuroblastoma cell line Neuro2A with PEI/DNA particles of smaller
size (30 nm — 60 nm), while larger particles (of about 600 nm) 265 remain unaffected

by the prolonged treatment time.

As visible from Figure 4-11, there is some variation for the transfection efficiency of
the EA13GC37/B3-Gal polyplexes during the 17 h treatment time (S.D = 22 %), which
we wanted to investigate. By contrast, lipoplex mediated transfection efficiency
resulted in more stable levels of active B-Galactosidase enzyme. In attempts to find
the reason for the fluctuations in transfection efficiency we considered incubating the
polyplexes prepared in water at RT and 4° C, however this did not result in any

improvement (Figure 4-11). Interestingly, increasing the complexation time to 24 h
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and replacing the complexation medium with 20 mM PBS, pH=6.8 showed a
temperature effect for the efficiency of EA13GC37/B-Gal polyplexes prepared at 4° C
and at RT. Moreover, the transfection levels were considerably more stable for both
temperatures. Polyplexes prepared at 4° C appeared more effective resulting in 1.14
+ 0.15 mU active B-Gal enzyme or about 43 % of Lipofectamine’s transfection
efficiency, while the polyplexes incubated at RT resulted in 0.48 £ 0.09 mU/well active
B-Gal enzyme or 18 % of Lipofectamine’s transfection efficiency. In parallel with these
findings, increasing further the temperature during complexation to 37° C resulted in
even lower transfection levels (Figure 4-12). Less variation of size and PDI values
for EA13GC37/B-Gal polyplexes was observed regardless of the temperature during
complexation over 24 h in PBS when compared to complexation in water (Figure 4-
13 and Figure 4-14). At a constant pH of the buffer, the protonation environment
during complex formation is consistent for the amine groups, resulting in more
controlled interaction between the polymer and the DNA and less variable transfection
efficiency of the polyplexes. On the other hand lower pH values and low ionic strength
of the complexation medium are reported to increase transfection efficiency for
PEI/DNA polyplexes 25¢ . A study by Sharma et al. showed that PEI/DNA polyplexes
prepared in 165 mM PBS, pH=7.4 and stored at RT failed to transfect the monkey
kidney tissue cell line COS 7, while polyplexes stored at 4° C retained 2/3 of their
initial transfection potential. These findings were explained by the slower rate of

aggregation at 4° C estimated by means of turbidity measurements 267,

Polyplex formation is often discussed in the light of electrostatic interactions between
the positive charges of the carrier and the negative charges of the nucleic acid,
however there are also other important interactions, which are often overlooked.
Hydrogen bonds in the structure of the polymer as well as between the polymer and
the DNA play a role in the stability of the formed polyplex. Our data showed that with
an increase in temperature (up to 40° C) hydrogen bonds in the glycol chitosan
structure are broken down proven by the characteristic downfield shift in the 'TH-NMR
due to dishelming effects (Figure 9-6, see Appendix). Hydrogen bonds ensure an
additional stability of the polyplex 28 and changes in the protonation state due to
uncontrolled pH or temperature during complexation can result in different polyplex
conformation hence different transfection efficiency. This can explain the observed
temperature dependence and emphasize further on the importance of polyplex
conformation for entry, release and uptake by the nucleus. A gel retardation assay
with different Mw GC polyplexes incubated at 4° C and RT for 24 h in PBS showed
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no free DNA at 1 to 60 mass ratio, however subtle difference in conformation, would

not necessarily translate into DNA release in such assays.

After defining the optimal conditions for the performance of EA13GC37/p-Gal
nanocomplexes in U87 cells it was necessary to compare the transfection efficiency
of the unmodified GC37 polymer to its EAGC variant. It was important to verify our
strategy to facilitate release in the cytoplasm by introducing ionizable groups in the
structure of the polymer to improve endosomal escape. Our data showed that GC37
as a carrier exerted improved ability to deliver the target gene wit 66 % of
Lipofectamine’s transfection efficiency (1.84 + 0.04 mU/well active $-Gal enzyme)
when compared to its modified derivative EA13GC37 with 44 % of Lipofectamine’s
transfection efficiency (1.06 + 0.14 mU/well, **p < 0.01). Additionally, we performed
a side by side comparison of different Mw GC polymers and identified a Mw “sweet
spot” for transfection efficiency in U87 cells (30 — 60 kDa). The activity of p-Gal
enzyme as a result of GC57 and GC37 mediated gene transfer were comparable with
a 12 % difference in favour of GC37. High Mw GC100 resulted in 13 % of the
transfection efficiency of Lipofectamine, while low Mw GC21 showed as a completely
ineffective gene carrier, since no active B-Gal enzyme was detected. We considered
size and PDI as parameters characterising the polyplexes rather than just focusing
on the Mw of the polymer. GC57/B-Gal and GC37/3-Gal polyplexes packaged the
plasmid in particles of similar size (Figure 4-16 A) with similar PDI values (Figure 4-
16 B). A trend of decreasing polyplex size with decreasing Mw seems to be present,
although statistical analysis showed no differences in both size (Figure 4-16 A) and
between the different Mw GC polymers (Figure 4-16 B). Literature data is puzzling
when it comes to pinpoint polyplex size as a cell entry requirement. The complex
nature of polymer-mediated gene transfer and the variations in the test transfection
protocols result in ambiguous results. Rejman et al. suggested that particles smaller
than 200 nm utilise the clathrin-dependent mechanism, whereas larger particles (200
nm — 500 nm) use caveolae-mediated endocytosis 26°. Others concluded that
polyplexes with > 200 nm size use micropinocytosis, medium sized particles enter the
cell by clathrin coated pits and small polyplexes of <100 nm enter through caveolae-
mediated endocytic pathway 27°. Additionally, different endocytic pathways have been
reported for the same PEI/DNA polyplexes in different cell lines 271272, |t is important
to identify the endocytic pathway, which is used by polyplexes since some endocytic
pathways are described to result in higher transfection efficiency than others 261273,
Charge, on the other hand is believed to play a role not only for complexation/release

but also as a pre-requisite for cell uptake 274275 |t is still difficult to attribute the
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complete dependence of any of the stages of polymer-mediated delivery to charge
only, or for that matter any other isolated parameter. Our data did not show any
significant difference in the charge of both EAGC and GC nanocomplexes for the
different mass ratios expressed by zeta potential measurements (Figure 4-5 and
Figure 4-17). More importantly GC37/B-Gal polyplexes showed a considerably lower
charge when compared to EA13GC37/3-Gal polyplexes at the 1 to 60 ratio.
Nevertheless, GC37 appeared to be the superior gene carrier with 66% of
Lipofectamine’s transfection efficiency when compared to its derivative EA13GC37,

which achieved 43 % of Lipofectamine’s transfection efficiency in U87 cells.

45 Conclusions

By using the standard transfection protocol, a high-throughput screen of the polymers
at1to1,11t0 10, 1to 40 and 1 to 60 B-Gal to polymer mass ratio after 2 h and 24 h
complexation time in water identified the middle substituted EAGC variant
(EA13GC37) with 23 % and 15 % of Lipofectamine’s transfection potential
respectively. Surprisingly none of the other mass ratios and complexation times for
the rest of the EAGC variants resulted in transfection. Thus, EA13GC37/B-Gal was
used for the optimisation of the transfection protocol in U87 cells at a 1 to 60 $-Gal to
polymer ratio. Increasing the treatment time from 4 h to 6 h did not seem to improve
the transfection efficiency of the polyplex, however the longest treatment time of 17 h
resulted in 55 % of Lipofectamine’s transfection efficiency (***p < 0.001). However,
transfection in this case was highly variable. By contrast complexation over 24 h in
20 mM PBS resulted in more stable transfection levels for EA13GC37/B-Gal than
complexation over 2 h and in water. Moreover, complexation at 4°C in 20 mM PBS,
pH=6.8 resulted in significantly higher transfection levels than complexation at RT in
20 mM PBS, pH=6.8 (****p < 0.0001) or complexation at 37° C (****p < 0.0001) for
EA13GC37/B-Gal. The optimised transfection protocol was applied to unmodified GC
polymers with a variety of molecular weights (GC100, GC57, GC37 and GC21). A
molecular weight “sweet spot” was identified between 37 kDa and 57 kDa with 66 %
and 53 % of Lipofectamine’s transfection potential respectively. GC100 showed only
13 % of Lipofectamine’s transfection efficiency and GC21 was not able to deliver the
reporter gene to U87 cells (GC37/B-Gal DNA vs GC57/B-Gal DNA, *p < 0.05; GC37/B-
Gal vs GC100/B-Gal, ****p < 0.0001; GC37/p-Gal vs GC21/B-Gal, ****p < 0.0001).
Interestingly, the polydispersity and size of all the GC polyplexes were not significantly

different.
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) Preparation and characterisation of hyaluronidase
coated nanocomplexes

51 Introduction

The solid tumour microenvironment has been shown to be a significant barrier for the
successful delivery of anti-cancer agents to tumour cells 2. The movement of
therapeutics within the tumour microenvironment includes the process of convection
for vascular agents and then diffusion in the interstitial space in the stroma to reach
the target cells. The process of convection or crossing the vessel wall depends widely
on pressure gradients, while the diffusion through the stroma is highly dependent on

the density of the stromal matrix 276.

The tumour microenvironment is characterised by elevated tumour interstitial
pressure (TIP), which can be attributed to the so called fluid pressure and the solid
stress 277. The fluid pressure in the tumour tissues arises due to the fast-expanding
mass of cells with poor vascularization. The process is heightened by the aberrant
permeability of the tumour vessels and the leakage of fluids in the ECM alongside
with the absence of normal lymphatic drainage. The solid stress is caused by
expression of abnormal levels of ECM components by the increased number of
fibroblasts in tumour tissues. These include hyaluronic acid, collagen fibres,
proteolytic enzymes and proteoglycans 278. Both solid and fluid pressure contribute
to upregulation in the production of cytokines such as VEGF and TNF, which stimulate
angiogenesis of tortuous and hyperpermeable tumour vasculatures aggravating the
process ?7°. Therefore, the presence of fluid pressure impedes the convection process
of anti-cancer agents, while the solid pressure poses an additional physical barrier for
their diffusion deeper into the tumour and they both lead to heterogeneous

intratumoral distribution and limited efficacy.

Different TIP modulating strategies have been reported as ways of improving the
response to cancer therapy and subsequently treatment outcomes. Strategies
targeting the fluid pressure include the use of vasculature disrupting agents (VDAs)
and vasculature targeting drugs (VTAs). While VDAs focus on disrupting the existing
tumour vasculature, VTAs target the formation of new tumour vessels. The group of
Taxane drugs (paclitaxel, docetaxel) have both disruptive and targeting properties
inhibiting VEGF production and binding to microtubules, which stimulates apoptosis

and results in decreased cell density and decompressed blood vessels 2.
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Solid pressure alleviating approaches include the use of glycosyl hydrolase enzymes
for the degradation of ECM components. Both hyaluronidase and collagenase have
been used in attempts to reduce the stiffness and rigidness of the tumour ECM by
digesting hyaluronan to N-acetyl glucosamine 28" or by cleaving collagen and
destroying its association with vessels 282, Human pegylated recombinant
hyaluronidase (PEGPH20) is in Phase lll clinical trials as an adjuvant therapy for the
treatment of pancreatic adenocarcinoma 283. PEGPH20 is also currently in phase |

clinical trials as a chemo-adjuvant for other types of solid tumours28.

With the development of nanomedicines as an alternative for cancer therapy, using
an ECM targeting approach in a nanoparticulate formulation with an anti-cancer agent
appears even more attractive than employing it as an adjuvant therapy. The
peritumoral injection of immobilised hyaluronidase on silica nanoparticles showed
improved efficiency in melanoma tumours in comparison to the free enzyme 28%. The
improved efficacy of immobilised hyaluronidase on nanoparticles loaded with a
chemotherapeutic drug was demonstrated also in a very recent study by Zhou et al.
286 The study is also the first one to show systemic application of hyaluronidase
functionalised PLGA-PEG NPs with doxorubicin in mice with breast cancer. The
authors demonstrated that the NPs maintained their enzymatic activity and showed
both improved penetrations/diffusion in the ECM and increased accumulation of
doxorubicin in the tumours. However, enzyme immobilisation on nanoformulations
can cause irreversible changes to the structure of the enzyme and its function 2.
This led to the development of alternative ideas for the preparation of nanoparticles
with an ECM targeting capacity. A very recent study by Hong et al. reported on the
development of doxorubicin loaded exosome nanoparticles with native GPI anchored
PH20 hyaluronidase (Exo-PH20P°%), which successfully enhanced drug distribution in
a PC3 pancreatic xenograft tumour model and inhibited growth efficiently after an
intratumoral injection 288, Additionally, strategies using electrostatic interactions as a
basis for nanoparticle assembly have been also explored. Dai et al. report on the
preparation of a multi-component system based on electrostatic interactions, which
incorporates polymeric nanoparticles encapsulating epirubicin  (EPI) with
hyaluronidase (NPs-EPI-HA-ase) and an RGD sequence for cell internalisation. The
hyaluronidase coated nanoparticles delivered EPI to the least accessible area in
tumour tissues, where tumour stem cells reside after systemic administration in a

hepatocellular tumour carcinoma model 2%,
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This chapter will focus on the preparation and characterisation of hyaluronidase
coated polyplexes based on electrostatic interactions. Our data shows that we
successfully applied a strategy to coat the polyplexes and quantify the amount of
enzyme bound. Additionally, we have been able to prove that the ternary complex
with hyaluronidase retains approximately 50% of hyaluronidase activity to digest
hyaluronic acid in vitro when compared to the free enzyme. This is to the best of our
knowledge the first time a ternary complex is prepared by electrostatic interactions,
which incorporates a gene therapy and an ECM targeting approach for cancer
treatment.

5.2 Materials and Methods
5.2.1 Materials

Materials Purity Supplier
Hyaluronidase Type | S- 400 Sigma Aldrich
. N/A
— 1000 units mg - (Gillingham, UK)
Sigma Aldrich
Sodium chloride >99.5 %

(Gillingham, UK)

Promega
Trifluoroacetic acid (TFA) > 99%
(Southampton, UK)
Thermo Fisher Scientific
Acetonitrile HPLC garde 299.5 %

(Loughborough, UK)

Hyaluronic acid (Mw 70 kDa A Sigma Aldrich (Dorset,

— 90 kDa) UK)
Bovine Serum Albumin - 96 Sigma Aldrich
(BSA) R (Gillingham, UK)
Sigma Aldrich
Sodium Acetate -anhydrous 299 %

(Gillingham, UK)
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5.2.2 Methods
5.2.2.1 Preparation of hyaluronidase coated nhanocomplexes

Polyplexes were prepared at 6 ug ml-' in 20 mM PBS, pH=6.8 in a total volume of 250
Ml and stored for 24h at 4° C as described in section 4.2.2.2. Hyaluronidase enzyme
(Type | S 400-1000 units/mg solid) was dissolved in 20 mM NaCl (pH=12) to
4 mg ml ' Working solutions of the enzyme were prepared
2mgml',1mgml-', 0.6 mgml-'0.4 mgml-"and 0.2 mg ml-"). 250 pl of each
working solution was added to 250 pl of polyplex drop-wise in a 7 ml glass container
under magnetic stirring for 30 mins. After that the ternary complexes were stored for
another 24 h at 4° C.

5.2.3 Characterisation of hyaluronidase coated nanocomplexes
5.2.3.1 Dynamic Light Scattering

Size and zeta potential measurements were both performed in a reusable zeta cell
(Malvern Panalytical, Malvern UK). The ternary complexes (500 ul) were topped up
with 200 pl of Milli-Q water (Synergy Simpak 1, Millipore UK) prior to the
measurements. Size measurements were performed first, followed by a zeta potential

measurement.

5.2.3.2 Reversed-Phase High Performance Liquid Chromatography (RP -
HPLC)
HPLC is the most powerful analytical technique due to its capacity to separate and
quantify individual compounds from complex mixtures by a single analytical
procedure 2. The separation principle in RP-HPLC is based on the hydrophobicity
of the solute and more specifically on the interactions of the solute present in the
mobile phase with the hydrophobic immobilised ligand (stationary phase) 2°'. The
separation in RP-HPLC depends on the reversible adsorption/desorption of
molecules, with a range of hydrophobicities to the hydrophobic stationary phase.
Typically, separation is achieved by incorporating conditions in an analytical method,
which includes several fundamental steps. The first step is to use aqueous starting
conditions to allow the sample to interact with the stationary phase and adsorption to
occur. Next a gradient of the mobile phase (different percentage of organic to
aqueous solvent) is used to allow the start of desorption of molecules from the
stationary phase. The most polar molecules elute first, followed by less polar, while
at the highest percentage of organic (apolar) solvent in the gradient the most

hydrophobic molecules elute 2°2. A variety of detectors can be coupled to a HPLC
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system, depending on the application and the properties of the analyte of interest (UV

detector, fluorescence, evaporative light scattering).

RP-HPLC was performed using Agilent Technologies 1200 series chromatographic
system, which consisted of a vacuum degasser, a quaternary pump, an auto-sampler,
a column compartment with a thermostat and a UV detector controlled by
ChemStation software (Agilent Technologies, Santa Cruz, USA). The analysis was
performed on a reverse-phase PRLP-S column (100A 4.6 x 50 mm, 3 pym, Agilent
Technologies, Santa Cruz USA) fitted with a guard column. The flow rate was
gradually set to 0.7 mL min -' in increments of 0.1 until the column reached 80° C for
the start of the method at a stable pressure of 100-105 bars. Injection volume was set
to 10 yl and analysis was performed using a solvent gradient listed in Table 5-1 in
0.1 % Trifluoroacetic acid (TFA)/Acetonitrile (ACN) at a wavelength of 280 nm.
Samples were prepared in 0.1% TFA and analysed using a standard curve
(y =708.13x — 5.6753, r 2 = 0.991) prepared with a concentration range of 0.025 — 1

mg ml -'.

Table 5-1: HPLC gradient method for hyaluronidase determination

Min %(A) 0.1%TFA/water % (B) ACN
0.50 90 10
0.51 10 90
4.00 10 90
4.01 90 10

Free hyaluronidase and ternary complexes were filtered through a 0.22 ym syringe
filter (Milex GP-syringe filter, Merck Millipore UK).

5.2.3.3 Hyaluronic acid digestion potential of the hyaluronidase coated
nanocomplexes using a turbidity assay

A turbidity assay is used for measuring the activity of hyaluronidase. The assay relies

on the formation of an electrostatic complex between negatively charged hyaluronic

acid of high molecular weight binding to acidic albumin, which results in a turbid

solution 2%. Upon enzymatic digestion of high molecular weight hyaluronic acid to
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lower molecular weight fragments or di- and monosaccharides there is no complex
formation, hence the solution is transparent. Therefore, turbidity can be used as a
function of hyaluronic acid concentration and can then be related to enzymatic

activity.

10 mg of hyaluronic acid (70 kDa — 90 kDa) were dissolved in phosphate buffer (0.3
M sodium phosphate, pH=5.35). The solution was then heated to 90° C with stirring
until all the hyaluronic acid was dissolved, followed by cooling down to 37° C in a
water bath. For the hyaluronic acid calibration curve (y = 2.0644x-0.0289, R?= 0.992)
a solution of 1 mg ml -' hyaluronidase was prepared in 20 mM phosphate buffer
supplemented with 77 mM NaCl and 0.01 % (w/v) Bovine Serum Albumin (BSA), pH=
7. Acidic albumin solution was prepared by dissolving 2.5 g of BSA in 250 ml of 0.5
M sodium acetate buffer pH=4.2. The hyaluronidase stock solution was diluted to a
range of concentrations (0.0125 — 0.5 mg ml -') in 20 mM sodium phosphate buffer
pH=7 to a total volume of 1 ml in a 14 ml glass vial. 0.5 ml of 0.4 mg ml -! hyaluronic
acid solution was added to 0.5 ml of each of the hyaluronidase concentrations. The
vials were incubated for 10 minutes at 37° C, after which the enzyme was inactivated
by denaturation in boiling water bath for 5 mins. The samples were then cooled to
room temperature in an ice-cold water bath and 9 ml of acidic albumin was added.
The absorbance was then measured at 540 nm after 0.2 ml of the samples were
transferred to a 96 well plate. The procedure was repeated for the ternary complexes
(GCPH and EPH), where 0.5 ml of each ternary complex was added to 0.5 ml of 0.4
mg ml -! hyaluronic acid solution. The amount of the undigested hyaluronic acid was
calculated from the calibration curve for each of the enzyme concentrations. Then the
formula below was used to calculate the amount of digested hyaluronic acid in

percentage.
Hyaluronic acid digested (mg) = (0.2 — HA undigested) x 100

5.2.3.4 Statistical analysis

All data sets were analysed using either One-way or Two-way ANOVA, multiple
comparisons with the Bonferroni test on GrapPad Prism 7.

5.3 Results

5.3.1 Size and Zeta potential of hyaluronidase at different pH

The predicted molecular size of globular proteins can be calculated by an in-built
script in the Zetasizer Software analysis package. Additionally an online calculator

based on number of amino acid residues was also used 2% for the estimation of the
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molecular size of hyaluronidase. The predicted size of hyaluronidase by both scripts
was ~ 6 nm. The average size of hyaluronidase analysed by DLS was measured to
be 5-11 nm (Figure 5-1 A, B and C). The intensity distribution graph of hyaluronidase
in 20 mM PBS indicated the presence of particles of 700 nm (Figure 5-1 A, blue
intensity plot) due to aggregation. Aggregates scatter light a lot more than smaller
molecules but are not predominant in the sample as evident from the volume and
number size distribution plots (Figure 5-1 B and C, blue intensity plots). Zeta potential
measurements showed a pronounced negative charge for the enzyme dissolved in
20 mM NaCl, pH=12 (- 26 mV) in comparison to the enzyme dissolved in 20 mM PBS
pH 6.8 (- 4.5 mV). Therefore, we chose 20 mM NaCl, pH=12 for the complexation
studies with EA13GC37/B-Gal.

143



Chapter 61 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

A I | Hyahronidase 20mM PBS pH 6.8

304

—_— | Hyaluronidase 20mM NaCl pH 12

20

)

o - T
1 R L] RLi] 1000 10060

Intensity (%0)

B Size (nm)
—
<
G
'al )
104 |
0 S . i i
1 10 100 1000 10000
Size (nm)
C S04
Al /\1
—
|
% 3 |
o J
-é w1
z. [
10 [
| I.
0 AN i . . .
1 10 100 1000 10000
D Size (nm)
Hyaluronidase Size (nm) PDI Zeta potential

(mV)
02800076 4512

20mM PBS. 4.6 (14%) 11 (42%),

pH=68 700 (44%)
20mM NaCl,
pH_]f T 11(82%), 206 (11%) 0.541 £ 0.096 -26+3.1

Figure 5-1: Size distribution plots of hyaluronidase by intensity (A), volume (B) and
number (C) in 20 mM PBS, pH=6.8 (blue plots) and 20 mM NaCl pH=12 (green plots).
Size, PDI and zeta potential of hyaluronidase in 20mM PBS, pH=6.8 and 10mM NaCl,
pH=12. The data is representative of three independent experiments (Mean + S.D,
n=3)
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5.3.2 Assembling the ternary complex
5.3.2.1 EA13GC37/B-Gal/Hyaluronidase or EPH

A range of hyaluronidase concentrations (0.1 mg ml ', 0.2 mgml ', 0.3 mg ml ', 0.5
mg ml -', 1 mg ml -' and 2 mg ml -') were used to identify a concentration window at
which enzyme coating of the polyplex is achieved. DLS was used to monitor both
particle size and changes in zeta potential measurements during the complexation
studies. A general trend for increase in size is visible with the increase in enzyme
concentration for both size distribution plots by intensity and volume (Figure 5.2, A
and B). Concentrations 0.2, 0.3 and 0.5 mg ml ' of hyaluronidase resulted in a
unimodal size distribution of EPH complexes. Additionally, no free enzyme was
detected for any of the concentrations confirmed by the absence of a peak between
(5 - 11nm) (Figure 5-2 A and B). By contrast EPH complexes prepared with 1 mg ml
“1'and 2 mg ml -' hyaluronidase showed a multimodal size distribution and the

presence of free enzyme.

A further confirmation for the presence of enzyme coated polyplexes at these three
concentrations was the characteristic decrease in zeta potential observed with the
increase in enzyme concentration (Figure 5-3 A). In fact, the charge of EA13GC37/B-
Gal (EP) dropped from +35mV to about +3mV at 0.5 mg ml -' hyaluronidase
concentration (****p < 0.0001). The last two concentrations gave negative charges for
the obtained ternary complexes. However, the latter is likely due to the presence of
free enzyme as visible from the intensity and even more from the volume size
distribution plots for EPH 1 mg ml-' and 2 mg ml -! (Figure 5-2, A and B). Additionally,
the PDI of the ternary complexes increased with the lowest 0.1 mg ml - concentration
of hyaluronidase (****p < 0.0001), while concentrations of the enzyme up to
0.5 mg ml ' resulted in similar (ns), stable and much lower values before they
increased again with the two high enzyme concentrations tested (1 mg ml - and 2 mg
ml -', Figure 5-3 B) ****p < 0.0001 and ***p < 0.001 respectively. EPH 0.2, EPH 0.3
and EPH 0.5 showed 200 - 300 nm particles in size (Figure 5-3 C).
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Figure 5-2: Representative size distribution plots by intensity (A) and by volume (B)
of EPH ternary complex of ternary complexes with different concentration of
hyaluronidase.
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Figure 5-3: Zeta potential (A), PDI (B) and size by intensity (C) of EPH ternary
complexes with different concentrations of hyaluronidase The experiment represents
three independent measurements (Mean £+ S.D), n = 3

5.3.2.2 GC37/B-Gal DNA/Hyaluronidase or GCPH
Similarly, to EPH, GCPH complexes with 0.3 and 0.5 mg ml - hyaluronidase did not

show free enzyme in the size distribution plots (Figure 5-4 A and B). A drop in zeta
potential was also observed for GCPH 0.3 and GCPH 0.5, *p < 0.05 and ***p < 0.001
respectively (Figure 5-5 A). However, in comparison to EPH 0.5 complexes which
appeared almost neutral (~ +3 mV), GCPH 0.5 were negatively charged (~ -12mV).

A negative charge was only present for the higher concentrations of enzyme (EPH 1
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and EPH 2), where not all the hyaluronidase appeared complexed at the 24 h time
point when measurements were performed. Conversely the GCPH 0.5 size
distribution plots for intensity and volume, showed no free enzyme. The same trend
of increased size was observed for both EPH and GCPH ternary complexes with
increasing amounts of hyaluronidase. Interestingly, GCPH 0.5 ternary complexes
were larger in size when compared to EPH 0.5 ternary complexes (459 nm and 299
nm respectively, Figure 5-5 B and Figure 5-3 C). The PDI of GCPH ternary
complexes remained unchanged and was comparable to the polyplex before the

enzyme was added (Figure 5-5 B).
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Figure 5-4: Representative size distribution plots of GCPH ternary complex by
intensity (A) and by volume (B) of ternary complexes with different concentration of
hyaluronidase
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1.1.1.  Quantification of free enzyme by HPLC
The DLS experiments for both GCPH and EPH ternary complexes showed that using

0.5 mg ml -' of hyaluronidase for both polyplexes resulted in an enzyme coated
particle of increased size and a different charge due to the surface coating with
hyaluronidase. A step further in the characterisation of the ternary complexes was to
use a quantitative method to estimate the amount of complexed enzyme. A calibration
curve using the HPLC method described in section 5.2.3.2 (R? = 0.9907) was used
(Figure 5-6 A). Since EPH 0.5 and EPH 1 ternary complexes had sizes larger than
200 nm, a 0.22 pm filter was used to separate free enzyme from the assembled
ternary complex. Hyaluronidase recovery after filtration through a 0.22 filter was
calculated to be 87 % + 3 %. EPH 0.5 showed no corresponding free enzyme peak
in the chromatogram after filtration (Figure 5-6 B), while EPH 1 showed a peak with

a RT of 1.921, which is the retention time of hyaluronidase (Figure 5-6 B and Figure

149



Chapter 61 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

5-6 A). It was estimated using area under the curve that the amount of free
hyaluronidase is (34 % £ 5 %).
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Figure 5-6: Hyaluronidase 1mg ml -' (A) PH 0.5 mg ml - and PH 1 mg ml -! after
filtration through 0.22 um (B)

5.3.3 Enzymatic activity of EPH and GCPH

The in vitro hyaluronic acid digestion assay showed that all ternary complexes
retained approximately 50 % of their potential to break down hyaluronic acid when
compared to the free enzyme (Figure 5-7).
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Figure 5-7: Hyaluronic acid digestion potential of ternary complexes and free enzyme
5.4 Discussion

The isoelectric point (pl) of crude hyaluronidase isolated from bovine testes is
reported to be 5.4 2%, Since our objective was to assemble a ternary electrostatic
complex with a positively charged polyplex, we considered dissolving the enzyme in
20 mM PBS, pH=6.8 (the complexation medium used to prepare the polyplex) and 20
mM NaCl solution, pH=12. Theoretically pH values above the pl of an enzyme will
result in a net negative charge for the protein, which is desired for the interaction
between the positively charged polyplex and the negatively charged enzyme. 20 mM
NaCl pH 12 resulted in a more pronounced negative charge for the enzyme, because
of the extreme pH when compared to 20 mM PBS. pH=6.8 (-26 mv and -4.5 mV
respectively, Figure 5-1 D). Additionally, the size distribution of hyaluronidase in 20
mM NaCl showed the presence of particles of about 11 nm with 82 % abundance as
clear from the intensity size distribution plot and 5 — 6 nm with 100 % abundance from
the volume and number size distribution plots (Figure 5-1 A, B and C). The
dissolution of hyaluronidase in 20 mM PBS showed the presence of larger particles
as visible from the intensity size plot (Figure 5-1 A), which could be an indication for
aggregates being formed due to the close to neutral charge of the enzyme (Figure 5-
1 A). Although this was not the predominant fraction of particles since the volume and
number size distribution plots showed only particles between 4 — 11 nm both with a
100 % abundance. Based on the enhanced negative zeta potential of hyaluronidase
and the fact that dissolution in 20 mM NaCl, pH=12 resulted in less aggregation this
was the preferred solvent chosen for the consecutive complexation studies with
EA13GC37/8-Gal (EP) and GC37/3-Gal (GCP).
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For the complexation studies a range of concentrations of hyaluronidase were tested
(0.1,0.2,0.3, 0.5, 1 and 2 mg ml ") and size and zeta potential measurements were
performed for the obtained ternary complexes. The DLS studies identified a
concentration window of hyaluronidase (0.1 — 0.5 mg ml ') where no free enzyme
was detected by both intensity and volume size distribution plots (Figure 5-2 A and
B), while the two higher concentrations (1 and 2 mg ml -') showed a peak
corresponding to free hyaluronidase. Although no enzyme peak was detected for EPH
0.1 partial coating of the polyplexes is likely the reason for the multimodal size
distribution observed. By contrast the multimodal size distribution observed for EPH
1 mg ml - and EPH 2 mg ml - is due to the presence of hyaluronidase in excess and
is likely due to the fact that the ternary complexes haven’t reached equilibrium after
the 24 h incubation time point when measurements were performed. EPH 0.2, EPH
0.3 and EPH 0.5 showed stable PDI values of about 0.4 as visible from Figure 5-3 C.
Furthermore, zeta potential values gradually decreased with an increase in enzyme
concentration (Figure 5-3 A). The change from a highly positively charged polyplex
EP (+35 mV) to almost neutral charge for EPH 0.5 (+3 mV) provides some proof for
surface coating of the polyplexes ****p < 0.0001. Similarly, GC37 polyplexes coated
with 0.3 and 0.5 mg ml -! hyaluronidase (GCPH 0.3 and GCPH 0.5) showed no free
enzyme, unimodal size distribution plots by intensity and volume (Figure 5-4 A and
B) and a decrease in zeta potential from approximately +5 mV (GCP) to about -12
mV (GCPH 0.5), ***p < 0.001, Figure 5-5 A. Both EPH and GCPH ternary complexes
increased in size with the increase of enzyme concentration (Figure 5-3 C and Figure
5-5 B). In parallel with our findings Dai et al. observed a zeta potential drop and an
increase in size for their multi-component nanoparticles comprised of a polymeric
shell, an anti-cancer drug, gelatine-RGD and hyaluronidase all assembled in one
electrostatic complex 28, The authors report on the multi-component system showing
improved diffusion of the nanoparticles in tumour spheroids when compared to the
control nanoparticles without the enzyme. By contrast GCPH 0.3, GCPH 0.5, EPH
0.3 and EPH 0.5 were unable to deliver 3-Gal DNA to U87 cells in vitro (data not
shown). It is worth mentioning that our 2D in vitro cell culture experiments were not
suitable to test the ternary complexes for their potential and a 3d spheroid model
would be more appropriate to compare the diffusion of the coated nanoparticles in a

mimic of the tumour microenvironment.

An HPLC method was developed in an attempt to quantify the amount of free/bound
enzyme to the ternary complexes. The retention time (RT) of hyaluronidase was
measured to be 1.921 (Figure 5-6 A). Since the size of EPH 0.5 and EPH 1 ternary
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complexes was estimated to be = 300 nm (Figure 5-3 C and Figure 5-5 B) this
allowed us to use a 0.22 um filter to separate coated particles and free enzyme
(~6nm). Unfortunately, the filtrate of free hyaluronidase showed 87 % * 3 % recovery
after HPLC analysis with remaining 13 % of enzyme was left in the filter's dead
volume. The filtrates of EPH 0.5 and EPH 1 were analysed and EPH 1 but not EPH
0.5 showed a peak with RT 1.921 in the chromatogram (Figure 5-6 B). By using area
under the curve, it was quantified that 34 % £ 5 % or 0.34 mg ml -' of free
hyaluronidase was present in EPH 1. Due to the filter dead volume we were unable
to claim with confidence that all the remaining enzyme is complexed. However, the
absence of a peak in the chromatogram of EPH 0.5 ternary complexes along with the
size and zeta potential data provide strong evidence suggesting that at a
concentration of 0.5 mg ml " hyaluronidase, EP and GCP polyplexes are fully surface

coated with the enzyme.

Immobilisation strategies of enzymes on nanoparticle have been proven to affect the
function of the enzyme due to structural changes during the immobilisation process
287.2%  Although an assembly based on electrostatic interactions does not involve
chemical modifications to the structure of the enzyme, a pH alteration could hinder
important amino acid residues, which can negatively influence the enzyme function
297 Therefore, to check the potential of the ternary complexes to digest hyaluronic
acid in vitro when compared to the free enzyme a hyaluronic acid digestion assay
was used. All ternary complexes retained approximately 50 % of their enzymatic
activity when compared to the free enzyme regardless of the concentration used
(Figure 5-7). Similarly, the multi-component electrostatic complex with hyaluronidase
described by Dai et al. showed half of the hyaluronic acid digestion potential when
compared to the free enzyme 2°. Hence using electrostatic interactions for complex
assembly affects the enzyme function but does not result in a complete loss of activity.
Interestingly in a very recent study by Hong et al. exosomes displaying PH20 with a
native GPI anchoring domain important for enzyme activity 2%¢ appeared 2.5 times
more active than the free recombinant truncated rHUPH20 human hyaluronidase

missing the GPI anchor 2%,

5.5 Conclusions

Our data shows that we successfully surface coated EP and GCP polyplexes with
hyaluronidase in an attempt to combine a gene therapy approach with a strategy
targeting the increased solid pressure in tumours. By using a concentration range of

hyaluronidase to EP and GCP polyplexes we were able to identify 0.5 mg ml ' of the
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enzyme as an optimal amount enough to provide fully coated nanoparticles as proven
by the increased size and decreased zeta potential for the ternary complexes. The
change from a highly positively charged polyplex EP (+35 mV) to almost neutral
charge for EPH 0.5 (+3 mV) provides surface coating of the polyplexes ****p < 0.0001.
Similarly, GC37 polyplexes coated with 0.3 and 0.5 mg ml -' hyaluronidase (GCPH
0.3 and GCPH 0.5) showed a decrease in zeta potential from approximately +5 mV
(GCP) to about -12 mV (GCPH 0.5), ***p < 0.001.Furthermore, a quantitative HPLC
method was used to determine with precision the amount of bound/free enzyme of
the ternary complexes, a strategy that hasn’t been used previously. Finally, GCPH
and EPH complexes retained 50 % of their enzymatic activity in an in vitro assay to
break down hyaluronic acid, although they showed no transfection efficiency in the

glioma cell line U87.
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6 In vivo efficiency of GC37/3-Gal nanocomplexes

6.1 Introduction

Non-viral gene delivery in vivo is a challenging task and the routes of administration
must be carefully selected based on the therapeutic strategy. Systemic application is
desired since it has the capacity to reach disseminated targets throughout the body,
but it is unquestionably more demanding than local administration. The transport of
cationic nanocomplexes in the bloodstream leads to interactions with negatively
charged plasma proteins and erythrocytes. This causes aggregation and potential
risks of embolization in the lungs 2°° or opsonization and clearance from the body 3°°.
The opsonised particles are cleared within minutes by the high amount of phagocytic
cells residing in the liver and the spleen %', On the other hand, local administration
offers the advantage of circumventing the contact of the nanocomplexes with the
blood components, but the requirement for particle diffusion through the tissues

remains.

Strategies to reduce the systemic associated toxicity of polyplexes in vivo have been
employed, most commonly PEG shielding was proven to decrease the association
with blood components and the consecutive aggregation resulting in improved
circulation kinetics and target tissue accumulation 3°2. However PEGylated polyplexes
are still reported to have shorter blood circulation half-lives and rapid clearance when
compared to PEGylated liposomes 303, Currently the in vivo jet-PEI® system is the
most widely used in vivo polymeric platform with polyethyleneimine (PEI) for the
delivery of nucleic acids with seven clinical trials for a variety of cancers and

conditions, five of which are using a local administration strategy 3%4.

In addition to that non-invasive routes for polyplex administration have gained interest
and some even predict that this might be the future for the application of gene
therapies '. Intranasal delivery is a non-invasive administration route targeting the
CNS and bypassing the BBB, a major obstacle for the delivery of therapeutics
following systemic application. There are three major routes by which intranasally
administered molecules reach the CNS: directly through the olfactory neural pathway,
the trigeminal pathway using the trigeminal nerves or indirectly through blood
vasculature or lymphatic system, the systemic pathway 3%. The latter being an
exception to the bypassing of the BBB rule. The olfactory neural pathway involves

the rapid extracellular transport of molecules between cells in the nasal epithelium to
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reach the olfactory bulbs, the brain parenchyma and the CSF. By contrast the
intracellular trafficking facilitated either by passive diffusion or receptor-mediated
endocytosis in olfactory neurons results in a very slow axonal transport to the olfactory
bulb and other brain regions 3. Rapid delivery with high concentration levels in the
CNS almost immediately or up to one hour after administration have been reported

for many molecules 3%6-308 hence an extracellular pathway is most likely operating.

The first report on using an intranasal route for the delivery of a reporter plasmid to
the brain was by Harmon et al. The authors demonstrated that the 30mer peptide with
a PEGylated lysine residue was able to deliver DNA coding for green fluorescent
protein (GFP) to multiple brain regions and predominantly to the frontal cortex 30°.
Additionally PEI and chitosan coated magnetic micelles were shown to deliver a
reporter plasmid coding for red fluorescent protein (RFP) to the cortex and

hippocampus of treated rats after a traumatic brain injury 310,

This chapter will focus on investigating a subcutaneous and an intranasal route of
administration for GC-based nanocomplexes and lipoplexes. First, IC50 values for
the polymer and lipid nanocarriers were determined based on cytotoxicity
experiments in U87 cells. Then, low and high dose nanoformulations with a different
size for the resulting particles were tested in mice for their ability to deliver the reporter
B-Gal plasmid to the mouse brain. Additionally, ternary complexes with hyaluronidase
were investigated for their ability to improve the diffusion of the particles in the

connective tissue or in the nasal cavity en route to the brain.
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6.2 Materials and Methods
6.2.1 Materials

Materials Purity Supplier
CellTiter 96® AQ One
ueous Promega
Solution Cell Proliferation
Southampton, UK
Assay ( P )
. VWR (VWR BDH Prolabo
Corning Cell culture plates, _
(Fontenay-sous-Bois,
96 well
France)
pSV-40 B-Galactosidase Promega
A 260/280 = 1.80
control vector (Southampton, UK)
Promega
®
Beta - Glo  system (Southampton, UK)
Sigma Aldrich
i ™ -
Triton™ X -100 (Gillingham, UK)
Magnesium chloride > 96% Sigma Aldrich
hexahydrate (MgCl. x 6H20) B ° (Gillingham, UK)
Sigma Aldrich
_ [5)
Isoflurane >99.7 — 100% (Gillingham, UK)
Perkin Elmer (MA, United
Luciferin States)
T-PER™ tissue protein Thermo Fisher
extraction reagent (Loughborough, UK)
EDTA free Halt Protease Thermo Fisher
Inhibitor Cocktail (Loughborough, UK)
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6.2.2 Methods

6.2.2.1 MTS assay

The MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(sulfophenyl)-
2H-tetrazolium, inner salt; MTS] 3'' and an electron coupling reagent (phenazine
ethosulfate; PES) are used in a colorimetric reaction for determining the number of
viable cells in cytotoxicity assays. Live cells in culture medium reduce the MTS to a
coloured soluble formazan product and this is achieved by NADPH (nicotinamide
adenine dinucleotide phosphate) to NADH conversion by dehydrogenase enzymes
in metabolically active live cells 3'2. The amount of soluble formazan generated is
directly proportional to the number of live cells. The absorbance of the formazan
produced by the cells can be measured with a spectrophotometer at a wavelength of

490 nm after 1 - 4h of incubation 31313,

U87 cells were seeded in 96 well plates at a density of 103 cells per well in total
volume of 100 pl and left for 72 h to reach exponential phase (Figure 4-1). 2-fold
serial dilutions across the plate were performed for Lipofectamine at a starting
concentration of 0.5 mg ml -', while the starting concentration for GC37 was 5 mg ml
-1. Due to the more narrow cytotoxicity window for GC37, instead of 2-fold serial
dilutions, individual dilutions were prepared including the following concentrations
(5mgml-', 46 mgml-', 44 mgml- 40 mgml- 3,6 mgml-, 3,0 mg ml-,
2,6 mgml-', 2,2 mg ml-"and 1,8 mg ml-') The outer walls of the 96 well plates were
filled with 100 pl of FBS containing medium and left without any treatment to prevent
evaporation during the incubation and to provide the background absorbance later
used for the analysis. The cells were left incubating with the treatment for 17 h in FBS
free medium as for the transfection protocol and recovered in 100 ul per well FBS
containing medium for 24 h before adding the MTS reagent. Five wells containing
cells without any treatment were left as a negative control and 5 wells treated with
0.05 % Triton X 100 were used as a positive control. 100 pl of 0.05 % Triton X 100
were added to the positive control wells and the plate was incubated for 20 mins at
37° C. 20 ul of the MTS reagent was added to all the wells and absorbance at 490

nm was measured using a spectrophotometer after 2 h.

For analysis an average of the five repeats for the controls and the treatments were
generated. The average value of the outer wells containing FBS medium was
subtracted from the average values of both the positive and negative control along

with the average for the wells containing the treatments. The percentage of viable
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cells was calculated as a ratio of average absorbance values of treated and non-

treated cells.

IC 50 or inhibitory concentration 50 is the concentration at which 50 % of the cells are
viable as a result of the treatment. IC50 values were calculated from equations
generated by fitting data pots to a liner regression model in GraphPad Prism
(Y = -29.3*X + 151.1, R? = 0.9592 for GC37 and Y = -119.8*X + 94.74
with R? = 0.9606 for Lipofectamine). Cytotoxicity data is presented as an average of

three independent repeats performed on different dates + standard deviation.

6.2.2.2 Preparation and low and high dose nanocomplexes for intranasal and
subcutaneous administration
Nanocomplexes for subcutaneous dosing were prepared at a high (16.6 and 8.3 ug
B-Gal) and a low (4.15 ug B-Gal) dose in a total volume of 100 pl, (166 ug ml ', 83 ug
ml - and 41.5 ug ml ' respectively). Equal volumes of 3-Gal plasmid DNA (50 ul) and
polymer or lipofectamine (50 pl) at a 60 to 1 and 2 to 1 mass ratios were used
respectively. The polyplexes were prepared in 20 mM PBS pH=6.8 and were left
incubating for 24 h at 4° C prior subcutaneous administration. Polyplexes for ternary
complexes with hyaluronidase were prepared as descried in section 5.2.2.1, butin a
total volume of 50. 50 pl of hyaluronidase at a concentration of 27,6 mg ml " and a
concentration of 13,8 mg ml -' were added to the high and 6,8 mg ml-! to the low dose
ternary complexes respectively (mass ratio of plasmid to hyaluronidase 1 to 84)
followed by incubation at 4° C for another 24 h prior subcutaneous administration.

Hyaluronidase was dissolved in 20mM NaCl, pH=12.

Nanocomplexes for intranasal dosing were prepared at a high (1.35 ug B-Gal) and a
low (0.675 pg B-Gal DNA) dose in a total volume of 16 ul (84 ug ml =" and 42 ug ml -
respectively). Equal volumes of plasmid DNA (8 ul) and polymer or Lipofectamine (8
pl) at a 60 to 1 and 2 to 1 mass ratios were used respectively. The nanocomplexes
were prepared in 20 mM PBS, pH=6.8 and were left incubating for 24 h at 4° C prior
intranasal administration. Lipoplexes were prepared in OptiMeM and left incubating
at RT for 2 h. Polyplexes for ternary complexes with hyaluronidase were prepared as
descried in section 5.2.2.1, but in total volume of 8 ul. 8 yl of hyaluronidase at a
concentration of 27,6 mg ml ' and 8 pl of hyaluronidase at a concentration of 13,8
mg ml -' were added to the high and 6,8 mg ml - to the low dose ternary complexes
respectively (mass ratio of plasmid to hyaluronidase 1 to 84), followed by incubation

at 4°C for another 24 h prior intranasal administration. Hyaluronidase was dissolved
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in 20 NaCl, pH=12. For the intranasal study ternary polyplexes were prepared with
luciferase DNA instead of B-Gal DNA.

6.2.2.3 Combined luciferase B-Gal assay

Luciferin-galactoside substrate (6-O-3-galactopyranosylluciferin) or LuGal is cleaved
by B-Galactosidase (a product of the reporter plasmid) to form luciferin and galactose
314 . The enzyme is a tetrameric protein with a molecular weight of approximately 116
kDa. It hydrolyses the bonds between galactose and glucose in a lactose molecule.
The LuGal assay utilizes the intrinsic hydrolytic activity of p-Galactosidase, which
catalyses the hydrolytic cleavage of galactose from glucose in the combined 6-O-f3-
galactopyranosyl-luciferin substrate. This results in the liberation of luciferin, which is
used by firefly luciferase in the presence of Mg?* and adenosine triphosphate (ATP)

and converted to oxyluciferin with the concomitant emission of light.

The commercial vial with the lyophilised LuGal substrate (E4720) was dissolved in
10ml of PBS, pH=7.4 supplemented with 100 g L' MgCl. x 6 H.0 (magnesium

hexahydrate) instead of the provided lysis buffer in order to be used in vivo.
6.2.2.4 Intranasal dosing

BABL/c mice were anesthetised in an isoflurane chamber with 3 - 4% isoflurane
connected to an oxygen pump for 3 - 4 minutes. Intranasal dosing was performed
using a P20 pipette by placing a drop on the tip of the nose of each mouse. The mice
were left in a separate cage to recover fully after the anaesthesia. The
nanocomplexes were administered and imaging was performed 24 h and 48 h post
administration 15 mins and 1 h after intranasal dosing with 16 pl of the LuGal
substrate (15 mg ml-'). The animals dosed with the ternary nanocomplexes received
luciferin substrate rather than LuGal since luciferase DNA instead of B-Gal DNA was
used for their preparation of the ternary nanocomplexes. The luciferin substrate was

prepared in the same way as the LuGal substrate.

6.2.2.5 Subcutaneous dosing

Subcutaneous dosing was performed using a 25 g needle fitted to a 1 ml syringe. The
nanocomplexes were administered in the scruff of BALB/c mice by piercing the loose
skin with the needle. Imaging was performed 24 h and 48 h post administration 15

mins after subcutaneous dosing with 100 pl of the LuGal substrate (15 mg ml')
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6.2.2.6 In vivo Imaging system (IVIS)
The IVIS (IVIS®-Spectrum systems Xeno-gen-Caliper Life Sciences, Hopkinton, MA)

machine consists of a cabinet and a CCD camera. The cabinet is connected to an
isoflurane source and a controller board which can regulate isoflurane flow from the
source to the cabinet and/or the chamber where anaesthesia is induced. The
controller board includes a connection to an oxygen pump, which provides a constant
flow of oxygen. All anaesthetic procedures were performed with 3 — 4 % isoflurane in
the chamber and a maintaining dose of 2 % isoflurane during the imaging process

from the oxygen cones in the VIS cabinet.

The cabinet is supplied with a heated stage for the anaesthetised animals during
imaging. A CCD camera (2048 x 2048 pixels) is fitted in the cabinet and a stage with
space for five mice, which can be imaged simultaneously. The system is connected
to a computer with a Living Image® 3.0 software. An image sequence of four exposure
times was generated (30 s, 60 s, 120 s and 240 s). Comparisons between images

was performed for the same exposure time.

Analysis of the collected images was performed on the Living Image® software where
the min and max signal for the images was adjusted to the same scale, so the signal
is normalised for the different animals. This allows for a comparison to be made
between different images. A region of interest (ROI) was drawn on the place of the

signal and the average counts were measured.

For the main study a mouse injected with LuGal substrate was used as a control to
set up the baseline for the analysis of the images with the different treatment groups

(Figure 9-8, see Appendix)

6.2.2.7 Brain dissection and tissue homogenisation

Mice were sacrificed by a CO2 overdose followed by decapitation. Isolated
brains were dissected on ice and olfactory bulb, cerebellum and cortex were
collected in pre-weighed cryotubes. The tubes were then placed in a container
with liquid nitrogen and transferred to the freezer. For downstream analysis
the tubes were defrosted and weighed again to determine the weight of the
respective organ. For ~1 mg of tissue 20 pl of T-PER reagent was added,
according to the manufacturer's recommendation. T-PER reagent was
supplemented with an EDTA free Halt Protease Inhibitor Cocktail 100 X (1 ml

in 100 ml of T-PER reagent); The samples were then sonicated at a very low
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amplitude (3.5) on ice for one cycle of 60 s for the olfactory bulbs and three cycles of
60 s for cerebellum and cortex. After preparing the tissue homogenates the tubes
were centrifuged at 10,000 g for 5 mins and the supernatants were collected. 100 pl
of the supernatants were pipetted onto a black 96-well plate and 100 pl of the LuGal
substrate were added to each well. Luminescence was measured on a SpecraMax
series M plate reader. The signal from a control animal was subtracted from all the
samples. To normalise the data, the relative luminescent units (RLU) per well were

divided by the weight of the samples and converted to RLU/mg of tissue.

6.2.2.8 Statistical analysis

All data sets were analysed using either One-way or Two-way ANOVA, multiple
comparisons with the Bonferroni test on GrapPad Prism 7. Comparison between IC50
of GC37 and Lipofectamine was performed using an unpaired student t-test GrapPad

Prism 7.

6.3 Results
6.3.1 IC 50 of GC37 and Lipofectamine

A. B.
100+ 100-
~ 3 ~ $
S ¢ S
Nt N
z z :
T 501 'S 501
8 ®
> >
] [
Q Q
0' 0 T T 1
0 0.2 0.4 0.6 0.8 1 0.001 0.01 0.1 1
log (conc) mg ml ~! log (conc) mg ml !

Figure 6-1: Cytotoxicity of GC37 (A) and Lipofectamine (B) in U87 cells at different
concentrations after 24 h. The results are representative of three independent
experiments (n=3) Mean + S.D.
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Table 6-1: IC50 values for GC37 and Lipofectamine . GC37 is significantly less toxic
than Lipofectamine (*p < 0.05).

Treatment IC 50 (mg ml 1)
GC3r7* 3,41+0,14
Lipofectamine 0,36 £ 0,02

Cytotoxicity experiments in U87 cells were performed prior to the in vivo
administration of the nanocomplexes to determine the safe starting dose (Figure 6.1
A and B). GC37 as a polymer carrier was almost 10 times less toxic than the
lipofectamine used as a control in all transfection experiments. Project licence
guidelines advise on using not more than 1000 X the IC50 value of the carrier in
weight per ml for a starting dose in weight per kg body weight 3'%. In our case for
GC37 polymer with an IC 50 of 3,41 mg ml' the safe starting dose would be 68 mg,
while the starting dose for Lipofectamine would be 7.2 mg per mouse with an average
body weight of 20g. However, this requirement is limited by the solubility of the carrier.
GC37 with an IC50 of 3.41 was administered at 0.5 mg for the high dose
nanocomplexes and 0.25 mg for the low dose nanocomplexes respectively for the
subcutaneous study and 0.081 mg and 0.040 mg for the intranasal one.
Lipofectamine was administered at 16.6 ug and 8.3 ug for the high and low dose
lipoplexes for the subcutaneous study respectively. The intranasal administration of
Lipofectamine was performed at 0.0027 mg and 0.0013 mg. The dose was chosen
based on the characterisation data for the nanocomplexes, since it was established

that an increase in the amount of DNA used results in polyplex size increase.

6.3.2 Characterisation of low and high dose nhanocomplexes
6.3.2.1 Size and zeta potential

The high and low dose polyplexes together with the ternary polyplexes incorporating
hyaluronidase were characterised for their size and zeta potential prior to the in vivo
experiments. It is well described in literature that scaling up the DNA dose of

polyplexes for in vivo applications is limited by the increase in particle size 265.316-318
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Figure 6-2: Representative Intensity size plots of GCP, GCPH and naked 6-Gal DNA
. GC37/B-Gal nanocomplexes (GCP) with different amount of plasmid 3-Gal DNA, 6
ug ml-'— GCP1, 83 ugml-'— GCP2, 166 ug ml-' — GCP3) (A) and ternary complexes
with hyaluronidase containing 83 ug ml -" and 41.5 ug ml - B-Gal DNA ( and

) with 6.8 mg ml - and 3,4 mg ml -* hyaluronidase respectively (B), naked (-
Gal (C).

Table 6-2: Size, PDI and zeta potential of GCP, GCPH and DNA . The data is
representative of three independent measurements (Mean + S.D), n = 3

Polyplex Size (nm) PDI Zeta potential (mV)
GCP1 863 + 28 0.229 £ 0.033 +7%3
GCP2 482 + 36 0.113 £ 0.023 +9+4
GCP3 308 + 27 0.161 £ 0.021 +6+3

GCPH 2 534 + 71 0.464 £ 0.041 -84

526 + 14 0.578 £ 0.053 -10+2

140 + 31 (65%)
DNA 950 + 61 (23%) 0.589 + 0.077 26+5
20 + 9 (7%)
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Our data is in parallel with these findings where Figure 6-2 A shows an increase of
particle size with the increase in the concentration of plasmid DNA. The intensity size
distribution graphs show monomodal size distribution with low PDI regardless of the
amount of DNA used. No aggregation was present for any of the nanocomplexes.
Similarly, the ternary polyplexes with the enzyme, GCPH2 and GCPH3 gave a single
peak in the size distribution plots by intensity. The charge of the coated polyplexes
GCPH2 (- 8mV) and GCPH3 (-10mV, Table 6.1) were also comparable with the
charge of GCPH or the ternary complex prepared with 6 ug ml -' of B-Gal DNA for the
in vitro studies (-12mV, Figure 5.5 A). DNA on its own showed a multimodal size
distribution by intensity with three peaks with a high PDI and pronounced negative
charge (- 26mV, Figure 6-2 C and Table 6-2).

The characterisation data for the scaled-up formulation showed that the
hyaluronidase coating step of the polyplexes is reproducible regardless of the amount
of DNA used.

6.3.3 In vivo administration of low and high dose nanocomplexes

To assess the suitability of the GC37 carrier to deliver the reporter plasmid locally and
to compare its efficacy with naked DNA and Lipofectamine a subcutaneous route of
administration was chosen. Additionally, to investigate effects occurring away from
the injection site of the polyplexes and the ternary complexes an intranasal route of
administration was also explored. Table 6-3 shows the used dose kg-' for both the
intranasal and the subcutaneous study. The dose for the pilot and the main study

were kept the same.

Table 6-3: Details of formulations used in vivo for SC and IN pilot and main study

Number of
Dose B-Gal DNA (mg kg-1) animals
Administration route
High dose Low dose pilot Main
Subcutaneous (SC) 0.415 0.207 1 4
Intranasal (IN) 0.0675 0.034 1 4

165



Chapter 6l
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Figure 6-3: VIS images from pilot in vivo subcutaneous study with high and lose
dose nanocomplexes. Naked B-Gal DNA high dose - D1 (0.415 mg kg') and low dose
D2 (0.207 mg kg'' ) (A), Lipofectamine lipoplex with high dose B-Gal DNA - LF1 (0.415
mg kg') and Lipofectamine lipoplex with low dose B-Gal DNA - LF2
(0.207 mg kg')(B) and GC37 polyplex with high dose B-Gal DNA - GCP2
(0.415 mg kg'’) and GC37 polyplex with low dose B-Gal DNA - GCP3 (0.207 mg kg
) (C). Imaging was taken 48 h post subcutaneous administration of the treatments
and 15 mins after subcutaneous administration of the LuGal substrate for a 240 s
exposure time.

The pilot study included one animal per treatment low and high dose: naked B-Gal
DNA - D1 and D2, polyplexes GCP2 and GCP3, lipoplexes LF1 and LF2 and ternary
complexes GCPH2 and GCPH3. The study identified cross reactivity with the
combined LuGal substrate and hyaluronidase, which was later confirmed in an in vitro

assay (data not shown).

At an earlier time point or 24 h after subcutaneous administration of the treatment and
15 minutes post subcutaneous injection of the LuGal substrate no signal was detected
in any of animals. This led to a second round of substrate administration 48 h post
treatment with the nanocomplexes (Figure 6-3 A, B and C). Low dose

nanocomplexes appeared more effective than high dose nanocomplexes with GCP3

167



Chapter 61 Gene therapy in combination with an approach targeting the tumour microenvironment in Glioblastoma

and LF2 having almost the same radiance (1.727 x 105 and 2.832 x 10° p/sec/cm?/sr
respectively, Figure 6-3 B and C). Additionally, D2 appeared completely ineffective
to deliver the B-Gal gene upon subcutaneous administration, although surprisingly
high dose naked plasmid showed the highest signal among all the treatments in the
pilot. Interestingly, high dose GCP2 polyplexes showed almost no signal, unlike high
dose lipoplexes LF1, which doubled the amount of emitted light with twice as much
DNA when compared to the low dose lipoplexes. Particle size have been proven to
affect the uptake and cellular trafficking of both lipo - and polyplexes 319320 The
current study does not focus on investigating the physical characteristics of
lipofectamine and their effect on transfection potential and so it is unclear if the
increased amount of DNA in the lipoplex resulted in a larger particle size.
Interestingly, unlike the existing proven relationship for polyplex size, which increases
with an increase in DNA concentration, lipoplex size increase seem to be reported
only when more lipid is used for the preparation of the lipoplexes 321322 rather than
higher DNA concentrations. We can then speculate that the retained efficacy of the
high dose lipoplexes when compared to the high dose polyplexes is due to particle

size remaining unchanged. Further experiments are needed in order to confirm that.

6.3.3.2 Subcutaneous main study

Since the identified cross-reactivity with the LuGal substrate and hyaluronidase,
luciferase DNA (luc DNA) was used for the preparation of the ternary complexes
instead of B-Gal DNA. There was no signal detected for the animals treated with the
nanocomplexes prepared with luc DNA (GCP3 luc and GCPH3 luc) (Figure 6-4 A).
One potential explanation could be that the main study used a commercial B-Gal
plasmid for GCP3, D2, LF2 and an “in house” prepared luc DNA. It is clear that the
maximum signal for the pilot study (LF2) is much lower in magnitude compared to
(LF2) in the main study (Figure 6-3 B and Figure 6-4 A).

The analysis of the results showed there’s no difference between D2 (naked DNA)
and GCP3 as well as D2 and LF2 (Figure 6-4 B). These findings are not unusual
since naked DNA is used for subcutaneous delivery to stimulate immune response
and wound healing 323-3%6, | ocal administration of DNA directly to the organ or the
tumour has been proven successful, however low therapeutic efficacy has been
reported compared to formulated DNA due to the relatively fast degradation kinetics

of the naked plasmids 3?7,
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Figure 6-4: Representative IVIS image of animals ftreated with low dose
nanocomplexes after subcutaneous administration (dose of plasmid 0.207 mg kg '):
GCP3 (GC37 polyplex with B-Gal DNA), GCP3 Iluc (GC37 polyplex with luc-DNA),
LF2 (Lipofectamine lipoplex with B-Gal DNA), D2 (naked (B-Gal) and GCPH3 luc
(GC37 polyplex with luc-DNA coated with hyaluronidase). Images were analysed 48
h post administration of the treatments, 15 mins after LuGal and luciferin
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administration at 60 s exposure time (A) No significant difference for GCP3 and LF2
when compared to naked DNA (D2) (B). The results represent Mean + SD for four
animals per treatment (n=4)..No signal was detected for nanocomplexes prepared
with luciferase DNA (GCP3 luc and GCPH3 luc, A).

6.3.3.3 Intranasal pilot study

To investigate if the GC-based polyplexes can deliver the reporter plasmids to the
brain and to test if non-formulated DNA shows transfection potential away from the
administration site intranasal delivery of the nanocomplexes was also explored. By
contrast to the 48 h time point for the subcutaneous pilot study, the intranasal pilot
identified 24 h as optimum for analysis. Images were taken 15 minutes and 1 h after
intranasal delivery of the LuGal substrate. The 15 minutes time point resulted in an
enhanced signal in the nasal cavity (data not shown). The later time point allowed
more time for the substrate to reach to brain structures, hence it was the chosen time
point for the interpretation of the results after nasal administration of the

nanocomplexes. (Figure 6-5).
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Figure 6-5: VIS images from pilot in vivo intranasal study with high and low dose
nanocomplexes . Naked B-Gal DNA high dose - D1 (0.0675 mg kg') and low dose
D2 (0.034 mg kg ) (A) ,GC37 polyplex with high dose B-Gal DNA - GCP2 (0.0675
mg kg') and GC37 polyplex with low dose B-Gal DNA - GCP3 (0.034 mg kg), (B)
and Lipofectamine lipoplex with high dose B-Gal DNA - LF1 (0.0675 mg kg™') and
Lipofectamine lipoplex with low dose B-Gal DNA - LF2 (0.034 mg kg™'), (C). Imaging
was taken 24 h post subcutaneous administration of the treatments and 15 mins after
subcutaneous administration of the LuGal substrate for a 240 s exposure time.

By contrast to the subcutaneous study the high dose polyplex in the intranasal pilot
GCP3 appeared more effective at delivery B-Gal DNA than the low dose GCP2 since
no signal was detected for the mice treated with GCP2 and the measured radiance
was identical to the background signal (Figure 6.5 B). Both low and high dose naked
DNA (D1 and D2) showed weak signal in the nasal cavity (Figure 6.5 A). Interestingly,
expression of the B-Gal enzyme for LF1 treatment and not for LF2 appeared with a
different location than the nasal cavity, but with comparable intensity to the polyplexes
(Figure 6-5 C).

Since IVIS does not allow us to correlate protein expression with specific olfactory
bulb/ brain regions, downstream analysis was performed after brain dissection.
Protein expression and activity of p-Gal was quantified in tissue homogenates
prepared from olfactory bulbs, cortex and cerebellum of mice treated with the high
dose nanocomplexes (Figure 9-9, see Appendix). Protein expression from GCP2
nanoparticles occurred in the olfactory bulbs (7381.91 RLU/mg of tissue), Figure 9-9
A, see Appendix. Interestingly, protein expression from LF1 lipoplexes were almost
undetectable in the olfactory bulbs after 24h (0.23 RLU/mg of protein, but protein
expression was found in the cortex of the treated animal (228 RLU/mg of tissue,
Figure 9-9 B, see Appendix). This data is in accordance with the images taken with
IVIS (Figure 6-5) A very weak luminescent signal was identified after the
administration of naked B-Gal DNA in the olfactory bulbs and the cortex (0.16 and
0.18 RLU/mg of tissue respectively, which correlates with the IVIS data (Figure 6-5
A).
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Figure 6-6: IVIS images from pilot in vivo intranasal study of high (GCPH2) and low
dose (GCPH3) ternary complexes with hyaluronidase. Luc-DNA (0.0675 mg kg -" and
0.034 mg kg '), GC37 polyplex, high dose and low dose - GCP2 luc and GCP3 luc
(A), GC37 polyplexes, high and low dose coated with hyaluronidase - GCPH2 luc and
GCPH3 luc (B). Images were taken 24 h post intranasal administration of the
treatments and 1 h after intranasal administration of luciferin.
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In vivo transfection was detected for the ternary complexes GCPH2 luc and GCPH3
luc but not for the polyplexes GCP2 luc and GCP3 luc (Figure 6-6 A and B). Signal
localization from mice treated with the low dose GCPH3 luc ternary complex
appeared at various locations (Figure 6-6 B). Unfortunately, downstream analysis did

not show active B-Gal enzyme for any of the brain regions.

6.3.3.4 Intranasal main study

The main intranasal study with four animals per group showed background levels of
luminescence except for four animals which had higher levels of 3-Gal enzyme after
either D1 or GCP2 treatment in the olfactory bulbs and the cortex (Figure 6-7 A and
B). Additionally, one of the treated animals also showed some active p-Gal enzyme
in the cerebellum (Figure 6-7, C). Unfortunately, the main study did not yield any
conclusive results. A repeat of the experiment with higher dose may be considered,
since the dose might be the reason for the observed inconstancies, although a higher
DNA dose might result in an increase in particles size as discussed previously. During
the design of the in vivo experiments our goal was to keep the concentration of the
polyplexes the same for the in vivo administration (83 ug ml -' and 41.5 uyg ml -"). This
is because the generated characterisation data at these concentrations showed a
trend for a size increase with the increase of the concentration of the plasmid (Figure
6-2 A).
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Figure 6-7: 3-Gal activity assay of tissue homogenates from olfactory bulbs, cortex
and cerebellum after intranasal administration of high dose nanocomplexes in mice
(0.067 mg kg ' B-Gal). LF1, Lipofectamine lipoplex, GCP 2 (GC37 polyplex) and D1
(naked B-Gal DNA). The control group of animals was dosed with the LuGal substrate.
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6.4 Discussion

As a naturally derived polymer chitosan is often considered biocompatible by default.
Indeed, it is biodegradable in vivo by endogenous enzymes in the body such as
chitosanase and lysozyme to N-acetylglucosamine. The latter being a building block
of biomacromolecules such as glycoproteins, proteoglycans, glycosaminoglycans
(GAGs) and other components of the connective tissues®?¢. However, biocompatibility
has to be considered in ruupelation to the structural parameters of the polymer,

dosage form, the route of administration and the intended use 32°.

A positive relationship exists between elevated levels of cytotoxicity and increased
charge density along with decreased degree of deacetylation for chitosan carriers 3°.
Chitosan carriers in solution and chitosan-based nanoparticles are known to have
different behaviour due to their different conformation, so speculations for the
difference in cytotoxicity also exist, however literature data proves the opposite.
Unformulated chitosan in solution and chitosan nanoparticles are reported to possess
similar cytotoxicity 339331, Furthermore chitosan coating of alginate microspheres has
been reported to be non-toxic to Caco-2 cells in contrast to chitosan solutions, which
showed a dose-dependent cytotoxicity 332. The present study investigated the effect
of GC37 and Lipofectamine as carriers rather than formulations on the toxicity in U87

cells.

To conduct the in vivo experiments, we needed to determine a safe starting dose,
which is based on the cytotoxicity profile of the carriers and their IC50 values. 1C50
values for GC37 and Lipofectamine were determined in U87 cells. GC37 showed
significantly less toxic than Lipofectamine (IC 50 3.41mg ml -' and 0.36mg ml -
respectively, Figure 6-1 A and B and Table 6-1) Although it is proven that cytotoxicity
is cell type dependent 333 experiments in one cell line can give a rough estimation of
the cytotoxicity profile of the carriers. The starting dose was fixed, based on guidelines
outlined in the Home office project licence, the solubility of the carriers and the particle

size of the resulting polyplexes.

Size measurements showed an increase of particle size with an increase in the
amount of DNA used, an observation which has also been reported by others 265316~
318 Polyplexes with three different amounts of B-Gal DNA were prepared (GCP1,
GCP2 and GCP3 with 166 ug ml -1, 83 ug ml -' and 41,5 yg ml - with a resulting size
of the nanocomplexes of 863 + 28, 482 + 36 and 308 * 27 respectively in comparison

to GCP with 119 + 25 and 6 ug ml ', the latter being used in all in vitro testing, (Figure
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6-2 A and Table 6-2). GCP2 and GCP3 showed a monodisperse population of
particles as determined by DLS with PDI values of < 0.2 (Table 6-2 D). By contrast
unformulated B-Gal DNA was presented with high PDI (> 0.5) and three distinct peaks
as visible from the intensity size plot (Figure 6-2 C and Table 6-2). The low GCPH2
and high GCPH3 dose ternary complexes showed almost identical in size (532 + 71
and 526 + 14) with high PDI = 0.5 (Figure 6-2 B and Table 6-2). A slight positive
charge was measured for all nanocomplexes ranging from +4 mV to +9 mV except
for GCPH2 and GCPH3 which were negatively charged (Table 6-2)

Particle size is an important parameter to be considered for the delivery of
nanocomplexes where the target location and the route of administration define the
size requirements. Delivery to the lymph nodes to target the high number of residing
dendritic cells (DC) have been reported to be more effective with particles < 100nm
after a subcutaneous injection 334, Similarly the subcutaneous injection of PEGylated
liposomes resulted in an increased amount of particles of < 100 nm in the lymph
nodes than after an intravenous or intraperitoneal injections 33, Particles of up to 200
nm have been reported to reach the nasal mucosa, while larger ones (more than 500
nm) are likely to be phagocytosed by the respiratory macrophages 3%¢. Additionally if
tumour targeting is considered, generally a 200 nm particle size cut-off has been
identified as optimum to allow extravasation from the leaky tumour vasculature and
to benefit from the enhanced permeation and retention effect (EPR) for delivery to the

solid tumour upon systemic application 54,

Due to the large size of GCP1 nanocomplexes we chose to test the in vivo transfection
potential of GCP2 and GCP3 nanocomplexes using a subcutaneous and an
intranasal route of administration. The pilot subcutaneous study identified low dose
GCP3 nanocomplexes as the best delivery platform with luminescent signal levels
similar to LF2 lipoplexes (Figure 6-3 B and C). Additionally, cytotoxicity testing
identified GC37 as significantly less toxic than Lipofectamine in U87 cells (Figure 6-
1 and Table 6.1). Surprisingly, low dose naked 3-Gal DNA showed background levels
of luminescence in the pilot study but appeared with comparable signal intensity to
GCP3 in the main subcutaneous study (n=4), Figure 6-4 A and B. Statistical analysis
identified no significant differences between the mice treated with unformulated
plasmid and both GCP3 and LF2 (Figure 6-4 B). Triggering an immune response by
naked DNA using the classical routes of vaccine administration: subcutaneous,
intradermal and intramuscular is proven to be effective and well known as the DNA

vaccination approach 323-3%6_ |n fact the Journal of Gene Medicine reports on 17.7%
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of the 2000 clinical trials approved up to 2014 to be with naked DNA as the test
material 8. However it is worth mentioning that passive transport through the nuclear
pores would be only possible with nucleic acids of less than 300 bp 3%, so the need
for condensation by non-viral vectors or the presence of a nuclear import sequence

are crucial for the delivery of larger DNA molecules.

By contrast the intranasal pilot identified the larger nanoparticles or the high dose
polyplexes GCP2 as superior to the low dose ones GCP3 (Figure 6-5 B). A dose
independent response was visible for naked B-Gal DNA, where both D1 and D2
showed a weak signal in the area of the nasal cavity 24 h post treatment and 1 h after
administration of the substrate (Figure 6-5 A). LF1 and not LF2 showed the presence
of active enzyme further away from the administration site (Figure 6-5 C). The
downstream analysis of tissue homogenates from olfactory bulb, cortex and
cerebellum of animals treated with the high dose nanocomplexes showed a trend
similar to the IVIS data. GCP2 delivered the reporter plasmid to the olfactory
bulb/brain of the mice (7382 RLU/mg of tissue) (Figure 9-9 A, see Appendix), while
LF1 lipoplexes resulted in protein expression in the cortex (228 RLU/mg of tissue),
Figure 9-9 B, see Appendix. Samples from animals dosed with naked DNA showed
a weak luminescent signal in the olfactory bulbs and the cortex (0.16 and 0.18
RLU/mg of tissue respectively) Figure 9-9 A and B, see Appendix. The main
intranasal study with four animals per treatment did not result in any conclusive
findings. Olfactory bulb and cortex homogenates of four animals treated with D1 or
GCP2 nanocomplexes prepared on different days showed higher than baseline levels
of active B-Gal enzyme (Figure 6-7 A and B). Only one animal showed low levels of
luminescence in the cerebellum after treatment with naked p-Gal DNA. An experiment
with a dose increase of the plasmid, may provide us with more consistent results
since dose precision is difficult for nasal administration due to mucocilliary clearance
and the administered dose appeared insufficient to show reproducible results 33.
Additionally, a parallel experiment to the enzyme activity assay using X-Gal as a
substrate of B-Gal in brain sections may give us a precise indication of the brain

regions where protein expression occurs.

Ramos et al. report on the intranasal delivery of Mn?* incorporating chitosan
nanoparticles (MNPs) carrying a dsDNA coding for red fluorescent protein (RFP).
MNPs of 122 nm size were shown to deliver the reporter plasmid to olfactory bulbs,
striatum, hippocampus and cortex with the highest protein expression measured to

be in the striatum 33°.
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GCPH3 luc and GCP3 luc did not show any in vivo transfection in the main
subcutaneous study. There could be several reasons for that, which need to be
addressed with more experiments. In the main subcutaneous study, animals dosed
with the commercial B-Gal plasmid were simultaneously imaged with animals dosed
with the “in house” prepared luc DNA plasmid. The analysis of the pictures included
background luminescence elimination (caused by unspecific conversion of the
substrate) by adjusting the minimum radiance of the images of the treated animals. It
is possible this resulted in “masking” the weaker luminescent signal from the “in
house” prepared plasmid when compared to the commercial one. A weaker
luminescent signal was visible from the images of the pilot subcutaneous study with
the “in house” prepared B-Gal (max radiance 1.5 x 10 ° p/sec/cm?3/sr) when compared
to the main one with the commercial B-Gal DNA (max radiance 1.17 x 108
p/sec/cm3/sr, Figure 6-3 and Figure 6-4 A). When animals treated with
nanocomplexes prepared with luc DNA were imaged separately in the intranasal pilot
study, the low dose ternary complexes GCPH3 luc showed some promise as protein
expression appeared to be detected in different areas of the brain. However
downstream analysis of the brain regions did not show the presence of active p-Gal

enzyme in olfactory bulbs, cortex and cerebellum.

6.5 Conclusions

In conclusion we have successfully developed a potent gene delivery nanosystem

with a GC37 polymer, which is significantly less toxic than Lipofectamine (IC 50 of
GC37-3.41mg ml -', IC50 of Lipofectamine — 0.36 mg ml ', *p < 0.05) and has

comparable in vivo transfection efficiency. The full potential of the GC-based gene
delivery platform is yet to be discovered. Nevertheless, the work described here
proves that GC37 is an attractive candidate for polymer-mediated gene therapy. Our
findings raised more research questions and showed the need for fine tuning the
parameters governing transfection efficiency, which would reveal the full potential of

GC37 as a gene delivery vector.
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7 Limitations and future work

This work describes the synthesis and characterization of two classes of
biocompatible potential gene delivery platforms with GC or PEG backbones
functionalized with amine containing moieties. Additionally, it sheds light on important
parameters for both in vitro and in vivo transfection efficiency. It also describes a novel
approach to tackle the increased solid stress pressure of tumor by designing a three-
component system incorporating a nucleic acid, a polymer and an enzyme. However,
due to the complexity of polymer-mediated gene transfer and the ambitious objectives
of the project there are a number of research questions which remain to be
addressed. Certain limitations of the current work did not allow us to reveal the full
potential of our glycol chitosan-based gene carriers, but undoubtedly pointed out the

promise they hold.

Polymer—mediated gene transfer with pDNA includes three main events: entry of the
polyplex, endosomal escape and nuclear import. While the present work focused on
the correlation of a polymer/polyplex characteristic with transfection efficiency, a set
of different experiments are needed in order to decipher how these characteristics
affect the individual stages. This is crucial for the tailored design of polymer vectors.
To gain an insight into the intracellular trafficking of the polyplexes fluorescence
colocalization microscopy studies 34° could be used along with subcellular localization
studies. Moreover, subcellular fractionation in combination with quantitative PCR can
be used to estimate the number of copies of plasmid delivered to the nucleus 3.
Additionally, high resolution TEM can provide information on the unfolding and
dissociation of the carrier from the payload 34?343, To better understand the dynamics
of polyplex formation between different Mw GCs as a potential explanation for the
observed differences in their transfection efficiency a set of isothermal titration

calorimetry (ITC) experiments could be considered.

As mentioned previously our work describes also a strategy for the successful
assembly of an electrostatic complex between EA13GC37/3-Gal, GC37/3-Gal and
hyaluronidase to form EPH and GCPH ternary complexes. It also provides information
on the actual quantity of bound hydrolytic enzyme to GCP and EP polyplexes. A major
limitation presented in this work is the fact that the ternary complexes were only tested
for their transfection potential in 2 D cell cultures, while spheroids with extracellular

matrix components would be far more suitable testbeds.
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Due to the low toxicity and comparable to lipofectamine transfection efficiency GC37
polyplexes were also used in in vivo studies exploring two different administration
routes: a subcutaneous and an intranasal one. The main subcutaneous study with
four animals per group did not show significant differences between Lipofectamine/[3-
Gal DNA (LF2), GC37/B-Gal (GCP3) and naked B-Gal (D2) all at the same dose
(0.207 mg kg™ B-Gal DNA) with respect to reporter gene delivery as measured by
IVIS, 48 h post treatment. Local administration of naked DNA is proven effective and
used in DNA vaccination techniques. To test the potential of the nanocomplexes to
deliver the reporter gene to the brain and to compare their efficiency to that of naked
plasmid and Lipofectamine, an intranasal route of administration was also used. The
main intranasal study with four animals per group (0.067 mg kg -') with Lipofectamine/
B-Gal (LF1), GC37/p-Gal (GCP2) and naked 3-Gal DNA (D1) showed baseline levels
of bioluminescence after downstream analysis of olfactory bulbs, cortex and
cerebellum 24 h post treatment. Surprisingly lipoplexes did not result in any active 8-
Gal enzyme, while D1 and GCP2 both showed higher than baseline levels of active
B-Gal enzyme in the olfactory bulbs and cortex in four different animals. The
experiment raised questions regarding the suitability of the enzyme assay for this
application. An immunohistochemistry experiment with brain sections and X-Gal
substrate, which results in dark blue staining in the areas of B-Gal expression could
prove more robust as a technique for identifying brain regions to which the plasmid
was delivered. Additionally an antibody against B-Gal could be used as a double
staining analysis approach, which is a powerful tool for detection of transgene

expression 344,

Luciferin is most commonly used with an intraperitoneal injection, however a study
using different administration routes of luciferin such as intravenous, intraperitoneal
showed the highest bioluminescent levels in the nasal cavity and the lungs after
intranasal administration 345. The study, however, does not give any information about
luminescence in the brain after intranasal administration. Since luciferin is known to
cross the BBB either by simple diffusion or with the help of transporters 4¢ it would
have been interesting to do a parallel experiment with an intravenous injection and
compare it to intranasal administration. Intranasal administration has a few limitations
such as difficulties with dose precision due to mucocilliary clearance and different
anatomy of individual nasal cavities 33. This information would be useful when
coupled to an experiment with a dose increase since variability during nasal
administration could have completely undermined the effect of the nasally
administered nanocomplexes. Another limitation of the present work is related to the
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lack of experiments investigating glycol chitosan’s immunogenicity. The literature
data is confusing when it comes to chitosan’s immune stimulatory activity. Certainly,
the physicochemical characteristics: such as degree of deacetylation, molecular
weight, purity and viscosity are the ones that play a role, therefore full characterization
of the polymers is necessary. However, while some authors suggest that low
molecular weight chitosan (10kDa) is more immunogenic 3#7, other demonstrate the
greater efficacy of higher molecular weight chitosan (300 kDa)
as an immunostimulant 348. Moreover, the lack of information on the content of
endotoxin, heavy metals, nucleic acids could have an additional influence on the

immune response triggered by chitosan.

Finally, if the reporter gene in vivo studies showed promise therapeutic experiments
may be considered with both siRNA and pDNA. An immunotherapy approach may be
used for the delivery of a plasmid coding for IL-12. IL-12 is a cytokine which acts as
a molecular link between adaptive and innate immunity along with a stimulating
capability on the synthesis of IFN — y (Interferon y), which is a cytokine controlling
natural anticancer defence mechanisms 3#°. On the other hand siRNA silencing
experiments targeting survivin (an anti-apoptotic protein overexpressed in
glioblastomas 3° ) may be also employed. Survivin is present in around 83% of
primary glioblastomas and around 46% in secondary glioblastomas 3%'. Survivin
siRNA treatment via intracranial injection in rat orthotopic tumour models has shown
the inhibition of glioma growth in vivo 3%2. Alternatively, the use of siRNA against the
ubiquitin ligase ITCH may be also considered. ITCH controls p73 (a member of the
p53 transcription factors) levels by ubiquitination and subsequent targeting to the
proteasome for degradation. It has been already demonstrated that co-administration
of dendrimers carrying ITCH siRNA with suboptimal doses of gemcitabine in

pancreatic cancer xenograft models supressed fully tumour growth for 17 days 3%
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Figure 9-1: Low substitution EAGC variants, ('"H-"H COSY NMR of EA6GC37 and EA9GC21) (D-0) , the 2D spectrum shows the protons (2c),
which have the same correlations as protons (2).
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Figure 9-2: Medium substitution EAGC variants, ('"H-'"H COSY NMR of EA13GC37 and EA16GC21) (D20) , the 2D spectrum shows the protons

(2c), which have the same correlations as protons (2)
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Figure 9-3:'H-NMR — 3C DEPT NMR) of EA6GC37 and EA9GC21 The "3C spectrum is shown on the y axis, the carbons attached to the protons
shown on the x axis are marked with the same number, but with a | as superscript. On the y axis 7' &3g=[-CH-CH2>-NH>, ethyl amino group], 8
844=[-CH>-CH2>-NH>, ethyl amino group],2' 655 3=[-CH-(OH)-CH-(NH,)], ,2¢' 5¢1= [-CH-N-(CH»-CH.NH>), double ethyl amino substitution of 2',.
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Figure 9-4: '"H-NMR — 3C DEPT NMR) of EA13GC37 and EA16GC21 The "3C spectrum is shown on the y axis, the carbons attached to the
protons shown on the x axis are marked with the same number, but with a | as superscript. On the y axis 7' 53s=[-CH2-CH>-NH>, ethyl amino
group], 8' 644=[-CH>-CH2-NH.,, ethyl amino group],2' &ss3=[-CH-(OH)-CH-(NH,)], ,2¢' d¢1= [-CH-N-(CH»>-CH2NH>)2, double ethyl amino substitution
of 2.
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Figure 9-5:LS and dRI spectra of EA24GC21 . The shoulder peak is visible after
immediate addition of the running buffer to the sample and analysis (A) the intensity
of the shoulder peak in the light scattering is increasing (B) after the sample is left
incubating in the running buffer overnight.
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Figure 9-6: Temperature dependent downfield shift of the "H-'"H NMR spectrum of GC37 at pH < 2
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complexation: 2h RT
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Figure 9-7 Gel retardation assay with different mass ratios BS PEG (5) bis spermidine and
SiRNA
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Figure 9-8: Background luminesce after dosing LuGal substarte subcutaneously
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Figure 9-9: B-Gal activity in tissue brain homogenates from olfactory bulb (A), cortex (B) and
cerebellum (C) . GCP 2 results in high levels of active 3-Gal enzyme in the olfactory bulb/brain
(7382 RLU/mgq of tissue) and low levels in the cerebellum (0.02 RLU/mg of tissue) and the
cortex (0.05 RLU/mg of tissue). LF1 delivers B-Gal DNA predominantly to the cortex (228
RLU/mg of tissue) and olfactory bulb (0.23 RLU/mg of tissue) and very low levels in the
cerebellum (0.04 RLU/mg of tissue). D1 showed almost not detectable levels of active enzyme

in any of the organs.
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Figure 9-10: Z-stack of polyplex showing the polyplex (in green) is still outside the cell after 4
h treatment time.
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Figure 9-11: Z stack of Lipofectamine/B-Gal DNA confirming lipofectamine delivered B-Gal to
the nucleus of U87 cells 4 h after treatment. The nucleus is stained in blue, while the (-Gal
DNA (green). Colocalization (cyan) is visible in the nucleus in all optical sections.
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Figure 9-12: Representative TEM images of BS PEG (5) bis spermidine and 3-Gal DNA at 30
to 1 (A) and 60 to 1 (B) mass ratios.
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Figure 9-13: Gel retardation assay of all EAGC variants at a 1 to 1 and 1 to 5 polymer to DNA
ratio. Release of DNA is present for all polyplexes represented by a band corresponding to the
one in lane 1, which is plasmid DNA alone.
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