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Abstract

Chemical insecticides are a typical tool used by growers to control pest insect species, such as
the invasive fruit fly Drosophila suzukii. However, the rise of resistance to common chemical
pesticides and widespread concerns of eco-toxicity has led to an increasing demand for

biological alternatives with new modes-of-action and improved biosafety profiles.

RNA interference, discovered in 1998 by Fire and Mello et al., can be exploited as a species-
specific method of pest control. The application of exogenous double-stranded RNA to cells
can induce the degradation of pre-determined mRNA transcripts, which can result in enhanced

mortality of an insect pest if specific transcripts are targeted.

Induction of systemic RNAIi can be generated in select insect species through oral
administration of dsSRNA. However, many insect species such as dipterans or lepidopterans
are recalcitrant to RNAI through oral feeding of dsRNA. This is due to degradation of the
orally delivered dsRNA by RNases in the haemolymph, saliva and intestines of the insect, or
within the environment prior to ingestion. Drosophila in particular show low cellular uptake
of dsRNA, due to the lack the SID-1-like transporter protein that ordinarily provides a faster

cellular uptake pathway in comparison to endocytosis.

Polymeric delivery vehicles can therefore be developed to protect dsRNA against enzymatic
degradation, and to enhance cellular uptake to induce insect mortality and thus pest
management through RNAi-based control. This thesis describes the design, synthesis,
characterisation, and ex vivo, in vitro and in vivo biological assessment of novel block
copolymers, to act as protective vehicles for dsSRNA for species-specific bio-insecticidal

activity in Drosophila suzukii.
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Figure 2.2. Reversible addition-fragmentation transfer mechanism. Initiator-derived chains are
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of R-derived chains (IV) before the reaction reaches an equilibrium between dormant and
active species (V). The combination of radicals will leave to termination (\V1). Figure created
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Figure 2.3. Examples of Z groups that achieve good control over polymer synthesis for certain
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monomers. Abbreviations: MMA — methyl methacrylate, HPMAM — N-(2-hydroxypropyl)
methacrylamide, St — styrene, DMAmM — N,N-dimethylacrylamide, VAc — vinyl acetate, NVP
— N-vinylpyrrolidone. Reproduced from Ref. 221, with permission from the Royal Society of
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Abbreviations;  MMA - methyl methacrylate, HPMAM - N-(2-hydroxypropyl)
methacrylamide, St — styrene, DMAmM — N,N-dimethylacrylamide, VAc — vinyl acetate, NVP
— N-vinylpyrrolidone. Reproduced from Ref. 221, with permission from the Royal Society of
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Figure 2.5. Examples of macro-R groups for block copolymer synthesis. The polymer blocks
on the left hand side have better homolytic leaving group ability. For example, a methyl
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— methyl methacrylate, HPMAM — N-(2-hydroxypropyl) methacrylamide, St — styrene,
DMAmM — N,N-dimethylacrylamide, NVC — N-vinylcarbazole, VAc — vinyl acetate, NVP — N-
vinylpyrrolidone. Reproduced from Ref. 221, with permission from the Royal Society of
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Figure 3.3. Reaction scheme of RAFT polymerisation of the (A) PQDMAEMA macro-CTA
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Chapter 1. Introduction and review of

recent literature

The chapter is partly based on the review published in Frontiers in Agronomy under the title,
‘Recent Advances in Engineered Nanoparticles for RNAi-Mediated Crop Protection Against

Insect Pests’, 10.3389/fagro.2021.652981.

This first chapter introduces the background of the pest insect species of focus, the current
insect control landscape and the need for novel insecticides, the RNA interference mechanism
and barriers to delivery, a review of the recent literature on engineered nanoparticles for
RNAi-mediated crop protection (in which target insects other than Drosophila suzukii will be

considered) and the motivation behind the research in this thesis.

1.1 Drosophila suzukii: Pest insect species

The Asian vinegar fly, spotted-wing Drosophila (also known as Drosophila suzukii, first
described by Matsumura in 1931%), is an invasive pest species that is native to South-East
Asia. D. suzukii can be easily identified from their close relative Drosophila melanogaster by
the distinctive dark spots on the wings of the males and the large, serrated ovipositor of the

females (see Figure 1.1).


https://doi.org/10.3389/fagro.2021.652981

Figure 1.1. Light microscopy image of two male Drosophila suzukii adults (top), with the distinctive
dark spots on the leading edge of their wings shown by dark blue circles. Two female D. suzukii adults
are in the bottom half of the image, with their unique serrated ovipositors highlighted by light blue

circles. The right-hand D. suzukii female has an egg attached to her ovipositor.

1.1.1 Biology and ecology
Drosophila suzukii are part of the melanogaster species group of the subgenus Sophophora,
and of the Drosophilidae family of the order Diptera.?® Female D. suzukii can lay up to 21
eggs per day, with each female laying approximately 200 eggs throughout her lifetime.*® D.
suzukii eggs will hatch after 1 — 3 days and go through three larval instar stages over the next
3 — 13 days. The larvae then pupate, undergo metamorphosis and eclose as adult flies to live

for around 60 days, Figure 1.2.2°

Figure 1.2. Light microscopy images of D. suzukii 3" instar larvae (A) feeding on the standard diet as

used in this research, D. suzukii pupae in their early stages, whilst forming the sclerotized pupal case

(B) and D. suzukii pupae in a late stage, prior to adult eclosion (C).

2



D. suzukii are extremely sensitive to temperature, and their oviposition, mating and longevity
are affected by the temperature of the surrounding environment. For example, Tochen et al.
found that the development of D. suzukii from eggs through to adults could range from ~ 29

days at 14 °C, to ~ 11 days at 26 °C.°

The closely related species, Drosophila melanogaster, oviposit their eggs in overripe,
fermenting fruit, and as such, are not characterised as a pest species.” In contrast, D. suzukii
oviposit in ripening and fully ripe soft and stone fruits. They favour oviposition in fruits such
as cherries, blueberries, blackberries, raspberries and other soft and stone fruits, at their peak
ripeness or just prior. Their serrated ovipositors (as highlighted in Figure 1.1) are able to pierce
the skin of these soft fruits, laying their eggs within the internal fruit tissues. As the larvae
develop through each instar, their feeding causes the collapse of the fruit tissue and severe
damage to the crop. Third instar larvae make their way to the surface of the fruit, typically

pupating outside of the skin.

The impact of D. suzukii on crop fruits is therefore two-fold. Directly, the internal oviposition
and larval feeding cause fruit tissue collapse. Following oviposition, there is the indirect
impact of exposing the fruit to attack from external pathogens and other drosophilid species

through the damage made by the ovipositor of the female D. suzukii.*

1.1.2 Economic impact
The two-fold crop damage caused by D. suzukii is a huge cause for concern for growers in
areas where the pest insect is prevalent. D. suzukii, over the last couple of decades, has become
a global economic pest, causing significant crop damage leading to large revenue losses for

growers.



The first reports of D. suzukii date back to 1931 in Japan, followed by a spread to China in
1949. The flies can now be found in at least 22 of China’s provinces. In Japan and China, D.
suzukii target sweet cherries, blueberries and wax myrtle fruits. The rapid global spread of D.
suzukii began in earnest after the fruit flies were detected in California in 2008. Goodhue et
al. have estimated the revenue losses in California, due to the infestation as 37 and 20% for
raspberries and strawberries, respectively.® As D. suzukii spread across North America, crops
of blueberries, raspberries, blackberries and cherries, were affected. The reported total revenue
loss in the states of California, Oregon and Washington combined (due to crop losses of

strawberries, blueberries, raspberries, blackberries and cherries in 2008) was $2.6 billion.%*°

Following the spread across North America, Europe followed suit with an invasion of D.
suzukii that began initially in the south of Europe, detected in Spain and Italy in 2008. From
2008 to 2014, D. suzukii spread to France, then the UK, Poland and across the rest of Eastern
Europe. An assessment by De Ros et al. of the economic impact of D. suzukii on Trentino in

Italy, suggested a total revenue loss of over €3 million in 2011112

1.2 Chemical, biological and management controls
To mitigate against the mass infestation of D. suzukii and subsequent destruction of crops, a
variety of different control measures have been trialled. These include physical crop

management, biological controls and chemical insecticides.

Growers of susceptible crops need to employ a variety of management strategies as part of an
integrated pest management (IPM) framework. For example, the use of high tunnels (tunnels
covered with plastic or netting) to cover berries has been shown to significantly reduce the
infestation of D. suzukii. Berries covered by a plastic high tunnel, untreated with insecticide,
incurred a mean infestation of just 2%, in comparison to the open plots, treated and untreated

by insecticide, that had 60% and 81% infested berries, respectively.!®* Other important



strategies include the prompt removal of infested and overripe fruit, and careful control of
harvest intervals to reduce the amount of infestation. Growers are requested to monitor D.
suzukii populations with traps set with apple cider vinegar, fruit purees, or yeast/sugar

solutions, to keep track of the spread of the pest insects.

Biological control, exploiting the use of natural predators, is another method of pest insect
management that can be utilised to control populations as part of an IPM strategy.
Hymenopteran parasitoid wasps are known to be able to regulate Drosophila populations. The
parasitic wasps attack Drosophila at either the larval or pupal stage, by delivering their eggs
into the larvae (or through the pupal case) via their needle-like ovipositor.X* The wasp larvae
then develop within the larvae/pupae, at the expense of the Drosophila. However, Drosophila
have developed their own methods to resist parasitoids, by encapsulating the parasitic eggs
and preventing their further development. In turn, some parasitoid wasp species have evolved
a strategy to produce virus-like particles to prevent encapsulation by the Drosophila.**** When
selecting a biological predator, it is important for the predator be specific to the host, and be
efficacious in their population control of the host species. Recent work by Haussling et al. has
found a significant preference of the parasitoid species Trichopria drosophilae for D. suzukii
pupae specifically, indicating that it could be a promising candidate for controlling D. suzukii

within a wider IPM framework.®

In terms of chemical control, there are a selection of insecticides that are effective and
commonly used to manage populations of D. suzukii. These include organophosphates,
neonicotinoids, spinosyns and pyrethroids.*%1® However, the high reproduction rate of D.
suzukii means that the species is able to quickly develop resistance to insecticides. This is
particularly problematic for organic growers, who are already limited to a smaller pool of
chemical control options. Spinosad (a naturally occurring substance made by soil bacterium)
is a well-known organic bio-insecticide, but some resistance has already been shown by D.
suzukii.!” It therefore remains critical for growers to operate a rotation of control chemicals to
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prolong their effectiveness. Additionally, it is important for growers to carefully consider the
timing of insecticide spraying. This is particularly relevant for growers of bee-pollinated
crops, as they need to ensure that bees are removed before insecticide application so that they
will not be harmed, whilst they must spray crops early enough in order to protect them from

infestation of D. suzukii that will attack the ripening fruit.

The need for bio-insecticides with novel modes-of-action is clear, due to the susceptibility of
D. suzukii to developing resistance to chemical insecticides, and the off-target effects of these

insecticides on beneficial species such as pollinators.®

1.3 The urgent need for pesticides with novel modes-of-action

The world population is increasing rapidly, and food supply must equally rise to meet demand.
It has been estimated, however, that ~18% of total crop production is destroyed by insect
pests, with wheat and cotton hit the hardest with losses of up to 50 and 80%, respectively. This
induces a financial penalty, with the global crop loss due to insect pests valued at an estimated
US$470 billion.>?2 As described in the previous section, the effectiveness of synthetic
chemical pesticides introduced since the 1940s is continually being undermined by the
appearance of resistant insect populations. Indeed, incidences of resistance to one or more
synthetic pesticide has been reported for over 586 arthropod species, with the Arthropod
Pesticide Resistance Database?® actively growing at an alarming rate.?*2® Consequently,
growers are increasingly relying on IPM programmes in order to prolong the effectiveness of
their arsenal of chemical pesticides.?X Moreover, the lack of specificity of pesticides is a
critical issue, with increasing reports of the detrimental impacts of these chemicals on
beneficial pollinator species, predators, and other animals, occurring through bioaccumulation
or leaching into the environment.?’-2° Thus, a variety of biological-based insecticides, such as
the bacterial toxins of Bacillus thuringiensis (Bt) and Saccharopolyspora spinosa, have been

developed as alternatives to synthetic chemical pesticides. These have modes-of-action quite



distinct from the traditional synthetic chemicals, and whilst this minimises the risk of cross-
resistance, field resistance has been widely reported for both biologicals.?**34 Thus, RNA

interference offers a promising, alternative solution.

Since the discovery of RNA interference (RNAI) in the nematode worm Caenorhabditis
elegans in 1998 by Fire and Mello et al., strides have been made in exploiting RNAIi for
therapeutic applications, and more recently, for highly selective insect pest control. The
mechanism of RNAI is described in the following section. Although triggering mRNA
degradation in insects through RNAI offers significant opportunities in crop protection, the
application of exogenous dsRNA is often ineffective in eliciting an RNAI response that results
in pest lethality. The evolution of resistance of pest insect species to RNAi-based formulations
also needs to be considered appropriately when developing delivery vectors (vehicles that are
capable of carrying and protecting dsRNA). Introducing a large selection pressure could lead
to mutations causing changes to core RNAi machinery.**=8 For example, a population of
western corn rootworm, Diabrotica virgifera virgifera, with resistance to DvSnf7 dsRNA
showed cross-resistance to other dsRNAs.* Future research must focus on specific
management strategies to slow the development of this resistance, particularly in species that

are already refractory to RNAI.

In this context, RNAI offers a promising solution capable of generating biological insecticides
with high selectivity toward target pest species. Triggering RNAI is a well-controlled
approach that can target pest-specific transcripts and prevent specific protein production with

low risk of off-target toxicity.**4



1.4 RNA interference

RNAI was first discovered in animals by Fire and Mello et al. in 1998 and has since been

widely adopted in the post-genomic era for functional gene analysis.* RNAI (Figure 1.3) is

induced when exogenous double-stranded RNA (dsRNA) is internalised by cells and is

cleaved by cytoplasmic ribonuclease Il enzyme (Dicer-2) into 21-25 nucleotide-long
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Figure 1.3. Schematic of the RNA interference (RNAI)

mechanism within a cell. The exogenously supplied

double-stranded RNA (dsRNA) enters the cell
cytoplasm, where the enzyme, Dicer-2, cleaves the
dsRNA into short-interfering RNA (siRNA) duplexes.
The siRNA binds to the RNA-induced silencing complex
(RISC), with the antisense (guide) strand maintained.
The guide strand is used to locate complimentary
messenger-RNA (mRNA), which is cleaved by RISC

upon recognition.

duplexes called short-interfering RNA
(siRNA), which bind to the RNA-
induced silencing complex (RISC).
Proteins of the complex unwind the
loaded duplex into its sense (passenger)
and antisense (guide) strands. The
passenger strand is degraded, whilst the
locate the

guide is used to

complimentary messenger-RNA
(mRNA) sequence. Upon recognition,
the mRNA is cleaved by the RISC,
leaving the fragments to be
subsequently degraded by cytoplasmic
nucleases. The degradation of the
MRNA and failure to translate to protein
thus results in sequence-specific effects.

Within the field of insect control,

exogenously supplied dsRNA can result

in insect mortality if the target protein has an essential function. The likelihood of mortality is

significantly increased if the RNAI response is systemic via the transportation of the RNAI

signal throughout the insect’s body. However, not all insect species generate systemic RNAI



responses to exogenously applied dsSRNA. The reason for species differences in the spreading

of RNAI between insect tissues is not fully understood.**4

The exploitation of RNAI for crop pest control requires efficient uptake of exogenously
supplied dsRNA by the target insect. Various strategies have been employed in research
environments to administer the nucleic acid to crop pest insects, ranging from direct
microinjection to the in planta expression of dsSRNA. The microinjection or soaking of the
insect in a solution of dsSRNA have often been shown to be more effective in comparison to
topical application and oral administration.®>%¢-%0 However, there are some examples of the
successful application of exogenous dsRNA by topical or oral administration in certain insect
species.*®51-%° Use of dsRNA as an insecticide for crop protection requires deposition by foliar
or soil spraying, followed by uptake either by contact with the insect’s cuticle or by ingestion

by the feeding insect.*5:5657

1.5 Barriers to RNA-mediated pest control

The failure to elicit a strong RNAI response by feeding or topical application of naked dsSRNA
in some insect species, despite success when administered by microinjection, highlights
limitations in developing dsRNA as a general pest control solution.®®*® The ineffective
induction of RNAI by environmental, naked dsRNA is often due to its degradation.>®- There

are several possible barriers to an effective insect response, as summarised in Figure 1.4.
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Figure 1.4. Pathway for the delivery of exogenous, naked RNA to insect gut cells via foliar or soil application and

oral feeding of the insect. The barriers to efficient delivery include metabolic instability in the gut lumen,

inefficient uptake by gut epithelial cells and poor release of dSRNA from endosomes.

The most likely option for delivery of a formulated dsSRNA-based insecticide is through
sprayed deposition onto the crop followed by ingestion by the insect pest. Thus, it is paramount
to take into account the requirements of the method of application in designing a delivery
solution for the dsRNA, in particular, the following considerations for successful pest control:

i.  Prior to application, the insecticide must be designed as a dispersion with a
homogenous distribution of dsRNA. Thus, dsSRNA vectors (or carriers) must retain
their colloidal stability throughout the various stages of the application, from the
storage in the formulated pesticide, the dilution in water upon application, the
spraying in the field, the deposition and drying on the crop and finally, during
transport through the digestive tract of the insect and cellular uptake. In addition, the
vectors should have low off-target toxicity.

ii.  Upon application of the formulation, the nucleic acid must survive deposition onto
leaves or soil by withstanding harsh physical conditions and environmental
biodegradation. Exogenously applied dsRNA can be fully degraded in soil and aquatic
environments in less than 3 days by microbial-produced RNases.?%546768 |n particular,
RNA, due to the additional hydroxyl group in the 2’ position of the pentose ring, is
more susceptible to degradation by hydrolysis than DNA.®°

iii.  Following ingestion by the insect, the dSRNA must survive attack by enzymatic
nucleases and pH changes within the intestinal gut lumen before cellular
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internalisation by first traversing the inert peritrophic matrix that lines the gut and
then the midgut epithelial cell membrane. The means of cellular uptake from the gut
lumen appear to vary between species and might involve one or more mechanism,
such as passive transport via a transmembrane protein, pinocytosis or receptor-
mediated endocytosis.®>® It has been reported that the size limit for non-specific
uptake into cells is 150 nm, thus size is critical for efficient transfection.®®

iv.  If internalised by endocytosis, the dSRNA must escape the endosomal compartment
prior to lysosomal degradation’®’ before dsRNA may at last take part in the RNAI

mechanism.

1.6 Variability in RNAI efficiency of exogenous dsRNA

The species variability in the efficacy of exogenous dsRNA to elicit RNAIi is well-
documented.%566.7273 |nsects of the order Coleoptera, e.g., the red flour beetle Tribolium
castaneum, respond efficiently to both microinjection and oral feeding of dsSRNA. In contrast,
many lepidopteran and dipteran species only respond to naked dsRNA through
microinjection.*®517274 The life stage of the insect and the experimental protocol used have
also been observed to influence RNAI efficiency. Why there are these differences between
species and during different stages of the life-cycle is not fully understood, but some

contributing factors have been identified.36-37:4547.59.59,62,65,75-78

The degradation of dsSRNA by RNases within the intestinal gut lumen, saliva or haemolymph
of the insect species will reduce RNA. efficiency. Increased RNase activity at a particular life
stage or differences in the chemical environment (e.g. gut pH) can explain some of the
variability seen in the RNAI responses of insects. Lepidopterans, in particular, can be
refractory to RNAI via both microinjection and feeding with recent research by Singh et al.
showing the reduced processing of dsRNA to siRNA within this insect order.5-%2 The up56

gene, encoding for an additional RNAI efficiency-related nuclease (REase), could be
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responsible for the decrease in RNA. efficiency.” In addition, ineffective endosomal escape
within cells has also been suggested to contribute to lower RNAI efficiency in

Lepidoptera.5..7980

An in-depth discussion of the factors that contribute to varying RNAI efficiency in different
insect species can be found in several recent review articles (Cooper et al., Scott et al.,
Terenius et al. and Liu et al.) that also recommend strategies, such as the use of nanocarriers

for the delivery and uptake of dsRNA, to improve the RNAIi response for insect pest

control 35,47,65,72,81,82

1.7 Novel methods of delivery

The exciting potential of exogenous dsRNA to provide a new generation of highly selective
insect control agents has focused attention in the last 10 years on the development of delivery
systems to counter the physical and metabolic instability of the nucleic acid in the field, which
can result in the complete degradation of dsRNA within days.5%* In the last decade, many
novel nanoparticle delivery vehicles (also known as vectors or carriers) for dSRNA have been
developed, including self-assembled block and branched copolymer nanoparticles,

dendrimers, inorganic nanoparticles, and natural product-based nanoparticles, see Figure 1.5.
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Figure 1.5. Schematic overview of the recent advances in engineered nanoparticles for RNA-mediated

crop protection strategies.

The majority of dsRNA delivery solutions utilise the electrostatic interaction between the
anionic phosphate backbone of dsRNA and some cationic character expressed on the
nanoparticle vector to assemble a system capable of protecting and transporting the dsRNA.

Further details of these systems are discussed in the following sections.

1.7.1 Synthetic polymeric delivery vectors
Synthetic polymeric delivery vectors often require well-defined polymer chains with precise
molecular weight, narrow molar mass dispersity (D) and defined (co)polymer architecture
(e.g., homo, block, star, or graft polymers). They are also tolerant to chemical functionalities,
enabling the polymerisation of functional monomers without the need for protecting groups.®
These highly desirable credentials have enabled not only the precise engineering of functional
polymeric vectors, but also the ability to conduct highly systematic studies of the influence of
the polymer construct on delivery efficiency. Hence, polymeric delivery vehicles have been

designed, synthesised and investigated in this thesis.
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1.7.1.1 Linear homopolymers
The simplest polymeric architectures used for the delivery of dsRNA are linear
homopolymers, such as poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA),
poly(ethylene imine) (PEI), and poly(L-lysine) (PLL).82° These polymers only comprise of
one monomer, which incorporates amine groups within the polymer chain backbone or on
pendant groups which are positively charged below their pKa (e.g., 7.4-7.8 for PDMAEMA®,
8.2 — 9.5 for PEI®Y92 and 9 — 11 for PLL®). This cationic character facilitates complexation
with the anionic dsRNA phosphate backbone, through electrostatic attraction of the two
macromolecules, a process that is entropically favourable due to the release of counterions.®-

8 The resulting complexes are often referred to as polyplexes.

PDMAEMA and PEI have often been selected as gene transfection agents due to their ‘proton
sponge’ capabilities for endosomal escape. Bus et al. describe the different strategies of
endosomal escape for polycation/nucleic acid polyplexes in detail.* In brief, there are three

current theories of endosomal escape:

— ‘Proton sponge’ effect. The effect by which buffering polycations, such as PEI or
PDMAEMA, become protonated within the acidifying late endosomes (pH ~ 5). This
leads to an influx of chloride ions and thus an osmotic imbalance, inducing the influx
of water into the endosome. The endosome swells, causing membrane tension and
eventually rupture, releasing the polyplex cargo. Whilst there is evidence to suggest
that the proton sponge effect plays a significant role in endosomal escape, other
experimental evidence is contradictory and thus the debate is still open as to what role

it plays in the gene delivery process.%%

— Polyplex-mediated membrane disruption. This theory suggests that rather than full

endosomal membrane rupture, a minor membrane disruption occurs instead. This is
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mediated by a positive overall charge of the polyplexes, causing membrane disruption
(which can also lead to cell lysis and death). The nanoscale holes formed in the

membrane allows the release of polyplexes into the cytoplasm,®499-102

— Polymer-mediated membrane disruption. The third theory is similar to the above
polyplex-mediated theory, in that the endosome membrane remains mainly intact
throughout the process of escape. However, this theory suggests that free polymer
(decomplexed from the nucleic acid) is able to intercalate within the membrane,
inducing membrane permeability (or nano-hole formation) to allow the nucleic acid
and/or polyplex to escape. This strategy relies on the ability of the polymer to freely
complex and decomplex from the nucleic acid in order to intercalate into the

membrane.94,101,103—106

PEI and PDMAEMA homopolymer delivery vehicles are often found to have low cellular
internalisation efficiency and can be highly toxic to mammalian and insect cells.®>%7 This
cytotoxicity is likely a result of polymer interaction with the cell membrane, leading to pore
formation and cell death.®1'! These factors mean that linear homopolymers are not the most
effective vehicle for the delivery of dSRNA, which is unfortunate given their low cost. Thus,
to address these issues, many other, more complex polymeric architectures and functional
groups have been designed to enhance dsRNA stability and efficiency of cellular uptake,
whilst reducing cytotoxicity. For example, chain extension with additional monomers to form
diblock or triblock copolymers, or a change of architecture to form star-shaped polymers, have
been investigated to synthesise novel vehicles for more efficient delivery of dsRNA to a

variety of insect species.®*112-116

Variation in molecular weight, charge density, pKa, and ionic strength, which can be achieved
by simply altering the chemistry of the polymeric vectors, have also been considered in order
to overcome the aforementioned issues, with varying degrees of success. %7121 For example,
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whilst higher molecular weight homopolymers complexed with dsRNA (or DNA) exhibit
greater transfection efficiency, the cytotoxicity of the polyplexes increases with the increase
in molecular weight.'?! In the next sections, recent advances in the development and

application of these various architectures are described, as summarised in Table 1.1.

Table 1.1. Polymeric delivery vehicles for RNA-mediated crop protection from the last 10 years that

conducted in vitro or in vivo assay with the resulting polyplexes.

Insect/plant

Nanoparticle Target . e
P g . species or cell RNA.I efficiency Ref.
type transcripts
type
SfV-ATP Spodoptera 80 % knockd 114
-ATPase >80 % knockdown
Guanidinium- frugiperda
functionalised
polymers AgCHSB Spodoptera exigua 53 % mortality 115
Tobacco BY-2 ) )
CPNs NtCesA-1 >76 % transcript reduction 112
protoplasts
PAMAM ) Knockdown at higher
) TCTP Bombyx mori cells ) 122
dendrimer PAMAM concentrations
Hemocytin Drosophila S2 cells | 95.4 % transcript reduction 123
) ) Larvae body length reduced
Decapentaplegic Drosophila 124
by 35 %
PAMAM ] o ) mRNA level reduced by 51
. . Serpin-3 Ostrinia furnacalis 125
dendrimer with %
fluorescent PDI Arabidopsis STM and WER mRNA level
STM and WER ) 126
core thaliana reduced by 84 % and 87 %
Reduced body weight, size
CHT10 O. furnacalis of larvae and CHT10 127
MRNA level
Mtpol and a-tub expression
levels reduced by 89 % and
PAMAM-CNT Mtpol and a-tub T. castaneum 128

99.5 %, respectively, 72 h

after microinjection
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1.7.1.2 Branched polymers
More complex polymer architectures, such as branched polymers, have been investigated with

the aim of improving transfection and RNA. efficiency, whilst reducing cytotoxicity levels.

Synatschke et al. used atom transfer radical polymerisation (ATRP) to highlight the difference
between linear PDMAEMA and 3- and 5-arm PDMAEMA star-shaped equivalents in terms
of their cytotoxicity and transfection efficiency in mammalian cells. Linear, 3- and 5-arm
polymers were prepared with dispersity (D) ranging from 1.09 to 1.80. In this study, it was
evident that as the complexity of branching increased (i.e. number of arms), the cytotoxicity
decreased as a result of the majority of the complexing nitrogen atoms being contained within
the dense core of the star-shaped polymer. Consequently, interaction of the more branched
polymers with membrane phospholipids, and thus destabilisation of cell membranes, is
reduced. Transfection efficiency was comparable between the linear and star-shaped
polymers, however a higher amount of polymer was required to fully stabilise the DNA in the

case of the 3- and 5-arm polymers, as fewer nitrogen complexing moieties were available.!!!

Whitfield et al. also compared linear and star-shaped polymers, instead using poly(2-
(dimethylamino)ethyl acrylate) (PDMAEA) to investigate the protection afforded to dsRNA.
The aim of their work was to mitigate environmental biodegradation of dsRNA in soil . For
this purpose, linear and 4-arm star-shaped PDMAEA were synthesised by ATRP with -
values of 1.18 and 1.14, respectively.®* The complexed dsRNA was more persistent in living
soil, delaying metabolic degradation by an additional 7 and 14 days with linear and star-shaped
PDMAEA, respectively. Molecular dynamics simulations indicated a stronger binding
between star-shaped PDMAEA and DNA, with more compact polyplexes formed due to the
efficient bending around the DNA. The reduced surface area of the more compact star-shaped
PDMAEA polyplexes limits contact of the nucleic acid with degrading nucleases, hence
enhanced protection and slower release of dsSRNA. In a different study, linear and 4-arm star-
shaped PDMAEA were synthesised by reversible addition-fragmentation transfer (RAFT)
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polymerisation, with B of 1.14-1.15 for the linear and 1.35-1.38 for the star-shaped
polymers.t?® These polymers were complexed with DNA and used to transfect mouse 3T3
fibroblast cells. The 4-arm star-shaped PDMAEA formed more compact DNA polyplexes,
with less polymer required for equivalent stable binding in comparison to polyplexes made

with the linear polymer 5412

It is important to note that PDMAEA, in contrast to PDMAEMA, is prone to self-catalysed
hydrolysis, see Figure 1.6 and Figure 1.79013013L resulting from a phenomenon that is

explained by Ros et al.**?
n n

o oH 0 oH
Pl g

Figure 1.6. Structures of PDMAEA (left), used by Whitfield et al.* in comparison to PDMAEMA
(right) used by Synatschke et al.*! The additional methyl group on the PDMAEMA polymer backbone

leads to a significant lowering of the polymer hydrolysis rate resulting in less biodegradability.

Self-catalysed hydrolysis
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Figure 1.7. Outcome of the self-catalysed hydrolysis of PDMAEA to polyacrylic acid and 2-

dimethylaminoethanol.

This hydrolysis has been linked to more efficient release of complexed dsRNA for
incorporation into the RNAi machinery, thus inducing RNAi more easily.®>!® However, a
potential drawback of incorporating self-catalysed hydrolysis mechanisms into polymers, is
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that the complexes may be prone to premature release of dsRNA prior to reaching the cells

where RNAI occurs.

1.7.1.3 Guanidinium-modified polymers
The recognised potential of RNAI in therapeutics has provided much of the impetus in the
design and development of functionalised polymers as vectors for dsRNA. For example,
recent developments in this field have included pH-responsive polymers that undergo a pH-
dependent conformational change to release dsRNA in the acidic environment of the
endosome compartment of the cell, over the physiological to endosomal pH transition.*33138
However, this targeted pH transition range may not be applicable for insect control strategies.
Lepidopteran pests, such as Spodoptera (armyworm) species, have an intestinal gut lumen pH
of 10 to 11, which can increase dsRNA instability in the insect gut. The development of
polymers designed to protect dsRNA in this highly alkaline environment requires special

consideration of the effect of pH on polymer complexation.

Guanidinium-based polymers have been designed for the protection of dsRNA over the
alkaline pH range found in the gut of lepidopteran pests. These polymers bear similarity to
arginine-rich cell-penetrating peptides (CPPs) that aid endocytic passage through cell
membranes, as well as the escape of RNA from endosomes.t¥-142 The cationic homopolymer
poly(N-(3-guanidinopropyl)methacrylamine) (PGPMA), prepared by RAFT polymerisation,
has a pKa of 12.5 to ensure protonation of the guanidinium functional groups even in the
alkaline gut. Complexation of PGPMA with dsRNA was shown to occur at pH 10, forming

more compact polyplexes than those formed at pH 7.4, see Figure 1.8.
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Figure 1.8. Schematic of the impact of pH on PGPMA polymers whilst complexed to dsRNA. Upon

increasing pH, the polyplexes become more compact. Modified from work by Parsons et al.''4

PGPMA/dsRNA complexes induced suppression of the CDC27 transcript in Sf9 cells after 48
h incubation, with ~ 90% reduction in CDC27 mRNA.. Feeding second and third instar larvae
of the fall armyworm, Spodoptera frugiperda, on PGMA/CDC27-dsRNA polyplex-
supplemented diet for 7 days, resulted in 80% transcript reduction, with ~ 30% larval/pupal

mortality after 29 days.'!4

Christiaens et al. synthesised a series of homopolymers and copolymers of poly(N-(2-
aminoethyl) methacrylate) (PAEMA) and PDMAEMA via free radical polymerisation, which
were further functionalised by reacting some of the primary amine moieties of the PAEMA
block with 1H-pyrazole-1-carboxamidine hydrochloride (HPC) to yield copolymers with
guanidine (GUMA) (P of the copolymer ranged between 1.41 and 2.86).1*> The copolymer
(poly(AEMA-co-GUMA)) with the highest proportion of guanidine content protected dsRNA
to a greater extent than the other polyplexes, when incubated with the midgut contents of
Spodoptera exigua larvae, buffered at both pH 7.5 and 11. A low molecular weight
poly(AEMA-co-GUMA) polymer complexed with dsSRNA of the vital chitin synthase B
(ChSB) gene, stabilised the dsSRNA for at least 30 h in S. exigua gut juice at pH 11. Oral
presentation of 50 pg of poly(AEMA-co-GUMA)/ChSB dsRNA to S. exigua larvae on
cabbage leaves inhibited larval development and resulted in over a three-fold increase in

mortality after 13 days when compared to feeding naked dsRNA. Confocal microscopy of
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cultured CF302 midgut cells incubated with Cy3-labelled dsRNA complexed with FITC-
labelled poly(AEMA-co-GUMA\) indicated greater cellular internalisation of polyplexes

compared to naked dsRNA.1®

These studies indicate that the incorporation of guanidine functional groups within the
polymer structure provides enhanced protection for dsRNA in the alkaline pH conditions
found in the gut of Spodoptera. They also show that the guanidine-functionalised copolymers
can greatly improve the in vivo efficacy of RNAI as an insect growth regulator and biocide.
However, other pest insect species (such as the D. suzukii targeted in this thesis), unlike
Spodoptera, may have midgut sections that are highly acidic. For example, Ferguson et al.
determined that the central section of the midgut of D. suzukii displays pH < 3.1*% Therefore,
varying pH conditions (rather than only alkaline environments) must be considered for D.

suzukii-focused applications.

1.7.1.4 Conjugated polymer nanoparticles
Conjugated polymer nanoparticles (CPNs) are composed of polymers with a backbone of
alternating single and double bonds that create a conjugated system of n-electrons, for example
polyacetylene. This induces a variety of useful properties such as conductivity and

fluorescence.*

CPNs have been introduced for delivery of siRNA to HelLa cells.* These nanoparticles
comprised an amine-containing poly(phenylene ethynylene) (PPE) polymer, with a
hydrophobic backbone to facilitate cellular internalisation and endosomal escape. These CPNs
appear to form loosely aggregated particles, allowing effective complexation with sSiRNA due
to their large, exposed surface area. A 94% knockdown of actin B expression was found when

CPN/siRNA complexes were transfected into HelLa cells.
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A similar PPE polymer was synthesised to form CPNs for use in plant protection against viral
challenges and for the oral delivery of SiIRNA to insects. NtCes1-A siRNA, a cellulose synthase
gene, was complexed with the CPNs and incubated with protoplasts. A calcofluor white M2R
staining assay revealed that following a 72 h incubation with the CPN-siRNA, protoplasts
displayed 33 — 38% regeneration of their cell walls, in comparison to 51 — 54% in protoplasts
that were either untreated or treated with naked siRNA or CPNs alone. Additionally, the
transcription levels for NtCes1-A in CPN-siRNA treated protoplasts after a 48 h incubation
were reduced by over 76%, compared to a 17% NtCes1l-A mRNA reduction with CPN
treatment alone. Internalisation of nucleic acids by protoplasts has traditionally been achieved
with poly(ethylene glycol) (PEG) or by electroporation, which enhances the cell membrane
permeability through short, high-intensity electrical pulses.'#¢47 However, with use of both
PEG and electroporation, there was a detrimental impact on protoplast viability.112146:148 |n
comparison, delivery of siRNA to plant protoplasts with CPNs significantly reduced

cytotoxicity.2

It is worth mentioning here, a recent development of conjugated polymer/siRNA nanoparticle
complexes for application in therapeutics that may also hold promise for delivery of dsSRNA
for crop protection. Indeed, the recent design of conjugated polymer-dots that are formed by
nanoprecipitation could be adapted to developing systems for delivery of dsRNA in other
areas. These polymer-dots combine a core of conjugated polymer with a functional corona
copolymer and a cationic lipid for complexation with siRNA. The resulting conjugated
polymer dot/siRNA complexes have shown comparable efficiency and lower cytotoxicity than

the industry-standard, Lipofectamine 2000®,14°

1.7.1.5 Dendritic nanocarriers
Dendrimers are highly branched polymer architectures defined by a central core, a branched

interior structure of defined dimensions and a surface that contains functional groups. They
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can be used as delivery vehicles by retaining active species within the pores created by the
branched structure and/or on their surface. So-called ‘Starburst” dendrimers were reported for
gene transfection in 1993™° and such macromolecular species are now commonplace for
therapeutic gene delivery within commercial DNA transfection kits such as SuperFect®.'5!
However, the use of dendritic nanocarriers for delivery of dsRNA to insect species was not
realised until 2013 by He et al., and the first report of the successful use of generation 5 (G5,
referring to 5 cycles of repeated branching during the dendrimer synthesis) poly(amido amine)

(PAMAM) dendrimers for dsRNA delivery to insect cells was reported in 2019,122127.152

Dendrimers for the delivery of dsSRNA are most commonly formed from PAMAM. They have
well-defined nano-scale structures with a cationic surface charge that enables electrostatic
capture of dsRNA. Lu et al. report the use of a G5 PAMAM dendrimers for the delivery of
both dsRNA and plasmid DNA (pDNA) to two types of cultured cells from the lepidopteran
insect, Bombyx mori (silkworm). G5-PAMAM/dsRNA dendriplexes were effective at
interfering with the expression of the translationally controlled tumour protein (TCTP) and the

fluorescent red-ubiquitin (Ub) genes in BmE and BmN cell cultures.?

Fluorescently labelled PAMAM dendrimers have been synthesised with a perylenediimide

(PDI) fluorophore core, see Figure 1.9, to aid visualisation of delivery via fluorescence

microscopy.
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Figure 1.9. Schematic of a dendritic nanocarrier, with a PDI core (shown in red, centre) and NH3 groups

for complexation with dsSRNA (shown in blue, outer layer).

On topical application of the PDI-G2-PAMAM/dsRNA complexes, targeting the haemocytin
transcript, to 4" instar Aphis glycines (soybean aphids), fluorescence from the PDI core was
observed within 1 h in the circulating haemolymph and various internal tissues, demonstrating
the systemic delivery of the dendriplexes. Haemocytin expression was reduced by 95% and a

population density decrease of 81% was achieved by 5 days post treatment.%

A similar water-soluble PDI-G3-PAMAM nanocarrier, with extended dendritic arms (a higher
generation dendrimer) was synthesised by Xu et al., and provided steric stability to the
dendriplexes, preventing aggregation in aqueous solution due to the water insoluble PDI core.
The nanocarrier was complexed with DNA and used to transfect Drosophila S2 cells.
Fluorescence from the PDI core was seen in cultured cells 1 h post-incubation, with > 90%
cell viability. The same dendriplexes, targeting the developmental decapentaplegic transcript,
fed to Drosophila melanogaster larvae, reduced the body length of 3 instar larvae by 35%.

This growth deficiency shows the potential of PDI-PAMAM as a dsRNA delivery vehicle.
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The high transfection capability of dendriplexes is in part due to the globular structure of the

nanocarrier.'?

A dendritic nanocarrier with a PDI core has also been employed to deliver serpin-3 dsSRNA
by feeding to newly hatched larvae of the Asian corn borer, Ostrinia furnacalis. The cationic
dendrimer was efficiently taken up by the midgut and fat body cells of the feeding larvae.
When fed larvae were challenged with the bacterium Microccus luteus, the transcript of
serpin-3 (a critical immune-response gene) was reduced by 51% overall and more strikingly
yet, serpin-3 protein was undetectable in the haemolymph. Similar fluorescent nanoparticle
dendriplexes have been used for oral delivery of dsRNA targeting a vital chitinase-like
transcript (CHT10) of O. furnacalis. Feeding 1% instar larvae with the nanoparticles stunted

growth and after 5 days resulted in failure to moult and insect death.?527

The use of dendrimer-coated carbon nanotubes (PAMAM-CNTSs) to deliver o—tubulin (a-tub)
and mitochondrial RNA polymerase (mtpol) dsRNA to T. castaneum has recently been
demonstrated. In both targets, 4" instar larvae injected with PAMAM-CNT-dsRNAs showed
significantly greater reduction in gene expression after 72 h, in comparison to the naked

dsRNA controls.1?8

Thus, several studies have shown that dendrimers based on PAMAM are effective polymeric
vectors for dsRNA-mediated RNAIi. These dendriplexes typically have high transfection
efficiencies, low cytotoxicity and high water solubility, and show efficient RNAI induction in
insect tissues through oral feeding. Further research on the effectiveness of these nanoparticle
formulations to trigger RNAI in pest species from different orders is required to establish
dendrimer/dsRNA formulations as a generic insect control solution, but the studies discussed

above have demonstrated the potential of such systems for specific insects.
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1.7.2 Inorganic nanoparticles

1.7.2.1 Clay nanosheets
A novel vector consisting of layered double hydroxide clay nanosheets (LDH), for delivery of
virus-specific dsRNA, has been developed to protect plants against viral infections.®® The
non-toxic LDH forms a positively charged layered lamellar structure with dsSRNA (tested
within the range of 300 to 1800 base pairs (bp)) which either adsorbs to the surface, or
sandwiches between multiple particles, to create what has been called ‘BioClay’ formulations.
The LDH material degrades in an atmosphere of CO; and moisture due to the formation of
carbonic acid, with around 25% degradation after 7 days at 5% CO_ and 95% relative humidity
(RH). Importantly, the BioClay formulation protects dsRNA from leaf surface run-off and
from metabolic breakdown for up to 30 days. The formulation provides sustained release of
dsRNA on the leaf, which in turn results in long-term systemic protection against the targeted

viral infection.

These properties are critical to overcoming the barriers of foliar sprayed application to crops,
such as run-off and enzymatic degradation prior to ingestion by insect species that must be
reduced for efficient RNAI delivery and action. In particular, these recent studies
demonstrated that Vigna unguiculate and Nicotiana tabacum plants were protected against
viral challenges from Cucumber mosaic virus (CMV) and Pepper mild mottle virus
(PMMoV), respectively, by the sprayed application of CMV2b and PMMoVIR54-specific
BioClay formulations. A systemic RNAI response was observed in N. tabacum plants.
Subsequently it was reported that bean common mosaic virus coat protein (BCMVCP) dsRNA
incorporated within LDH BioClay nanosheets also protected Nicotiana benthamiana against
virus transmission by the peach-potato aphid, Myzus persicae.’>* This recent work provides
early evidence that BioClay has the potential to protect plants against viral challengers

transmitted by pest insect species via a long-lasting integrated RNAI strategy.!*3
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1.7.2.2 Polymer-coated inorganic nanoparticles
Studies are specifically highlighted here, where inorganic nanoparticles are used as a template
of known properties, particularly size and size distribution, to build hybrid polymer structures
designed for efficient interaction with, and retention of, dSRNA. Indeed, the use of particles
(or a well-known template particle) onto which appropriate chosen/designed polymers are

coated allows for control of the carrier properties.

Biocompatible calcium phosphate (CaP) nanoparticles have been used in therapeutic
applications for drug or gene delivery. CaP nanoparticles carrying dsSRNA have been shown
to enter cells via endocytosis and release their cargo within the endosome.**® In therapeutic
applications, the process of cellular internalisation and in vivo RNAIi can be made more
efficient by using polymeric coatings such as PEG and PEI to modify the nanoparticle

surface. 155156

In recent research by Elhaj Baddar et al., a hydroxyapatite (HA) inorganic nanocarrier with a
polymer coating was used to induce RNAI in insect Sf9 cells. The HA nanoparticle template
was coated in poly(acrylic acid) (PAA) through layer-by-layer electrostatic assembly. The
addition of cationic amine groups is known to improve binding, therefore a layer of
poly(arginine) (PLR10) was added to the nanoparticles to electrostatically interact with
dsRNA.2"158 \When targeting the luciferase transcript in Sf9 cells, a 35% transcript reduction
was achieved at a mass ratio of PLRioc+PAA-coated HA nanoparticle to dsRNA of 5:1. In
comparison, both naked dsRNA (25 ng/100 pL) and the PAA-coated HA nanoparticle/dsRNA

system did not lead to significant mMRNA degradation.

Moreover, the same arginine-containing polymer (PLR1-PAA-HA) was complexed with
dsRNA possessing a fluorescent probe, CypHer5E, that fluoresces specifically at the pH of
late endosomes (pH 5), to test the endosomal escape of dsRNA following delivery to cells. It
was found that, upon delivery of the complex, a significant reduction in the fluorescence
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within the acidic bodies of Sf9 cells occurred. In contrast, delivery of naked CypHer5E-
dsRNA had a strong fluorescence in endosomal compartments. The enhanced RNAI response
due to dsRNA complexation with PLR1o-PAA-HA nanoparticles is thought to be a result of

enhanced endosomal escape.*®

Gold (Au) is another inorganic nanoparticle that has been employed as a template for dSRNA
delivery, due to its tuneable surface and low toxicity.'®° In a recent report, a PLR1o polymer
was covalently attached to the surface of Au nanoparticles (AuNPs) with hydroxysuccinimide
(NHS) surface groups to which a bovine serum albumin (BSA) ligand was also attached to
achieve a mixed surface layer of the polymer and BSA.1%* The BSA ligand, an amphiphilic
peptide, is suggested to improve endosomal escape in a similar mechanism to cell-penetrating
peptides (CPPs). The PLR1o-Au-BSA/siRNA nanoparticles induced a 31% reduction of the
luciferase transcript in Sf9 cells, but, in comparison, PLR1o/SiRNA polyplexes elicited an
efficiency of 58%, with the strong binding of PLR1, to the AuNPs hypothesised as the cause
of the lower transfection efficiency. However, the binding of PLR, to citrate-stabilised gold
nanoparticles through electrostatic layer-by-layer coating of PLRig, rather than covalent
binding with NHS, led to less successful attachment of PLR1o and thus resulted in aggregation

of the nanoparticles.®!

These studies demonstrate important steps towards using polymer-coated inorganic
nanoparticles for dsSRNA delivery, as surface functional groups could improve cell-targeting
and thus enhance dsRNA uptake and endosomal escape.'®! Table 1.2 summarises the recent

reports in this area.
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Table 1.2. Novel inorganic nanoparticles for RNA-mediated crop protection from the last 10 years that

conducted in vitro or in vivo assay with the nanoparticle complexes.

gold

frugiperda cells

Nanoparticle Target Insect/Plant
P g_ Species or Cell RNAI Efficiency Ref.
Type transcripts
Type
. . Reduction in lesions after CMV
Layered double Vigna unguiculate | . .
hvdroxide cla CMV2b and and Nicotiana viral challenge on V. unguiculate 153
Y y PMMoVIR54 and after PMMoV challenge on N.
nanosheets tabacum
tabacum
Polymer-coated Luciferase
calcium Luciferase expressing S. 35 % transcript knockdown 159
phosphate frugiperda cells
Polymer-coated Luciferase
y Luciferase expressing S. 31 % transcript knockdown 161

1.7.3 Peptide-based nanoparticles

There has been a drive to use natural product-based formulations in the design of nanoparticle

vectors for dsRNA delivery, for example peptide-based systems, as they are generally non-

toxic and more biodegradable in comparison to synthetic polymeric materials, and therefore

more environmentally friendly.'®? Table 1.3 summarises the recent advances on this topic and

the paragraphs below describe the main two systems developed.
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Table 1.3. Peptide-based nanoparticles for RNA-mediated crop protection from the last 10 years that

conducted in vitro or in vivo assay with the polyplexes.

Insect/Plant
Nanoparticle Target
Species or Cell RNAI Efficiency Ref.
Type transcripts
Type
Branched
BiP A. pisum and Premature death
amphiphilic 163
Armet and BiP T. castaneum 75 % mortality rate
nano-capsules
A. thaliana and YFP reduced by 80 % in A.
YFP and CHS 164
Populus tremula thaliana
Cell penetrating Renilla luciferase | N. benthamiana Increased transfection
165
peptides and GFP and A. thaliana efficiency
Anthonomus
AgCHS2 80 % transcript reduction 142
grandis

1.7.3.1 Branched amphiphilic peptide capsules

In the past 10 years a new peptide-based nanoparticle (branched amphiphilic peptide capsule,

BAPC) has been developed for the delivery of nucleic acids. These systems have a similar

structure to liposomes but with much greater stability, self-assembling into bilayer delimited

supramolecular nano-vesicle structures. BAPCs have cationic lysine surface groups that form

nanoparticle complexes with nucleic acids of ~80 — 200 nm in size.}51%° BAPCs are

biodegradable by a common soil fungus Aspergillus nidulans, lessening the potential impact

of these nanoparticles on the environment.%? Avila et al. reported the first use of BAPCs for

the oral delivery of dsRNA to the pea aphid Acyrthosiphon pisum and the red flour beetle T.

castaneum.6?

In their report, feeding BAPC/BiP-dsRNA complexes to adult A. pisum resulted in mortality

6 — 9 days earlier, compared to aphids fed naked dsRNA alone. Two different T. castenaum
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transcripts, BiP and Armet, were targeted by feeding dsRNA to early instar T. castaneum
larvae, with mortality reaching 75% when BAPC/dsRNA complexes for both targets were fed

simultaneously.

The potential for orally administered BAPC/dsRNA to generate RNAI effects in pest species

other than aphids and beetles now needs to be demonstrated.®2163

1.7.3.2 Cell-penetrating peptides
There are many naturally occurring proteins (pore/channel-forming proteins, fusion proteins,
and cell-penetrating peptides (CPPs)) that facilitate the movement of molecules across cell
membranes. These proteins can be exploited to enhance dsRNA uptake by cells and to assist

endosomal escape within the cell.1?

The discovery of the membrane traversing properties of the Tat protein (Trans-Activator of
Transcription) from both the HIV-1 virus and the D. melanogaster Antennapedia
homeodomain, led to the development of CPPs.}"*"1"® The Tat peptide is an arginine-rich
peptide, with a cationic guanidinium-based functionality that can interact with the anionic cell

surface, provoking endocytic cellular uptake 130140170

The combination of a CPP covalently bound to a polycationic peptide forms a fusion peptide
that can serve as a delivery vector for dsSRNA or pDNA 164165174 A copolymer of histidine and
lysine, (KH)s, combined with the CPP Bp100, is an example of a fusion peptide that complexes
with dsRNA.1%* The (KH)o-Bp100/yellow fluorescent protein (YFP)-dsRNA complex, at a
molar ratio of 2:1, targeted the transcript of YFP and the chalcone synthase genes in A.
thaliana leaves. The exogenous and endogenous transcripts were both successfully impacted
< 12 h post-application and the effect was sustained for at least a further 24 h. Similar fusion

peptides: nonarginine (R9)-Bp100, (KH)e-Bp100 and R9-Tat, have been complexed with
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plasmid DNA. Rapid transfection was measured within the first 12 h of incubation of these
fusion peptides complexed with Renilla luciferase pDNA with both N. benthamiana and A.
thaliana leaves. Transfection efficiency then decreased for the remaining measurement time

of 144 h, 164165

A significant issue with the use of peptides for the delivery of dSRNA or pDNA is the
susceptibility of peptides to intracellular proteolysis, which can attenuate the RNAI effect. The
use of proteins/peptides (e.g. silk proteins) that are more resistant to metabolic degradation

might provide a mechanism for the sustained release of dsSRNA, 164165175

An example of a fusion peptide/dsRNA nanoparticle for an insect-specific application was
recently reported.**? In this work, a chimeric protein of a CPP fused to a DRBD (dsRNA
binding domain) was synthesised, with the CPP including the fusogenic peptide
haemagglutinin that aids the endosomal escape of the complex following endocytosis into the
cell by destabilising the endosomal membrane. The CPP-DRBD/dsRNA complexes (or
ribonucleoprotein particles (RNPs)) enhanced both the protection of dSRNA at pH 5.5 and the
cellular uptake of Cy3-labeled dsRNA into Sf21 cells. Oral delivery of CPP-DRBD/chitin
synthase 11 (Ag-ChSIl) dsSRNA RNPs to the cotton boll weevil (Anthonomus grandis), reduced
Ag-ChSlI transcript by 80%, in comparison to delivery of Ag-ChSII dsRNA alone that resulted

in a reduction of only 30%. No significant mortality, however, was seen.'#2

1.7.4 Chitosan nanoparticles
Chitosan, the polysaccharide derived from crustacean shells, is a naturally derived polymer
that has been used for complexation with dSRNA to improve delivery for insect control. It is
of particular interest to researchers due to its inherent biocompatibility and non-toxic nature.!®
Chitosan contains cationic groups along its polymer chain that electrostatically interact with
dsRNA.Y" Table 1.4 summarises the recent advances in the use of chitosan/dsRNA

nanoparticles for crop protection.
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Table 1.4. Chitosan nanoparticles for RNA-mediated crop protection from the last 10 years that

conducted in vitro or in vivo assay with the chitosan/dsRNA complexes.

Insect/Plant Species

Target transcripts RNA. Efficiency Ref.
or Cell Type

IAP S. frugiperda larvae 47 % mortality 178

AgCHS1 and AgCHS2 | Anopheles gambiae 62.8 % reduction of transcripts 177

Semala Aedes aegypti 32 % reduction of transcripts 179

YHV S. frugiperda cells 50 % reduction in YHV infection 180

46.7 % and 26.7 % mortality with
SNF7 and SRC A. aeqypti 157
SNF7 and SRC targeting

Vg A. aeqypti 30 % mortality 181

IAP A. aeqypti >65 % mortality 182

Complexation of chitosan with dsRNA results in nanoparticles that can aid the endosomal
escape of dsSRNA and consequently increase the RNA. efficiency. This has been illustrated in
EGFP::Rab7 expressing Sf9 cells, with 60% reduction in the accumulation of CypHer-5E-
labelled green fluorescent protein (GFP) dsRNA (dsGFP) in endosomal compartments when
complexed with chitosan, in comparison to naked dsGFP. Upon oral feeding of
chitosan/dsIAP nanoparticles to 3 instar S. frugiperda larvae, a mortality rate of 47% was

measured, in comparison to 25% mortality when larvae were fed naked dsIAP alone.'’®

Chitosan/dsRNA complexes have been used to target the aquatic larval stages of mosquito
pest species such as Anopheles gambiae and Aedes aegypti, with varying degrees of success.
For example, chitosan/dsRNA nanoparticles targeting two different chitin synthase transcripts
in A. gambiae reduced mRNA by 63% in comparison to the control. However, the levels of
chitin produced were only reduced by 34% and no insect mortality was observed as
desired.}’"17® The targeting of the A. aegypti vestigial (vg) transcript through delivery of
chitosan/dsRNA complexes also did not significantly increase larval mortality (30% insect
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mortality compared to 20% mortality in the control group).’®! In a comparative study,
chitosan/SNF7-dsRNA nanoparticles outperformed SNF7-dsRNA complexed with amine-
functionalised silica nanoparticles (ASNP) in killing A. aegypti larvae and in knockdown of
the A. aegypti SNF7 transcript. However, carbon quantum dot (CQD)/dsRNA complexes
reduced mRNA levels for two different gene targets (SRC and SNF7), whereas

chitosan/dsRNA complexes only produced a significant RNAi response with SNF7-dsRNA.1*

Chitosan-based dsRNA nanoparticles are insoluble at neutral and alkaline pH regimes,
affecting their performance as effective delivery vectors of dsSRNA.*"17® Consequently, recent
developments have sought to improve chitosan-based nanoparticles by increasing the positive
charge of chitosan through chemical modification (e.g. quaternisation).*®® The greater charge
density of the quaternised chitosan (QCH) increases the polymer solubility and also improves
stability of its complexes with dsRNA within cells. Typically, complexation of
chitosan/dsRNA is achieved at a weight ratio of 1.5:1, with complexes ~ 350 — 650 nm in size.
In comparison, QCH/dsRNA achieves full complexation at 0.24:1 weight ratio, with smaller
sizes measured of the complexes, ~ 150 — 350 nm (measurements made with a Zetasizer Nano
ZS). The more compact complexes formed with QCH are due to a stronger electrostatic
interaction with dsRNA, thus enhanced binding. The cytotoxicity of both complexes is lower
than that of the commercial liposomal transfection agent, Cellfectin®, and both chitosan and
QCH-based complexes with YHV-dsRNA were successful in reducing the viral infection of
YHV (yellow head virus) in Sf9 cells by at least 50%, 24 h post-viral challenge. Whilst QCH
binds more strongly to dsRNA, due to the increased cationic charge, the difference in cell

viability and RNA. efficiency was negligible.®

The addition of sodium tripolyphosphate (TPP) to chitosan as an ionic cross-linking agent,
prior to complexation with dsRNA (CS-TPP-dsRNA), has also been investigated to improve
the stability of chitosan/dsRNA nanoparticles. The introduction of cross-links to the
polyplexes induced an increase in the mortality rate in A. aegypti larvae of 65%, when
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targeting the 1AP transcript, which was significantly more than the 35% mortality observed

upon feeding chitosan/dsIAP nanoparticles without TPP.182

The improved properties of chitosan-based dsSRNA nanoparticles, by cross-linking or
increased charge density, coupled with their low general toxicity, adds to the attractiveness of
this class of natural polymers for the delivery of dSRNA to insects. When chitosan/siRNA
nanoparticles have been used for therapeutic applications, the solubility and colloidal stability
of complexes were improved by using PEG-modified chitosan or by combining chitosan with
PEI and carboxymethyl dextran.1®-18 Enhanced cellular internalisation and endosomal escape
were also achieved through grafting a CPP (e.g. Tat or nonarginine peptides) to chitosan.176:187-
189 Such chitosan-based materials for dSsSRNA complexation and delivery may also be of value

for crop protection applications.

1.7.5 Liposomes
Liposomes are spherical vesicles formed from a phospholipid bilayer (resembling that of cell
membranes) and are commonly used to encapsulate materials for drug delivery, with the first
reported publication in literature in 1987 by Felgner et al. and Malone et al.’**°! Since then
liposomes have been developed as non-viral vectors for dsSRNA delivery, and mass-produced
in commercial kits, such as Lipofectamine 2000® or Cellfectin®.2921% Upon complexation of
a cationic liposome with negatively charged dsRNA by electrostatic interaction, a lipoplex
can be formed. It is thought that lipoplexes traverse the cell membrane via adsorptive

endocytosis?>8194-1% \which exemplifies their appeal for delivery of dsRNA to cells.?’

Liposome encapsulated dsRNA has often been used to introduce nucleic acids to insect species
that do not display systemic RNAI responses, such as Drosophila suzukii. For example, Taning
et al. demonstrated that feeding rps13 and vha26 dsRNA, encapsulated in Lipofectamine

2000®, to D. suzukii larvae and adults resulted in significant mortality after feeding, whereas
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naked dsRNA did not result in mortality.® The lack of a SID-1-like transporter protein in
Drosophila species means that the pathway for cellular uptake occurs via endocytosis?-1%81%,
considered to be a slower uptake pathway in comparison to SID-1-like systems. The use of a
liposome-based transfection agent improves cellular uptake and delivery of dsRNA in these

recalcitrant species.*>*8

Liposomes have also recently been shown to aid the release of dsRNA from endosomal
compartments in S. frugiperda. Visualisation of CypHer-dsGFP dsRNA complexed to
Cellfectin 11® transfection reagent showed an 80% reduction in accumulation in the late

endosomes, in comparison to the naked CypHer-dsGFP."

1.7.5.1 Lipoplex delivery in a variety of arthropod species
Liposomal encapsulation of dsSRNA has been shown to be an effective method of delivery in
the tick species Rhipicephalus haemaphysaloides, the German cockroach Blattella germanica

and the Neotropical stink bug Euschistus heros.200-203

In the case of R. haemaphysaloides, the Cy3-labelled dsRNA was encapsulated in three
different commercial liposomal uptake facilitators (Lipofectamine 2000®, DMRIE-C® and
Cellfectin®) and the formulation was delivered via soaking of larvae, nymphs and adults. All
three lipoplexes induced more efficient RNAI than the dsRNA formulated in water alone.?%
The soaking of arthropods has been shown to be more effective than oral feeding, thus in vivo
assay with feeding would provide greater insight, in particular as a SID-1 gene has not been

discovered in ticks.35:48-50,204,205

B. germanica are refractory to orally fed dsSRNA due to enzymatic degradation by midgut
nucleases, whereas microinjection can induce an efficient RNAI response.?® The problem of
metabolic instability in the cockroach midgut was overcome through encapsulation of the

dsRNA in liposomes, which resulted in 60% mortality over 40 days. Mortality rates from
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continuous oral feeding of lipoplexes increased from 8 days of feeding to 16 days of feeding,
suggesting that modifications to liposomal nanoparticles could be introduced to shorten the

time required for effective RNAi.200201

1.7.5.2 Modifications to liposomal transfection agents
The efficacy of liposome-encapsulated dsRNA to elicit RNAI has been improved by the
addition of a chelating agent to the formulation and through modification of the lipid
component. For example, in the stinkbug E. heros, metal-dependent nuclease activity within
the insect saliva is a limiting factor for the oral delivery of lipoplexes. A chelating-agent,
ethylenediaminetetraacetic acid (EDTA), which can isolate metal ions and prevent them from
interacting with the liposomes, has been shown to improve mortality rate in these insects when

added in combination with lipoplexes.?®

Modifications to lipids for the encapsulation of dsRNA have been reported for therapeutic
applications of RNAI. The 1,2-dioleoyl-3-dimethylammonium-propane (DAP) lipid was
modified by anchoring PDMAEMA-b-PEG block copolymers, to act as a pH-tuneable

surface, see Figure 1.10.
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Figure 1.10. Schematic of a pH-tuneable liposome with adsorbed block copolymers that allow

endosomal release upon decrease of pH. Modified from work by Auguste et al.**®

This polymer-coated liposomal nanoparticle was shown to improve the protection of sSiRNA

and enhance endosomal escape. More efficient targeting of GFP in GFP-expressing HeLa cells
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was found with the polymer-coated lipoplexes in comparison to the oligofectamine/siRNA
control.1*32% A similar modification has yet to be reported for RNAI triggering in either
insects or plants. Table 1.5 summarises the recent reports of lipoplex nanoparticles for RNA-

mediated crop protection.

Table 1.5. Liposomal nanoparticles for RNA-mediated crop protection from the last 10 years that

conducted in vitro or in vivo assay with the lipoplexes.

Target Insect/Plant Species
RNAI Efficiency Ref.
transcripts or Cell Type
IAP S. frugiperda 60 % mRNA reduction with 55 % mortality 71
Alpha-COP, rp113 32 — 42 % transcript reduction with 22 — 42
D. suzukii 58
and vha26 % mortality
Rhipicephalus 20 % and 84 % reduction in engorgement
PO 202
haemaphysaloides and oviposition rate, respectively
Tub Blattella germanica 60% transcript reduction 201
60 % mRNA reduction after 16 days
Tub B. germanica 200
continuous ingestion
V-ATPase A and
Euschistus heros 45% and 42% mortality, respectively 203
muscle actin

1.8 Future directions

It is clear that there is a direct comparison to be drawn between engineered nanoparticles for
therapeutic triggering of RNAI, and novel strategies for agricultural applications. Indeed, it
has often been the case that strides in the field of therapeutics are swiftly followed by
exploitation of these new routes in the area of crop protection. For example, Howard et al.
reported the use of chitosan/siRNA nanoparticles in 2006, Eguchi et al. used CPP-
DRBD/siRNA complexes in 2009 and Treat et al. synthesised guanidine-containing

copolymers in 20122072 al| for induction of RNAI in therapeutic applications, prior to
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reports of similar RNAi-based crop protection strategies. It is anticipated that further insights
and technological achievements in the clinical field will continue to be valuable for developing

improvements in the formulation of dsSRNA for crop protection.

There has been significant progress in the design of responsive nanoparticle vectors for
dsRNA delivery for application within therapeutics, due to the in-depth knowledge of
physiological temperature and pH. Whilst temperature-responsive nanoparticles may remain
impractical for RNA-mediated insect control, pH-responsive nanoparticles have been the
focus of recent developments. In reports by Parsons et al. and Christiaens et al., the insect
midgut pH was characterised and exploited for a pH-tuneable delivery vehicle.**!%> An
example of this strategy within the field of lipid-based uptake facilitators has also been

reported by Auguste et al. with pH-tuneable liposome nanoparticles.t*

Due to the revolutionary introduction of CRISPR/Cas9 as a gene editing biotechnology, there
has been increasing interest in genetic material delivery. Thus, tailored polymer architectures
have been synthesised to enable the improved efficacy of RNA cellular internalisation. Tan et
al., for example, devised a triblock copolymer of PDMAEMA, hydrophobic poly(N-butyl
methacrylate) (PnBMA), and poly(ethylene oxide) (PEO) as a hydrophilic corona, capable of
forming micelleplexes with sgRNA (single guide RNA) and Cas9 proteins for delivery to the
cell nucleus.?® Recent advances in therapeutic applications of RNA delivery have also
included reports of conjugated siRNA to nanoparticles, often with a brush-like polymer
architecture. The use of cleavable disulphide linkages to the siRNA allows for a steady release
mechanism within the cells.?*212 |t is expected that formulations with similar technologies

will soon be developed within the field of RNA-mediated crop protection.

The complexity of the pathway and barriers to induce RNAI, including enzymatic degradation,
traversal of the cell membrane and subsequent endosomal escape, requires tailored (and often
complex) nanoparticle designs to ensure that both the protection and delivery of dsSRNA can
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be achieved. The recent developments discussed in this chapter clearly demonstrate that more
complex polymer architectures and nanoparticle modifications are possible and should
provide future directions for enhancing efficacy of the use of dsRNA for crop protection.
Additionally, it is evident that developing such polymer architectures will also need to take
into account the more practical aspects of delivering the biopesticides to insects in a crop field.
For example, a novel method of delivery through a non-invasive application has been
developed to reduce the degradation of dsRNA. This high-throughput method integrates the
dsRNA-nanoparticle complexes into aerosols, which could be a useful application tool for
future pesticide formulation developments.?*24 Furthermore, any delivery system carried
forward in the future will also need to show robustness when integrated within pesticide
formulations (which vary depending on, for example, location and type of crop) and when
sprayed and dried onto crop leaves. Sustainability issues will also have to be taken into
account, as the polymer particles should fully degrade in the environment to avoid long-term
persistence. Additional concerns for the real-world application of dsRNA-based formulations
include regulation of these products to ensure bio-safety, as well as the cost of large-scale
production.®2>-217 These additional requirements will bring about significant challenges to

overcome.

1.9 Research aims
The overarching aim of the research described in this thesis was to develop polymeric vehicles
to deliver species-specific dsSRNA to the fruit pest insect Drosophila suzukii, in order to

achieve gene knockdown and subsequent insect mortality.

As described, the development of suitable polymeric delivery vehicles could address some of
the key issues associated with current pest insect control methods, such as off-target toxicity
and the rise of resistance to common chemical insecticides with typical modes-of-action. The

barriers to efficient induction of RNAI need to be considered and, by carefully designing block
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copolymers with desired functionality, overcome. In order to achieve the overall aim of this
research in the long-term, the work in this thesis has been broken down into stages to
investigate the impact of different block copolymer properties on the protection and delivery

of dsRNA. The aim of each stage is summarised below.

1.9.1 Development of water-soluble diblock copolymers for delivery of
dsRNA

Homopolymer delivery vehicles (such as PDMAEMA, PEI or PLL) have been used for gene
delivery ubiquitously. However, they can cause high levels of cytotoxicity, and the
combination of a polycation and polyanion (e.g. dsRNA) can lead to aggregation and
precipitation in the case of electro-neutralisation when close to the isoelectric point. Thus, an
excess of polycation is required to stabilise complexes, which in turn induces greater
cytotoxicity. Therefore, this research aims to develop water-soluble diblock copolymers that
contain a neutral, non-interacting polymer block to reduce cytotoxicity, enhance formulation
stability and improve the protection of dsRNA. In developing these diblock copolymers, we
aim to fully characterise the resulting polyplexes in terms of size, surface charge, binding
capability and stability in the presence of salt with respect to neutral block length. As different
MRNA transcripts can be targeted to achieve RNAI, the impact of the length of dsSRNA will

also be considered with respect to the size and stability of the polyplexes.

1.9.2 Development of self-assembled triblock copolymers for delivery of
dsRNA

In much of the literature surrounding the delivery of DNA/RNA, for both therapeutic and
agrochemical applications, the complexes are prepared in ‘ideal’ environments, negating to
consider the impact of competing ions or other molecules present in the formulation or
application environment. In agrochemical applications, adjuvants will be added to aid, for
example, the wetting of the formulation for foliar application. In the second research chapter,

we aim to develop triblock copolymers that self-assemble in solution, without the addition of
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dsRNA, in order to improve the stability of the resulting polyplexes in the presence of an
increasing salt concentration. The systems will be fully characterised, prior to and after
complexation with dsRNA, in terms of size, surface charge, binding capability and salt
stability, with respect to the hydrophobicity/hydrophilicity of the polymers. The impact of the
length of dsRNA will also be considered with respect to the size and stability of the triblock

copolymer-based polyplexes.

1.9.3 Exvivo protection of dsRNA and in vitro and in vivo delivery
Following the synthesis and in-depth characterisation of diblock copolymers and triblock
copolymers and the polyplexes that they form through electrostatic interaction with dsRNA,
we aim to test the formulations on a biological level. The ex vivo protection of dsSRNA against
degradation by enzymes will be investigated, in particular, the protection against enzymes
specific to the gut of D. suzukii adult and late stage larvae. In vitro study of the interaction
and/or uptake of dsRNA to cells will be investigated, identifying whether the polymers aid
delivery of the dsRNA through the plasma membrane, and subsequently, whether effective
MRNA degradation is induced through the release of dsRNA. Finally, in vivo assay will
determine whether the oral feeding of species-specific vha26 dsRNA to D. suzukii, through
polymer complexation, induces significantly enhanced insect mortality and whether there is

off-target toxicity to the closely related species, Drosophila melanogaster.

42



Chapter 2. Relevant techniques and

assoclated theory

In this chapter the theory behind the techniques used throughout the research in this thesis is
described. Such techniques include controlled radical polymerisation, dynamic light scattering

(and other physical characterisation methods), and the primary biological assays.

2.1 Polymer synthesis and theory

2.1.1 Controlled radical polymerisation
There are a variety of controlled radical polymerisation (CRP) technigues that are commonly
used to synthesise polymers and are particularly popular for vectors of DNA/RNA delivery.
CRP is a facile approach for making well-defined complex polymer architectures. Atom
transfer radical polymerisation (ATRP), nitroxide-mediated polymerisation (NMP) and
reversible addition-fragmentation transfer polymerisation (RAFT) are all CRP processes, and
are defined as ‘pseudo-living’. Prior to the discovery of ‘living’ polymerisations, step-growth
and chain-growth were the common methods for polymer synthesis. Figure 2.1 highlights the
differences between these polymerisation methods in terms of how molecular weight (MW)

changes with conversion.
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Figure 2.1. Schematic graph to illustrate the difference between step-growth, chain-growth and living

polymerisations, showing how molecular weight changes as conversion increases.

Step-growth polymerisation, such as a polycondensation, occurs by the reaction of any two
unlike monomers. This causes the rapid formation of many small chain polymers as monomer
is consumed quickly, leading to high MW polymers only at high conversion and a final
product with chains of many different lengths. Chain-growth polymerisation, however,
involves a single reactive centre and one monomer unit at a time adding to the polymer chain.
The MW, therefore, remains fairly stable throughout the polymerisation, constant at most
conversion levels after an initial rapid increase. Termination and chain transfer are significant
issues associated with chain-growth polymerisation, unlike step-growth polymerisation where
no termination step is possible. ‘Living’ polymerisations, first developed by Michael Szwarc
in 1956, are similar to chain-growth mechanisms except that the termination and chain transfer
steps are eliminated.?*® MW therefore linearly increases with conversion. The rate of

propagation (ln%) vs. time should also reveal a linear relationship and the resulting
t

polymers will possess narrow dispersity (B), even at high levels of conversion. These linear
relationships confirm the absence of chain transfer and termination steps, with the MW
controlled only by the ratio of monomer to initiator concentration. In addition, living

polymerisations benefit from the maintenance of chain end functionality, which provides the
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opportunity to create more complex polymer architectures such as block copolymers, star

polymers or graft/brush polymers.?19-221

CRPs are a form of ‘pseudo-living’ polymerisation, allowing the precise control of molecular

weight, dispersity and polymer architecture.

2.1.2 RAFT polymerisation
Of the three types of CRPs (ATRP, NMP and RAFT), RAFT is the most versatile technique
and is commonly used to synthesise polymers for biological applications. RAFT is particularly
suitable for the polymerisation of acrylates, acrylamides (and their methylated equivalents),
vinyl monomers and styrenes, due to its tolerance to different functional groups. RAFT is a
facile and inexpensive process and can be performed under aqueous or organic conditions.
Similar to chain-growth polymerisation, CRPs involve initiation and propagation steps,
however in the case of RAFT polymerisation, multiple chains are able to grow simultaneously
at a consistent rate until monomer is depleted or the reaction is quenched. In both ATRP and
NMP polymerisations there is a reversible termination step that slows the termination of the
polymerisation and formation of dead chains. This is not the case with RAFT as it is a
degenerative chain transfer process, with the active chains spending the majority of time in a

‘dormant’ state. Figure 2.2 demonstrates the mechanism of a RAFT polymerisation.?1%-22
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Figure 2.2. Reversible addition-fragmentation transfer mechanism. Initiator-derived chains are formed
(I and 11), followed by a pre-equilibrium stage (I11). Re-initiation causes the formation of R-derived
chains (IV) before the reaction reaches an equilibrium between dormant and active species (V). The

combination of radicals will leave to termination (V). Figure created in ChemDraw Prime 17.0.

An external source of radicals must be incorporated to initiate the RAFT polymerisation, as
shown in step I. Following the formation of initiator-derived chains (P, steps | and II),
addition-fragmentation occurs in a pre-equilibrium with a chain transfer agent (CTA,
commonly a thiocarbonylthio (ZC(=S)S-) species, step I11) to form a new set of R* radicals.
This leads to formation of R-derived chains (Pm, step 1V) in a re-initiation step, and the
polymerisation continues in an equilibrium between dormant and active species (step V). It is
essential that the majority of the reaction time is spent with the polymer chains in the dormant
state, attached to either end of the CTA with Kaggp >>> ky. Each ‘cycle” will add a minimal
amount of monomer to the end of each polymer chain, allowing the simultaneous and equal
growth of all polymer chains throughout the polymerisation. The rate of propagation therefore
linearly increases with time, and MW linearly increases with conversion. In the case of RAFT

polymerisation, termination is not suppressed, and so the combination of radicals (step VI)
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results in the formation of dead polymer chains (hence RAFT is classed as ‘pseudo-living’).
At the end of the polymerisation, the polymer chains (largely) retain their thiocarbonylthio
(ZC(=S)S-) functionality, which can then be used for chain extension or further end-group
functionalisation.?*-?2! The precise control of RAFT polymerisation allows determination of
the degree of polymerisation (DP) and theoretical molar mass (Mn(theo.)) (assuming a well-
controlled RAFT polymerisation in which the number of initiator-derived chains is low)

through the following equations, Eq. 2.1 and Eq. 2.2.

_ [Mq]
DP = i Eq. 2.1
My| — [M
M, (theo.) = M X My, + Mera Eqg. 2.2

[CT4,]

Where [M]o is the initial monomer concentration, [M]: is the monomer concentration at time
=1, [CTA]o is the initial CTA concentration, My, is the molar mass of the monomer and Mcra

is the molar mass of the CTA.%!

There are several critical variables that must be considered prior to conducting RAFT
polymerisation; in particular, the choice of CTA needs to be carefully considered to control
the polymerisation and ensure low molar mass dispersity. The R and Z groups of the CTA are
alterable components, whose effectiveness is dependent on the specific monomer that is being
polymerised. Monomers can be categorised into two groups: more activated monomers
(MAMs), which are more stable and therefore less reactive as ‘macro-radicals’, and less
activated monomers (LAMS) that are more reactive propagating radicals. Examples of MAMSs
include methacrylamides and methacrylates, and examples of LAMSs include vinyl acetates

and N-vinylpyrrolidones.

The Z group is critical for controlling the reactivity of the CTA, defined by the chain transfer
coefficient (Cy), which is the ratio between the rates of chain transfer (k; = ¢kyq4) With
respect to propagation. Typically, CTAs with a higher Cy are preferred for use with MAMs,
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and vice versa for LAMs. The suitable Z groups for different monomer polymerisations are

summarised in Figure 2.3.

o)
Q)
Z: Ar>> S > S(CHy),CHs> NS > Me ~ N s Nij > OPh ~ N > Mo ort~ NMe s NEY

MMA, HPMAM ————————— - <= oe oo - «~—————— VAc, NP ——————
S, MA, DMAM st r oo r e et —-

Figure 2.3. Examples of Z groups that achieve good control over polymer synthesis for certain
monomers. For example, trithiocarbonates are good Z group choices for methyl methacrylate
monomers. Abbreviations: MMA — methyl methacrylate, HPMAM — N-(2-hydroxypropyl)
methacrylamide, St — styrene, DMAmM — N,N-dimethylacrylamide, VAc — vinyl acetate, NVP — N-

vinylpyrrolidone. Reproduced from Ref. 221, with permission from the Royal Society of Chemistry.

The R group is also very important for controlling RAFT polymerisation. The R group must
be a good homolytic leaving group, and needs to be able to reinitiate the polymerisation of the
second monomer. MAMSs are typically better homolytic leaving groups, as the tertiary
propagating radicals ensure resonance and steric stabilisation, and thus the corresponding R

group must be carefully selected for its homolytic leaving group ability (see Figure 2.4).

CHy CH; GCH, H H CH, CHy GCH;  GCHy H H H H CH,
R: |—cN - Fen =~ P> fph > |ph > -coor »» |—cHpt—cH, ~ [en = [-Ph > |-coor' - oN - f-ph ~ |cHy
CHoCH,COR CH;  CH; CON  COOR' CHj CHy  CHy H CH;  CHs H H CH,

~—— MMA, HPMAM S
St, MA, DMAm
o mmmmosooeoeoeoooes --- VAc, NVP e — —

Figure 2.4. Examples of R groups that achieve good control over polymer synthesis for certain
monomers. For example, methyl methacrylates are good leaving groups, requiring an R group that is
more polymeric and therefore a better homolytic leaving group due to steric factors. Abbreviations:
MMA — methyl methacrylate, HPMAM — N-(2-hydroxypropyl) methacrylamide, St — styrene, DMAm
— N,N-dimethylacrylamide, VAc — vinyl acetate, NVP — N-vinylpyrrolidone. Reproduced from Ref.

221, with permission from the Royal Society of Chemistry.

This is to ensure that the partition coefficient (¢), described in Eq. 2.3, is > 0.5. A high ¢
ensures that the pre-equilibrium stage (step 111 in Figure 2.2) will occur rapidly, leading to low
dispersity.
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b = _ Eq. 2.3
k_aaa + kr

Block copolymers can be synthesised by sequential RAFT polymerisation. As the majority of
polymer chains made by RAFT polymerisation will retain their thiocarbonylthio group, they
can be chain extended through addition of monomer and fresh initiator, with the polymer
chains now acting as macro-chain transfer agents (macro-CTAs). The sequence of addition of
polymer blocks must be carefully chosen, as the previously polymerised block will become
the R group for the next polymerisation. Figure 2.5, re-produced from Keddie??!, describes the
order of polymer block addition for block copolymer synthesis. For example, methacrylates
should be polymerised as the first block, forming the macro-CTA, to effectively polymerise a
second polymer block, such as of an acrylate.

IOCH {KH!OH ’I:OCH IN(GH < )_\7 ( \FO O‘C{/’j

MMA, HPMAM

L

St, MA, DMAM ———————————————---==-=====--- -

VAc, NVP
Figure 2.5. Examples of macro-R groups for block copolymer synthesis. The polymer blocks on the left
hand side have better homolytic leaving group ability. For example, a methyl methacrylate should be
polymerised before a vinyl ester polymer block. Abbreviations: MMA — methyl methacrylate, HPMAM
— N-(2-hydroxypropyl) methacrylamide, St — styrene, DMAm — N,N-dimethylacrylamide, NVC — N-
vinylcarbazole, VAc — vinyl acetate, NVP — N-vinylpyrrolidone. Reproduced from Ref. 221, with

permission from the Royal Society of Chemistry.

Aside from the CTA, initiator needs to be considered when planning a RAFT polymerisation
for block copolymer synthesis. Due to the termination processes in RAFT polymerisation, a
number of unwanted defects can occur alongside the desired product. These include initiator-
derived homopolymer and block copolymer, and dead homopolymer and copolymer chains.
Initiator choice and concentration can reduce the quantity of defects. For example, a suitable

concentration must be chosen to generate an optimal polymerisation rate, without producing
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a large number of dead chains. The overall solution concentration will also influence the rate
of polymerisation and the control over the RAFT mechanism. More details on the RAFT
polymerisation mechanism, and initiator and CTA choice, can be found in published work by

Keddie and Perrier.220221

2.1.3 Block copolymers
Block copolymers, as described above, are macromolecules made up of covalently linked
polymer blocks. These can be diblock copolymers (two different polymer blocks), triblock
copolymers (three polymer blocks), or multi-block copolymers (more than three polymer
blocks).??2 Block copolymers differ from random copolymers in that they possess distinct
regions (blocks) that only contain one type of monomer unit, rather than a statistical
distribution of different monomer units. This property can be exploited by incorporating
separate functionalities into each polymer block to tailor the block copolymer for its specific

application.

2.1.3.1 Amphiphilic block copolymers
Block copolymers containing at least one hydrophilic (water ‘loving’) polymer block and one
hydrophobic (water ‘hating’) polymer block are known as amphiphilic block copolymers,
from the Greek word ‘amphi’ meaning ‘on both sides’. The presence of contrasting polymer
blocks that either ‘love’ or ‘hate’ water means that amphiphilic block copolymers will exhibit
self-assembling behaviour, forming structures such as micelles, vesicles (or polymersomes),

worms, or rods, depending on the polymer characteristics and solvent environment. The

formation of these different structures is determined by the packing parameter, p =

aole
(where v are I are the volume and length of the hydrophobic chain, respectively, and agis the
area of the hydrophilic ‘head group’). The self-assembly of amphiphilic block copolymers is
useful for many applications. The formation of micelles, for example, with a hydrophobic core

and a hydrophilic corona, can aid the delivery of drugs that are typically synthesised to be
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hydrophobic, but need to be delivered to a hydrophilic therapeutic environment. These block
copolymers designed for drug delivery also require a biocompatible and non-toxic interface.
For this reason, poly(ethylene glycol) (PEG) (also known as poly(ethylene oxide) (PEO) when
prepared at higher molecular weights) is commonly chosen as the hydrophilic polymer

block.?®

2.1.3.2 Double hydrophilic block copolymers (DHBCs)
Double hydrophilic block copolymers (DHBCs, referred to as hydrophilic diblock copolymers
in this thesis) are made up of two water-soluble (hydrophilic) polymer blocks with different
chemical make-up. The first synthesis of a DHBC was described in 1972 by Kamachi et al.?*
Whilst amphiphilic block copolymers will self-assemble in aqueous solution, hydrophilic
diblock copolymers require an external stimulus to induce self-assembly. Typically, DHBCs
consist of one block that is non-ionic (uncharged) and non-interacting, and therefore acts as a
sterically stabilising influence. The other polymer block is usually ionic (charged), able to
interact with a substrate, and is often pH, temperature or otherwise responsive. Research over
the last two decades has focussed on DHBCs due to their ability to reversibly self-assemble
with an external trigger. In dilute aqueous solution, the hydrophilic chains are fully solvated,
acting as randomly coiled polymers. The external stimuli used to induce self-assembly ranges
from pH, temperature, or ionic strength, to the introduction of an oppositely charged molecule
(often a macromolecule). Introducing an oppositely charged molecule causes the charge
neutralisation of the polyelectrolyte (ionic) block of the hydrophilic diblock copolymer,
triggering a transition from hydrophilicity to hydrophobicity. This amphiphilicity will thus
induce self-assembly in aqueous solution. These self-assembled structures are often known as
polyion complexes (PICs), block ionomer complexes (BICs), or interpolyelectrolyte
complexes (IPECs), and polyplexes, when the oppositely-charged macromolecule is DNA or

RNA 222,225,226
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2.2 Physical characterisation

When preparing complexes between RNA (or DNA) and polycationic macromolecules (for
example, homopolymers, diblock copolymers or triblock copolymers), the N/P ratio is usually
used to characterise the relative proportions of charged units. The N/P ratio will be used
throughout this thesis, in both physical characterisation methods and biological assays. The
N/P ratio expresses the ratio between the number of ammonium groups present as part of the
polycation and the number of phosphate groups present in the phosphodiester backbone of

DNA or RNA, as described in Eq. 2.4.

Number of tertiary amine groups Eq. 2.4
Number of phosphate groups

N/P ratio =

The vha26 dsRNA that is primarily used in this thesis contains 222 bp, a total of 444
nucleotides. Therefore, at an N/P ratio = 1, there will be approximately 4 polymer chains (as

each polymer contains ~ 110 amino groups) to every 1 dsRNA molecule.

2.2.1 Light scattering
2.2.1.1 Dynamic light scattering theory
Dynamic light scattering (DLS) measures the temporal fluctuations in scattered light and can
provide information about the size and structure of particles in solution. Otherwise known as
photo-correlation spectroscopy (PCS) or quasi-elastic light scattering (QELS), DLS measures
the fluctuations in the intensity of scattered light over time. When the scattered light is
collected by the detector, a ‘speckle’ pattern is observed, which fluctuates with the Brownian
motion of the scattering particles. The change in the intensity of the light (due to destructive
or constructive interference) is measured over time by the detector, which produces a count
trace. The product of the scattering intensity between time intervals separated by a delay in
time (tand (¢ + 7)) is computed by the correlator, which produces an intensity auto-correlation

(IAC) function. Eq. 2.5 shows this approximated correlation function.

(DIt +71)) = %Z%I(ti)l(ti +7)dt Eq.25
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This can be understood qualitatively, as over a short time interval there is a stronger likelihood
that the intensities of the signals will be correlated, whereas after a longer period of time the
intensities will no longer be correlated. In the same way, smaller particles will have an IAC
function that decays more quickly than larger particles, as they move more rapidly and

therefore become uncorrelated faster. A normalised IAC function is usually used, Eq. 2.6.

(1@t + 1) Eq. 2.6
900 = oy

Importantly, gz(z) is ascertained from experiments, however it is information about the
scattered electric field gi(z) that is required, Eq. 2.7. Fortunately, these are closely related by

the Siegert relationship, Eq. 2.8.

_(EME*(t+71)) Eq. 2.7
9 =~ OF o)

92(0) =1+ olg1(D]? Eq. 2.8

In Eq. 2.8, o is the coherence factor. It is usually close to one if a single speckle is used by the
LS instrument for measurements (multiple speckle measurements will have o < 7). The

coherence factor is calculated as the intercept of the following equation: In(g,(7) — 1) =

Ino — % as illustrated in Figure 2.6.
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Figure 2.6. An example of the determination of the coherence factor, from the intercept when plotting

In(g2(7)-1) against z.
In monodisperse samples, the intensity auto-correlation curve will consist of a single

exponential, decaying rapidly after the relaxation time, Eq. 2.9.

_T Eg. 2.9
g1(r) =e "r |

Polydisperse samples, however, are identified by a broader IAC curve, and can be described
by Eg. 2.10 using the sum of multiple exponentials (where i is the number of relaxation modes

and A as the relative amplitude of each mode).

2
7)—1 T

g2(m) -1 _ z [Aiexp <_ _>] Eq.2.10
o i TR,

After determination of relaxation time (zr), the decay rate (/) is obtained through Eq. 2.11,
relating to the diffusion coefficient (D) by the scattering vector, g. The magnitude of the

scattering vector, q, is defined by Eq. 2.12.

TR
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_4m 9 Eq. 2.12
1=

Where n is the refractive index of the medium, 4 is the wavelength of light in a vacuum and 6

is the scattering angle.

If T is proportional to ¢, this is indicative of diffusive motion. The dynamic modes are
diffusive in most polymer-based systems, as well as polymer particulate and self-assembled
systems. The diffusion coefficient (D) can be related to the hydrodynamic radius, Ry, of the

particles, assuming a spherical shape, through the Stokes-Einstein equation, Eq. 2.13.

kT
Ry = Eq. 2.13
6mnD

The hydrodynamic radius is calculated, as polymers in solution are affected by hydrodynamic
coupling. The coupled mobility of a polymer chain and its surrounding solvent molecules

causes a larger, hydrated radius to be measured.

2.2.1.2 Data analysis
There are several methods that are commonly used to interpret and analyse DLS data. In this
thesis, multi-exponential analysis was chosen as the principal method of analysis, with
cumulant analysis used for determination of polydispersity. The cumulant method is the most
basic method of analysis, using a Taylor expansion of the logarithm of the IAC function (see
Eq. 2.14 and Figure 2.7).22"?2 This method relies on the linearity of In[g, (7)] with z, relying

on monodisperse samples with narrow Gaussian-like distribution.

— N km — ks 2 ks 3 Eq. 2.14
In[g, ()] = Em(—r)m——l“r+§r —51

m=1
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Figure 2.7. Example of polynomial fitting of the logarithm of intensity auto-correlation function data
for cumulant analysis.
The first term, kq (i.e. I'), is the mean decay rate, the second term, ko, is the variance and ks, is

the skew of the function. Polydispersity is calculated through the following relationship: %

Multi-exponential analysis, in this thesis, was performed using the Levenberg-Marquardt
algorithm, which adjusts the parameters: A; and zr;;, to the best fit of Eq. 2.15 for the measured

IAC data.

2
—— = |Adexp| —— | + Aexp| —— | + Azexp| ——
. 1€Xp Tra 26Xp Tha 3exXp Tha

A, and Aszare set to zero when the suspension is relatively monodisperse, with the option to fit

these parameters if multiple exponentials are required.

2.2.1.3 Static light scattering theory
Static light scattering (SLS), as opposed to DLS, relies on the time-averaged scattered light
intensity. The intensity of the scattered light is measured with respect to either change in

concentration or change in scattering angle. In this work, the scattering angle is varied. From
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SLS data, one can derive information about particle size in the form of the radius of gyration
(Rg, the root mean-square distance of the particle segments from the centre of mass), and

particle shape.

In scattering experiments, the form factor, P(q) (defined in Eq. 2.16), describes the particle
shape. Particles with a distinct symmetry (spheres or cylinders, for example), will scatter light

less efficiently as g increases (scattering angle decreases).

_ Ini(q) Eq. 2.16
Inly(q)

P(q)

Where I5(q) is the intensity of scattered light at scattering vector, g (related to the scattering
angle), I5(0) is the intensity of scattered light at a scattering angle of 0°, which is not

experimentally determined but can be ascertained by extrapolation.

The Guinier approximation, at low-q values (so that gR is sufficiently small), can be used to
calculate the radius of gyration by plotting the logarithm of the time-averaged scatter light
intensity (Is(q)) against g% Eq. 2.17.2%°

q°Ry Eq. 2.17

3

Inls(q) =Inl;(0) —

At low scattering angles a linear relationship will fit the data, and thus gradient and Rq may be
calculated. Information about the shape of particles can be gathered by determination of the

size ratio between Ry and Ry (hydrodynamic radius), Eq. 2.18.

Ry Eq. 2.18

Typically, as p tends towards unity, more spherical morphologies can be assumed. As p

increases above one, this is indicative of rod-like shapes.?*
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2.2.1.1 Cleaning
For both dynamic and static light scattering experiments, it is crucial to ensure that all
glassware and preparation materials are free from dust. Dust scatters light heavily, and can
skew DLS/SLS measurements entirely. To prevent dust contamination upon sample
preparation in this work, all glass vials, lids and stirrer bars were washed 3x with filtered
ultrapure Milli-Q water (filtered through two 0.2 um pore-size nylon membrane non-sterile
Fisherbrand® filters mounted in series) and filtered isopropanol (IPA) (filtered through two
0.2 um pore-size polytetrafluoroethylene (PTFE) membrane non-sterile Fisherbrand® filters
mounted in series) before drying at ~50 °C in a dust-free environment. Prior to measurements,
samples were, on occasion, filtered through a 0.8 um pore-size surfactant-free cellulose
acetate membrane (Sartorius™) into the pre-washed (as described above) glass light scattering

(LS) tubes (rimless Pyrex® culture tubes 75 x 10 mm), to remove dust contamination.

2.2.1.2 Instrumentation
Experiments were most often performed using a 3D LS spectrometer (LS instruments,
Switzerland) using the ‘2D mode’. The spectrometer is fitted with a diode-pumped solid-state
(DPSS) laser operating at 660 nm with a maximum power of 105 mW (Cobolt FlamencoTM,
Cobalt). Laser attenuation was automated, two avalanche photodiode detectors were used, and
the light was vertically polarized. All experiments were performed at a temperature of 25 +
0.5 °C controlled by a water bath. A pseudo-cross correlation mode was used. The angle of

measurement was altered from 30 — 130°.

2.2.2 Electrophoretic mobility
2.2.2.1 Theory
Particles with a net charge will attract a layer of strongly bound counterions to their surface,
known as the Stern layer. Beyond the Stern layer, co-ions will be attracted, as well as

additional counterions that are attracted to the co-ions, forming a diffuse electrical double
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layer. When the particle migrates, a certain proportion of ions will move along with it, whilst
some will remain where they are. This boundary of ions is known as the slipping plane, or the
boundary of hydrodynamic shear, and the potential at this boundary is defined as the zeta ()
potential. Zeta potential is directly proportional to electrophoretic mobility, and therefore
electrophoretic mobility can be considered as relative to the surface charge of the measured

particles.

2.2.2.1 Instrumentation
The self-assembled structures prepared in this thesis can be considered as charged particles.
A zeta potential analyser (Zetasizer Nano-ZS, Malvern) was thus used for the determination
of their electrophoretic mobility. This instrument uses electrophoretic (phase analysis) light
scattering (ELS), and measurements were taken measured at 25 + 0.5 °C. The folded capillary
cell (DTS1070, Malvern) contains two electrodes, between which an oscillating electrical field
is applied. The movement of particles at a particular velocity to either electrode is measured
as their electrophoretic mobility. This can then be converted to zeta potential, if required, by
using the Henry equation with a Smoluchowski approximation. Data were collected in

triplicate with the average taken over three runs.

2.2.3 Transmission electron microscopy
Transmission electron microscopy (TEM) can be used to image nano-scale particles.
However, this technique can prove challenging for polymeric samples due to their organic
nature and lack of ‘heavy’ components. Hence, negative staining with uranyl acetate was
required for all samples imaged in this thesis. For polyplexes, samples were prepared similarly
to a protocol used by Lam et al., through the addition of dsRNA (25 pL, 0.1 mg mL™?) to
polymer solution (0.1 mg mL™) with the volume of polymer solution varied to maintain an
N/P ratio = 2. Solutions were diluted to a 250 pL total volume, with an overall complex

concentration of ~ 30 pg mL™.%! For imaging of self-assembled triblock copolymers (in
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aqueous solution without the presence of dsRNA), the samples were formulated by directly

mixing triblock copolymers in Milli-Q water to a concentration of 10 mg mL™.

TEM grids were 400-mesh carbon-coated copper, prepared through the addition of 5 pL of
sample before washing with Milli-Q water and staining with 1% uranyl acetate. Images were
captured using an FEI Tecnai G2-Spirit microscope, with a Gatan Ultrascan 4000 CCD

camera, operated at 120 keV with a tungsten filament.

2.3 Biological assays and sample preparation

2.3.1 Drosophila suzukii-specific vha26 dsRNA
The primary dsRNA used in this thesis targets the gene vha26. Vacuolar H*-ATPase 26 kDa
subunit (vha26) encodes for a subunit within V-ATPase, a plasma membrane proton pump.
V-ATPase pumps are particularly ubiquitous in the apical membrane of Drosophila ‘copper
cells’ (CpCs) (a type of columnar cell, which are the main cells in the insect gut and are
responsible for nutrient absorption and digestive enzyme production and secretion). Reports
from Overend et al. describe how the acidic section of the midgut of Drosophila (pH ~ 2 — 4)
is maintained through the proton transport by V-ATPases in CpCs.222% |n addition, V-
ATPases are needed to allow the formation of the correct morphology of Drosophila tracheal
cells. The vha26 dsRNA used in this work is specific to Drosophila suzukii, and the vital role
of this gene means that its silencing leads to insect lethality.%?%" The vha26 dsRNA was
synthesised by Genolution AgroRNA, with 222 base pairs (bp) and at a stock concentration

of 4.68 pg pL* in distilled water. The vha26 dsRNA has the following nucleotide sequence:
ACGTGGCCACTCAGCATTGTTGCCCGCCGAAACACCGAAATGGTCCCAAAAAAC

CAATTTCGCTGCTTCGAGGGCAACGGACACGTGTGCAGCTGCCACTGGCCCATC

AAAAGCCCCGAAAGTCATCAATGTCTGTTGTTGAGTTAGCGAAAGTAACGAATA
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CACACTATTAAGCACGCAACATTTACTCTCCATAATTCACCGCACCCAAGACGA

AGAAGT

2.3.2 IVT dsRNA purification
In vitro transcription (IVT) dsRNA was also prepared and provided by Syngenta for this work.
Syngenta supplied long and short GFP dsRNA and long and short ‘active target” dsSRNA. The
‘active target’” dsRNA is named as such as to protect the IP rights of Syngenta. The IVT
dsRNA was provided in an un-purified form, thus ethanol purification was performed as

follows.

Equal volumes of dsRNA and 8M LiCl solution were mixed and left to precipitate for 24 h at
-20 °C. Samples were then centrifuged at 13,000 RPM for 20 min at 4 °C. Supernatant was
discarded and the dsRNA pellet was washed by adding ice-cold 70% ethanol (83 uL) and
centrifuging at 8,000 RPM for 3 min at 4 °C. The supernatant was discarded and the wash step
(with ice-cold 70% ethanol) was repeated twice more. The dsSRNA pellet was then suspended
in RNase- and DNase-free water. Concentration of the resulting dsRNA solutions were

measured using a NanoDrop 2000 (260/280 nm).

2.3.3 Agarose gel retardation
Agarose gel electrophoresis assays were used to confirm the complexation of polymers with
dsRNA through their retardation in an agarose gel. These were also used to assess the levels
of degradation by synthetic and naturally derived enzymes. Ordinarily, dsSRNA inserted into
the formed well (by the comb) at the top of the agarose gel will migrate to a specific location
driven by the electric current. ‘Naked” dsRNA is able to migrate freely in the agarose gel
toward the anode, arriving at a specific location that is relative to the length (number of base
pairs (bp)) of the dsSRNA. The dsRNA that was primarily used in this thesis is 222 bp long,

and runs slightly above the 200 bp band when comparing to a 100 bp DNA ladder. Thus, if
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complexation by a polymer is unsuccessful, the dsRNA will remain free and will migrate
through the gel lane. If complexation is only partial, the complexed dsRNA will be retained
in the loading well, and the free un-complexed dsRNA will migrate towards the anode,
resulting in a ‘smear’ effect caused by the different degrees of interaction with the polycation.
If complexation of the polymer with dsRNA is complete, dSRNA migration will be entirely

prevented and the dsSRNA will be retarded in the loading well.

It is well documented that ethidium bromide (EB) fluorescence is quenched upon the strong
binding of a polycation with dsRNA.2%-2%° Therefore, as polycation concentration is increased
(i.e. N/P ratio is increased) the resulting fluorescence of the EB will be reduced as it is
displaced from the dsRNA. As such, the degradation of dsRNA assessed through agarose gel
electrophoresis was compared to a control sample, comparing the fluorescence intensity of the

dsRNA when enzyme was added with respect to when enzyme was absent.

Agarose gel retardation assays were performed using the following method, unless otherwise
stated. Aliquots of polymer were added to 1 ug dsRNA, in quantities to vary the N/P ratio,
with solutions left to incubate at RT for 1.5 h to allow for complexation. 6X blue/orange
loading dye (2 pL) was added to samples, and each solution (~17 pL) was loaded onto a 2%
(w/w) agarose gel containing EB (3.5 pL), prepared with 1X TAE (Tris base, acetic acid and
EDTA) buffer. Assays were run for 25 min at 90 V. A 100 bp DNA ladder (1 pL), alongside
6X purple non-sodium dodecyl sulphate (SDS) dye (1 pL) and nuclease-free water (4 uL),
was run for comparison. The gels were imaged under a UV transilluminator set at 365 nm.
When RNase A (0.5 pL, 5 mg mL™) was added to the solutions, the samples were incubated
at 37 °C for 30 min prior to analysis. When D. suzukii-extracted enzymes were added to the
formulations, incubation was varied depending on the length of time required for complete

degradation of naked dsRNA, and samples were kept at 26 °C.
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2.3.4 Fluorescence spectroscopy
Ethidium bromide (EB) was used as a nucleic acid-intercalating fluorophore. EB fluoresces
strongly when intercalated between the base pairs of DNA or dsRNA, and fluoresces weakly
in aqueous solution. As mentioned above, EB fluorescence can be quenched through its
displacement by a polycation. Fluorescence quenching can therefore be used as a proxy for

the strength of binding of a polycation to DNA/dsRNA.28-24

Fluorescence intensity was detected in EB exclusion assays and RNase A degradation profiles
using an Omega FLUOstar® (BMG LABTECH GmbH) multi-mode micro-plate reader, with
Aex set at 320 nm and Aem Set at 594 nm. EB solution was stored in an opaque container at 4 °C
prior to use. Samples were measured in a Corning® Costar 96-well opaque microplate. Gain

was set at 1600 — 1900.

For equilibrated ‘static’ samples, endpoint measurements were taken with ten flashes per well.
The volume of each well was made up to 200 pL with nuclease-free water. For all samples,
dsRNA (8 uL, 0.468 mg mL) was added to each well alongside EB (2.9 pL, 0.4 mg mL™) to
provide sufficient fluorescence intensity at the ratio [EB]:[P] = 0.12 (molar concentration of
EB in relation to molar concentration of dsRNA phosphate groups, approximately one
molecule of intercalated EB per four pairs of dsSRNA bases). The dsRNA-EB solutions were
left to incubate for at least 10 min prior to analysis, to allow for full intercalation of EB. In EB
exclusion assays, an equilibration time was incorporated after each polymer addition prior to

endpoint measurement.

Fluorescence intensity (F;) was normalised using Eq. 2.19, with respect to the fluorescence

intensity of dSRNA-EB alone (Fo), subtracting the weak fluorescence intensity of EB in water

(Fgp):

63



I Fy—Fgp
— =L EB Eq. 2.19
IO FO _FEB

For time-resolved studies, two flashes were used for each sample in the 6 — 8 s measurement
cycle. Aliquots of polymer solution (1 mg mL™) were added to dsRNA (8 puL, 1 mg mL™?) to
achieve the desired N/P ratio, with 1.5 h complexation time prior to measurement. The volume
of each well was made up to 200 pL with nuclease-free water. EB (1 pL, 0.4 mg mL™?) and
RNase A (1 pL, 5 mg mL?) were added immediately prior to analysis if required. The
incubator was set to 37 °C and the data were normalised with respect to fluorescence intensity

att=0.

For fluorimetric NaCl titration assays, fluorescence intensity was detected using a
FluoroMax® (Horiba Scientific) spectrofluorometer, with e set at 320 nm, and Aem measured
over a 335 — 800 nm window. Polyplex samples were prepared prior to analysis through the
addition of polymer to dsRNA (120 pL, 1 mg mL?) to achieve an N/P ratio = 5. After
incubation at RT for 1.5 h, nuclease-free water was added to reach ca. 3 mL and EB (91.5 L)
was added to [EB]:[P] = 0.25 (approximately one molecule of intercalated EB per two pairs
of dsRNA bases). An equilibration time of 5 min was incorporated after each NaCl addition

and prior to measurement.
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Chapter 3. Influence of neutral block
length on the complexation and protection
of dsRNA by hydrophilic diblock

copolymers

A portion of the contents of this chapter has been published in Biomacromolecules under the
title, ‘Protection of Double-Stranded RNA via Complexation with Double Hydrophilic Block
Copolymers: Influence of Neutral Block Length in Biologically Relevant Environments.’,

10.1021/acs.biomac.2c00136.

3.1 Abstract

The interaction between the anionic phosphodiester backbone of DNA/RNA and polycations
is electrostatic in nature. The complexation of a nucleic acid and a polymer-based delivery
vehicle, yielding ‘polyplexes’, can be exploited as a means of delivering genetic material for
therapeutic and agrochemical applications, as described in Section 1.7.1. In this chapter, the
synthesis of quaternised  poly(2-(dimethylamino)ethylmethacrylate)-block-poly(N,N-
dimethylacrylamide) (PQDMAEMA-b-PDMAmM, Q-b-D) diblock copolymers via reversible
addition-fragmentation chain transfer (RAFT) polymerisation is described, to be used as non-
viral delivery vehicles for double-stranded RNA (dsRNA). The assembly of the diblock
copolymers with dsRNA formed distinct polyplexes that were thoroughly characterised to
establish a relationship between the length of the charge-neutral polymer block and the
polyplex size, complexation efficiency and colloidal stability. Dynamic light scattering
revealed the formation of smaller polyplexes when formed with diblock copolymer of

increasing neutral polymer block length and Drosophila suzukii-specific vha26 dsRNA, while
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agarose gel electrophoresis confirmed that these polyplexes require a higher N/P ratio for full
complexation. The diblock copolymer-based polyplexes exhibited enhanced stability in low
ionic strength environments in comparison to homopolymer-based polyplexes. Ex vivo
enzymatic degradation assays demonstrated that both the homopolymer and diblock
copolymers efficiently protect dsSRNA against degradation by the synthetic RNase A enzyme.
In addition, the impact of dsRNA length (number of base pairs) was investigated,
corroborating that more consistent polyplex stability is provided by the diblock copolymer

with a longer neutral polymer block.

3.2 Introduction

Typically, polycations such as polyethylenimine (PEI) or poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) have been employed for gene delivery.85868883.107.119 pg| and
PDMAEMA contain amine groups capable of protonation at physiological pH and have, as a
result, favourable electrostatic interaction with DNA/RNA phosphate groups driving efficient
complexation. However, cationic homopolymers can exhibit high levels of cytotoxicity, and
the polyplexes they form with DNA/RNA can be unstable, with the likeliness of electro-
neutralisation upon complexation leading to increased aggregation,88107:119.120.246-248 Thyg,
tailored polymer architectures including branched,®*!1624°  dendritic® or block
copolymers!t3250-252 have recently been evaluated for improving the stabilisation of polyplexes

for the protection and targeted release of genetic material (see Section 1.7.1).

In this chapter, attention is focused on hydrophilic diblock copolymers (also referred to as
double hydrophilic block copolymers, DHBCs) for the stabilisation and protection of dsSRNA
upon complexation. Novel diblock copolymers have been synthesised via agqueous RAFT
polymerisation, containing quaternised  poly(2-(dimethylamino)ethyl — methacrylate)

(PQDMAEMA, Q) and poly(N,N-dimethylacrylamide) (PDMAm, D) polymer blocks.
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There are swathes of literature devoted to the study of amphiphilic diblock copolymers that
self-assemble into micelles (or other aggregated structures such as vesicles or worms) due to
phase separation of the separate polymer blocks.?1%253-261 However, mixtures of oppositely
charged polyelectrolytes (for example, dsSRNA and polycation) can also self-assemble into

micellar aggregates based on phase separation,222225262

The interaction of oppositely charged polyelectrolytes was first reported in 1949 by Fuoss et
al., and the resulting complexes have garnered attention under a plethora of names, such as
polyplexes (usually associated with complexes formed with DNA or RNA),
interpolyelectrolyte complexes (IPECs), block ionomer complexes (BICs) or polyion
complexes (PICs). The charged polymers alone in agueous solution do not self-assemble by
themselves. They are surrounded by oppositely charged small counterions, which are released
upon complexation with an oppositely charged polyelectrolyte, inducing an entropic gain that
provides the driving force behind the complexation. Figure 3.1 shows a coarse-grained
simulation of the complexation between a polycation and polyanion, performed by Zhan et
al.?®® The interaction of two oppositely charged polyelectrolyte chains forms a hydrophobic
complex, which can be more readily dispersed by incorporation of a hydrophilic, neutral block

onto one of the polyelectrolyte chains.
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Figure 3.1. Snapshots of the complexation of a polycation (blue) and polyanion (red), in the presence
of small counterions, as coarse-grained simulated by Zhan et al. Reprinted with permission from B.
Zhan, K. Shi, Z. Dong, W. Lv, S. Zhao, X. Han, H. Wang and H. Liu, Coarse-Grained Simulation of
Polycation/DNA-Like Complexes: Role of Neutral Block, Mol. Pharmaceutics, 2015, 12, 2834-2844.

Copyright 2022 American Chemical Society.

In designing the diblock copolymer constructs in this thesis, we hypothesised that
condensation of the polyanion, dsRNA, by the ‘strong’ (positive charge is maintained
regardless of pH?®*) polyelectrolyte, PQDMAEMA (Q), will form the interpolyelectrolyte core
of the polyplex. The hydrophilic, non-ionic polymer block, PDMAmM (D), covalently attached
to Q, will thus form a corona to provide steric stabilisation, preventing aggregation between
the formed polyplexes.?® This hypothesis is corroborated in coarse-grained simulations by
Zhan et al, Figure 3.2, which shows an entangled core of oppositely charged polyelectrolyte
chains (blue and red) surrounded by hydrophilic, neutral chains that extend out into the solvent

(shown in pink).?3
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Figure 3.2. Snapshots of the complexation of positively charged diblock copolymers (blue is the cationic
block and pink is the hydrophilic, neutral block) and a polyanion (blue), as coarse-grained simulated by
Zhan et al. Reprinted with permission from B. Zhan, K. Shi, Z. Dong, W. Lv, S. Zhao, X. Han, H. Wang
and H. Liu, Coarse-Grained Simulation of Polycation/DNA-Like Complexes: Role of Neutral Block,

Mol. Pharmaceutics, 2015, 12, 2834-2844. Copyright 2022 American Chemical Society.

Prior experimental studies, as well as coarse-grained simulation, have indicated that
hydrophilic, neutral blocks incorporated alongside a cationic polymer block can significantly
impact polyplex morphology, stability and transfection efficiency.*3263266-268 Typijcally, a
poly(ethylene glycol) (PEG) chain has been used as the stabilising polymer block.248:269-271
However, some studies suggest that PEG reduces the cellular uptake of sSiRNA/DNA . 272274
Ensuring the use of cationic and neutral polymer blocks that are both hydrophilic in nature
enhances the biocompatibility and dispersibility of the resulting polyplexes.?622% Therefore,
PDMAmM (D) was chosen as an alternative polymer block to PEG due to its uncharged,

hydrophilic and biocompatible nature.?’

Agueous RAFT polymerisation enables facile control over the degree of polymerisation (DP),
allowing tailored variation of block length, as discussed in Section 2.1.2. Therefore, the D
polymer block length was varied and a systematic comparison of the physicochemical
properties was conducted, including investigating the impact of neutral block length on
morphology and stability of the resulting polyplexes with dsRNA. In both therapeutic and

agrochemical applications, the influence of environmental conditions such as electrolyte
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concentration (driving competitive adsorption/desorption of counterions) and the presence of
nuclease enzymes (e.g. RNases) should be taken into account to create an effective formulation
of dsRNA-based polyplexes. Therefore, the polyplexes are tested under varying conditions to
determine their potential stability in the challenging environments found in pesticide

formulations and upon their application.

In this chapter, polyplex size, stability and efficiency of dsRNA protection are specifically
probed as a function of the diblock copolymer characteristics, using dynamic light scattering
(DLS), fluorescence spectroscopy, electrophoretic mobility assays and agarose gel
electrophoresis. The complexation of homopolymer/diblock copolymers with alternative in
vitro transcription (IVT) dsRNAs is also investigated, using DLS to explore the impact of

dsRNA length on polyplex size and stability.

3.3 Materials and methods

3.3.1 Materials
[2-(Methacryloyloxy)ethyl] trimethylammonium chloride solution (QDMAEMA, 80 wit% in
H20), N,N-dimethylacrylamide (DMAmMm, 99%), sodium chloride (NaCl, 99.5%), D,O (99.9%)
and hydrochloric acid (HCI, 12 M) were purchased from Sigma Aldrich. 4-((((2-
carboxyethyl)thio)carbonothioyl)thio)-4-cyano-pentanoic acid (CCCP, 95%) was purchased
from Boron Molecular. 4,4’-Azobis(4-cyanovaleric acid) (ACVA, 97%) was purchased from
Acros Organics. V-ATPase 222 bp dsRNA was synthesised by Genolution AgroRNA (4.68
ug uL1), sequence specific to the pest insect, Drosophila suzukii. Ethidium bromide (EB, 10
mg mL™) and regenerated cellulose dialysis (membrane molecular weight cut off (MWCO) <
3,500 g mol™) were purchased from Fisher Scientific. 100 bp DNA ladder (500 pg ml?) and
RNase A (20 mg mL™) were purchased from New England Biolabs. Blue/orange loading dye

(6X) was purchased from Promega. Ultrapure Milli-Q water (resistivity of minimum 18.2
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MQ.cm) was used for solution preparation and dialysis, and nuclease-free water was used for

biological assays to avoid the accidental degradation or contamination of dsRNA.

3.3.2 Synthesis of quaternised poly((2-dimethylamino)ethyl methacrylate)
macro-CTA

The PQDMAEMA macro-CTA (Q110) was synthesised by aqueous RAFT polymerisation, as

shown in the scheme in Figure 3.3A.
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Figure 3.3. Reaction scheme of RAFT polymerisation of the (A) PQDMAEMA macro-CTA (Qu10) and
subsequently the (B) PQDMAEMA10-b-PDMAmM (Q110-b-Diy) diblock copolymers. Figure created in

ChemDraw Prime 17.0.

QDMAEMA (100 g, 80 wt% in H,O, 385 mmol), CCCP (0.94 g, 3.1 mmol) and ACVA (0.086
g, 0.31 mmol) were dissolved in Milli-Q water, at a ratio of [QDMAEMA]:.[CCCP]:[ACVA]
= 126:1:0.1 and 50 wt% in solution, pH = 4.3. The solution was degassed with N> for 45 min
and then stirred at 70 °C for 1.5 h. The reaction was quenched by exposure to air.

PQDMAEMA macro-CTA (Q110) was stored at —20 °C to prevent degradation of RAFT chain-
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end groups, prior to purification by dialysis against Milli-Q water (MWCO < 3,500 g mol™)
and lyophilisation. The degree of polymerisation (DP), 110, and conversion, 88%, were
confirmed with *H NMR spectroscopy (400 MHz) through comparison of a peak from the

pendant amine group (b) to a peak from the RAFT-end group (d), as demonstrated by Figure

3.4.
D,0
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Figure 3.4. *H NMR spectroscopy (400 MHz) traces of Q110 macro-CTA homopolymer, and each
diblock copolymer, with key peaks highlighted that were used for peak comparison analysis to

calculate degrees of polymerisation.

3.3.1 Synthesis of hydrophilic diblock copolymers
Hydrophilic diblock copolymers were created through chain extension of the previously
synthesised Q110 macro-CTA, as shown in the scheme in Figure 3.3B. Q110 macro-CTA (10 g,
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0.38 mmol), ACVA (0.01 g, 0.038 mmol) and DMAm (amount varied to control the DP) were
dissolved in Milli-Q water at a ratio of [macro-CTA]:JACVA] = 1:0.1 and 50 wt% in solution,
pH = 6.6. The concentration of DMAmM monomer was varied to control the length of the neutral
polymer block. The solutions were degassed with N> for 45 min and then stirred at 70 °C for
3 h. The reactions were quenched by exposure to air. The solutions were then purified by
dialysis against Milli-Q water to remove unreacted monomer (MWCO < 3,500 g mol), and
lyophilised to yield the PQDMAEMA-b-PDMAmM (Qi10-b-Diy) block copolymers as pale
yellow powders. The DPs (57, 89 and 219) and conversions (86, 71, 91%, respectively) were
confirmed with *H NMR spectroscopy (400 MHz) through comparison of a characteristic peak

from the D block (f) with a peak from the pendant amine group (b) (Figure 3.4).

3.3.2 Characterisation
3.3.2.1 *H NMR spectroscopy
Peak comparison was conducted following measurement of samples in DO (5 mg mL™?) using
a Bruker 400 MHz *H NMR instrument after purification and lyophilisation. Initial kinetic
analysis was conducted with a Spinsolve 60 MHz (see Figure Al in the Appendix for an
example of spectra from this instrument). Conversion was calculated through Eqg. 3.1, by
comparing the vinyl protons (~ 5 — 7 ppm, no vinyl protons are visible in Figure 3.4 as these
spectra were obtained post-purification) to pendant group protons (~ 3.8 or 2.6 ppm, for

example b or f peaks in Figure 3.4, respectively),

v
Conversion (%) = 100 X (1 - t—po) Eq. 3.1
PtVo

Where p represents the integral of the peak (~ 3.8 or 2.6 ppm) of the pendant group protons
and v is the integral of the peaks (~ 5 — 7 ppm) of the vinyl protons, with t and O representing
each time point and the beginning of the reaction, respectively.

3.3.2.2 Aqueous gel permeation chromatography
Molecular weight (MW) and molar mass dispersity () of the polymers were ascertained by

aqueous gel permeation chromatography (GPC), using an Agilent 1260 Infinity 2 instrument
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equipped with a refractive index detector. Separation was achieved using two PL aquagel-OH
Mixed-H columns and an 8 um guard column (Agilent Technologies). The eluent comprised
0.8 M NaNOQOsz, 0.01 M NaH2PO4, 0.05 wt% NaNs in Milli-Q water, adjusted to pH 3 using
37% (w/w) HCI. It was eluted at a rate of 1.0 mL min*. Samples were diluted to 0.5 mg mL*
in the eluent and filtered through a 0.2 um syringe filter (Sartorius Minisart RC hydrophilic)
prior to analysis. MW was calibrated against PEG/PEO standards with molecular weights
varying from 106 to 1,500,000 g mol? (EasiVial PEG/PEO calibration kit, PL2080-0201,
Agilent Technologies)?’® and therefore the MW values obtained for the polymers can only be

used relative to one another, rather than as an exact MW determination.

3.3.3 Preparation of Q110/dsRNA and Q110-b-Dm/dsRNA polyplexes
Q110 and Q110-b-Dm stock solutions were prepared by dissolving a known mass of polymer in
the appropriate volume of Milli-Q water. Solutions were stirred at ~800 RPM for 5 min to
ensure complete dissolution. Solutions of dsSRNA were prepared through dilution of the 4.68
mg mL? stock solution with nuclease-free water. Q110 or Q110-b-Dm/dsSRNA polyplexes were
formulated by directly mixing specific volumes of the polymer and dsRNA solution to achieve
a desired N/P ratio. The N/P ratio, described in Section 2.2, expresses the ratio between the
number of ammonium groups present in the Q homopolymer or Q polymer block (as
determined through *H NMR analysis), and the number of phosphate groups present in the
dsRNA (for example, 222 bp dsRNA provides 444 phosphate groups per dsRNA molecule).
The polymer solutions were added to the dsRNA solution and agitated to mix, before
incubating at room temperature (RT) for at least 1.5 h to equilibrate. The pH of the
formulations were measured to be pH = 7.4.

3.3.4 Light scattering
Dynamic light scattering: Measurement and fitting of the data was performed as described in
Section 2.2.1, viscosity (1) of water used for Stokes-Einstein equation. Static light scattering:

Collection and fitting of data was performed as described in Section 2.2.1.
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For experiments where the salt concentration (Cnaci) Was varied, a zeta potential analyser
(Zetasizer Nano-ZS, Malvern) was used. A backscatter (173°) detection angle was used with
measurements performed in quintuplicate. Data fitting was performed as described in 2.2.1.

3.3.5 Electrophoretic mobility
Aqueous suspensions were prepared at a concentration of 0.1 mg mL?, 24 h before
measurement. Details of instrumentation are described in Section 2.2.2.

3.3.6 Agarose gel electrophoresis
Aliquots of Q110 OF Q110-b-Dm were added to 1 pg dsRNA, in quantities to vary the N/P ratio,
with solutions left to incubate at RT for 1.5 h to allow for complexation. When RNase A (0.5
uL, 5 mg mL1) was added to the polyplex solutions, the samples were incubated at 37 °C for
30 min prior to analysis. Further details of the assay are described in Section 2.3.3.

3.3.7 Fluorescence spectroscopy
Fluorescence intensity was measured in EB exclusion assay, RNase A degradation profiles
and fluorimetric NaCl titration assay, as described in Section 2.3.4.

3.3.8 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed as described in Section 2.2.3.

3.4 Results and discussion
3.4.1 Design and characterisation of homopolymer and diblock copolymers
3.4.1.1 Macro-CTA selection
The macro-chain transfer agent (macro-CTA), synthesised first, was chosen as quaternised-
PDMAEMA. PODMAEMA was selected because of its ‘permanent’ positive charge, induced

through the quaternised monomer unit (which contains a quaternary amine, see Figure 3.5).
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Figure 3.5. Structure of the QDMAEMA repeating monomer unit, drawn in ChemDraw Prime 17.0.

As described in Section 1.7.1.1, PDMAEMA has previously been used as a linear
homopolymer for the delivery of DNA and RNA, due to its proton sponge capabilities. The
pKa of PDMAEMA typically lies between 7 — 8, therefore it is approximately 50% protonated
at physiological pH.%® However, within the haemolymph and gut of many insects and in the
environment where pesticide formulations are applied (such as on the soil or leaves of crops),
pH can be extremely variable. For example, Lepidopteran insects typically have very alkaline
gut contents'?®, and Drosophila have variable pH across the gut lumen with an acidic midgut
section.*3 Without maintaining a positive charge, the premature release of dsRNA could lead
to its degradation and rapid excretion. Replacing PDMAEMA with the permanently cationic
PQDMAEMA eliminates this problem, maintaining an electrostatic interaction with

polyanions (such as dsRNA) over the entire pH range.

However, the strong binding of an ammonium group-based polycation could pose a problem
when considering the release of dsRNA for participation in the RNAi mechanism, or with
respect to the endosomal escape of the polyplexes. Nonetheless, there is ambiguity in the
literature about the true mechanism by which endosomal escape occurs (outlined in Section
1.7.1). Therefore, further research is required to understand which chemical functionalities
incorporated within polymeric delivery vehicles are useful, and which are prohibitive. In this
first instance, we chose to ensure strong complexation and binding to dsRNA (and thus
protection throughout variable environmental conditions) by selecting a permanently cationic
polymer block containing ammonium groups. This is particularly important when considering

agrochemical applications in which pH conditions can be more variable.
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An additional benefit of using the [2-(methacryloyloxy)ethyl] trimethylammonium chloride
monomer (QDMAEMA\), and the resulting PQODMAEMA homopolymer, is that both are
water-soluble. Water-solubility is desirable for applications such as bio-insecticides as it is
critical that the resulting polymer is not inherently toxic, to avoid off-target effects on other
species such as the closely related species (to D. suzukii), Drosophila melanogaster. Water
solubility also helps with facile formulation procedures for target assays, and the use of
aqueous RAFT polymerisation. Pre-quaternised monomer was chosen to remove the
requirement for a post-polymerisation methylation step using methyl iodide, in order to avoid
potential remaining toxic contaminants (such as iodide ions) being present in subsequent

formulations.

The dsRNA used in this research is significantly longer than the siRNA that is often used in
studies concerned with therapeutic applications.*3113250.273 Previous research has shown that
positively charged diblock copolymers, where the charged block length closely matches the
length of the oppositely charged polyanion, form more defined interpolyelectrolyte
complexes.®42"  Unpublished data from our research group also indicated that a
PQDMAEMA DP of ~100 — 120 was of sufficient length to complex with 222 bp dsRNA. It
is based on these factors that a higher degree of polymerisation was chosen for the charged

polymer block (> 100).

3.4.1.2 Kinetic profiling of QDMAEMA RAFT polymerisation
Initially, the kinetics of the aqueous RAFT polymerisation of QDMAEMA was monitored to
determine the optimal concentration of reagents in solution with respect to conversion and rate
control. Monomer conversion was determined using *H NMR spectroscopy (60 MHz). The
vinyl protons (~5 — 7 ppm) and pendant group protons (~ 3.8 ppm) were compared at time =t

to time = 0, as described in Section 3.3.2.1, to calculate conversion and reaction rate. The
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conversions over time in 30 and 50 wt% reaction solutions are shown in Figure 3.6A, and

comparative rate plots are shown in Figure 3.6B.
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Figure 3.6. (A) Conversion and (B) rate plot of QDMAEMA to PQDMAEMA over time when RAFT

polymerisation reactions were run at either 30 wt% or 50 wt% reaction solution concentration.

The data indicated that a 50 wt% reaction solution induces a faster polymerisation of
QDMAEMA, in comparison to a 30 wt% reaction solution, with a higher conversion achieved
(~ 90%). In the 30 wt% polymerisation, a conversion of ~ 80% is reached after 150 min and
the conversion plateaus beyond this reaction time. As shown in the rate plot (Figure 3.6B), this
is due to a loss of RAFT control after 150 min, shown by the deviation from a linear
relationship. However, at 50 wt%, RAFT control is maintained throughout the reaction,
illustrated by the linear relationship in Figure 3.6B. Therefore, a 50 wt% reaction solution was

selected for the RAFT polymerisation of QDMAEMA.

3.4.1.3 Hydrophilic diblock copolymer synthesis
As previously mentioned, homopolymers such as PElI and PDMAEMA are typically used as
transfection agents. However, these homopolymers have also often caused high cell toxicity.
Therefore, modification of polycationic homopolymers such as PEI or PDMAEMA (through
branching, post-polymerisation functionalisation or block copolymer synthesis) can be used

to mediate toxicity and enhance cellular internalisation.
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The Q0 macro-CTA was chain extended by three monomers: poly(ethylene glycol)
methacrylate (PEGMAsw), 2-methacryloyloxyethyl phosphorylcholine (MPC) and N,N-
dimethyl acrylamide (DMAm, D); each of which would result in the incorporation of a neutral,

hydrophilic polymer block.

In the first instance PEGMAsyw was chosen, as PEG derivatives are often selected for
therapeutic applications due to their biocompatibility. However, during the course of the
polymerisation, white particulates became visible. The lower critical solution temperature
(LCST) of PEGMAzw had been reached at the reaction temperature of 70 °C. PEG
methacrylate-based derivatives are amphiphilic, with hydrophilic PEG groups and a
hydrophobic backbone of methyl groups. The overall hydrophobicity of PEGMA
monomers/polymers can be altered by the number of incorporated PEG units, and therefore
their LCSTs may be tuned.?’® Increasing the number of PEG units will increase the LCST, for
example PEGMA.7s (equating to approximately 8 — 9 PEG units) has an LCST of 90 °C. At a
reaction temperature of 70 °C, PEGMA: (as tested here) becomes hydrophobic as the
hydrogen bonds are disrupted and white particulates (visible to the naked eye) become
noticeable. Therefore, as shown in Figure 3.7, the chain extension of Q110 macro-CTA with

PEGM Az was unsuccessful.
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Figure 3.7. GPC trace following the attempted chain extension of Qiip macro-CTA by RAFT

polymerisation of PEGMAsq after a 4 h reaction time.

Secondly, MPC was investigated for its ability to chain extend onto the Q110 macro-CTA. MPC
is a biocompatible monomer, due to its similarity to the phospholipid bilayer membrane.
Whilst the RAFT polymerisation between MPC and Q110 was more successful (in comparison
to PEGMAGs00), with the GPC trace shifting to shorter retention times (Figure 3.8), there was

still the presence of a significant macro-CTA shoulder. This is indicative of remaining,

unreacted macro-CTA present in the system.
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Figure 3.8. GPC trace following attempted RAFT polymerisation between MPC monomer and Qi1o

macro-CTA after a 2 h reaction time.

Finally, DMAmM monomer was explored as the neutral polymer block, also due to its

biocompatibility.?”® In this instance, the RAFT polymerisation, chain-extending DMAm onto

the Q110 macro-CTA, was successful, see Figure 3.9.
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Figure 3.9. GPC traces, following the kinetics of the RAFT polymerisation between DMAM monomer

and Q110 macro-CTA, over a 3 h period.
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As the reaction proceeds from 30 min to 3 h, the GPC peak shifts to shorter retention times. A
small macro-CTA shoulder can be seen at 30 min, however this appears to be absent from 2 h
onwards. Figure 3.9 highlights that the RAFT polymerisation is rapid, occurring primarily in

the first 30 minutes of the reaction time.

3.4.1.4 Synthesis of hydrophilic diblock copolymers by aqueous RAFT
solution polymerisation

A series of three hydrophilic diblock copolymers were thus synthesised by aqueous RAFT
polymerisation, as illustrated in Figure 3.3. A batch of cationic homopolymer, Q110 (My =

23100 g mol™), was first synthesised as a macro-CTA.

The macro-CTA was then chain extended, in aqueous solution by RAFT polymerisation, with
N,N-dimethyl acrylamide (DMAm). The ratio of DMAmM monomer to PQDMAEMA macro-
CTA was varied in order to tailor the length of the neutral PDMAmM (D) polymer block as
approximately half, equal and double the length of the cationic polymer block (Q110-b-Dsy,
Q110-b-Dsg and Q110-b-D219 with M, = 28800, 31900 and 44800 g mol™?, respectively). By first
synthesising PQDMAEMA as a macro-CTA, a constant cationic block length was kept
between the homopolymer and diblock copolymers, maintaining the same size ratio of dSRNA
to cationic charge in later experiments. The influence of the neutral polymer block length could
then be investigated in terms of the polymer physicochemical properties, complexation

efficiency and the stability of polyplexes formed with dsSRNA.

The polycationic homopolymer, Q110, Was purified by dialysis and lyophilised separately. The

homopolymer and diblock copolymer compositions and molecular weights were determined

by *H NMR spectroscopy (400 MHz, Figure 3.4), detailed in Table 3.1.
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Table 3.1. Properties of the homopolymer (macro-CTA) and three hydrophilic diblock copolymers

[M]o—[M]e
[cTA]o

synthesised in this work. ®MW calculated using the following equation: M,(theo.) =

M, + Mcr, where [M]o is the initial monomer concentration, [M]; the monomer concentration at time

t, [CTA]o the initial CTA concentration, M the molar mass of the monomer and Mcra the molar mass

of CTA.
Data determined by *H NMR spectroscopy Data determined by
(400 MHz) aqueous-GPC
Polymer code D
Monomer . Mnby NMR? | Mnby GPC/
conversion / % proportion / / g mol* g mol* B
mol%
Q110 (macro-CTA) | 88 0 23100 8900 1.48
Q110-b-Ds7 86 34 28800 12600 1.39
Q110-b-Degg 71 45 31900 16400 1.33
Q110-b-D219 91 67 44800 31600 1.23

Molecular composition was calculated through comparison of the relative intensity of an
integrated D peak (~ 2.6 ppm) to the intensity of an integrated Q peak (~ 3.8 ppm). Conversion
was monitored over the reaction time, as described in Section 3.4.1.2, using a low resolution
(60 MHz) *H NMR instrument and Eq. 3.1. The conversion increased rapidly in the first 30
min and then increased steadily to > 90% until the reaction was quenched by exposure to air

after approximately 3 h, see Figure 3.10.
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Figure 3.10. Conversion of each chain extension of Q110 macro-CTA with DMAm (D, amounts varied
to alter final diblock copolymer composition), to synthesise hydrophilic diblock copolymers (Q110-b-
Dm). Conversion was monitored over time (180 min total reaction time), ascertained by *H NMR

spectroscopy (60 MHz).

Since the polymers synthesised in this work are chemically different in comparison to the
polymer standards (i.e. PEG/PEQ) used to calibrate the aqueous GPC system, their interactions
with the column are expected to be different and the molecular weight values obtained with
this technique can only be considered as relative values.?”® Thus, to calculate N/P ratios in
polyplex formulations, molecular weights derived from *H NMR spectra were used. Aqueous
GPC at the end time-point (3 h) of each RAFT polymerisation (Figure 3.11) showed negligible
presence of residual Q110 macro-CTA after each chain extension, indicating good blocking

efficiencies.
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Figure 3.11. GPC chromatogram obtained for the Q110 macro-CTA and the series of three hydrophilic
diblock copolymers with varying D polymer block degrees of polymerisation. The y-axis represents the

arbitrary normalised signal from the RI detector.

Molar mass dispersity (P) of the hydrophilic diblock copolymers ranged from 1.23 to 1.39
(Table 3.1). These values are slightly higher than typically observed for controlled RAFT

polymerisations (where D ~ 1.1 — 1.3)??° but are suitable for the intended application.

3.4.2 Polyplex formation and size analysis over variable N/P ratio
The homopolymer and diblock copolymers, once synthesised, were complexed with
Drosophila suzukii-specific vha26 dsRNA. Dynamic light scattering (DLS) was employed to
confirm the complexation between the positively charged homopolymer or diblock
copolymers with dsSRNA, and to assess the variability in the resulting size of the assembled
polyplexes. DLS also confirmed that there was no sign of assembly of the homopolymer or
diblock copolymers in aqueous solution, prior to interaction with dsRNA, with no larger scale
structures (e.g. greater than the expected radius of gyration of the polymers on their own)

measured.
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Normalised intensity auto-correlation (IAC) data obtained for Q110, Q110-b-Ds7, Q110-b-Dgg and
Qu10-b-D219 polyplexes with dsRNA at N/P ratios from 1 — 10 was collected across a range of
scattering angles. To demonstrate the process of extracting a mean size, the N/P ratio of 5 is

shown here as an example in Figure 3.12 (full IAC data at N/P ratio = 5 is shown in Figure A2

in the Appendix).
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Figure 3.12. Normalised IAC data with single exponential fits obtained using Eq. 3.2 (continuous lines),
for 40°, 70° and 130° scattering angles of polyplexes, with polymers of increasing D block lengths: (A)
Q110, (B) Qu10-b-Ds7, (C) Qu10-b-Dgg and (D) Quiio-b-D21e. All samples were measured after 24 h

equilibration time and formulated at N/P ratio = 5.

These IAC curves show the presence of a single relaxation mode and were indeed successfully

fitted to Eq. 3.2 with i = 1.

g2(m)—1

o

2
Ajexp (— %)] Eqg. 3.2
i
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The coherence factor, o, allows normalisation of the data so that the y-intercept equals 1, and
ri and A; are the relaxation time and the relative amplitude associated with the relaxation
mode i, respectively. Further explanation of IAC data fitting can be found by referring to

Section 2.2.1.2.

The obtained relaxation times, zz, were then used to calculate the decay rates, I' = Ti which
R

were plotted against the square of the scattering vector, g°, as shown in Figure 3.13A. I
exhibits a g>-dependence, characteristic of a diffusive behaviour. Hence Eq. 3.3 was used to
determine the diffusion coefficient with the y-intercept, B, not restricted to account for the
small uncertainties in the determination of I". Assuming a spherical shape for the measured
objects, the Stokes-Einstein equation was subsequently used to calculate the hydrodynamic

radius, Ry (EQ. 3.4).

I'=Dg?+B Eq. 3.3
Ry = kT Eq. 34
H™ 6mnD a. =
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Figure 3.13. (A) Plots of the decay rate, I, as a function of the squared scattering vector, g2, for
polyplexes formed with polymers containing increasing D block lengths: Q110, Q110-b-Ds7, Q110-b-Dsgg
and Qa10-b-D219. Dashed lines are linear fits of the data and allow the determination of the diffusion
coefficient D of the scattering objects. All samples were measured after 24 h equilibration time and at
N/P ratio = 5. (B) Effective hydrodynamic radii, Ru, of Q110/dSRNA, Qi10-b-Ds7/dSRNA, Q110-b-

Dgo/dsRNA and Qi10-b-D219/dSRNA polyplexes measured by dynamic light scattering, over N/P ratios

=1-10.
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The size of polyplex objects showed minimal variation over N/P ratios =1 — 10 (Figure 3.13B).
Note that no Ry was determined at N/P ratio = 1 for Q110-based polyplexes, as large precipitated
aggregates/clusters, visible to the naked eye, formed upon mixing at this particular N/P ratio.
Instability of polyplexes prepared through the mixing of two oppositely charged
homopolymers (polyelectrolytes) around the isoelectric point is commonly reported in
literature,?® and these experiments further demonstrate the importance of incorporating a
neutral block to sterically stabilise the polyplexes when close to charge neutrality. At higher
N/P ratios, the polyplexes obtained with the homopolymer appeared to be stable, likely as a
result of higher polyplex charge resulting from the imbalance of the overall number of charges

between the polymer and the dsRNA, in agreement with previous literature.?®

Figure 3.13 shows that as the neutral block length is increased, the size of the polyplex objects
decreases. The hydrophilic, neutral D polymer block is incorporated to provide steric
stabilisation and it likely surrounds the electrostatically-collapsed interpolyelectrolyte core
comprising the dsRNA and Q polymer block, as previously predicted by coarse-grained
simulation.?®® Beyond steric stabilisation, the assumed hydrophilic corona formed by the D
polymer block has the potential to provide enhanced protection for the genetic material.?®® It
is important, however, to highlight that in all these systems, the number of dsRNA chains
within each of the polyplexes may not be constant, and this will play an important role in

determining the size of the resulting polyplexes.

Previous studies on the structure and morphology of interpolyelectrolyte complexes formed
between cationic and anionic polyelectrolytes has revealed a dependence on the polymer
composition with respect to neutral block length. Their findings show that incorporating a
neutral polymer block into one or both polyelectrolyte chains reduces aggregation and can
shift the complex structure from vesicles/worm-like cylinders towards star-shaped, more
spherical morphologies.?24 |n particular, Petersen et al. studied bPEI-g-PEG/pDNA
polyplexes and found that incorporating longer PEG blocks resulted in the formation of
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smaller sized polyplexes when complexed to pDNA.2%° However, as far as we are aware, the
work in this chapter is the first report of decreasing hydrodynamic radii of polyplexes formed

between dsRNA and hydrophilic diblock copolymers with increasing neutral block length.

Static light scattering (SLS) was employed to further investigate the size and particle shape of
the polyplexes formed between homopolymer or diblock copolymers and dsRNA. SLS was
measured at a range of scattering angles to allow the Guinier approximation to be used (as
explained in Section 2.2.1.3).22°2% Guinier plots at low-q values and their respective linear fits
and shown in Figure A3 in the Appendix, across a range of N/P ratios (1 — 10). Radii of
gyration (Rq) were calculated from the gradient of the linear fits, according to SLS theory. The
variation in radius of gyration with varying N/P ratio across the different polyplex samples is

highlighted in Figure 3.14A.
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Figure 3.14. (A) Radii of gyration / nm, calculated from Guinier plots (obtained through SLS) across
an N/P ratio range of 1 — 10 and (B) ratio of radius of gyration (Rq) with respect to hydrodynamic radius
(Ru, measured by DLS) across an N/P ratio range of 1 — 10 for Q110, Q110-b-Ds7, Q110-b-Dsg and Q110-b-

D219 polyplexes with dsSRNA.

A similar trend is observed in the radii of gyration to the hydrodynamic radii measured by
DLS, with the largest sizes measured for the Qaiio-based polyplexes and polyplex size
decreasing as the neutral D polymer block length is increased. There is also no significant

variation in Ry across the N/P ratio range of 1 — 10 for any particular polyplex.
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The p (Rg/Rn) of the polyplexes was calculated according to Eq. 2.18, as this size ratio can
provide important structural information. Qiio/dSRNA polyplexes appear to have more
spherical morphologies, with p values closer to one (Figure 3.14B). Interestingly, as the neutral
polymer block length of the participating diblock copolymer is increased, the resulting
polyplexes appear to become more rod-like in morphology, as p increases above one to up to
values of ~ 1.5. Due to size of the hydrodynamic radii measured, the polyplexes are unlikely
to be forming simple micelles. Instead, they are more likely to be forming vesicles or structures
containing multiple micelles joined together. Thus, the more spherical (p ~ 1) Qiio-based
polyplexes could be forming vesicles, and the diblock copolymer-based polyplexes
(particularly as the neutral block length is increased) could be forming rod-like morphologies,

possibly through the combination of multiple micellar structures.

These results are corroborated by TEM imaging (Figure 3.15) that visually shows the

increasingly rod-like morphologies of polyplexes formed with diblock copolymers with longer

neutral D block length.
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Figure 3.15. Representative TEM images of polyplexes (formulated at N/P ratio = 2) prepared with
dsRNA (25 pL, 0.1 mg mL?) and (A) Q110, (B) Q110-b-Ds7, (C) Q110-b-Dse and (D) Q110-b-D219 (0.1 mg
mL%, volume of polymer solution varied to maintain N/P ratio = 2). Solutions were diluted to a final
volume of 250 uL, providing an overall polyplex concentration of ~ 30 pg mL™. 400-mesh carbon-
coated copper grids were prepared with 5 uL of sample, prior to washing with Milli-Q water and staining
with 1% uranyl acetate. Images were captured using an FEI Tecnai G2-Spirit microscope, with a Gatan

Ultrascan 4000 CCD camera, operated at 120 keV with a tungsten filament.

Imaging via TEM of systems such as these is challenging and requires a uranyl acetate stain.
Images of systems with longer PDMAmM chains appear to show more limited contrast (contrast
decreases moving from images A through to D in Figure 3.15), perhaps due to less efficient
staining of PDMAmM with uranyl acetate. The process of drying the polyplexes onto the TEM
grid may also have an impact on the morphology of the system, and therefore it is worth

appreciating that the structures could be different from their native states when in solution.
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3.4.3 Surface charge of polyplexes over variable N/P ratio
The anionic backbone of dsRNA is a prohibitive factor for cell entry due to repulsive
electrostatic interactions with negatively charged cell-surface glycosaminoglycans,?® whereas
gene delivery vectors with a positive surface charge can promote genetic material entry into
cells.248:285-288 However, cationic homopolymers can be cytotoxic if their surface charge is too
high.?®> Hence, a balance must be found to mitigate against toxicity by lowering cationic

charge, whilst still promoting passive entry of dsRNA into cells.

Thus, the electrophoretic mobility (proportional to surface charge) of polyplexes as a function
of N/P ratio was measured. As the N/P ratio was increased from 1 to 10, the polyplex

electrophoretic mobility increased (Figure 3.16).
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Figure 3.16. Electrophoretic mobility of polyplexes formed with each polymer (Q110, Q110-b-Ds7, Q110-
b-Dgoand Q110-b-D219) over an N/P ratio range of 1 to 10. Note that no electrophoretic measurement was
conducted on polyplexes formed with Q110 at N/P ratio = 1, where precipitation/aggregation was

observed.

At N/P ratios > 3, the electrophoretic mobility of Qi10-b-Dso/dSRNA and Q110-b-D21o/dSRNA

polyplexes are seen to plateau, likely as a result of no further increase in the polymer to dsSRNA
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chain ratio. Therefore, polyplex samples with N/P ratios > 3 may contain free polymer chains.
Quio/dsRNA and Qai0-b-Ds7/dsSRNA polyplexes reach this plateau at higher N/P ratios,
suggesting that the polyplexes formed with these two polymers, in comparison to Q110-b-Dsgg
and Qu10-b-D21o-based polyplexes, are able to accommodate additional polymer chains into
their structure at higher polymer concentrations. In these cases, the additional chains
incorporated within the Qi10/dSRNA and Q110-b-Dsz/dSRNA polyplexes, relative to Qiio-b-
Dgo/dsRNA and Qi10-b-D21o/dSRNA polyplexes, are likely to increase polyplex particle size,
which correlates with the larger Ry values, as measured by DLS. At this stage, polyplexes
prepared with Q110-b-Dsg and Q110-b-D219 at N/P ratios > 2 seem to be the best candidates for
our application, since their electrophoretic mobility values are lower whilst still endowing a

positive surface charge to aid endocytosis.

3.4.4 Ethidium bromide analysis
The fluorophore, ethidium bromide (EB), intercalates between the base pairs of DNA/dSRNA.
It weakly fluoresces in aqueous solution, but exhibits a strong fluorescence when complexed
with intact DNA or dsRNA. EB can therefore be used to monitor whether all, or only a portion,

of the DNA/dsRNA is complexed by a polycation.24-2

3.4.4.1 Agarose gel retardation
Gel electrophoresis, using agarose gel stained with EB, was performed to assess the
complexation of polymers to dsRNA at N/P ratios from 1 to 5. Successful complexation of
dsRNA with a polymer is confirmed by the retardation of polyplexes, with the fluorescence
from dsRNA-EB confined to the well of the corresponding gel lane, as opposed to migration
of free dSRNA. Whereupon partial complexation occurs, a ‘smear’ down the gel lane can be
observed, as only a fraction of the dsSRNA chains are retarded against migration.?®® Figure 3.17

investigates the complexation of each of the polymers with increasing N/P ratio = 1 — 5.
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Figure 3.17. Agarose gel electrophoresis of polyplexes formed with each polymer (Qi1o (lanes 3-7),
Q110-b-Ds7 (lanes 10-14), Q110-b-Dgo (lanes 17-21) and Q110-b-D219 (lanes 23-27)) over an N/P ratio
range of 1 to 5. 100 bp DNA ladder was used in lane 1, naked dsRNA (1 pg) was added to lanes 2, 9
and 16, and polymers Q10, Q110-b-Ds7, Q110-b-Dss, and Q110-b-D219 alone were added to lanes 8, 15, 22
and 28, respectively. The image was collected in four separate images of each part of the gel so that
greater focus of the observed fluorescence could be obtained; hence, subtle changes in background

colour occurs in different sections of the image.

As indicated by the fluorescent wells, the homopolymer, Q110, retards dsRNA migration at N/P
ratios 1 — 5 (see Qiio/dsRNA polyplexes on the left side of Figure 3.17). The strength of
fluorescence in the wells, however, is also observed to decrease as N/P ratio is increased. This
is indicative of stronger binding of the polymer to dsRNA, and will be discussed in more detail

in the next section.

Comparing Qi10/dsRNA to polyplexes formed with the diblock copolymer with the longest
neutral D block, Q110-b-D219, a difference can be seen at an N/P ratio = 1. Q110-b-D21o/dSRNA
does not appear to retard the dsSRNA migration as successfully as Q110/dSRNA, as illustrated
by the smeared fluorescence down the gel lane. This partial migration of dsRNA was
reproducible. Multiple gel electrophoresis runs, specifically at an N/P ratio = 1, were
performed to confirm this result (see Figure A4 in the Appendix). For diblock copolymer-
based polyplexes at an N/P ratio = 1, as D polymer block length is increased, only partial

complexation is achieved. A similar phenomenon was identified by Lam et al., with
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PDMAEMA-b-PMPC diblock copolymers when complexed with plasmid DNA.Z! As the
length of the charge-neutral MPC block was increased, higher molar ratios of diblock
copolymer were required to reach full complexation. Similarly here, N/P ratios > 1 are required
for full complexation of dsRNA chains by longer neutral block length diblock copolymers

(Q110-b-Dgg and Q110-b-Da21o).

3.4.4.2 EB exclusion assay
As qualitatively established by agarose gel electrophoresis, fluorescence of EB is quenched at
higher N/P ratios. Through complexation of an interacting polycation with DNA/dsRNA, EB
cannot intercalate as effectively between the base pairs, hence a decrease in fluorescence is
observed. As a result, it is possible to use the quenching of fluorescence as a proxy for
monitoring polymer/dsRNA binding/complexation. This phenomenon has been well-

documented in literature,96:238.239,245,289-291

Quenching of fluorescence can only be determined qualitatively using agarose gel
electrophoresis. Thus, fluorescence quenching titrations were performed via fluorescence
spectroscopy over the N/P ratio range 0 — 10 (N/P ratio = 0 represents dsSRNA-EB alone in
aqueous solution and is used to quantify lo, fluorescence intensity at time = 0) to quantitatively
interpret the exclusion of EB by each polymer. The proportion of quenched fluorescence is
interpreted as an indicator of the strength of binding between the homopolymer/diblock
copolymer and the dsRNA. These data, presented in Figure 3.18, suggest that an N/P ratio = 2

— 3 is required for maximum fluorescence quenching.
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Figure 3.18. Ethidium bromide exclusion from intercalation between dsRNA base pairs, through the
complexation of increasing amounts of polymer to dsRNA (increasing N/P ratio). Exclusion was
quantitatively assessed through the quenching of fluorescence, measured with a plate reader. Polyplexes
were formed between each polymer: Qi10, Q110-b-Ds7, Q110-b-Dgg and Qi10-b-D219 and vha26 dsRNA.
Fluorescence intensity has been normalised with respect to initial dSSRNA-EB fluorescence (lo). Dotted

lines are included to guide the eye only.

Considering the error associated with the 1/l, data points, there is no significant difference in
the strength of binding between homopolymer and each diblock copolymer with dsRNA (that
can be detected using this method). Complete EB exclusion (100% fluorescence quenching)
is not achieved with Qa10 nor the diblock copolymers, which could imply that stronger binding
may be possible with alternative polymer designs. For example, Dey et al. reported EB
exclusion of 90 — 98% between ctDNA and either a poly([3-(methacryloylamino)propyl]
trimethylammonium chloride) (PMAPTAC) homopolymer or a series of PMAPTAC-b-PEG
diblock copolymers.?*® However, such strong binding may also preclude the decomplexation

and thus release of dsSRNA within cells to incorporate within the RNAi machinery.
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3.4.5 Influence of Cnaci on polyplex binding
When considering the final application of exogenous dsRNA in agrochemical formulations,
one expects many inorganic ions to be present in these environments. To develop an
understanding of these systems under relevant conditions, we have investigated the impact of
NaCl concentration (Cnaci) on polyplex stability. As demonstrated by fluorimetric titration
(Figure 3.19A), increasing the concentration of NaCl in the presence of dsSRNA-EB (without
complexation by a polymer) causes a decrease in the fluorescence intensity, which has also

been previously shown in literature.?®®
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Figure 3.19. (A) Fluorescence intensity (a.u.) of polyplexes formed with either homopolymer or diblock
copolymers (N/P ratio = 5) or naked dsRNA with increasing Cnaci. The dsRNA, in the absence of
polymer, is shown as the average spread of data following experiments run in quadruplicate. Lines are
included to guide the eye only. (B) Average effective hydrodynamic radii (log scale) of Qi10/dSRNA,
Q110-b-Ds7/dsRNA, Q110-b-Dso/dsSRNA and Qi10-b-D21o/dSRNA based on repeat measurements with
increasing NaCl concentration. Dotted vertical lines are included to highlight crossover points with the

fluorescence data.

Binding of EB to nucleic acids primarily occurs through the intercalation of base pairs.
However, there is also a contribution to binding through electrostatic interaction of the cationic
amine site of EB with the anionic phosphate groups. The addition of an electrolyte to naked
dsRNA-EB, such as NaCl, weakens the binding of EB through electrostatic interaction,

leading to a decrease of the fluorescence intensity of dsSRNA-EB with increasing electrolyte
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concentration. It is worth noting that this phenomenon has been shown to have a larger impact

on dsRNA than DNA240.241,245,292

The fluorescence intensity of polyplexes formed with dsSRNA is plotted as a function of NaCl
concentration in Figure 3.19A. In order to explain the behaviour of these systems, the results
were analysed alongside size analysis to determine the decomplexation point (see Figure
3.19B and corresponding IAC curves in Figure A5 in the Appendix). Prior to addition of NaCl
to the polyplex formulations, relative fluorescence intensity of the polyplexes is low as a result

of the displacement of EB from dsRNA (and thus fluorescence quenching).%6:238:245289.290,292

Transitioning from a salt-free environment to Cnaci = 50 mM, polyplexes appear to form
smaller complexes due to chain rearrangement. Similar effects in polyelectrolyte complexes
have been observed in literature.?642%3-2% This rearrangement allows increased EB access to
intercalate with dsRNA, hence the large increase in fluorescence intensity in the region where

Cnact = 50 — 200 mM.

From Cnaci = 50 mM, light scattering reveals an increase in polyplex size due to electrostatic
screening of charge by the addition of competing cations and anions. Charge screening causes
swelling of the polyplexes due to osmotic repulsion within the polyplexes themselves.?%
Charge screening will also lead to colloidal instability of the polyplexes. Increased ion
concentration leads to shortening of the Debye length of charged particles, thus reducing the
barrier to aggregation.?®” Considering the (overall) positively charged polyplexes as charged
particles, increasing ion concentration will lead to colloidal instability. This size increase is
more pronounced for polyplexes formed by polymers with shorter (or without) D neutral
polymer blocks. Petersen et al. also found that polyplexes formed between bPEI-g-PEG and

pDNA swelled in size at Cnaci = 150 mM. 2
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Full decomplexation is characterised as the crossover point beyond which the polyplex
samples mimic dsRNA-EB fluorescence, with decreasing intensity upon further increase in
Cnact.2® Light scattering confirms the instability of polyplexes at this crossover point, beyond
which multimodal size distributions are observed (an example of which is shown in Figure A6
in the Appendix) and DLS data can no longer be used. Q110/dSRNA reaches the crossover point
at Cnact ~ 250 mM, whereas the diblock copolymer-based polyplexes do not reach this point

until Cnaci ~ 500 mM.

The swelling regime of Q110/dSRNA (Cnaci = 50 — 250 mM) has greater fluorescence intensity
than the equivalent regime (Cnaci = 100 — 500 mM) in diblock copolymer/dsRNA samples.
This implies that an increased proportion of free dsSRNA is available for EB intercalation. We
can therefore conclude that the addition of a steric stabilising block plays a role in maintaining
complexation with dsSRNA as Cnaci is increased, particularly as full decomplexation of diblock
copolymer/dsRNA polyplexes is not achieved until Cnaci = 500 mM. In maintaining colloidal
stability, one can provide either electrostatic or steric stabilisation. In the case of polyplexes,
which are overall positively charged, electrostatics will maintain their stability until a certain
ion concentration is reached of the surrounding solution, leading to a reduced aggregation
barrier and thus colloidal instability. However, polyplexes formed with diblock copolymers
with longer neutral polymer blocks will, in addition, possess steric stability. Thus, these

polyplexes maintain their colloidal stability up to higher ion concentrations.

3.4.6 Protection of dsSRNA against degradation by synthetic enzymes
A major barrier to the successful delivery of exogenous genetic material in agrochemical
applications is overcoming the fragility of dsSRNA to environmental nucleases. RNase A
cleaves dsRNA after every cytosine and uracil, and was thus used to initially investigate the

enzymatic degradation and/or protection of dSRNA. Time-resolved fluorescence spectroscopy
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quantitatively highlights the dramatic, rapid degradation of dSRNA by RNase A (see Figure

3.20).
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Figure 3.20. Time-resolved fluorescence spectroscopy of dsRNA (orange), Qiio/dsSRNA polyplex
(green), Qui0-b-Ds7/dsSRNA polyplex (grey), Q1i0-b-Dgo/dSRNA polyplex (red) and Q110-b-D21o/dSRNA
polyplex (blue), without (A) and with (B) the addition of RNase A. Fluorescence of ethidium bromide
(EB) alone in water is shown in pink. Polyplexes were left for 1.5 h to equilibrate. Data is hormalised
with respect to lo (fluorescence intensity at time = 0). Low fluorescence intensity of polyplexes is due

to quenching of EB fluorescence after displacement from dsRNA intercalation.

Polyplex fluorescence upon addition of RNase A shows minimal difference to polyplex

samples without the addition of RNase A. It is worth noting here that the fluorescence of the
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polyplexes (formulated at N/P ratio = 5) is quenched due to the displacement of ethidium

bromide as the intercalating species, as explained in previous sections.

To further investigate the level of protection of dSRNA in polyplexes, complexation and
proportion of degradation were qualitatively assessed in agarose gel electrophoresis assays

over a range of N/P ratios (see Figure 3.21, Figure 3.22, Figure 3.23, and Figure 3.24).
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Figure 3.21. Agarose gel electrophoresis of Q110/dSRNA polyplexes at N/P ratio = 0.25, 0.5, 0.75 1, 2,
3,4 and 5. DsRNA (1 pg, lanes 2 and 3) and the polyplexes were incubated with (indicated by *) and
without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1 and 21, and Q1o

alone was added to lane 20.
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Figure 3.22. Agarose gel electrophoresis of Q110-b-Ds7/dSRNA polyplexes at N/P ratio = 0.25, 0.5, 0.75,
1,2,3,4and 5. DSRNA (1 ug, lanes 2 and 3) and the polyplexes were incubated with (indicated by *)
and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lane 1, and Q110-b-Ds;

alone was added to lane 20.
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Figure 3.23. Agarose gel electrophoresis of Q110-b-Dgs/dSRNA polyplexes at N/P ratio = 0.25, 0.5, 0.75,
1,2,3,4and 5. DsRNA (1 pg, lanes 2 and 3) and the polyplexes were incubated with (indicated by *)
and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1 and 21, and Q110-

b-Dgg alone was added to lane 20.
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Figure 3.24. Agarose gel electrophoresis of Qi10-b-D21s/dSRNA polyplexes at N/P ratio = 0.25, 0.5,
0.75,1, 2, 3,4 and 5. DsRNA (1 pg, lanes 2 and 3) and the polyplexes were incubated with (indicated
by *) and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1 and 21,

and Q110-b-D219 alone was added to lane 20.

In all three diblock copolymer-based polyplexes, an N/P ratio > 2 was required for full
complexation and thus full protection of vha26 dsRNA. Q110/dSRNA, however, also achieved
a full retardation of the migration of dsSRNA at an N/P ratio = 1, likely due to the aggregation
at this N/P ratio, as described in Section 3.4.2. Below these N/P ratios partial complexation
occurs, with some dsRNA retarded in the well and a portion of free dsSRNA migrating down
the gel lane. In these cases, it can be observed that whilst the free dsRNA is degraded (absent
fluorescence from sample with added RNase A), the complexed dsRNA remains intact

(fluorescence still maintained in well of the gel).

The outcome of these experiments are summarised in Table 3.2, which indicates the
complexation state (none, partial or full) of dsSRNA by homopolymer and each diblock
copolymer at specified N/P ratios, as well as whether dSRNA was degraded through the

addition of RNase A.
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Table 3.2. Summary of complexation and protection provided to dsRNA by homopolymer and

hydrophilic diblock copolymers at different N/P ratios, as evaluated by agarose gel electrophoresis.

N/P ratio 0 1 =
dsRNA dsRNA degraded in presence of RNase A yes - n.a.
Complexation level n.a. partial | full
Quio/dsRNA dsRNA degraded in presence of RNase A
n.a. yes no
Qu10-b-Ds7/dsSRNA | Complexation level n.a. partial | full
dsRNA degraded in presence of RNase A yes no
n.a.
Qi10-b-Dgo/dsRNA | Complexation level n.a. partial | full
dsRNA degraded in presence of RNase A a yes no
Qi10-b-D21o/dsSRNA | Complexation level n.a. partial | full
dsRNA degraded in presence of RNase A - yes no

Where partial degradation is described, this corresponds to the degradation of dsRNA that was
not complexed in the control samples (free, migrated dsRNA). Qiio and the diblock
copolymers provide full protection to dsSRNA against degradation by RNase A at N/P ratio >

2, which is promising for both therapeutic and agrochemical applications.

3.4.7 Impact of dsRNA length on polyplex size and stability
The dsRNA that was used in this thesis was primarily vha26 dsRNA, with a length of 222 bp
and sequence specific to Drosophila suzukii (synthesised by Genolution AgroRNA). However,
there are numerous alternative mRNA transcripts that could be targeted, which, when
specifically degraded, will induce mortality in D. suzukii. The literature is sparse with respect
to changing length of nucleic acids, and the subsequent effect on complexation and protection

afforded by polymeric delivery vehicles. There are two studies by Jiang et al. that detail the
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impact of the length of linear and plasmid DNA, however there are no such studies
investigating the length of siRNA, hairpin RNA or dsRNA.?%2% As such, it is important to
investigate the impact of changing dsRNA length (i.e. number of base pairs (bp)) on the
resulting polyplex size, stability, protective capabilities etc., as many of the desired dsSRNA

targets will consist of differing numbers of base pairs.

To explore the effect of changing dsRNA length, DLS analysis was conducted (in the same
manner as described in Section 3.4.2). Here, polyplexes are formed (at an N/P ratio = 5)
between two GFP-specific dSRNAs, with base pair lengths of 590 and 258, and two ‘active
target” dsRNAs, with base pair lengths of 513 and 228. The dsRNAs were provided by
Syngenta; hence the name ‘active target’ is used to protect their intellectual property, as the
length of the dsRNA is our only concern for this body of work. Table 3.3 describes the apparent
hydrodynamic radii (in nm) of the polyplexes, formed between the various dsSRNAs and Q11o,

Q110-b-Ds7, Q110-b-Dsg and Qu1o-b-D219 polymers, measured by DLS.

Table 3.3. Apparent hydrodynamic radii / nm, by DLS measurement and subsequent fitting and analysis,
of polyplexes formed between homopolymer/diblock copolymers and dsRNA of varying base pair
numbers (i.e. length). Active target dsSRNA is named as such as to maintain the IP rights of Syngenta,

who supplied the GFP and active target dsSRNA for this work.

dsRNA

V-ATPase | Active target GFP Active target GFP
Base pairs 222 228 258 513 590
Polymer Hydrodynamic radii / nm
Qno 121 13/208 81 19/118 31/280
Q0D 95 14 /218 107 81 40
Q,,, 2Dy 78 15/ 105 13/108 66 45
Q. 0D, 63 58 49 85 55

All polyplexes were formulated at an N/P ratio = 5. During the fitting and analysis procedure

of the raw DLS data (described in detail in Section 2.2.1.2), some of the data required a multi-
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exponential fit. In these cases, two exponentials were combined to fit the data, resulting in the
determination of two different hydrodynamic radii. These are indicated by the presence of two

numbers in Table 3.3.

In particular, complexation with the shorter (228 bp) active target dsSRNA caused the
appearance of multiple populations within the samples. This could be due to the nature of the
dsRNA synthesis, as these dsSRNAs were prepared by in vitro transcription (IVT). Despite
being purified by ethanol precipitation, the dsSRNA may still contain a level of impurities that

are affecting polyplex formation.

Polyplexes formed with diblock copolymers with shorter neutral D blocks also appeared to
induce the formation of multiple populations, more often than polyplexes formed with diblock
copolymers containing longer neutral block lengths. Figure 3.25 provides a visual comparison
of the apparent hydrodynamic radii of the polyplexes. Polyplexes that formed multiple
populations have been excluded from the figure for clarity. Unfortunately, there did not appear
to be any significant trends in polyplex size, when comparing between different dsSRNA
lengths. However, the Qui0-b-D21o-based polyplexes appeared to form the most stable

dispersions, with a single population consistently formed across the dsSRNAs tested.
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Figure 3.25. A visual comparison of the difference in hydrodynamic radii / nm, by DLS measurement
and subsequent fitting and analysis, of polyplexes formed between homopolymer or diblock copolymers
and dsRNA of varying base pair numbers (i.e. length). Active target dsSRNA is named as such as to

maintain the IP rights of Syngenta, who supplied the GFP and active target dsRNA for this work.

The dsRNAs investigated may have different physical properties. The shorter ~200 bp
dsRNAs will likely act as rigid rods, however the longer ~500 bp dsRNAs are beyond the
persistence length for dsRNA (~260 bp), so will likely be more flexible.%® The diblock
copolymers explored here appear to form single populations of discrete polyplexes with the
longer dsRNAs. The flexibility of the longer length dsSRNAs may allow for more interaction
between the polymers and the dsRNA, inducing enhanced interaction and thus complexation.
It is also worth considering the dsSRNA structure, as dsRNA is known to be able to form loops
and to contain regions of single-stranded chain. The full picture of the structure of each dSRNA
used in this work is unknown; therefore this could also contribute to some of the variability in

the size and dispersity of the polyplexes formed.
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The polydispersity of the polyplexes, Figure 3.26, was measured by DLS through cumulant
analysis, as described in Section 2.2.1.2. Cumulant analysis was not used to measure
hydrodynamic radii, as this method of analysis is more suited to monodisperse systems.

Polydispersity was calculated from DLS measured at a 90° angle.
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Figure 3.26. A visual comparison of the difference in polydispersity, by DLS measurement performed
at 90°, of polyplexes formed between homopolymer or diblock copolymers and dsRNA of varying base
pair numbers (i.e. length). Active target dsSRNA is named as such as to maintain the IP rights of

Syngenta, who supplied the GFP and active target dSRNA for this work.

The homopolymer (Qii0)-based polyplexes tended to produce the highest level of
polydispersity, particularly when complexing with longer dsRNA lengths. Without steric
stabilisation (and thus repulsion due to osmotic forces) provided by a neutral polymer block,
the complexes are free to form multi-complex bridged particles, which will occur more readily

with longer dsRNAs.
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Across all dsRNAs, Q110-b-D219-based polyplexes exhibited the lowest polydispersity values,
remaining below 0.2. Qii-b-Ds; and Qiio-b-Dgo-based polyplexes displayed similar
polydispersity values that were greater than the values for Q110-b-D-19-based polyplexes, but
usually lower than values for Qi10-based polyplexes. These results suggest that incorporating
longer length hydrophilic, neutral blocks into diblock copolymers for complexation with
dsRNA enhances the stability of the resulting polyplexes. Qiio-b-D219-based polyplexes
consistently formed polyplexes with hydrodynamic radii < 85 nm, and with the lowest levels
of polydispersity. Whereas, the diblock copolymers with shorter neutral blocks (or without a
neutral block in the case of the homopolymer) had at least one dsRNA with which they formed
a polydisperse system of polyplexes with multiple populations. Consistent size and stability of
polyplexes is crucial for the formulation development of agrochemicals. It should be noted
that there cannot be one single block copolymer that will be able to complex with all dSRNA
lengths. It is more likely that there are several candidates for different dsSRNAs, but it is

preferable if these show suitable complexation over a wide range of dsRNA lengths.

3.5 Conclusion

In this chapter, the synthesis of a polycationic homopolymer and a series of hydrophilic
diblock copolymers was successfully achieved via aqueous RAFT (co)polymerisation. The
final hydrophilic diblock copolymers consisted of a cationic PQDMAEMA (Q) block that was
chain extended with varying lengths of PDMAmM (D), which acted as a stabilising, neutral

polymer block.

Increasing the length of the charge-neutral D polymer block was identified to have an inverse
relation to the hydrodynamic radii (Rn) of polyplexes, when complexed with vha26 dsRNA,
as characterised by DLS. The absence of a neutral polymer block led to the largest size (Rn ~
120 nm) polyplexes, whereas the diblock copolymer with the longest D polymer block formed
the smallest size (Rn~ 60 nm) polyplexes with dSRNA. As the N/P ratio was varied (from 1
to 10), there was no significant impact on polyplex size. However, when formulating at a 1-
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to-1 charge ratio (N/P ratio = 1), a neutral polymer block was required to sterically stabilise

the polyplexes, to prevent aggregation and precipitation.

The electrostatic interaction between the diblock copolymers, or cationic homopolymer, with
vha26 dsRNA induced the formation of polyplexes that retarded the migration of the nucleic
acid through agarose gel above an N/P ratio = 1. The results suggested that diblock copolymers
with longer D polymer blocks require higher N/P ratios (increased amount of polymer) to fully
complex dsRNA, with only partial complexation at N/P ratio = 1, as qualitatively identified

by agarose gel electrophoresis.

Whilst the majority of the work in this chapter was conducted using Drosophila suzukii-
specific dsSRNA (vha26), it is also important to understand the impact of changing dsRNA
length (number of base pairs) on the size and stability of polyplexes. This is particularly
important when considering alternative mRNA transcript targets that may require dsRNAs of
different lengths to trigger RNAI. In exploring different dsSRNA lengths, it was found that the
diblock copolymer with the longest neutral polymer block (Qii0-b-D21g) was capable of
forming the most stable (lowest polydispersity) polyplexes with the most consistent sizing (49
— 85 nm). It was also found that incorporating a neutral steric stabilising polymer block
provided greater protection against full decomplexation in the presence of competitive salt

ions, until Cnaci = 500 mM.

The cationic homopolymer and hydrophilic diblock copolymers were all able to successfully
protect dsSRNA against degradation by RNase A when complexed at N/P ratio > 2, as shown
through agarose gel electrophoresis and fluorescence spectroscopy. However, despite the
protective properties exhibited by all of the polymers, the diblock copolymer with the longest
neutral polymer block formed the most stable and size-consistent polyplexes. This is
particularly important when considering the use of these polyplexes for future agrochemical
applications, as consistency across formulations is critical, especially when there are
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limitations on the size of the polyplexes with respect to the target pest species and/or cellular

internalisation.
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Chapter 4. Influence of hydrophobicity
on the complexation and protection of

dsRNA by ABC triblock copolymers

A portion of the contents of this chapter has been published in Polymer Chemistry under the
title, ‘Linear ABC amphiphilic triblock copolymers for complexation and protection of

dsRNA’, 10.1039/D2PY00914E.

4.1 Abstract

In this chapter the synthesis and characterisation of linear ABC triblock copolymers, an
investigation of their self-assembly in aqueous solution and of their complexation with and
protection of double-stranded RNA (dsRNA) is herein reported. The amphiphilic triblock
copolymers were synthesised via reversible addition-fragmentation chain transfer (RAFT)
polymerisation. The precisely controlled polymerisation allowed for modification of the
degree of polymerisation of quaternised 2-(dimethylamino)ethyl methacrylate (QDMAEMA,
Q), tert-butyl acrylamide (tBAA, B) and N,N-dimethyl acrylamide (DMAm, D) polymer
blocks, thus tailoring their affinity for the solvent and themselves. Firstly, the polycationic Q
homopolymer was synthesised as a macromolecular chain-transfer agent to allow electrostatic
interaction with dsRNA. The second block, B, was designed to provide strong anchoring of
the assembled structures, and the third polymer block, D, was incorporated to enhance
biocompatibility and colloidal stability. As illustrated by *H NMR spectroscopy, Q-b-B-b-D
linear ABC triblock copolymers were prepared with molecular weights 30, 37 and 44 kDa.
The self-assembly of the amphiphilic triblock copolymers in aqueous solution was confirmed
by dynamic light scattering (DLS) and transmission electron microscopy (TEM). Furthermore,

the potential of these tailored block copolymers as vehicles for dsRNA delivery was
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demonstrated through their complexation with dsRNA and subsequent protection against
destabilisation at high salt concentration and enzymatic degradation by RNase A, confirmed
by ethidium bromide exclusion and agarose gel electrophoresis assays. In addition, the impact
of dsRNA length (number of base pairs) was investigated, highlighting the consistent sizing
and stability of triblock copolymer-based polyplexes, as opposed to complexes formed with
homopolymer or diblock copolymer (Chapter 3) over a range of dSRNAs for different mMRNA

transcript targets.

4.2 Introduction

Amphiphilic block copolymers are suited as vehicles for cargo delivery in both therapeutic
and agrochemical applications. These polymers consist of at least one hydrophilic and one
hydrophobic block, which, unlike the hydrophilic diblock copolymers that were synthesised
and characterised in Chapter 3, self-assemble in aqueous environments to form aggregated

objects such as micelles or vesicles,?%:3%0

The advent of controlled ‘living’ polymerisation in the early 2000s has brought about a number
of reversible deactivation radical polymerisation (RDRP) techniques (described in detail in
Section 2.1) that allow the precise design of block copolymers.?20221301 |n these block
copolymers, functionality can be tailored through the choice of monomers to suit the intended
application.®%23% |n particular, these methods give researchers the ability to precisely control
the ratio of blocks within a polymer for a wide range of possible monomers, for example,

allowing for control of charge density or amphiphilic nature.

Block copolymers with cationic moieties have been widely explored for their potential for
nucleic acid delivery.13:21304-307 Nycleic acids are water-soluble molecules with negatively
charged phosphate groups along the backbone of the nucleotide chain. The hydrophilicity and

anionic character of nucleic acids make them suitable as cargo for polymeric micelles, with
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the inclusion of a cationic polymer block as a component of the block copolymer allowing for
electrostatic interaction.*® The DNA or RNA can be carried within the hydrophilic corona of
a micelle, or within the hydrophilic core (or on the surface) of a vesicle. In particular, RNA is
a fragile biomolecule that can be easily degraded by RNase nucleases present in the
environment (e.g. microbial-produced RNases in soil or aquatic environments®:6467.68) and
within in vivo subjects (e.g. extracellular enzymes in haemolymph and gut juices).®
Encapsulation of RNA within a polymeric delivery vehicle can provide protection against ex

vivo or in vivo degradation by RNases.*®

Thus far in the literature, triblock copolymers have not yet been synthesised to complex the
longer biomolecule, dsRNA, even though they offer further options (as compared to
homopolymers or diblock copolymers) for adding functionality to a block copolymer delivery
system. In particular, ABC triblock copolymers, in comparison to homopolymers, diblock
copolymers or ABA triblock copolymers, afford additional design opportunities through the
incorporation of three unique polymer blocks. Each polymer block can be tailored for a
specific purpose, synthesising block copolymers with enhanced properties. Research using
triblock copolymers has typically focused on the complexation, protection and delivery of
either short-interfering RNA (siRNA) or plasmid-DNA (pDNA). Brissault et al. found that for
efficient nucleic acid delivery, different polymer architectures were required depending on
whether pDNA or siRNA were being complexed. Their report investigated ABA triblock
copolymers (where B refers to the hydrophobic polymer block), IPElso-b-poly(propylene
glycol) (PPG)ss-b-IPElso and IPEIl14-b-PPGes-b-IPEl14. The water soluble polymer (containing
a shorter hydrophobic block, IPElse-b-PPGss-b-IPElsy) was more effective for pDNA
transfection, whereas the self-assembling triblock copolymer (due to the incorporation of a
longer hydrophobic block, IPEl14-b-PPGgs-b-IPEI14) was instead more effective at delivering
siRNA for gene knockdown.*®® Plasmid DNA, siRNA and long dsRNA will likely require
different polymer architectures for complexation, as they exhibit distinct physical properties
from one another, such as rigidity due to differences in their persistence lengths.%
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Recent studies on the use of amphiphilic triblock copolymers have investigated the impact of
the presence, length or structural arrangement of a hydrophilic, neutral polymer block
(typically poly(ethylene glycol) (PEG)) on the self-assembled objects themselves or when
complexed to pDNA, siRNA or messenger-RNA (mRNA).251:289.305,309310 |t has heen found as
a general rule that as hydrophilic block length is increased, the size of the self-assembled
objects decreases (with or without complexation with a nucleic acid), which we similarly
observed in Chapter 3 with diblock copolymers when complexed with vha26 dsRNA 21309310
A more compact complex is linked to improved complexation with nucleic acids®, and the
incorporation of a hydrophilic, neutral block has been shown to enhance colloidal stability
through steric stabilisation.?13% Reports by Cheng et al. and Gary et al. described the use of
ABC triblock copolymers, poly(DMAEMA-b-PEGMA-b-[diethylaminoethyl methacrylate
(DEAEMA)-co-BMA]) and PEG-b-PnBA-b-PDMAEMA, for complexation with mRNA or
SiRNA, respectively. Both reports found that a longer hydrophilic, neutral block (PEG-based
in both cases) protected complexes against destabilisation and enhanced gene silencing.3%5:3%°
However, work by Sharma et al. showed that the introduction of a PEG block (when
comparing PDMAEMA, PDMAEMA-b-PEG and PEG-b-poly(n-butyl acrylate) (PnBA)-b-
PDMAEMA complexes with pDNA) led to a weakened binding to pDNA and less efficient

transfection.®

There is a clear need for further investigation into the impact of polymer block length,
configuration and chemistry on the complexation, stability and protection of nucleic acids
when using ABC amphiphilic triblock copolymers, particularly for the delivery of longer
dsRNA (in comparison to siRNA or pDNA). It is also worth exploring alternative polymer
blocks, such as N,N-dimethyl acrylamide (DMAm), as some reports have suggested that PEG
reduces the cellular uptake of siRNA/DNA.?'22"4 As a substitute, PDMAmM is easy to

synthesise via RAFT polymerisation, and is relatively cheap and biocompatible.?”
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In Chapter 3, the use of fully hydrophilic diblock copolymers for the complexation and
protection of dsSRNA was described. Whilst these polymers were very effective at providing
protection to dsRNA against enzymatic degradation by the synthetic enzyme, RNase A, they
suffered with a lack of stability in the presence of high salt concentrations (Cnaci > 500 mM)
and when complexing different lengths of in vitro transcription (IVT) dsRNA. These issues
were particularly noticeable in the homopolymer and the diblock copolymers with shorter
neutral polymer blocks (D). In coarse-grained simulation by Zhan et al., Figure 4.1, a triblock
copolymer (positively charged block is blue, hydrophobic block is green, and hydrophilic,

neutral block is pink) is shown interacting with a polyanion (red).
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Figure 4.1. Snapshots of the complexation between a triblock copolymer (positively charged block is
blue, hydrophobic block is green, and hydrophilic, neutral block is pink) and polyanion (red), as coarse-
grained simulated by Zhan et al. Reprinted with permission from B. Zhan, K. Shi, Z. Dong, W. Lv, S.
Zhao, X. Han, H. Wang and H. Liu, Coarse-Grained Simulation of Polycation/DNA-Like Complexes:
Role of Neutral Block, Mol. Pharmaceutics, 2015, 12, 2834-2844. Copyright 2022 American Chemical

Society.

The structuring of ABC amphiphilic triblock copolymers by self-assembly induces the
formation of compact, discrete complexes with dsRNA, as shown in Figure 4.1(111). Each
polymer block has a unique purpose. The hydrophilic, neutral block forms a corona, extending
into aqueous solution to provide colloidal stability through steric stabilisation. The corona
surrounds a core of hydrophobic block and an interpolyelectrolyte complex core of charged
polymer block and dsRNA. The incorporation of a hydrophobic block is used to provide
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anchoring for the self-assembled structures, with the aim of enhancing stability of the resulting
complexes in the presence of increasing electrolyte concentration and when complexing with

dsRNAs of different lengths.

In this chapter, the synthesis and characterisation of a series of novel linear ABC amphiphilic
triblock copolymers via RAFT polymerisation is described. A cationic and hydrophilic
quaternised poly(2-(dimethylamino) ethyl methacrylate) (PQDMAEMA, Q) block was first
synthesised as a macromolecular chain-transfer agent (macro-CTA). The macro-CTA was
successively chain-extended with a hydrophobic poly(tert-butyl acrylamide) (PtBAA, B)
block and a hydrophilic poly(N,N-dimethyl acrylamide) (PDMAmM, D) block thereafter. The
degree of polymerisation (DP), and thus the length, of the B and D blocks were varied in order
to modify the extent of hydrophobicity of each amphiphilic triblock copolymer in the series,
as well as to explore the influence of each polymer block. The amphiphilic triblock copolymers
were characterised by *H NMR spectroscopy (400 MHz) in order to ascertain conversion and
degree of polymerisation by characteristic peak analysis. Subsequently, dynamic light
scattering (DLS) and transmission electron microscopy (TEM) were employed in aqueous
environments to determine the self-assembling properties of the triblock copolymers and to

perform size analysis.

Further to the synthesis and characterisation of the ABC triblock copolymers, the
complexation of dsRNA, in salt-free and high salt concentration environments, and the
resulting protection against degradation by a RNA-specific nuclease (RNase A) was
investigated. The triblock copolymer-based complexes showed enhanced stability in high salt
concentration environments (Cnact > 500 mM), in comparison to previous work on
homopolymer and diblock copolymer/dsRNA polyplexes (Chapter 3).312 A range of different
dsRNA lengths were explored for their complexation with the triblock copolymers, to
determine the size and polydispersity of the resulting complexes. The complexes showed
greater stability and lower polydispersity over the range of dsRNA targets in contrast to
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homopolymer and diblock copolymer/dsRNA polyplexes. Therefore, the triblock copolymer-

based complexes with dSRNA may prove more suitable for commercial formulations.

4.3 Materials and methods

4.3.1 Materials
[2-(Methacryloyloxy)ethyl] trimethylammonium chloride solution (QDMAEMA, Q, 75 wt%
in H,0), tert-butyl acrylamide (tBAA, B, 97%), N,N-dimethylacrylamide (DMAm, D, 99%),
sodium chloride (NaCl, 99.5%), D,O (99.9%), methanol-ds (MeOD, 99.8%) and hydrochloric
acid (HCI, 12 M) were purchased from Sigma  Aldrich.  4-((((2-
carboxyethyl)thio)carbonothioyl)thio)-4-cyano-pentanoic acid (CCCP, 95%) was purchased
from Boron Molecular. 4,4’-Azobis(4-cyanovaleric acid) (ACVA, 97%) was purchased from
Acros Organics. V-ATPase (vha26) 222 bp dsRNA was synthesised by Genolution AgroRNA
(4.68 pg pL™), sequence specific to the pest insect, Drosophila suzukii. Ethidium bromide
(EB, 10 mg mL™?) and regenerated cellulose dialysis membrane (molecular weight cut off
(MWCO) < 3,500 g mol™) were purchased from Fisher Scientific. 100 bp DNA ladder (500
ug mi) and RNase A (20 mg mL™) were purchased from New England Biolabs. Blue/orange
loading dye (6X) was purchased from Promega. Ultrapure Milli-Q water (resistivity of
minimum 18.2 MQ.cm) was used for solution preparation and dialysis, and nuclease-free
water was used for biological assays to avoid the accidental degradation or contamination of

dsRNA.

4.3.2 Synthesis of amphiphilic diblock copolymers

4.3.2.1 Synthesis of quaternised poly(2-dimethylamino ethyl
methacrylate) macro-chain transfer agent

The homopolymer Q macro-CTA was synthesised by aqueous RAFT polymerisation, as

shown in the scheme in Figure 4.2.
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Figure 4.2. Reaction schemes for each stage of the triblock copolymer synthesis. CCCP was the initial
chain-transfer agent (CTA) and ACV A was the initiator. The scheme begins with the polymerisation of
QDMAEMA as the macro-CTA, then the synthesis of an amphiphilic diblock copolymer by chain
extension with tBAA, and finally the extension of the diblock copolymer macro-CTA with DMAmM to

form the linear, amphiphilic ABC triblock copolymer. Figure created in ChemDraw Prime 21.0.

QDMAEMA (6.6 g, 75 wt% in H,O, 32 mmol), CCCP (78 mg, 0.25 mmol) and ACVA (7.1
mg, 0.025 mmol) were dissolved in Milli-Q water, at a ratio of
[QDMAEMA]:[CCCP]:[ACVA] = 126:1:0.1 and 50 wt% in solution, pH = 4.3. The solution
was degassed with N2 and then stirred at 70 °C for 1.5 h. The reaction was quenched by
exposure to air. Product was purified by dialysis against Milli-Q water (MWCO < 3,500 g
mol1) and then underwent lyophilisation to produce a pale yellow powder. The resulting

macro-CTA had a degree of polymerisation of 100, according to *H NMR characterisation.
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4.3.2.1 Chain extension of quaternised poly(2-dimethylamino ethyl
methacrylate) with tert-butyl acrylamide

Amphiphilic (AB) diblock copolymers were prepared via chain extension of the Q100 macro-
CTA with tert-butyl acrylamide (tBAA, B) (see scheme in Figure 4.2). An example of the
reaction procedure is as follows: Qi macro-CTA (0.40 g, 0.017 mmol), ACVA (1.0 mg,
0.0036 mmol) and tBAA (0.11 g, 0.87 mmol) were dissolved in 100% ethanol to 30 wt%,
giving a ratio of [tBAA]:[macro-CTA]:[ACVA] = 50:1:0.2. The solution was degassed with
N> for 15 min and then stirred at 70 °C for 24 h before being quenched by exposure to air. The
product was purified by dialysis against 100% ethanol (MWCO < 3,500 g mol?), and

remaining solvent was removed by rotary evaporation.

4.3.2.2 Chain extension of amphiphilic diblock copolymers with N,N-
dimethyl acrylamide

Linear, amphiphilic ABC triblock copolymers were prepared via chain extension of the Q-b-
B macro-CTA (AB diblock copolymer) with N,N-dimethyl acrylamide (DMAm, D, see
scheme in Figure 4.2). An example of the reaction procedure is as follows: Q-b-B macro-CTA
(0.22 g, 0.0080 mmol), ACVA (1.0 mg, 0.0036 mmol) and DMAm (0.10 g, 10 mmol) were
dissolved in 100% ethanol to 30 wt%, giving a ratio of [DMAmM]:[macro-CTA]:JACVA] =
250:1:0.4. The solution was degassed with N for 15 min and then stirred at 70 °C for 1.5 h
before being quenched by exposure to air. The reaction solution became cloudy after ~ 1 h.
The product was purified by dialysis against Milli-Q water (MWCO < 3,500 g mol?). This
solvent switch induced particle formation, and the resulting particles were lyophilised to

produce a white powder.

4.3.3 Characterisation
4.3.3.1 *H NMR spectroscopy
'H NMR spectroscopy was conducted at 400 MHz, post-purification. Q homopolymer was
diluted in D0, and Q-b-B diblock copolymer and Q-b-B-b-D triblock copolymer were diluted

in MeOD, (5 mg mL). The DP and conversion (% of target DP) were confirmed in each case
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by comparison of characteristic peaks (described in detail in Section 3.3.2.1). Examples of the
'H NMR spectra (Figure 4.3) will be discussed in the Results and Discussion section (4.4.1).
Spectra for the other two triblock copolymers can be found in Figure A7 and Figure A8 in the

Appendix.

4.3.3.2 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed as described in Section 2.2.3.

2.2.3 Light scattering
4.3.3.3 Triblock copolymer alone in aqueous solution
Triblock copolymer solutions were prepared by directly mixing Q-b-B-b-D in Milli-Q water

to a concentration of 1 mg mL™,

4.3.3.4 Complexed solutions with dsRNA
Triblock copolymer and dsRNA solutions were prepared through dilution of a mother solution
48 h before measurement. Triblock copolymer-based polyplexes were formulated at a low
concentration (0.1 mg mL™t) approx. 24 h before measurement to allow for equilibration time.
Dynamic light scattering: Fitting of the data was performed using the Levenberg-Marquardt
algorithm, with details described in Section 2.2.1.2. Static light scattering: Collection and

fitting of data was performed as described in Section 2.2.1.3.

4.3.4 Electrophoretic mobility
Aqueous suspensions were prepared (0.1 mg mL?) 24 h before measurement. Details of

instrumentation is described in Section 2.2.2.

4.3.5 Agarose gel electrophoresis
Aliquots of triblock copolymers were added to 1 ug dsRNA, in quantities to vary the N/P ratio,
with solutions left to incubate at RT for 1.5 h to allow time for complexation. When RNase A
(0.5 pL, 5 mg mL™*) was added to the polyplex solutions, the samples were incubated at 37 °C

for 30 min prior to analysis. Further details of the assay are described in Section 2.3.3.
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4.3.6 Fluorescence spectroscopy
Details of fluorescence spectroscopy technique and sample preparation are described in

Section 2.3.4.

4.4 Results and discussion

4.4.1 Linear ABC amphiphilic triblock copolymer synthesis
Linear, amphiphilic ABC triblock copolymers were synthesised by reversible addition-
fragmentation chain transfer (RAFT) polymerisation, allowing control over each polymer

block length to produce triblock copolymers with multiple blocks of differing functionalities.

The synthesis of amphiphilic block copolymers can be challenging, as the combination of both
hydrophobic and hydrophilic polymer blocks demands careful consideration of solvent choice
for their synthesis and subsequent purification methods. The solvent must be carefully selected
to ensure solubility of starting reagents and final products, and care must be taken to purify
the desired product at each stage of the synthesis.?®® The solubility of monomers,
homopolymers, diblock and triblock copolymers were first tested in a variety of solvents to
determine the optimal conditions for each stage of the polymerisation, the results of which can

be found in Table 4.1.
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Table 4.1. Results of solubility assays with monomers and homo-/diblock co-/triblock co-polymers. ‘y’
indicates that the monomer/polymer is soluble in the solvent, ‘y/n’ denotes partial solubility, and ‘n’
indicates that the monomer/polymer is not soluble in the solvent. * denotes that the monomer/polymer

is only soluble in the solvent through the addition of a small amount of ethanol.

Monomer/Polymer
Solvent | ODMAEMA |PQDMAEMA | tBAA | Q-b-B [DMAMQ-b-B-b-D| Q-b-D
H>O y y n n y n y
Ethanol y y y y y y
Acetone y* n y n n
Hexane n n n n
Methanol y y y
IPA n y
Toluene n y/n
DCM n y
Diethyl
ether y n

RAFT polymerisation was first used to prepare the macro-CTA, Q, in aqueous solution. The
product was purified by dialysis in Milli-Q water and lyophilised. The second polymerisation,
of the hydrophobic B block, was conducted in 100% ethanol with purification completed by
dialysis against 100% ethanol. The resulting amphiphilic diblock copolymer (Q-b-B) was
isolated by evaporation in vacuo. The final polymerisation of the third, hydrophilic polymer
block (D) was conducted in 100% ethanol. The final purification was performed by dialysis in

Milli-Q water prior to lyophilisation, which is further discussed in the next section (4.4.2).

Due to the charged nature and self-assembly of the triblock copolymers in aqueous solution,
gel permeation chromatography (GPC) analysis was inaccessible. The reaction efficiency was
instead assessed as a percentage of the target degree of polymerisation (DP) achieved,
calculated via *H NMR spectroscopy (400 MHz) as described in Section 4.3.3.1. The *H NMR
spectra at each stage of the synthesis of one of the triblock copolymers (Qo0-b-Bas-b-Dgg) are
shown in Figure 4.3 (spectra for the other two triblock copolymers in the series can be found

in Figure A7 and Figure A8 of the Appendix, but appear very similar to those in Figure 4.3).
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Figure 4.3. Example *H NMR spectra for each step of the triblock copolymer RAFT polymerisation
(Q100-b-Bag-b-Dgg used as an example here). The chemical structures, drawn in ChemDraw Prime 17.0,
are shown on the left, with the corresponding *H NMR spectrum on the right. Key peaks are identified

that were used for peak comparison analysis to calculate the degree of polymerisation.

Peak (b) was used to represent the Q block of the triblock copolymer, with peaks (g) (in the
red spectrum) and (e) (in the blue spectrum) representing the B and D blocks, respectively.
Molecular weight (M,) was calculated via peak comparison analysis. A summary of the
percentage of target DP achieved and composition of each triblock copolymer is detailed in
Table 4.2, highlighting the polymer block (Q, B or D) that is of highest relative proportion in
each triblock copolymer. A schematic representation of each triblock copolymer is shown in

Figure 4.4.
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Table 4.2. Summary of the triblock copolymer characterisation, including molecular weight (M),
conversion (% of target DP) and percentage of each monomer block (by number of units) with respect
to the whole polymer, as determined through H NMR spectroscopy (400 MHz). The numbers
associated with each letter of the triblock copolymer name is related to the degree of polymerisation of
each polymer block. For example, Q100-b-B17-b-D212 indicates that a PQDMAEMA block of DP = 100
is connected to a DP = 17 PtBAA block and a DP = 212 PDMAmM block. The bold % values indicate
the highest proportion of that particular polymer block within the series of amphiphilic triblock

copolymers synthesised in this work.

Triblock
Mn / Q-block % B-block % D-block %
copolymer %Q | %B | %D
kDa | oftarget DP | of target DP | of target DP
code
Q100-b-B17-b-
44.1 80 64 85 30 5 64
D212
Q100-b-Bas-b-
29.7 80 50 22 56 14 31
Dss
Q100-b-Buas-b-
5 36.5 80 44 40 41 18 41
99

Figure 4.4. Schematic to illustrate the relative proportions of each polymer block with respect to the
other triblock copolymers in the series. The top triblock copolymer represents Q1go-b-B17-b-D212, the
middle polymer represents Q1o0-b-B2s-b-Dss, and the bottom triblock copolymer represents Q1oo-b-Bas-

b-Dgg.

4.4.2 Characterisation of triblock copolymers
Following RAFT polymerisation of the final D block of the ABC triblock copolymers in 100%
ethanol, purification was accomplished via dialysis against Milli-Q water using a MWCO <
3,500 g mol* regenerated cellulose membrane. Throughout the dialysis procedure, some

precipitation was observed during the solvent-switch, as the 100% ethanol was slowly replaced

127



with Milli-Q water. Lyophilisation of the purified polymer resulted in a dried white-coloured
powder, which could be subsequently re-dispersed in pure water with no precipitation
observed. Direct mixing of the lyophilised particles into aqueous solution at desired
concentration was used to assess the characteristics of the self-assembled triblock copolymers.
Particle size analysis was performed via DLS measurement of 1 mg mL™ aqueous polymer

solutions (Table 4.3).

Table 4.3. Triblock copolymer characteristics (hydrodynamic radius (/ nm) and electrophoretic mobility

(/ pm.cm/V.s) alongside their standard errors) when self-assembled in Milli-Q water at a concentration

of 1 mg mL.
) Hydrodynamic radius of ) N
Triblock copolymer ) ) ) Electrophoretic mobility /
objects in aqueous solution (c
code um.cm/ V.s
=0.1 mg mL?) / nm!
Q100-b-B17-b-Da12 119+4 23+0.2
Qloo-b-st-b-Dss 214+ 10 35+0.1
Q100-b-Bas-b-Dgg 154 £ 20 32101

These measurements demonstrate that the amphiphilic triblock copolymers form sustainable
self-assembled objects with a defined size in agueous solution. These can also be identified in
the transmission electron micrographs presented in Figure 4.5, which suggest a large
polydispersity of the self-assembled particles, particularly in the case of the Qigo-b-B2s-b-Dss

triblock copolymer.
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Figure 4.5. TEM micrographs of triblock copolymers, self-assembled in Milli-Q water at 10 mg mL™.
(A) Q100-b-B17-b-D212, (B) Q100-b-B2s-b-Dssand (C) Q1o0-b-Bas-b-Dag.
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The average radii (as measured by DLS and TEM) of the self-assembled triblock copolymer
structures varies across the series of polymers as follows: QssB14D31 > Q41B1sD41 > Q30BsDea.
The subscript numbers indicating the percentage of each monomer block (by number of units)
with respect to the whole polymer. The same order is followed with respect to polydispersity.
The triblock copolymer with the greatest relative proportion of hydrophilic, non-ionic D
polymer block (Q100-b-B17-b-D212, with 64% D) forms the smallest size structures, with the
least polydispersity (as measured by DLS and visually by TEM, Figure 4.5A). The Q100-b-Bzs-
b-Dss triblock copolymer (with 31% D-block), on the other hand, resulted in the formation of
the largest polymeric objects with an average apparent radius of > 200 nm, as measured by
DLS. These particles appeared to be the most polydisperse in size when investigated by TEM,
with some large objects present with radii ~ 500 nm, Figure 4.5B. Similar results have been
reported in literature, with the incorporation of longer hydrophilic, neutral blocks into triblock

copolymers inducing the formation of smaller self-assembled objects.3

Measuring the electrophoretic mobility of the self-assembled triblock copolymers revealed a
positive surface charge in all cases; however, the Qioo-b-Bi7-b-D212 particles had a lower
electrophoretic mobility. This is likely due to a dampened positive surface charge as a result
of the hydrophilic, neutral block shielding charge on the surface of the self-assembled

objects.310

4.4.3 Complexation of triblock copolymers with dsRNA
Amphiphilic triblock copolymers can be used as delivery vehicles for genetic material such as
double-stranded RNA (dsRNA). The Q-b-B-b-D triblock copolymers synthesised in this work
contain a hydrophilic and positively charged polymer block, Q, which can electrostatically
interact with the anionic phosphodiester backbone of the dsRNA. The interaction is
entropically favourable due to the release of counterions, and leads to the formation of

polyplexes.?62313
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A common tool used to interpret the strength of dsRNA binding by polycations is the
quenching of ethidium bromide (EB) fluorescence.?3240-245 The relative amount of quenching
can be used as a measure of binding strength of the polycation to the genetic material. This
method was used in the previous chapter to characterise the complexation of dsSRNA with

homopolymer/diblock copolymers and is described in detail in Section 2.3.4.

For all three triblock copolymers, as the N/P ratio is increased from 0 (signifying no triblock
copolymer added to the dsSRNA-EB) to 1 (equal proportion of ammonium to phosphate groups)
in Figure 4.6, the fluorescence intensity drastically decreases to 50 — 65%. As the N/P ratio is
further increased to 2 — 3, the normalised fluorescence intensity decreases to a plateau (25 —
35%).
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Figure 4.6. Normalised fluorescence intensity (I1/1o, where Iy is the fluorescence intensity of dSRNA-EB
complexes prior to triblock copolymer addition) of polyplexes formed between different amphiphilic
triblock copolymers (Qioo-b-B2s-b-Dss, Qigo-b-Bas-b-Dgg and Qoo-b-B17-b-D212) and 222 bp vha26

dsRNA at varying N/P ratios 0 — 10. Standard deviation is shown, n = 3.

Interestingly, the Q100-b-Bas-b-Dgeg-based polyplexes appears to quench EB fluorescence more

significantly over the N/P ratio = 3 — 8, whereas Qio0-b-B2s-b-Dss and Q1g0-b-Bi7-b-D212
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triblock copolymers are not significantly different from one another (except at a few N/P
ratios). These results suggest that a (proportionally) higher hydrophobicity of triblock
copolymer may strengthen binding to dsRNA. It has been previously reported in literature that
a hydrophilic, neutral block could weaken binding to pDNA. In the report, it was suggested
that this is due to the strong hydrophilicity of the neutral block (PEG in this case), which
induces excluded-volume interactions between the neutral block chains themselves and the
pDNA molecules, which in turn weakens binding between the cationic polymer block and the
pDNA chains.?® However, in this present study it is clear that all three amphiphilic triblock
copolymers indeed complex efficiently with dsRNA at N/P ratio > 2, regardless of the length

of the hydrophilic polymer block (D).

In addition, the results of the EB assay suggest that the binding of triblock copolymers with
dsRNA is stronger in comparison to homopolymer or diblock copolymer (containing the same
hydrophilic polymer blocks, Q and D) complexation with dsRNA (as described in Section
3.4.4). The fluorescence quenching of EB is greater in the case of triblock copolymer
complexation with dsRNA, with approximately 40% fluorescence at the plateau for
homopolymer/diblock copolymer polyplexes, in comparison to ~ 25 — 30% for triblock

copolymer polyplexes.

Based on these results, we chose to focus our attention and further characterisation on the N/P
ratios 1, 5 and 10 for each triblock copolymer-based polyplex, to provide a broad
understanding of these systems. First we measured the hydrodynamic radii of polyplexes,

formulated at these N/P ratios, using DLS (see Table 4.4).
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Table 4.4. Hydrodynamic radii and standard error (/ nm), as measured by dynamic light scattering, of
triblock copolymer polyplexes. Concentration of formulations was 0.1 mg mL™. * denotes that DLS

was not possible due to aggregation/precipitation of the sample.

Apparent hydrodynamic radii / nm
N/P ratio
Triblock
1 5 10

copolymer code

Qloo-b-Bl7-b-D21z 91+2 100+ 4 122 +3
Q100-b-B2s-b-Dss * 126+ 6 160+ 7
Q100-b-Bua4-b-Dgg 92+5 120+ 3 134+ 4

The Q100-b-B2s-b-Dss-based polyplexes (at N/P ratio = 1) formed aggregates that were visible
to the naked eye. In Chapter 3, a similar phenomenon was observed with the cationic
homopolymer, Qi10, When electrostatically interacting with dsRNA at a charge ratio close to
one (isoelectric point). This is likely due to electro-neutralisation and thus precipitation of the
formed complexes.®'? In the case of the Quoo-b-Bas-b-Dss triblock copolymer, the neutral D
block is not long enough to counteract the hydrophobicity introduced by the B block and
electro-neutralisation of the Q block upon mixing with the polyanion, dsRNA. Despite the
longer hydrophobic B block in the Q1o0-b-Bas-b-Dgg polymer, the relative length of the D block
appears to be sufficient to stabilise the complexes formed with dsRNA at an N/P ratio = 1.
These results indicate that the length (DP) of the neutral, hydrophilic block is critical for the
stabilisation of dsSRNA-based complexes near the isoelectric point, and, in the case of this

polymer block combination, must make up a relative proportion > 31%.

As the N/P ratio is increased from 1 to 10, the average hydrodynamic radii of the polyplexes
increases. In comparison to the triblock copolymer structures when self-assembled in aqueous
solution (without complexation of dsSRNA), the polyplexes measured by DLS are smaller. This
suggests that significant chain rearrangement of the initially self-assembled triblock

copolymers occurs during the complexation process with dsSRNA. This chain rearrangement
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is confirmed through TEM (Figure 4.7 and Figure 4.8), which identifies significantly altered
structures in comparison to the micellar aggregates observed of the triblock copolymers alone
in aqueous solution (Figure 4.5). The self-assembled triblock copolymer structures, as seen in
Figure 4.5, are therefore not robust. Following combination with dSRNA the structures easily
breakdown to form alternative structures, similar to those found of the diblock copolymer-

based polyplexes in Section Error! Reference source not found..

Figure 4.7. Representative TEM images obtained for the three triblock copolymers when complexed
with dsRNA (A) Qio0-b-B17-b-D212, (B) Qigo-b-B2s-b-Dss and (C) Qioo-b-Bas-b-Dgg at N/P ratio = 2.
Solutions were formulated at 1 mg mL™?, with 5 uL deposited onto 400-mesh carbon-coated copper

grids. Grids were then washed with Milli-Q water and stained with 1% uranyl acetate.
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Figure 4.8. Representative TEM images (at higher magnification) obtained for the three triblock
copolymers when complexed with dSRNA (A) Q100-b-B17-b-D212, (B) Q100-b-B2s-b-Dss and (C) Q1g0-b-
Baa-b-Dgg, at N/P ratio = 2. Solutions were formulated at 1 mg mL%, with 5 pL deposited onto 400-mesh
carbon-coated copper grids. Grids were then washed with Milli-Q water and stained with 1% uranyl

acetate.
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The radius of gyration (Rg) of the polyplexes was measured through static light scattering,
determined using cumulant analysis (Guinier plots shown in Figure A9). The radii of gyration
present a different picture to that given by the hydrodynamic radii, Table 4.5. At an N/P ratio
of 10, the Q100-b-B2s-b-Dss-based polyplexes have the largest size, followed by the Q1o0-b-Bas-
b-Dgs and Q100-b-B17-b-D212 polyplexes. In the case of the polyplexes prepared with triblock
copolymers with longer B polymer blocks (Q100-b-B2s-b-Dss and Q1go-b-Bas-b-Dgg), the radius

of gyration increases as N/P ratio increases, similarly to the hydrodynamic radii (Table 4.4).

Table 4.5. Radii of gyration of triblock copolymer polyplexes (/ nm), as measured by static light
scattering. Concentration of formulations was 0.1 mg mL™. * denotes that DLS was not possible due to

aggregation/precipitation of the sample.

Radii of gyration / nm
N/P ratio
Triblock

1 5 10
copolymer code
Q100-b-B17-b-D212 177 158 141
Q100-b-B2s-b-Dss * 180 198
Q100-b-Bas-b-Dgg 125 146 164

However, the most hydrophilic triblock copolymer (Q00-b-B17-b-D212) has a decreasing radius
of gyration as N/P ratio is increased. This can be interpreted by considering the p (Ry/Rw)
values that describe the shape of the objects in the system (Table 4.6). In all three triblock
copolymer-based polyplexes, the p value decreases towards one as N/P ratio increases to 10,

suggesting that the objects measured become more ‘spherical” with increasing N/P ratio.
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Table 4.6. p (Rg/Ru), of triblock copolymer polyplexes, as measured by static light scattering.
Concentration of formulations was 0.1 mg mL™. * denotes that DLS was not possible due to

aggregation/precipitation of the sample.

p (Ry/Ru) values
N/P ratio
Triblock
1 5 10

copolymer code

Q100-b-B17-b-D212 1.90 1.58 1.16
Q100-b-B2s-b-Dss * 1.43 1.24
Q100-b-Bas-b-Dgg 1.36 1.21 1.22

The Quo0-b-B17-b-D212-based polyplexes at an N/P ratio = 1, however, have a very large p
value, indicative of a more rod-like morphology. This could explain the large radius of
gyration measured at lower N/P ratios for these polyplexes formed with Q1o-b-B17-b-D212, as
light scattering analysis assumes spherical morphologies. These results are corroborated by
TEM imaging (conducted at an N/P ratio = 2) that visually shows the more ‘spherical’-like
shape of the Qa00-b-B2s-b-Dss-based polyplexes in comparison to the polyplexes formed with
the triblock copolymer containing a longer neutral, stabilising block, which appears to have

less ‘spherical’, defined shapes.

Further study of the detailed morphologies of the complexes formed between the triblock
copolymers and dsRNA is required and future work should focus on additional transmission
electron microscopy and small-angle X-ray/neutron scattering to elucidate their in-depth
structure. Initial steps to perform these experiments were taken, but due to time limitations we

were not able to fully investigate.

As N/P ratio is increased from 1 — 10, the polyplexes undergo a negative to positive charge

inversion, as shown in Figure 4.9.
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Electrophoretic mobility / um.cm /V.s
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Figure 4.9. Electrophoretic mobility of polyplexes, at N/P ratio 1, 5 and 10. Triblock copolymer
solutions were kept at constant concentration (0.1 mg mLt), with dsRNA concentration varied to alter
the N/P ratio. Formulations were prepared at least 24 h prior to measurements, which were taken at 25

+ 0.5 °C. Standard deviation is shown, n = 3.

At an N/P ratio = 1, Qioo-b-Bas-b-Dgg and Qioo-b-Bi7-b-D21o-based polyplexes have
electrophoretic mobility’s that are close to 0 or slightly negative. As N/P ratio is increased to
5 and 10, Qioo-b-Bas-b-Dgg and Qaoo-b-Bi7-b-D-1o-based polyplexes have positive
electrophoretic mobility that is not significantly different over this N/P ratio range. However,
Qu00-b-Bas-b-Dss-based polyplexes show a slight increase in electrophoretic mobility between
N/P ratio 5 and 10. The N/P ratio at which an electrophoretic mobility plateau occurs
corresponds to ‘full’ complexation, i.e. the minimum concentration of polymer able to
complex all dsRNA chains present in solution. These results suggest that Q1go-b-Bzs-b-Dss
polyplexes may require higher N/P ratios for full complexation, however with limited data one
cannot draw significant conclusions, particularly as EB exclusion (Figure 4.6) confirmed that

an N/P ratio = 2 was satisfactory for full complexation.
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Q100-b-B17-b-D-12-based polyplexes, similarly to their un-complexed form, have a dampened
surface charge in comparison to Q1o0-b-B2s-b-Dss and Qi00-b-Bas-b-Dgeg polyplexes, likely due

to shielding of charge by the hydrophilic, non-ionic D polymer block,251:309:310

4.4.4 Protection of dsSRNA against enzymatic degradation
Following characterisation of the complexation between the amphiphilic triblock copolymers
with dsSRNA, the protection afforded to the complexed dsRNA was tested using the synthetic
enzyme, RNase A. As a biomolecule, RNA is inherently unstable and susceptible to
degradation in the environment or upon application in agrochemical settings.®® Thus, to
ensure successful delivery and to minimise loss of dsRNA during the delivery process, the

dsRNA must be suitably protected to prevent enzymatic degradation.

In the case of all three triblock copolymer polyplexes, an N/P ratio > 2 was required (as
demonstrated by EB exclusion assay, Figure 4.6) for full complexation. This is further
confirmed by the retardation of dSRNA-EB fluorescence in agarose gel electrophoresis at N/P
ratio > 2 (shown in Figure 4.10, Figure 4.11, and Figure 4.12, lanes 13, 14 and 14,
respectively). Prior to an N/P ratio = 2, smearing is observed down the gel lane, indicating

only a partial complexation with remaining free dsRNA able to migrate down the gel lane.
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Figure 4.10. Agarose gel electrophoresis of Qigo-b-B2s-b-Dss/dSRNA polyplexes at N/P ratio = 0.25,
0.5, 0.75, 1, 2, 3, 4 and 5. DsRNA (1 pg, lanes 2 and 3) and the polyplexes were incubated with
(indicated by *) and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1

and 21, and Qigo-b-B2s-b-Dss alone was added to lane 20.
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Figure 4.11. Agarose gel electrophoresis of Q100-b-Bas-b-Dgo/dSRNA polyplexes at N/P ratio = 0.25,
0.5, 0.75, 1, 2, 3, 4 and 5. DsRNA (1 pg, lanes 2 and 3) and the polyplexes were incubated with
(indicated by *) and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1

and 22, and Q100-b-Bas-b-Dgyg alone was added to lane 21.
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Figure 4.12. Agarose gel electrophoresis of Q1go-b-B17-b-D212/dSRNA polyplexes at N/P ratio = 0.25,
0.5, 0.75, 1, 2, 3, 4 and 5. DsRNA (1 pg, lanes 2 and 3) and the polyplexes were incubated with
(indicated by *) and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1

and 22, and Qx00-b-B17-b-D212 alone was added to lane 21.

The fluorescence intensity (normalised with respect to dSRNA alone), of the free dsSRNA that
migrated through the gel, is shown in Figure 4.13, as a more quantitative comparison of

complexation from the agarose gel images.
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Figure 4.13. Proportion of free dsRNA that has migrated down the gel lane, when complexed with each
triblock copolymer, as determined via agarose gel electrophoresis fluorescence intensity (Figure 4.10,
Figure 4.11 and Figure 4.12). Data were normalised against naked dsRNA fluorescence and calculations

were run using ImageJ.

The intensity of free dsSRNA was measured via ImageJ analysis of the gel images at the
corresponding ~ 200 bp location of the gel lane. The sharp decrease in the amount of free
dsRNA at N/P ratio = 2 in Figure 4.13 further demonstrates that an N/P ratio > 2 is required
for full complexation. There is a decrease in free dSRNA at N/P ratios = 0.75 and 1, particularly
in the case of Q1oo-b-Bas-b-Dgg-based polyplexes. This complements EB exclusion data (Figure
4.6) that suggests a stronger binding between Qoo-b-Bas-b-Dgg and dsSRNA in comparison to

the other triblock copolymers in the series.

Similar to both the homopolymer and diblock copolymer polyplexes, when each triblock
copolymer was complexed with dsRNA, the proportion of dsRNA that was complexed
appeared to remain intact following incubation with RNase A. This is shown by the

maintenance of fluorescence intensity in the well of the gel lane. When dsRNA was not
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complexed with triblock copolymer (e.g. migrated down the gel lane), it was fully degraded

by RNase A, as illustrated by the complete absence of fluorescence.

The protection of dsSRNA against degradation by RNase A over time was assessed using
fluorescence spectroscopy. Likewise to the homopolymer and diblock copolymer polyplexes
in Section 3.4.6, Figure 4.14 shows the quenching of EB fluorescence through the

complexation of triblock copolymers with dsRNA.
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Figure 4.14. Time-resolved fluorescence spectroscopy of dsRNA (red), Qioo-b-Bzs-b-Dss/dSRNA
polyplex (grey), Qioo-b-Bas-b-Dgeg/dSRNA polyplex (orange) and Qioo-b-Bi7-b-D212/dSRNA polyplex
(blue) without (A) and with (B) the addition of RNase A. Polyplexes were left for 1.5 h to equilibrate.
Low fluorescence intensity of polyplexes is due to quenching of EB fluorescence after displacement

from dsRNA intercalation.

Whilst naked dsRNA (shown in red) exhibits a strong fluorescence in the absence of RNase A
(A), this fluorescence is rapidly extinguished within 5 — 15 min after the addition of RNase A
(B) as the dsRNA is fully degraded. It is noted that there is a subtle decrease in fluorescence
of the Q100-b-Ba2s-b-Dss/dSRNA polyplexes over time, but this is observed in both the presence

and absence of RNase A, and could be due to chain rearrangement within the system, or it
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could be within experimental error as the decrease is minimal. The level of fluorescence of the
triblock copolymer/dsRNA polyplexes is maintained regardless of the presence (B) or absence
(A) of the synthetic RNase A enzyme. Thus, we can conclude that the dsSRNA is protected

against enzymatic degradation.

4.4.5 Impact of salt concentration on polyplex stability
In addition to investigating the protection of dsSRNA against enzymatic degradation by RNase
A, it was important to consider the impact of bulk salt concentration on the stability of the
polyplexes, as formulations for both therapeutic and agrochemical applications typically
contain electrolytes as part of a buffer solution, or adjuvants to aid application. Here, NaCl is
used as a simple model salt to increase the ionic strength of the aqueous bulk in which the
complexes are dispersed, and the resulting changes in hydrodynamic radii are measured via

DLS.

Despite the stronger binding between Qio-b-Bas-b-Dgs and dsRNA in salt-free, aqueous

environments, the resulting polyplexes appear to be the least stable as NaCl concentration

(Cnaci) increases, as shown in Figure 4.15.
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Figure 4.15. Apparent hydrodynamic radii of polyplexes formed between dsRNA and each triblock
copolymer, formulated at an N/P ratio = 5, measured with DLS, as NaCl concentration is increased

from 0 to 700 mM.

Above Cnaci = 150 mM, the apparent average hydrodynamic radius of the Qioo-b-Bas-b-Dgg-
based polyeplexes steadily increases, suggesting that charge screening from the increased ionic

strength of the solution is causing aggregation between the polyplexes.

Q100-b-B2s-b-Dss  and  Qioo-b-Bir-b-Da1o-based polyplexes, however, remain stable,
maintaining a consistent hydrodynamic radius until Cnaci = 650 — 700 mM. In comparison to
the results presented in Chapter 3 (Section 3.4.5) on the salt stability of homopolymer and
diblock copolymer-based polyplexes, the two triblock copolymers with the highest proportion
of hydrophilic polymer blocks (Q or D, respectively) are stable over a greater NaCl
concentration range.®? Sharma et al. investigated a PEGii13-b-PnBA1oo-b-PDMAEMA 125
triblock copolymer in comparison to a PEG113-b-PDMAEMA.4, diblock copolymer and a
PDMAEMA:27 homopolymer. They found, similarly to the results presented here, that the

amphiphilic triblock copolymer-based polyplexes stabilised pDNA more efficiently than the
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diblock copolymer or homopolymer polyplexes. They also discovered that the triblock

copolymer more effectively protected the pDNA against degradation by DNase enzymes.?%

Sharma et al. demonstrate the resistance of their ABC triblock copolymer-based complexes
with pDNA, to aggregation in salt over a period of 1 h. However, a salt concentration of 150
mM only is examined.?® Whilst this may be suitable for some therapeutic applications (for
example, mammalian Na* and CI- extracellular concentrations reach 145 mM and 116 mM,
respectively®4%1%), demonstrating stability at higher salt concentration (as is shown here) is
valuable for assessing such formulations that might be required for commercial products,
particularly in the agrochemical industry that requires the addition of adjuvants to product

formulations.

4.4.6 Impact of dsRNA length on polyplex size and stability
As described in Section 3.4.7, it is important to investigate the impact of changing dsRNA
length (number of base pairs) on the resulting complexes, as there are many different mRNA
transcripts that can be targeted for a single pest insect species, which require dsRNAs of
different lengths to trigger RNAI. It is likely that different polymer designs will be required
for varying dsRNA lengths, however versatility is desirable and the ability of the triblock
copolymers to complex with different dsRNA lengths is thus assessed here. The apparent
hydrodynamic radii of polyplexes formed (at N/P ratio = 5) with in vitro transcription (IVT)
dsRNAs (short and long GFP and ‘active target” dsSRNA) have been measured, and are

compared in Figure 4.16.
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Figure 4.16. A visual comparison of the difference in hydrodynamic radii (/ nm) of polyplexes formed
between the series of triblock copolymers prepared in this work, and dsRNAs of varying base pair

numbers (i.e. length) at an N/P ratio = 5.

The data show similar patterns across the range of dsSRNAs when complexed with each triblock
copolymer. The most compact polyplexes, as measured by DLS, were those formed with the
Q100-b-B17-b-D212 polymer, the most hydrophilic triblock copolymer of the series. This trend
is similar to the pattern found of the homopolymer/diblock copolymer polyplexes described in
Chapter 3, in which the diblock copolymer with the longest hydrophilic, neutral block (Qu10-

b-D219) formed the most compact polyplexes (49 — 85 nm across the spectrum of dsSRNAS).

Triblock copolymer/dsRNA polyplexes appear to be somewhat influenced by dsRNA length,
with the shorter (~200 bp), more rigid dsRNAs resulting in the formation of polyplexes with
smaller apparent hydrodynamic radii than polyplexes formed with the longer (~500 bp), more
flexible dsRNAs. This trend is repeated across polyplexes formed with all three triblock

copolymers of the series. A similar pattern was observed in a study by Jiang et al., in which
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the authors used an AB diblock copolymer (hydrophilic-hydrophobic, PDMAEMA;7-b-
poly(n-butyl methacrylate) (PnBMA)14) micelle to complex with linear and plasmid DNA
(IDNA and pDNA, respectively) of different lengths. The authors found that increasing the
length of both IDNA and pDNA induced the formation of larger complexes, when formulated
at N/P ratio > 1. They suggest that this is due to increased bridging between the complexes,
and the formation of multiple-complex particles. Jiang et al. also discovered that longer DNA
molecules enhance the stability of complexes close to the isoelectric point, due to the

additional steric repulsions from the longer chains/loops.258:259:2%8

The three shorter (~200 bp) dsRNAs, when complexed with Qigo-b-Ba2s-b-Dss (forming the
most hydrophobic polyplexes after complexation), formed the largest polyplexes. This was
followed by Q100-b-Bas-b-Dgs, and then the smallest (most compact) polyplexes were formed
with the most hydrophilic triblock copolymer (Qio0-b-B17-b-D212). However, the trend is
altered when longer dsRNAs are used; the Q1o0-b-Bas-b-Dyg triblock copolymer (the triblock

copolymer with the longest hydrophobic B block) forms the largest polyplexes.

The polydispersity, Figure 4.17, of each polyplex system was measured by DLS (at a 90°
angle), and calculated through cumulant analysis as described in Section 2.2.1.3. In all triblock
copolymer-based polyplex samples, the polydispersity remained consistently between 0.10

and 0.25.
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Figure 4.17. A visual comparison of the difference in polydispersity, by DLS measurement performed
at 90°, of polyplexes formed between triblock copolymers and dsRNAs of varying base pair numbers

(i.e. length) at an N/P ratio = 5.

Polydispersity of the polyplexes was generally much lower than the values of polydispersity
calculated for homopolymer/diblock copolymer polyplexes formed with the IVT dsRNAs
(except in the case of Q110-b-D219-based polyplexes). This suggests that triblock copolymer-
based polyplexes with dsRNA tend to be more stable against aggregation and have more
consistent sizing across a range of dSRNA lengths, in comparison to homopolymer or diblock
copolymer-based polyplexes (particularly when compared to complexes formed with diblock
copolymers with shorter neutral block lengths). This general result complements data in the
previous section on the stability of the polyplexes in increasing salt concentrations (Section
4.4.5), where the triblock copolymer-based polyplexes showed greater stability at higher NaCl
concentrations, in comparison to homopolymer and diblock copolymer polyplexes. The
triblock copolymers may provide greater stability to the resulting complexes with dsSRNA due

to the presence of an anchoring hydrophobic polymer block, which induces self-assembling
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properties. Whilst chain rearrangement occurs upon complexation with dSRNA, the design of
the triblock copolymers to incorporate a hydrophobic polymer block has achieved the aim of

providing additional support, shown by the enhanced stability of the resulting complexes.

4.4.7 Comparison to homopolymer and diblock copolymers
Comparing the complexation of the linear ABC amphiphilic triblock copolymers to the
complexation of hydrophilic ‘A’ homopolymer and ‘AC’ diblock copolymers with vha26
dsRNA, a similar pattern was observed. The agarose gel electrophoresis assays are combined
in Figure 4.18, to show a comparison of the partial/full complexation of polymers with dsSRNA,

and their protection/degradation in the presence or absence of RNase A.%'2

N/P ratio
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Figure 4.18. Comparison of the complexation and protection provided to vha26 dsRNA by Q110, Q110-
b-Ds7, Q110-b-Dsg, Q110-b-D219, Q110-b-B25-b-Dss, Q110-b-Bas-b-Dag, Or Q110-b-B17-b-D212, at N/P ratios =
0 (naked dsRNA), Y4, 2, 1, 2, 3, 4, 5 and o (polymer alone), against degradation by RNase A. Presence

or absence of polymer, dsSRNA or RNase A is indicated by + (present) and — (absent) symbols.

An N/P ratio = 1 was only sufficient to provide ‘full’ retardation of dsRNA by the Q110
homopolymer, however, full complexation was achieved at an N/P ratio > 2 for all remaining

polymers. This phenomenon appears to be common throughout literature, where an N/P ratio
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of 2 is often found to correspond to efficient binding of the nucleic acid to polycations.116:316-
319 However, the exact N/P ratio value can sometimes fluctuate depending on the specific
polymer design/composition; for example, Li et al. found that a higher N/P ratio of 5 was
required for their AC diblock copolymers (poly(2-deoxy-2-methacrylamido glucopyranose)-
b-poly(methacrylate amine)) with secondary amine derivatives, in comparison to similar AC

diblock copolymers with either primary or quaternary amine groups.2°

The hydrodynamic radii of polyplexes formed between the homopolymer/diblock copolymers
and vha26 dsRNA ranged from 57 — 125 nm, and showed no significant variability in size
across an N/P ratio range of 1 — 10. In comparison, whilst the triblock copolymer/dsRNA
complexes exhibited similar hydrodynamic radii to the homopolymer/diblock copolymer-
based polyplexes, they indeed showed variation in size with changing N/P ratio, with an

increase in hydrodynamic radii as N/P ratio was increased.

As expected, the homopolymer/diblock copolymers did not exhibit self-assembly prior to the
addition of dsRNA, whereas the triblock copolymers showed self-assembly in aqueous
solution. However, the similarity in size of homopolymer or diblock copolymer/dsRNA
polyplexes and triblock copolymer/dsRNA polyplexes suggests that the triblock copolymers
undergo substantial chain rearrangement in order to complex with dsRNA. This is
corroborated by TEM imaging that indicates the breakdown of the self-assembled micellar
structures observed of the triblock copolymers (when formulated alone in aqueous solution),

when complexed with dsRNA.

The benefit of designing amphiphilic triblock copolymers for the complexation and protection
of dsRNA can only be observed when considering the stability of these complexes against
increased NaCl concentration (increased ionic strength), and when complexing with a variety
of dsRNA lengths for alternative mRNA transcript targets. The more hydrophilic triblock

copolymer-based polyplexes showed increased stability, in comparison to homopolymer and
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diblock copolymer-based polyplexes, in the presence of salt concentrations up t0 Cnaci = 700
mM. All three triblock copolymer-based polyplexes showed greater consistency with respect
to size and polydispersity when complexed with dsSRNAs of varying base pair length (other
than when comparing to the diblock copolymer with the longest neutral block length, which
also showed consistent size/polydispersity when complexed with different dsSRNAs). This can
be understood as due to the anchoring and self-assembly induced by the hydrophobic polymer
block (B), as intended by the design of the triblock copolymers. Thus, amphiphilic triblock

copolymers exhibit greater flexibility for complexation with a wider range of dsRNA targets.

4.5 Conclusion

In this chapter, the synthesis of novel linear ABC triblock copolymers by RAFT
polymerisation, and their formation of self-assembled objects in aqueous solution has been
demonstrated. The potential of these amphiphilic triblock copolymers as polymeric delivery
vehicles for dsSRNA was examined, and the impact of the proportion of each polymer block
was investigated: hydrophilic, cationic PQDMAEMA (Q), hydrophobic PtBAA (B) and

hydrophilic, neutral PDMAm (D).

The D block was found to be the most important for the formation of compact polyplexes, and
influenced the electrophoretic mobility of the particles by dampening the overall surface
charge. This proved beneficial in producing polyplexes with greater stability at high salt
concentrations, reaching up to 700 mM NaCl concentration before disassembly/aggregation.
In comparison, the hydrophobic B block was found to induce the strongest binding to dsRNA
by EB exclusion assay and agarose gel electrophoresis, however, the corresponding polyplexes
were only stable until Cnaci = 150 mM. The triblock copolymer with the highest proportion of
charged Q block formed the most polydisperse and the largest polyplex objects when

complexed with dsRNA. It was discovered that, in the series of triblock copolymers tested
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here, a relative proportion of > 31 % hydrophilic, neutral polymer block is required to stabilise

polyplexes at an N/P ratio = 1.

All three amphiphilic triblock copolymers were able to complex with vha26 dsRNA at N/P
ratios > 2, and successfully protected the dSRNA against enzymatic degradation by RNase A.
Amphiphilic ABC triblock copolymers could therefore be envisioned as useful delivery
vehicles for dsRNA, with optimised architecture to prevent destabilisation at high salt
concentrations and enhanced stability for complexes formed with a variety of dSRNA lengths

for commercially viable agrochemical applications.
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Chapter 5. Efficacy of polyplexes In
biologically-relevant environments: ex
vivo dsRNA protection and in vitro and in

vivo delivery

A portion of this chapter has been published as a pre-print for peer-review in Journal of Pest
Science, under the title ‘Effective delivery and selective insecticidal activity of double-
stranded RNA via complexation with diblock copolymer varies with polymer block

composition’, 10.21203/rs.3.rs-2272882/v1.

5.1 Abstract

Chemical insecticides are an important tool to control damaging pest infestations. However,
lack of species specificity, the rise of resistance to these pesticides and the demand for
biological alternatives with improved eco-toxicity profiles means that formulations with new
mode-of-actions are required. RNA interference (RNAI)-based strategies, that use double-
stranded RNA (dsRNA) as a species-specific bio-insecticide, offer an attractive solution that
addresses these issues. Many species, such as the Asiatic pest fruit fly Drosophila suzukii, are
recalcitrant to RNAi when dsRNA is orally administered, due to the degradation by gut
nucleases and slow cellular uptake pathways. Thus, delivery vehicles that protect dsSRNA and
deliver it to insect gut cells are highly desirable. In this chapter, to demonstrate the efficiency
of the polymer delivery systems developed in the previous chapters, the ex vivo protection of
dsRNA against enzymatic degradation by haemolymph and gut enzymes is studied. Flow
cytometry is then used to investigate the cellular uptake of Cy3-labelled dsRNA, with confocal

microscopy confirming cytoplasmic delivery after complexation. Significantly decreased
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survival of D. suzukii larvae was induced following oral feeding of complexes, only when
formed with a diblock copolymer containing a long neutral block length (1:2 cationic block:
neutral block, Qi10-b-D21g). However, there was no toxicity when the same formulation was
fed to the closely related Drosophila melanogaster. In addition, D. suzukii gut imaging
demonstrated a prolonged gut lumen exposure to dSRNA when complexed to Q110-b-Dyis.
Despite in vitro cell uptake of Q110-b-D21s/dSRNA polyplexes in HEK-293T cells and specific
in vivo D. suzukii mortality, a luciferase protein assay in a transformed Sf9 cell line with Qu1o-
b-D210/dSRNA polyplexes revealed no significant induction of luciferase mRNA degradation.
Thus, we provide evidence that, in order to take full advantage of the promising strategy of
complexing dsRNA with block copolymers for RNAi-based pest control, optimisation of the

polymer composition is essential for RNAi success.

5.2 Introduction

Double-stranded RNA (dsRNA) is a versatile biomolecule with applications in both
therapeutic and agrochemical fields. In recent years, the use of dsSRNA as a species-specific
bio-insecticide has been the subject of intense investigation due to the need for pest control
agents with new mode-of-actions and improved biosafety profiles to counter the rise in
resistance to commonly used chemical pesticides and the widespread eco-toxicity concerns
with the field-use of such chemicals.721:24-2629321,321,322,322.323 The gpecificity of RNAI induced
by the application of exogenous dsRNA offers a promising biological alternative to current

chemical insecticides to address the aforementioned concerns.

RNAI, induced by dsRNA, acts within the cell cytoplasm causing post-transcriptional
degradation of mRNA. The judicious choice of the dsRNA sequence can provide a bio-
chemical that is highly specific to the pest insect species, with a low risk of off-target
toxicity.*%*! For an in-depth explanation of the RNAi mechanism, please refer to Section 1.4

or published literature reviews,3%40:44:44:45.65,304,324
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Prior work with Drosophila suzukii has shown a failed induction of RNAi when the insects
were fed naked dsRNA, whilst exhibiting effective RNAi when dsRNA was administered by
microinjection.5®*% A similar issue in RNAI efficacy is observed in many other insect pest
species, such as those of the lepidopteran or coleopteran orders.5%°637274 This phenomenon
can be explained by the degradation of dsSRNA by RNases in the haemolymph, saliva and
digestive tract of the insect, or within the environment (e.g. by microbial-produced RNases in
the soil) prior to ingestion,35:60-6264-66.70.216304 Another cause of poor RNAI induction is the low
cellular uptake of dSRNA. This is particularly relevant in Drosophila as they lack the SID-1-
like transporter protein that ordinarily provides a faster cellular uptake pathway in comparison
to endocytosis.48115198199.304.325326 Therefore, a method of delivery must be employed to
provide effective protection for dsRNA against enzymatic degradation, and facilitate its

efficient uptake through the cellular membrane.

For agrochemical bio-insecticide applications, recent research by Parsons et al.!* and
Christiaens et al.'*® targeting Spodoptera, used guanidinium-functionalised homopolymers or
(co)polymers, respectively, to orally deliver dsSRNA (described in detail in Section 1.7.1.3).
The strongly basic guanidine moieties are particularly important for lepidopteran species, due
to their alkaline gut contents.®6279115 | jchtenberg et al. also recently illustrated the delivery
of dsRNA, however their protocol utilised the soaking (rather than oral feeding) of C. elegans
with chitosan as the protective vehicle.3*” As far as we are aware, the work in this chapter
represents the first study to use block copolymers to orally deliver dsRNA for bio-insecticidal

applications.

Here, we report the effectiveness of the polymethacrylate-based homopolymer and series of
diblock and triblock copolymers, synthesised via RAFT polymerisation (as described in
Chapters 3 and 4) to protect vha26 dsRNA from nuclease attack in the gut of Drosophila
suzukii, the important insect pest of fruit.3%22° Vha26 codes for the 26 kDa E subunit of the
vacuolar H*-ATPase and has been shown to be a valid insecticidal target for RNAI in several
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insect species, including D. suzukii.®®32 The polymers contain quaternised ammonium groups,
possessing a permanent positive charge in order to electrostatically interact with the anionic
phosphodiester backbone of dsRNA.2®® The resulting interaction forms polyplexes that were
characterised in terms of their ability to complex with dsRNA at varying N/P ratios (see

Sections 3.4.4 and 4.4.3).

Following investigation into the influence of N/P ratio on complexation characteristics in
Chapters 3 and 4, the formulations were analysed for their capacity to provide protection to
the dsRNA against ex vivo enzymatic degradation by Drosophila suzukii adult and 3" instar
larvae (L3) gut enzymes. The cell viability of each polymer was assessed in mammalian HEK-
293T and insect Sf9 cells via 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay. Flow cytometry was then used to investigate the
enhanced interaction of polymer-complexed Cy3-labelled dsSRNA with HEK-293T cells, and

confocal microscopy was employed to confirm uptake and perinuclear localisation.

A luciferase-based assay in transformed Sf9 cells was performed with Q110-b-D21s/dSRNA
polyplexes to determine if specific MRNA degradation could be induced in an insect cell line.
Finally, in vivo oral feeding of 1%t and 2" instar (L1/L2) larvae was completed, with survival
rate of D. suzukii and D. melanogaster assessed to identify species-specific mortality. . Gut
sections of D. suzukii L3 larvae were then dissected and imaged after oral feeding with either
Qu10-b-D21s/dSRNA polyplexes or naked Cy3-labelled dsRNA, to reveal the time-resolved in
vivo ingestion and exposure of larvae to Cy3-labelled dsRNA. The results discovered here
suggest that block copolymers are a promising potential candidate to protect and deliver
dsRNA for bio-insecticidal applications; however, tailored polymer design and

characterisation optimisation is required for successful RNAi induction.

156



5.3 Materials and methods

5.3.1 Materials
Homopolymer, Q110, and block copolymers, Q110-b-Ds7, Q110-b-Dgs, Q110-b-D219, Q110-b-Bos-b-
Dss, Q110-b-Bas-b-Dgg, and Q110-b-B12-b-D212 were synthesised as described in Chapter 3 and 4.
Dulbecco’s Modified Eagle’s Medium (DMEM) (supplemented with 10X Fetal Bovine Serum
(FBS) and 1X Penicillin-Streptomycin (P/S)), 10X phosphate-buffered saline (PBS),
paraformaldehyde  (4%), ethanol (100%) and 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, CellTiter 96® AQueous
One Solution Cell Proliferation Assay) were purchased from Promega. Vha26 (V-ATPase)
222 bp dsRNA was synthesised by Genolution AgroRNA (4.68 pg pL?), sequence specific to
the pest insect, Drosophila suzukii.®® Long and short luciferase dsRNA and poly(vinyl
sulfonate) (PVS) was provided by Syngenta. ESF 921 media was purchased from Expression
Systems. 7-Aminoactinomycin D (7-AAD) and ProLong™ Gold Antifade Mountant with 4’,6-
diamidino-2-phenylindole (DAPI) were purchased from Thermo Fisher Scientific.
Transformed Sf9 cells were provided by Oxford Expression Technologies Ltd. HEK-293T
cells were provided by Dr Martin Stacey from the University of Leeds. Label IT® Tracker™
Intracellular Nucleic Acid Localization Kit Cy3 was purchased from Mirus Bio. Nuclease-free
water (VWR) was used for biological assays to avoid the accidental degradation or

contamination of dsRNA.

5.3.1 Exvivo degradation assays
Intestines were dissected from 3™ instar D. suzukii larvae (L3), after 2 h starvation, and
homogenised in Milli-Q water using a plastic homogeniser (30x intestines / 100 uL). D. suzukii
adult male and female flies were starved by withholding food for 2 h before dissection. The
intestine was removed from mixed sex flies and homogenised as described above in Milli-Q
water (7% intestines / 100 pL). All homogenates were centrifuged at 13,000 RPM for 20 min

to remove debris, and the supernatant was collected and stored at -20 °C until required.
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Pre-determined aliquots of Q, Q-b-D or Q-b-B-b-D polymers were added to 1 ug dsRNA, to
provide an N/P ratio = 2.5. Solutions were incubated at RT for 1.5 h to allow for complexation,
and a solution of dsSRNA alone (naked) in nuclease-free water was also prepared. Solutions of
adult or L3 guts (7.1 or 1.6 pL, respectively, equivalent to % a gut per 1 pg dsRNA (i.e. per
gel lane), sufficient to fully degrade naked dsRNA as confirmed by gel electrophoresis in
Section 5.4.2%2%%0) was added to polyplex and naked dsRNA solutions. The samples were then
incubated for 30 min (adult guts) or 24 h (L3 larval guts) at 26 °C. Each solution was loaded
(with 2 pL of 6X blue/orange loading dye) onto a 2% (w/v) agarose gel stained with ethidium
bromide (EB, 20 ng mL?), prepared with 1X TAE (Tris base, acetic acid and EDTA) buffer.
Assays were run for 25 min at 90 V. An aliquot of 100 bp DNA ladder (1 pL, combined with
1 uL 6X purple non-SDS dye and 4 pL nuclease-free water, NEB) was run for comparison.

The gel was imaged under a UV transilluminator at 365 nm.

5.3.2 Mammalian cell culture
HEK-293T cells were cultured in 75 cm? flasks within a 37 °C, 5% CO, and 95 % relative
humidity (RH) incubator. Media was Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with FBS (10% v/v) and 1% penicillin/streptomycin (P/S, 100 ug mL* and
100 ug mL%, respectively). Cell confluence was monitored and cells were passaged as required
(approx. every 2-3 days).

5.3.3 Sf9 cell culture
Sf9 cells (New England Biolabs (UK) Ltd) and transformed Sf9 cells (Oxford Expression
Technologies Ltd) were cultured in 75 cm? flasks within a 26 °C, 60 %RH incubator. Media
was ESF 921 supplemented with 1% penicillin/streptomycin (P/S, 100 ug mL™* and 100 pg
mL, respectively). Cell confluence was monitored and cells were passaged as required

(approx. every 2-3 days).
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5.3.4 Cell viability assays
5.3.4.1 Mammalian HEK-293T cells
HEK-293T cells were seeded onto a 96-well plate 24 h prior to treatment, at seeding density
~10,000 cells/well, to allow cells to reach ~40,000 cells/well. Q110, Q110-b-Ds7, Q110-b-Dsg,
Q110-b-D219, Qi10-b-B2s-b-Dss,  Q110-b-Bas-b-Deg and  Qiio-b-Bi7-b-D21>  at  varying
concentrations (0.01 — 10 mg mL™t) were added to each well, with nuclease-free water applied
as the untreated control. 6 uL of treatment (either polymer or nuclease-free water control
solution) was added to each well, containing a total volume 150 puL to maintain < 5 v/v%
nuclease-free water addition to the cells. Cells were incubated at 37 °C, 5% CO,, 95 %RH for
24 h. Media was then removed, and fresh DMEM media was added alongside 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS,
20 pL). Cells were incubated with MTS for 2 h prior to analysis with a plate reader at 495 nm
(absorption). Cells treated with nuclease-free water only were normalised to 100% cell
viability, and other treatments were normalised with respect to the cells in nuclease-free water.

The assay was performed in triplicate.

5.3.4.2 Insect Sf9 cells
Sf9 cells (New England Biolabs (UK) Ltd) were seeded onto 96-well plates, 2 days prior, at a
seeding density of ~20,000 cells/well. Qii0-b-D21g Was assessed as the most promising
construct, due to the compactness of its resulting polyplexes. A range of polymer
concentrations (0.01 — 2 mg mL™) were prepared in ESF 921 media. Aliquots (100 pL/well)
at each concentration were added to Sf9 cell 96-well plates with 3 replicates, and incubated
for 24 h at 26 °C, 60 %RH. Subsequently, MTS (20 pL) was added to each well and the cells
were incubated for 4 h prior to analysis with a plate reader at 495 nm (absorption). Cells treated
with ESF 921 media (1% P/S) only were normalised to 100% cell viability and other treatments
were normalised with respect to cells in ESF 921 media. A complete repeat experiment was

conducted, containing triplicate wells of the different variables in each repeat.
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5.3.5 Labelling of dsSRNA with Cy3 fluorophore
Labelling of dSRNA with a Cy3 fluorophore was conducted as per standard protocol according
to the Label IT® Tracker™ Intracellular Nucleic Acid Localization Kit, and purification was

performed by precipitation in ethanol and stored at -20 °C until required.

5.3.6 Flow cytometry
HEK-293T cells were seeded onto a 12-well plate, at seeding density ~10,000 cells/well, 24 h
prior to allow cells to reach ~50,000 cells/well. Polyplexes were prepared 24 h prior to
treatment, through the addition of Cy3-labeled vha26 dsRNA (20 uL, 50 ng pL™?) to each
polymer solution (20 uL). Polymers were dissolved in nuclease-free water at varying
concentrations, in order to maintain an N/P ratio of 5 when a 20 pL aliquot was added: Q110 =
163 ng uL?, Quo-b-Ds7= 202 ng pL?, Quio-b-Deo= 225 ng pL?, Qu10-b-Daze = 315 ng pL?,
Q110-b-B2s-b-Dss = 230 ng pL, Qu10-b-Bas-b-Deg = 282 ng pL, Qu10-b-Bi7-b-Dass = 342 ng
uLt. All solutions were prepared using RNase-free and DNase-free Eppendorf tubes and filter
pipette tips to minimise dsSRNA degradation. Polyplexes, Cy3-labelled dsRNA-only and
polymer-only solutions were individually applied to wells containing HEK-293T cells in the
12-well plate. Nuclease-free water was included in the absence of either polymer/dsRNA, and
a nuclease-free water control was conducted. Fresh DMEM media was added to the wells
alongside the treatments (40 uL) to maintain < 5 v/v% nuclease-free water to media ratio.
After 4 h, cells were placed on ice and then lifted from wells by physical disturbance. Cells
were pelleted by centrifugation and media/treatment was removed before washing and
resuspension of cells in fresh, ice-cold DMEM media, alongside 1% 7-aminoactinomycin D
(7-AAD) as a dead cell stain, when required. Cy3-positive cells were analysed by flow
cytometry using a CytoFLEX S (Beckman Coulter) with filters set at 561 nm excitation, 585
nm emission wavelengths. Data were analysed using FlowJo software and all experiments

were performed in duplicate.
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5.3.7 Confocal microscopy
Cells were cultured on microscope slides introduced to the 12-well plate prior to cell seeding.
A polyplex solution of Q110-b-D21o/dSRNA was prepared as a model example, and HEK-293T
cells were seeded as described above. After a 4 h incubation period of the cells with polyplex,
Cy3-labelled dsRNA, polymer or nuclease-free water, media was removed and the slides were
washed with 1X PBS, before fixing with 4% paraformaldehyde. Slides were mounted with a
DAPI-stain liquid mountant (ProLong™ Gold Antifade Mountant with DAPI) to prepare for

cell imaging on a confocal microscope (Zeiss LSM700).

5.3.8 Luciferase protein assay
Transformed Sf9 cells with eGFP and luciferase expression (Oxford Expression Technologies
Ltd) were seeded onto 96-well plates 2 days prior, at a seeding density of ~20,000 cells/well.
Cells were seeded in ESF 921 media (1% P/S). Q110-b-D21o/dSRNA polyplexes (used as a
promising construct with the most compact polyplexes) of varying N/P ratios (0.25, 0.5, 1, 3
and 5) were prepared with both long and short luciferase dsSRNA (40 pg/well, dSRNA provided
by Syngenta) in TC-100 serum-free media, with ~30 min for complexation. Polyplex solutions
(100 pL) were added to Sf9 cell 96-well plates with 3 replicates, and incubated. After 4 h, the
media was removed from the cells and replaced with regular media (ESF 921 with 1% P/S).
The Sf9 cells were then incubated at 26 °C, 60 %RH for another 44 h (48 h total incubation).
Cells with regular media (ESF 921 with 1% P/S) were included as a control, as well as
GenelJuice® solution (4 uL/well) as a positive control. Naked long and short luciferase dSRNA
(N/P ratio = 0) was also incubated with cells at the same concentration as polyplex solutions.
The 96-well plate was read for eGFP fluorescence using a BioTek Cytation 3 imaging plate
reader. The Sf9 cells were subsequently lysed using cell lysis buffer for 30 min and incubated
at 37 °C. Cell contents were removed from wells through physical disturbance and pipetting.
25 uL of this solution was diluted with 175 ul of water in a white clear-bottomed 96-well

plate. The bioluminescence was measured using a plate reader. This bioluminescence reading
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was then normalised against the BSA concentration in each well (using a Pierce™ BCA

Protein Assay Kit) to calculate the reduction in luciferase expression.

5.3.9 D. suzukii and D. melanogaster husbandry
D. suzukii and D. melanogaster were maintained on a yeast-based diet (Lancashire recipe),
prepared through the combination of the following: Milli-Q water (2 L) fine oatmeal (148 g),
molasses (100 g), yeast (16.8 g), agar (16.8 g) and the Drosophila anti-fungal agent
monohydroxybenzoic acid (MHPB, also referred to as Tegosept or Nipagin, 68 mL, 10% in
100% ethanol). Flies were kept in standard fly bottles or cages and stored in an incubator set

to 26 °C, 60 %RH. Flies were transferred using CO; as adults or with a paintbrush as larvae.

5.3.10 Oral feeding of Drosophila
In order to collect synchronised-instar larvae, D. suzukii (or D. melanogaster) adults were
transferred to cages with fresh diet, and incubated at 26 °C, 60 %RH to produce eggs. Adults
were removed after 24 h and larvae were left to hatch from the laid eggs. 1% and 2™ instar
(L1/L2) D. suzukii and D. melanogaster larvae were collected after 24 h and isolated to starve

on moist filter paper for 3 h prior to addition to treated diets.

Vha26 222 bp dsRNA (4.68 mg mL%, 8 uL, 37 pg) was complexed with an equal volume (8
uL) of polymer in each polyplex formulation, ensuring an N/P ratio = 5 by varying polymer
concentration. For example: 8 uL of Q110-b-D219 at 29.5 mg mLL. Polyplexes were incubated
for 1.5 h at RT to equilibrate, see Figure 5.1 that illustrates the necessity for an equilibration
period (particularly when formulating at high concentrations, such as those used in biological

assays) to allow complexes to re-disperse after their initial electrostatic interaction.
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Figure 5.1. (A) Q110-b-D21o/dsRNA solution upon initial mixing before addition to diet for oral feeding
of Drosophila. (B) The same Qiio-b-D21s/dSRNA polyplex solution after 1.5 h equilibration time,

polyplexes have re-dispersed following complexation at high concentration in nuclease-free water.

Each solution (16 pL) was then added to 50 mg of diet (as described in previous section) and
mixed thoroughly for an even distribution, allowing 30 min to incorporate. Nuclease-free
water (16 uL) was added to diet as the untreated control. Five starved L1/L2 larvae were then
transferred to each 50 mg treated (or untreated control) diet, n = 25 total per assay repeat.
Larvae were removed from treated diet after 24 h of feeding, and transferred to fresh untreated
diet. The D. suzukii (or D. melanogaster) were then monitored for the next 15 days for survival.
Larvae mortality was assessed by the failure to reach the pupal stage and the absence of any
live larvae in or on the surface of the food. Mortality was identified between the larval and
pupal stage, however Drosophila were monitored until adult eclosion to ensure all mortality
was accounted for. Survival results were averaged across assays repeated in duplicate and
normalised against untreated diet-fed D. suzukii. Standard deviation was calculated and
represented as error bars on plots. Statistical significance was determined using binary logistic

regression performed in SPSS Statistics 26.

5.3.11 Digestive tract in vivo imaging
3"instar (L3) D. suzukii larvae were starved for 3 h on moist filter paper. Solutions of polyplex
(50 pL, Q110-b-D219/Cy3-labelled dsRNA), Cy3-labelled dsRNA and blue dye were prepared,

at a 5% sucrose concentration. To prepare polyplex dispersions, Q110-b-D219 (20 L, 315 ng
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uLt) was added to Cy3-labelled dsRNA (20 uL, 50 ng uL't) and allowed to equilibrate for 1.5
h for complexation alongside 20% sucrose solution (10 pL, to achieve 5% final sucrose
concentration). Five starved L3 larvae were then transferred to a dispersion of polyplex (20
uL, N/P ratio = 5), dsRNA (20 pL, 50 ng puL) or blue dye (20 pL) for 1 h, 4 h and 24 h.,
Feeding was confirmed by the presence of blue dye within the gut of the control (blue dye-
fed) larvae. The larval intestines (guts) were then dissected from the body and submerged in
4% paraformaldehyde to fix for 24 h before mounting with anti-fade DAPI-stain mounting

fluid. Fluorescence and confocal microscopy images were then taken.

5.4 Results and discussion

5.4.1 Polymer synthesis
Linear homopolymer, a series of hydrophilic diblock copolymers and a series of amphiphilic
ABC triblock copolymers were synthesised by RAFT polymerisation, as described in detail in

Chapters 3 and 4 and in brief below.

The polymethacrylate-based polymer block was poly[2-(methacryloyloxy)ethyl]
trimethylammonium chloride (Q), possessing a quaternised ammonium group and thus a
positive charge regardless of pH conditions (a ‘strong’ polyelectrolyte). The Q polymer block
was purified as a homopolymer (Qi10) for comparison to the diblock and triblock copolymers.
To prepare the hydrophilic diblock copolymers, the Q block was synthesised as a macro-chain-
transfer agent (macro-CTA) and chain extended with poly(N,N-dimethyl acrylamide) (D). The
cationic macro-CTA length was kept constant (DP ~ 110), and a series of three diblock
copolymers were synthesised with varying neutral D polymer block lengths (DP ~ 57, 89 and
219). For the amphiphilic triblock copolymers, the Q macro-CTA chain length was kept
constant (DP ~ 100) and chain extended first with a hydrophobic poly(tert-butyl acrylamide)
(B) block to varying chain lengths (DP ~ 25, 44 and 17). The Q-b-B amphiphilic diblock

copolymers were purified as new macro-CTAs and chain extended with varying chain lengths
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of hydrophilic D polymer blocks (DP ~ 55, 99 and 212, respectively). Polymer characterisation

is described in detail in Sections 3.3.2 and 4.3.3.

5.4.2 Exvivo protection of dsSRNA against degradation by D. suzukii gut
enzymes

The cationic ammonium moieties of the polymer Q block (present in the homopolymer,
diblock copolymers and triblock copolymers) are the basis for the complexation of the
polymers with dsRNA, through the electrostatic interaction with the anionic phosphate groups
of the phosphodiester-bonded backbone. The relative proportions of polymer/dsRNA were
varied in order to ascertain the optimal N/P ratio for full complexation (> 2), which is described
in Sections 3.4.4 and 4.4.3 for the homopolymer/diblock copolymers and triblock copolymers,

respectively.

The protective properties of the homopolymer, diblock copolymers and triblock copolymers

are evident, following ex vivo degradation assessments in agarose gel electrophoresis, the first

of which is shown in Figure 5.2.
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Figure 5.2. Agarose gel electrophoresis of homopolymer (Q, lanes 4 and 5), diblock copolymer (Q-b-
D, lanes 6, 7 and 8, 9 and 10, 11) and triblock copolymer (Q-b-B-b-D, lanes 12, 13 and 14, 15 and 16,
17) complexes with dsRNA at an N/P ratio = 2.5. DsSRNA was run in lanes 2 and 3. Homogenised gut
of adult flies (equivalent of % a gut) was added to lanes 3, 5, 7, 9, 11, 13, 15 and 17, annotated with a

*. A 100 bp DNA ladder was run for comparison in lanes 1 and 18.

D. suzukii gut enzymes were collected through the tissue homogenisation and centrifugation
of the guts of starved D. suzukii adults and L3 larvae. The equivalent of % a gut’s worth of
enzymes was used per 1 ug dsRNA (i.e. per gel lane), which was sufficient to fully degrade
naked vha26 dsRNA, as indicated for the adult gut enzymes by the complete absence of

fluorescent band at the ~200 bp location on the gel (Figure 5.2, lane 3).

After 30 min (at 26 °C) incubation with adult D. suzukii gut enzymes, the naked vha26 dsRNA
was completely degraded (Figure 5.2, lane 3). In contrast, gut enzymes extracted from L3 D.
suzukii larvae required a longer, 24 h incubation with vha26 dsRNA for complete degradation

(see Figure 5.3).
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Figure 5.3. Agarose gel electrophoresis of dsSRNA alone and dsRNA incubated with the homogenised
guts of L3 D. suzukii larvae added to the equivalent of %2 gut, 1 gut, 2 guts, or 3 guts. Samples of dSRNA
were incubated with the L3 larvae gut enzymes for either (A) 1 h, 2 h or (B) 24 h. Image B was a
separate agarose gel, following incubation of the dsRNA for 24 h, hence the subtle background colour

change that may be noticeable.

As described by Yoon et al., late-stage L3 larvae (and pupae) express lower levels of dsRNases
in comparison to early-stage L1 or L2 larvae and the adult flies.®! This explains why the vha26
dsRNA was only partially degraded through incubation with L3 larvae gut enzymes after 1 h
or 2 h (Figure 5.3A), in contrast to the full degradation obtained after incubation for 30 min
with the adult D. suzukii gut enzymes (Figure 5.2). However, 24 h incubation with L3 larvae
gut enzymes appears to be sufficient to completely degrade vha26 dsRNA (Figure 5.3B),

indicated by the total absence of fluorescence.

As shown in both Figure 5.2 and Figure 5.4, the homopolymer, diblock copolymers and the
triblock copolymers were able to form complexes with dsSRNA at an N/P ratio = 2.5, illustrated
by the retardation of dsSRNA migration in the agarose gel (fluorescence is maintained in the

well of the gel, with no smear apparent along the gel lane).
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Figure 5.4. Agarose gel electrophoresis of homopolymer (Q, lanes 3 and 4), diblock copolymer (Q-b-
D, lanes 5, 6 and 7, 8 and 9, 10) and triblock copolymer (Q-b-B-b-D, lanes 11, 12 and 13, 14 and 15,
16) complexes with dsRNA at an N/P ratio = 2.5. DsSRNA was run in lanes 1 and 2. Homogenised gut

of L3 larvae (equivalent of %2 a gut) was added to lanes 2, 4, 6, 8, 10, 12, 14 and 16, annotated with a *.

All of the complexes formed between the polymers and dsRNA maintained strong
fluorescence (and therefore stability of dsRNA) in the wells of the agarose gel following
incubation with D. suzukii adult gut enzymes for 30 min (Figure 5.2), and incubation with D.

suzukii L3 larval gut enzymes for 24 h (Figure 5.4).

There are limited examples in literature of the polymer-induced protection of dsSRNA against
enzymatic degradation.®*?%° Therefore, the results shown here illustrate the potential of these
block copolymers for the delivery of intact dsSRNA to D. suzukii for bio-insecticidal
applications, as they are capable of protecting the genetic material from degradation by

enzymes in the gut after oral feeding.
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5.4.3 Cell viability in mammalian and insect cells
HEK-293T cells are widely used in the study of gene delivery to cells in culture and are used
here for comparison with results from similar studies designed for therapeutic applications.>%
834 Thus, prior to an exploration of the in vitro capabilities of the polyplexes, it was important
to assess cell viability following incubation with each of the polymer constructs. An insect-
specific cell line, Sf9, was later acquired and therefore cell viability was also performed in Sf9
cells with the most promising diblock copolymer candidate, Q110-b-D219.
5.4.3.1 Mammalian HEK-293T cells

The cell viability of homopolymer, diblock copolymers and triblock copolymers was assessed
via MTS assay with HEK-293T cells, in which the concentrations of stock polymer solutions

were varied to assess the concentration dependence of polymer cytotoxicity, Figure 5.5.
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Figure 5.5. Cell viability of HEK-293T cells, normalised with respect to untreated cells, via MTS assay
with (A) homopolymer (Q110) and diblock copolymer (Q110-b-Ds7), (B) diblock copolymers (Q110-b-Dsg
and Qui10-b-D219) and (C) triblock copolymers (Qi10-b-B2s-b-Dss, Q110-b-Bas-b-Dgeg and Qi1o-b-Bi7-b-
D212). Concentration of stock polymer solution added to cell culture was varied from 0.01 — 10 mg mL-
1, Cell viability was assessed in triplicate after 24 h incubation. Error bars represent standard deviation,

and lines are drawn here to guide the eye.

The cells were incubated with the polymer solutions for 24 h. The highest stock solution
concentrations (10 mg mL™) induced a significant decrease in cell viability. A tenfold decrease
in stock concentration (1 mg mL™*) showed more variable results between the polymers, whilst
0.1 and 0.01 mg mL* stock concentrations showed >85% viability in all samples. There were
some cases of >100% cell viability, which are most likely due to cell proliferation due to
pipetting error as they were not significant and within error. In the case of 0.1 mg mL* stock
concentration, the final polymer concentration in each well (total volume, 150 puL) was 4 ng

uL? and thus confirmed that a polymer concentration of approximately 4 ng uL* (as used in
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in vitro assays) is suitable in terms of cell viability, even after a 24 h incubation period. It is
notable that the triblock copolymers, even at a high stock concentration of 10 mg mL?, showed

a greater cell viability than homopolymer or diblock copolymers.

5.4.3.2 Insect Sf9 cells
Cell viability of the Q110-b-D219 diblock copolymer (chosen as a promising construct with the
most compact polyplexes) was assessed via MTS assay in insect Sf9 cells, at concentrations
0.01 -2 mg mL™,
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Figure 5.6. Cell viability of Sf9 cells with increasing polymer (Qi10-b-D219) concentration, normalised
with respect to untreated cells via MTS assay. Concentration of diblock copolymer solution added to
cell culture was varied from 0.01 — 2 mg mL™. The different shade of colour represents a repeat with
Sf9 cells of different passage humber, within each repeat viability was assessed in triplicate. Error bars

represent standard deviation, and lines are drawn here to guide the eye.

Across the concentration range tested, in Figure 5.6, the cell viability remains high (>70%)

throughout with no significant decrease as polymer concentration is increased.

5.4.4 Complexation with homopolymer, diblock copolymer or triblock
copolymer enhances in vitro uptake of dsSRNA in HEK-293T cells

Following confirmation that the Q, Q-b-D and Q-b-B-b-D polymers complex with dsRNA and

provide sufficient protection against ex vivo enzymatic degradation, and establishing a suitable
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concentration (~4 ng pL?) for maintaining sufficient cell viability, the in vitro delivery
potential of the polyplexes was determined. Cellular uptake was thus assessed in HEK-293T

cells, using flow cytometry and confocal microscopy.

Flow cytometry. After a 4 h incubation period with Cy3-labelled dsRNA alone or complexed
with Q, Q-b-D or Q-b-B-b-D polymers, cells were fixed and analysed for fluorescence
intensity at 585 nm. There was a large shift in the mean fluorescence intensity of cells treated
with polyplexes (formulated at N/P ratio = 5). In comparison, cells treated with naked Cy3-
labelled dsRNA alone did not cause a significant increase in fluorescence intensity. Gating
strategies to exclude dead cells and cell doublets are shown in Figure 5.7, Figure 5.8 and Figure

5.9.
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Figure 5.7. Cells were killed by heating for 30 min at 90 °C in a heating block, in order to confirm dead

cell appearance in dot plots and intensity plots. (A) and (C) show FSC/SSC dot plots of samples of dead

cells and untreated cells, respectively, with live/dead gating shown. (B) and (D) show FSC/SSC dot

plots following 7-AAD discrimination of dead cells and untreated cells, respectively, with gating

illustrated in (E), which shows a histogram of 7-AAD fluorescence intensity in dead cells (red) and

untreated cells (blue).
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Figure 5.8. FSC/SSC (forward scatter height/side scatter height) dot plots of a representative sample of
untreated cells, Q110-b-D219-based polyplex-treated cells, Q110-b-D219 polymer-treated cells and naked
dsRNA-treated cells (as indicated by titles in bottom left hand corner of graphs). Live/dead gating is
shown. Qi10-b-D21g is used here as an example, other complexes and polymers showed similar dot-plots

(see Figure A10 in Appendix).

174



2.0M 2.0M
1.5M = 150 =
T T
& O
2 1 o ]
O 1.0M = 55 1.0M =
T . T 4
& 2 -Single Cells?
| | : 386
500K = 500K =
T et
0 500K 1.0M 1.5M 2.0M 0 500K 1.0M 1.5M 2.0M
Untreated FSC-A :: FSC-A Polyplex- rsc.a: Fsca
treated
2.0M 2.0M
1.5M = 1.5M =
T T
b O
% _ 2 .
e o ¥ 1.0M =
j:. 1.0M 1 T |
%) Q J
2 & ]
5UUK; 500K =
] 4
———————— ————————————————
0 500K 1.0M 1.5M 2.0M 0 500K 1.0M 1.5M 2.0M
Polymer- Fsc-a:Fsc-a Naked dsRNA-  FSC-A:FSC-A
treated treated

Figure 5.9. FSC-H/FSC-A (forward scatter height/forward scatter area) dot plots of a representative
sample of untreated cells, Q110-b-D219-based polyplex-treated cells, Qi10-b-D219 polymer-treated cells
and naked dsRNA-treated cells (as indicated by titles in bottom left hand corner of graphs). Gating of
single cells is shown. Q110-b-D219 is used here as an example, other complexes and polymers showed

similar dot-plots (see Figure A10 in Appendix).

Upon incubation of mammalian HEK-293T cells with Q, Q-b-D or Q-b-B-b-D-based
complexes with Cy3-labelled dsRNA, in contrast to naked Cy3-labelled dsRNA alone, there
was a significant increase in fluorescence intensity, Figure 5.10. Full flow cytometry data are

shown in Figure A10 in the Appendix.
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Figure 5.10. Histogram of the Cy3 fluorescence intensity in HEK-293T cells that were untreated, or
incubated with Cy3-labelled dsRNA alone or complexed with Q110-b-D219 diblock copolymer. Q110-b-
D219 used as example here, other polymer-based complexes with dsSRNA showed similar increases in
fluorescence intensity (see Figure A10 in the Appendix). The gating is shown by a black line, as >95%

percentile of the negative control.

The gating, as shown in Figure 5.10, was used to assess the percentage of Cy3 positive HEK-
293T cells. The calculated percentage of Cy3 positive live, single cells upon incubation with
each treatment (polyplexes, polymers alone or naked Cy3-labelled dsRNA) is shown in Figure

5.11.
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Figure 5.11. Percentage of Cy3 positive events, determined via flow cytometry of untreated or treated
HEK-293T cells, which demonstrates that complexation of Cy3-labelled dsSRNA with homopolymer,
diblock copolymer or triblock copolymer greatly enhances interaction with eukaryotic cells. Standard

deviation shown by error bars from assays performed in duplicate.

Over 80% of single, live HEK-293T cells exhibited a significant increase in fluorescence, and
thus cell interaction, when incubated with polymer/Cy3-labelled dsRNA polyplexes
(regardless of which polymer was used for complex formulation) as compared to less than 5%
of live, single cells showing a shift in Cy3 fluorescence in the case of HEK-293T cells
incubated with naked Cy3-labelled dsRNA, polymer alone, or when untreated. There was no
significant difference between the percentage of Cy3 positive cells following incubation with

the different polyplexes.

To confirm that the increase in Cy3 fluorescence, measured by flow cytometry, upon treatment
with polyplexes was not simply due to these structures adhering to the cell surface, confocal

laser scanning microscopy was conducted, using Qiio-b-D21o/dSRNA polyplexes as a
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representative sample (as there was no significant difference between the different polyplexes

used as part of the flow cytometry data).

Confocal microscopy: Z-stack images of representative HEK-293T cells were captured after
incubation with Q110-b-D21o/Cy3-labelled dsRNA polyplexes, naked Cy3-labelled dsRNA,

Q110-b-D219 alone or nuclease-free water (untreated), Figure 5.12.

Figure 5.12. Representative confocal and light microscopy merged images (left) of mid-section Z-slices

of HEK-293Tcells treated with (A) Q110-b-D21o/dSRNA, (B) dsRNA, (B) Q110-b-D219, (C) dsRNA and
(D) water. The images show the red fluorescence of Cy3-labelled dsSRNA. DAPI was used as the
mountant to stain the nuclei and can be seen fluorescing blue. Images are a representative sample of the
cell population. Orthogonal projections are shown above and to the right of the primary image.
Histogram profiles (right) of Cy3 fluorescence intensity, at each Z-slice across a horizontal middle line
of cell images are shown for HEK-293T cells treated with (E) Qi10-b-D21o/dSRNA, (F) Q110-b-D21g

alone, (G) Cy3-labelled dsRNA and (H) nuclease-free water.

Orthogonal mid-section images of representative cells alongside histogram profiles mapping
the Cy3 fluorescence intensity at each Z-slice confirm the perinuclear delivery of Cy3-labelled
dsRNA when cells were incubated with Q110-b-D210/Cy3-labelled dsSRNA. Figure 5.13 shows
a cluster of HEK-293T cells after incubation with Qi10-b-D21o/Cy3-labelled dsRNA, further

confirming the cellular uptake and perinuclear delivery.
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Figure 5.13. Confocal image of mid-section slice through a cluster of HEK-293T cells, showing DAPI
staining of nuclei and Cy3 fluorescence of vha26 dsRNA, following incubation of the cells with Q110-

b-D219/Cy3-labelled dsRNA polyplexes.

The confocal images clearly identify that the Cy3-labelled dsRNA is confined within the
plasma membrane and not simply adhering to the cell surface. The Cy3 signal mapping
highlights the strong Cy3 signal in the cell incubated with Q110-b-D214/Cy3-labelled dsSRNA
polyplexes, suggesting an efficient uptake of Cy3-labelled dsRNA. The increase in Cy3
fluorescence intensity in HEK-293T cells, determined via flow cytometry assay, after
incubation with Q10-b-D21s/dSRNA polyplexes is therefore likely as a result of cell uptake. A
much lower intensity of Cy3 fluorescence was recorded in cells treated with naked dsRNA,
and no significant fluorescence was observed in cells treated with Q110-b-D-19 alone or when
untreated (beyond the background auto-fluorescence of the cells). The more efficient cellular
uptake of dsRNA to the cell cytoplasm when delivered as part of a polyplex, in comparison to
free dsRNA, is likely due to the positive charge of the polyplexes (when formulated at N/P
ratio > 1), as electrostatic repulsion from the negative charges of the cell membrane has

previously been described as a barrier to cell entry for dsSRNA2882%

There are few examples in literature of cell uptake studies using fluorescently labelled dSRNA

polyplexes. A study by Christiaens et al. investigated the penetration of CF203 cells by FITC-
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labelled poly(2-(aminoethyl) methacrylate-co-guanylated-methacrylate)/Cy3-labelled dSRNA
polyplexes.!'® The authors discovered, similarly to the results described here, the perinuclear
localisation of dSRNA when delivered via complexation with polymer, in comparison to only
a small proportion of dsRNA that was internalised when incubated with cells alone. They also
found that the FITC labelled-polymer was located in the outer region of the cytoplasm, close
to the cell membrane. Future work in this area should explore co-localisation techniques, such
as Forster resonance energy transfer (FRET), to discover under which conditions the polymer

and dsRNA remain complexed/decomplexed.

5.4.5 Complexation of dsRNA with diblock copolymer for in vitro mRNA
degradation in transformed Sf9 cells

To verify the cellular internalisation of polyplexes in an insect-specific cell line and to test
their capability to induce specific mRNA degradation, transformed Sf9 cells (Oxford
Expression Technologies Ltd) were cultured for a luciferase protein assay (in collaboration
with Dr. J. Y. Rho and Prof. S. Perrier at the University of Warwick). The transformed Sf9
cells included luciferase and eGFP genes, allowing for specific degradation of luciferase
MRNA by luciferase-specific dSRNA without affecting eGFP expression. The reporter system
had been previously optimised in Sf9 cells; hence these were used rather than the more relevant

Drosophila S2 cells.

The diblock copolymer, Q110-b-D219, Was tested as the most promising polymer construct. The
amount of luciferase protein produced in the transformed Sf9 cells, following incubation with
Q110-b-D21s/dSRNA (assessed using both long and short luciferase dSRNA) polyplexes at N/P
ratio 0.25 — 5, naked long and short luciferase dsRNA (N/P ratio = 0, used as a negative
control), or GeneJuice® (used as a positive control) is highlighted in Figure 5.14A with eGFP
expression in the same Sf9 cells shown in Figure 5.14B. The protein production in cells

without treatment (CO) are also shown as an additional control.
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Figure 5.14. (A) Luciferase relative protein production and (B) eGFP expression in transformed Sf9
cells, either untreated (CO) or after incubation with GeneJuice® (GJ), long and short luciferase dsSRNA
(N/P ratio = 0, negative control), or polyplexes prepared with long/short luciferase dSRNA at N/P ratios

from 0.25 — 5.

Figure 5.14B provides assurance that total protein production was not affected by the
luciferase dsRNA, with eGFP expression remaining high in all cases without significant

difference in expression across the different samples.

Both naked dsRNA (N/P ratio = 0, negative control) and the polyplexes (N/P ratios = 0.25 —

5) did not significantly reduce the luciferase protein production in comparison to the positive
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control, GeneJuice®. These results indicate that the release/decomplexation of dSRNA from
the polyplexes may not be very efficient, as cellular internalisation of the polyplexes in HEK-
293T cells (at an N/P ratio = 5) was far superior than that of naked dsSRNA, yet there was no
reduction in luciferase protein production induced by the polyplexes, which would have

indicated significant degradation of target luciferase mRNA in cells.

5.4.6 Complexation with diblock copolymer enhances uptake of dSRNA in
Vvivo

The effectiveness of polyplexes for in vivo delivery of dSRNA to D. suzukii was studied using
larval and pupal toxicity as a surrogate readout. Drosophila diet was mixed with polyplex
formulations (at an N/P ratio = 5), naked vha26 dsRNA, polymer alone, or nuclease-free water
(untreated). Early instar (L1/L2) larvae were starved for 3 h before transfer to the various
treated diets for 24 h and then monitored on fresh, untreated diet for 15 days. The oral feeding

process is described visually in Figure 5.15.
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Figure 5.15. Schematic description of the oral feeding protocol for Drosophila. The adult flies (male
and female) were allowed to mate for 24 h in a feeding chamber, before removal to produce
synchronised eggs and subsequently larvae. The larvae were taken at an early 152" instar (L1/L2) stage
for maximum feeding capacity and starved on moist filter paper for 3 h prior to transferral to treated or
untreated artificial diet. Five larvae were placed onto 50 mg of diet for 24 h, before removal to fresh
artificial (untreated) diet. The D. suzukii were then monitored for 15 days for survival. Image produced

in BioRender.

The normalised (with respect to untreated diet-fed D. suzukii or D. melanogaster) survival rate
of D. suzukii (or D. melanogaster) is shown in Figure 5.16. Mortality was scored by the

number of L1/L2 larvae that failed to reach the pupal stage of development.
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Figure 5.16. Survival of D. suzukii after feeding larvae (L1/L2) for 24 h on a diet treated with polyplexes,
naked dsRNA or polymers alone, as well as survival of D. melanogaster larvae (L1/L2) when diet was
treated with Q110-b-D21o/dSRNA polyplex. Survival was assessed over 15 days by the failure to reach
the pupal stage, and the absence of any live larvae in or on the surface of the food. Results were
normalised against larvae fed on diet treated with nuclease-free water (untreated). Error bars represent
standard deviation, and the grey box represents the standard deviation of the survival of larvae fed diet
treated with nuclease-free water (untreated), n = 50. *** indicates a P value <.0001 according to binary

logistic regression.

A significantly decreased survival was observed in D. suzukii larvae treated with Qiio-b-
D219/dsRNA polyplexes, to ~30%. In contrast, larvae fed diet treated with polyplexes formed
with homopolymer, diblock copolymers with shorter neutral block lengths or triblock
copolymers, or larvae fed diet treated with naked dsRNA, polymers only, or nuclease-free
water, did not show any significant effect on survival. It is important to note that the presence
of polymer in the diet did not induce larval toxicity or visually prevent feeding. Binary logistic
regression indicated a significant association between larvae fed Q110-b-D219/dSRNA polyplex-
treated diet and survival to the pupal stage (p <.0001), with a substantial decrease in the odds
of survival. No significant effect of feeding other complex-treated diets, naked dsRNA-treated

diets or polymer only-treated diets, compared to untreated diet, was observed.
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The vha26 dsRNA used in this study was designed to specifically target D. suzukii V-ATPase
subunit transcripts. As expected, feeding the Qi10-b-D21s/dSRNA polyplex to the closely-
related species, D. melanogaster, did not result in any significant lethality, thus there is no off-

target toxicity on this species.

Whilst feeding naked dsRNA generates systemic RNAi in some insect species (e.g.
hemipterans), other species (e.g. dipterans) are resistant to orally administered
dsRNA 404851.55,72.77.335 Here, the larval toxicity assay confirms a previous report that feeding
naked vha26 dsRNA alone to D. suzukii larvae does not result in significant mortality.*® In
contrast, larvae fed a diet treated with polyplexes prepared by complexation of vha26 dsRNA
with Qi10-b-D21g, resulted in high mortality (~70%). However, complexation with the other
tested polymers (homopolymer, other diblock copolymers or triblock copolymers) did not
increase mortality. It is worth noting that results for the assays with Q100-b-Baa-b-Dgg/dSRNA
and Q100-b-Bas-b-Dos-fed larvae were more variable. This is likely due to the nature of in vivo

biological data, and is not presumed to be significant.

Whilst in vivo experimentation can lead to variable results (hence the need for repetition), the
effect on survival was maintained when administering Q110-b-D-19-based polyplexes and was
shown to be statistically significant. These results indicate a potential correlation between the
length of the diblock copolymer neutral block and the resulting toxicity. The research
presented in Chapter 3 revealed that dsRNA-based polyplexes prepared with diblock
copolymers of increasing neutral block length, resulted in the formation of more compact
polyplexes (smaller effective hydrodynamic radii). Thus, we can speculate that the size of the
Q110-b-D21s/dSRNA polyplexes facilitates dSRNA uptake by the D. suzukii cells to elicit a
strong RNAI response and larval lethality. This work adds to a body of research that suggests
that the incorporation of a longer hydrophilic neutral polymer block can indeed enhance the

delivery of nucleic acids.?8°2%8:309
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A further hypothesis is that the Q110-b-D-19-based polyplexes appear to require (slightly) higher
N/P ratios to induce full complexation, and the binding to Q110-b-D219 did not appear to be as
strong when visually assessed in agarose gel electrophoresis (Figure 3.17). This could suggest
that the polyplexes formed with Q110-b-D219 are able to decomplex more easily (in comparison
to other complexes in this work) once cellular internalisation has occurred, thus the dsRNA

can more readily participate in the RNAi machinery.

These hypotheses are corroborated by Kim et al., who investigated the delivery of pDNA by
combinations of a-poly(L-lysine) (strongly binding) and e-poly(L-lysine) (weakly binding)
polymers.3® They discovered that smaller, more compact polyplexes were able to deliver more
pDNA to cells, and they also found that polyplexes that were too tightly bound resulted in poor
release of pDNA and low transfection efficiencies. This could further explain the results from
the luciferase protein study, in which Qiio-b-D219-based polyplexes were not found to be
effective at degrading mRNA, despite enhanced in vitro uptake demonstrated in HEK-293T
cells. These results highlight the importance of block copolymer design, as the size of the
resulting complexes and decomplexation capability of the complexing-polymer are clearly
important properties for successful induction of RNAI. Therefore, future work should focus
on exploring alternative polymer designs to produce smaller-sized polyplexes (e.g.
investigating longer neutral block lengths) and polymers with decomplexation capabilities

(e.g. incorporation of a self-hydrolysing cationic polymer block).

5.4.1 Invivo D. suzukii gut imaging
In order to begin to interpret the successful induced mortality of D. suzukii larvae following
consumption of a diet treated with Q110-b-D219-based polyplexes, in comparison to the lack of
toxicity associated with the oral feeding of vha26 dsRNA, the in vivo delivery of Cy3-labelled

vha26 dsRNA (either naked, or complexed to Q110-b-D219) to 3" instar (L3) D. suzukii larvae
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was investigated via fluorescence microscopy/confocal laser scanning microscopy of the

insect guts.

A time-resolved study was conducted, feeding L3 larvae for 1 h, 4 h and 24 h, to investigate
the journey of the dsRNA through the gut during the entire feeding protocol (oral feeding was
conducted over a 24 h period). Figure 5.17A shows light and fluorescence microscopy images
of L3 gut sections following feeding with Cy3-labelled dsSRNA with or without complexation

t0 Q110-b-D21g, at 1 h, 4 h, and 24 h time-points.
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Figure 5.17. (A) Time-resolved images of Cy3-labelled dsRNA feeding assay. Each figure shows light
microscopy images (top), DAPI-staining (middle) and Cy3 fluorescence (bottom). On the left-hand side
of each figure is the guts from D. suzukii larvae fed Q110-b-D210/dSRNA polyplex, and the right-hand
side of each figure is the guts from larvae fed dsRNA alone. 1 h, 4 h and 24 h feeding time-points are
shown, with increasing time moving from left to right. Identical microscope settings (e.g. exposure
time) were used throughout image gathering between samples. (B) Average Cy3 fluorescence intensity
measured across gut sections (of fluorescence microscopy images, as shown in (A)) of D. suzukii L3
larvae fed either Qi10-b-D21s/dSRNA polyplexes or Cy3-labelled dsSRNA. The number of total images
used to generate the average intensity is indicated by the ‘n’ number, and standard deviation is shown
by error bars. (C) Confocal microscopy image in middle section of the gut of D. suzukii L3 larvae,
following 1 h feeding with Q110-b-D210/dSRNA polyplex with Cy3-labelled dsSRNA. Orthogonal images

are shown above and to the right of the central image.

Through the time-resolved study imaging, it appears that a greater amount of Cy3 (red)
fluorescence is present in the guts of larvae fed Q110-b-D21o/dSRNA polyplexes, with enhanced
fluorescence particularly when feeding is conducted over a shorter time period.

188



Between 3 — 12 images were captured of larval guts for each time-point/treatment (fewer
images were taken when little fluorescence could be identified), and these images were
analysed for their fluorescence intensity across the gut section, perpendicular to the direction
of the gut lumen (an example of how this was achieved in the Zeiss ZEN blue software is
shown in Figure A1l in the Appendix). An average intensity was calculated across the range
of gut images, and these averages are presented in Figure 5.17B. These results complement
the images in Figure 5.17A, suggesting that feeding L3 larvae Qi10-b-D21s/dSRNA polyplexes
enhances the Cy3 fluorescence detected in the larval guts at all time-points. When Cy3-
labelled dsRNA was not complexed, the intensity of fluorescence in the larval guts increased

as feeding occurred for longer time periods (24 h, as opposed to 1 or 4 h).

Confocal microscopy was used to image the larval gut sections, Figure 5.17C, to assess
whether the Cy3-labelled dsSRNA was simply remaining in the gut lumen or entering into the
gut cells. Whilst the fluorescence appears to surround the gut cells, it is challenging to confirm
whether cellular uptake has truly occurred. However it can be confirmed that the fluorescence
is, at the very least, confined within the gut lumen. It can thus be concluded that the increased
resistance of the Qi10-b-D21s/dSRNA polyplexes to degradation leads to longer retention in the
gut lumen, and the extensive dsSRNA breakdown (when dsRNA is un-protected) results in
faster excretion in the faeces. Further investigation is required to confirm whether the dsRNA
is transported from the gut lumen to the gut cells successfully, and whether this differs from

the transport of dsSRNA within the other polyplex formulations.

5.5 Conclusion
In this chapter, the delivery of Drosophila suzukii-specific double-stranded RNA for bio-
insecticidal application using a hydrophilic diblock copolymer has been demonstrated, for the

first time.
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A polycationic homopolymer, a series of hydrophilic diblock copolymers, and a series of
amphiphilic triblock copolymers were assessed. The previous Chapters 3 and 4 demonstrated
the use of agarose gel electrophoresis to identify the optimal N/P ratio for full complexation,
which indicated that an N/P ratio > 2 was required for sufficient complexation of the polymers
with 222bp vha26 dsRNA. In this chapter, agarose gel electrophoresis assays showed the
effective protection of dsSRNA against ex vivo degradation by D. suzukii gut enzymes from

adult flies and 3" instar larvae, through complexation with each of the polymers.

Delivery of Cy3-labelled dsRNA was successfully shown in vitro in HEK-293T cells through
flow cytometry, with confocal laser scanning microscopy confirming the perinuclear
localisation of the dsSRNA when complexed to the diblock copolymer, Qiio-b-D219. The
promising construct, Qii0-b-D219, Was explored to identify whether its complexation with
luciferase dsRNA could induce specific mRNA degradation of luciferase mMRNA in
transformed Sf9 cells. However, there was not a significant decrease in luciferase protein

production following the application of naked dsSRNA or Q110-b-D-19-based polyplexes.

In vivo orally administered naked vha26 dsRNA to early instar D. suzukii larvae, as expected,
did not induce RNAI to significantly affect the survival rates of larvae to pupal or adult
eclosion stages. However, upon complexation of the dsRNA to the diblock copolymer, Q110-
b-D219, the orally administered formulation induced a statistically significant decrease in the
survival of the D. suzukii larvae. No off-target effects were observed when D. melanogaster
larvae were fed Qi10-b-D21o/dsSRNA, and in vivo gut imaging confirmed that the Q110-b-D219
polymer enhances the retention of dsRNA in the gut lumen, preventing the degradation and
rapid excretion of dSRNA in the faeces. Complexation of vha26 dsRNA with other block
copolymers did not result in an enhanced mortality of the D. suzukii. This suggests that the
size of polyplexes has an impact on the efficacy of dsSRNA delivery in D. suzukii, as Qiio-b-
D219 was previously shown to form the most compact polyplexes. It also might suggest that
the decomplexation capability of dSRNA from block copolymers plays an important role in
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inducing effective RNAI, as Q110-b-D210/dSRNA polyplexes were previously found to complex
less efficiently with dsSRNA, requiring higher N/P ratios for full complexation. Referring back
to Figure 4.1 (coarse-grained simulation by Zhan et al.?), the predicted structure of the
triblock copolymer/dsRNA complexes does not appear to provide additional protection to the
dsRNA, any more than that of a homopolymer (Figure 3.1). Hence, this could explain the low

in vivo efficacy of triblock copolymer-based polyplexes in this thesis.

These results suggest that hydrophilic diblock copolymers are promising candidates for the
complexation, protection and delivery of dsRNA for bio-insecticidal applications, but that
optimisation of the polymer composition (particularly the stabilising, neutral polymer block)

is required for successful RNA. in vivo.
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Conclusions and Future Outlook

5.6 Conclusions

The overarching aim of the research conducted for this thesis was to design, synthesise,
characterise, and biologically assess block copolymers, for their ability to complex with and
protect species-specific double-stranded RNA for insecticidal RNA interference in Drosophila

suzukii.

In Chapter 3, aqueous RAFT (co)polymerisation was used to prepare a polycationic
PQDMAEMA (Q) homopolymer, a portion of which was subsequently chain-extended with
PDMAm (D), acting as a neutral polymer block, to create a series of hydrophilic diblock
copolymers in a fast, efficient, and cost-effective synthesis. Polymer characterisation was
carried out using *H NMR spectroscopy and gel permeation chromatography, which revealed
that quaternised poly(2-dimethylamino)ethyl — methacrylate-block-poly(N,N-dimethyl
acrylamide) (Q-b-D) diblock copolymers can be synthesised to high conversion with moderate
levels of dispersity. Dynamic light scattering (DLS), electrophoretic mobility measurements
and fluorescence spectroscopy were used to characterise the complexation between vha26
dsRNA (species-specific to Drosophila suzukii) and homopolymer/diblock copolymer in
terms of size, surface charge, binding ability and stability in the presence of increasing salt
concentration. The homopolymer and the series of diblock copolymers were able to
electrostatically interact with dsRNA to form distinct polyplexes that were fully complexed
above an N/P ratio = 1. The neutral polymer block, D, enhanced the colloidal stability of the
polyplexes when formulated close to the isoelectric point, likely by providing steric
stabilisation to avoid aggregation and precipitation (as observed when complexing the dsRNA
at N/P ratio = 1 to the homopolymer alone). It was discovered that, as the length of the neutral
polymer block was increased, more compact polyplexes (with smaller apparent hydrodynamic

radii) were formed over the N/P ratio range 1 — 10. In the presence of high salt concentrations,
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and when formulating polyplexes using different lengths of dsSRNA, which is valuable when
exploring alternative mMRNA transcript targets, the hydrophilic diblock copolymer with the
longest length of neutral polymer block (1:2 cationic to neutral block) remained the most
stable. The Quio-b-D21g polymer was stable, with no significant aggregation or
decomplexation, until Cnaci = 500 mM, and it was also able to complex with dsRNAs of
different lengths, forming monodisperse, compact polyplexes with hydrodynamic radii 49 —
85 nm. Agarose gel electrophoresis and fluorescence spectroscopy were used to explore the
protection of dsRNA provided by the homopolymer and diblock copolymers, against
degradation by the synthetic enzyme, RNase A. When prepared at an N/P ratio to provide full
complexation (N/P ratio > 2), polyplexes formed with homopolymer or diblock copolymer

were all able to protect vha26 dsRNA against enzymatic degradation.

In Chapter 4, careful consideration and selection of solvent and purification conditions ensured
the synthesis of a series of linear, amphiphilic triblock copolymers by RAFT polymerisation,
to high conversion. The quaternised poly(2-dimethylamino)ethyl methacrylate macro-chain
transfer agent (macro-CTA) was synthesised first (Q), followed by chain extension with a
hydrophobic polymer block, poly(tert-butyl acrylamide) (B). The amphiphilic diblock
copolymer, quaternised poly(2-dimethylamino)ethyl methacrylate-block-poly(tert-butyl
acrylamide) (Q-b-B), was isolated and purified before acting as a new macro-CTA for chain
extension with the neutral polymer block, poly(N,N-dimethyl acrylamide) (D). Different
degrees of polymerisation were targeted with each polymer block to alter the amphiphilicity
across the series. Following purification and lyophilisation, the poly(2-dimethylamino)ethyl
methacrylate-block-poly(tert-butyl acrylamide)-block-poly(N,N-dimethyl acrylamide) (Q-b-
B-b-D) triblock copolymers were characterised alone in aqueous solution using DLS,
transmission electron microscopy (TEM), and electrophoretic mobility measurements. The
triblock copolymers self-assembled in aqueous solution, with the smallest and least
polydisperse structures formed by the triblock copolymer with the longest neutral polymer
block. Through the introduction of vha26 dsRNA, the triblock copolymers underwent
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significant chain rearrangement to form less spherical polyplexes with smaller apparent
hydrodynamic radii. The triblock copolymer with the longest hydrophobic polymer block
appeared to induce the strongest binding to dsRNA, however, the resulting polyplexes were
the least stable in the presence of increasing salt concentration. The triblock copolymers with
the longer hydrophilic polymer blocks enhanced the stability of the polyplexes, preventing
aggregation and decomplexation until Cnaci = 700 mM. In addition, all three of the triblock
copolymers showed greater size consistency and lower polydispersity when complexed with
dsRNA of varying lengths, in comparison to the polyplexes prepared in Chapter 3. All of the
amphiphilic triblock copolymers were able to successfully protect vha26 dsRNA from

degradation by the synthetic enzyme, RNase A, when fully complexed at N/P ratio > 2.

In Chapter 5, the polycationic homopolymer, series of hydrophilic diblock copolymers and
series of ABC linear, amphiphilic triblock copolymers were assessed in biologically relevant
environments, to investigate their ability to perform as polymeric delivery vehicles for dsSRNA
as RNAi-induced species-specific Drosophila suzukii control agents. The gut enzymes from
D. suzukii adult flies and late stage 3" instar (L3) larvae were extracted through dissection and
tissue homogenisation. Ex vivo protection of vha26 dsRNA was determined through agarose
gel electrophoresis of the polyplexes following incubation with the gut enzymes. Naked vha26
dsRNA was fully degraded by adult gut enzymes after 30 min incubation, and L3 larvae gut
enzymes after 24 h. When polyplexes were incubated with gut enzymes for 30 min or 24 h for
adult and L3 larvae gut enzymes, respectively, the vha26 dsRNA was protected against
enzymatic degradation. In vitro studies followed the ex vivo assays, beginning by ascertaining
cell viability with increasing polymer concentration in mammalian HEK-293T and insect Sf9
cells. Using MTS assays, it was found that the polymers did not significantly affect the cell
viability at concentrations < 1 mg mL?. Flow cytometry and confocal laser scanning
microscopy were then used to identify the cellular uptake of polyplexes in HEK-293T cells.
Vha26 dsRNA was labelled with the fluorophore Cy3, and complexed with each polymer
before incubating with HEK-293T cells. Flow cytometry revealed an enhanced Cy3
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fluorescence of cells when incubated with polyplexes, in comparison to cells incubated with
naked Cy3-labelled dsRNA alone. Over 75% of the single, live cells, incubated with
polyplexes exhibited this enhanced fluorescence. Qiio-b-D219, used as an example, was
incubated as a polyplex with Cy3-labelled dsSRNA with HEK-293T cells before confocal
microscopy imaging. This identified the perinuclear localisation of the Cy3-labelled dsRNA
in the HEK-293T cells when complexed to polymer, and thus cellular internalisation was
confirmed. A transformed Sf9 cell line, possessing eGFP and luciferase genes, was used to
measure luciferase protein production following incubation with long and short luciferase
dsRNA. When delivered alone or in Qi10-b-D219-based polyplexes, neither the long nor short
luciferase dsRNA significantly decreased luciferase protein production. This suggests that the
release of dsRNA from these polyplexes may not be very efficient, as cellular internalisation
of the polyplexes in HEK-293T cells was superior to that of naked dsRNA, yet the polyplexes
failed to significantly reduce luciferase protein production in comparison to the positive
control. Following in vitro studies, an in vivo environment was explored. Oral feeding of
Drosophila suzukii and the closely related species Drosophila melanogaster was performed,
by feeding 1%t and 2" instar early stage larvae diet treated by mixing with polyplexes (at an
N/P ratio of 5), naked vha26 dsRNA, or the polymers alone. It was discovered that only the
Qu10-b-D2g-based polyplexes, the hydrophilic diblock copolymer with the longest neutral
polymer block, induced a significant decrease in larvae survival, with mortality reaching
~70%. In contrast, upon feeding diet treated with Qiio-b-D21s/dSRNA polyplexes to D.
melanogaster, no significant impact on survival, and therefore no off-target toxicity, was
observed. These results indicate that the compactness of the polyplexes could play a significant
role in the successful in vivo delivery of dsRNA, as the Q110-b-D21s/dSRNA polyplexes were
found to form complexes with the smallest hydrodynamic radius. It could also be the case that
more rod-like morphologies lead to enhanced delivery of dsSRNA, as the Q110-b-D21o/dSRNA
polyplexes were found to form less spherical structures when investigated using SLS and
TEM. In addition, Q110-b-D.19 appeared to require higher N/P ratios (i.e. more polymer chains)
to fully complex with dsRNA, perhaps indicating a weaker binding and thus an increased
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likelihood of decomplexation after cell penetration (in comparison to other complexes in this
work). In vivo gut imaging of L3 larvae fed Qi10-b-D219/Cy3-labelled dsRNA and naked Cy3-
labelled dsRNA revealed that Qi10-b-D219 enhances the presence of Cy3-labelled dsSRNA in
the gut lumen. This indicates that the protection of dSRNA by Q10-b-D219 against degradation
leads to longer retention in the gut lumen, with the degradation of naked dsRNA resulting in

faster excretion.

5.7 Future Outlook

Whilst the research conducted throughout this thesis has contributed to an enhanced
knowledge base in some areas, it has, as expected, opened up many further questions. The
homopolymer, diblock copolymers and triblock copolymers synthesised in this work indeed
successfully protect dsRNA against enzymatic degradation; however, they do not consistently
influence the survival of D. suzukii following oral feeding. This could be due to the strong
complexation of the permanently charged cationic groups, preventing decomplexation within
the cells so that the dsSRNA cannot take part in the RNAi mechanism to induce mRNA
degradation. Synthesis of block copolymers with the capability to release dsRNA once the
target location has been reached is highly desirable. For example, Cook et al. synthesised
branched polymers with a self-hydrolysing polymer group. The polymers charge density
reduces over time, resulting in the slow release of dsRNA.!'® Preparation of polymers with
monomers that can decrease the interaction strength with dsRNA within cells would prove
invaluable. In addition, it is important for future work to be mindful of the persistence of the
synthesised polymers within the environment after their application. Incorporation of a
biodegradation mechanism, and the use of more renewable materials, would significantly

lessen the environmental impact of the formulations.®3":#%
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Synthesising carefully designed block copolymers allows the precise manufacture of polymers
with desired functionalities; however, this process can be laborious and slow. Kumar et al.,
with a focus on therapeutic applications, have reported their use of machine learning to screen
a combinatorial polymer library for effective pDNA delivery, creating a set of design rules for
future polymer synthesis.®*® Following a similar approach for agrochemical applications would
be worthwhile to enable a more rapid assessment of polymer viability and identify beneficial

polymer properties more efficiently.

Being able to specifically identify the co-localisation of polymeric delivery vehicles and their
cargo (i.e. dsSRNA) would be advantageous. In the case of polyplexes, one would be able to
determine under which conditions (for example, the presence of competing ions or adjuvants,
or under varying pH) the polymer and dsRNA remain complexed, and where, in in vitro or in
vivo environments, the dsRNA is receiving protection provided by the polymer. Gdmez-Varela
et al. have developed fluorescence cross-correlation spectroscopy (FCCS) methods as a tool
to assess the degree of association between liposomes and pDNA, as well as size of the
lipoplexes.3* Utilising either FCCS or a Forster resonance energy transfer (FRET) system
(with Cy5 covalently attached to the polymer, alongside Cy3-labelled dsRNA), would aid the
identification of the co-localisation of the polymer and dsRNA, opening up a plethora of new

insights.
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Figure Al. Stacked 'H NMR (60 MHz) spectra showing the conversion of N,N-dimethyl acrylamide
monomer, to poly(N,N-dimethyl acrylamide) (D) polymerised as a second block onto the PODMAEMA
(Q) macro-CTA (Qi10-b-D21g used as an example here). The peaks at 5.5 — 7.0 ppm at t = 0 are attributed
to the vinyl protons of the monomer unit. The decrease and eventual absence of these peaks after 30

min indicates the successful polymerisation of D, with very low levels of monomer remaining prior to

purification.
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Figure A2. DLS data collected of homopolymer or diblock copolymer-based polyplexes, formulated at
an N/P ratio = 5, after 24 h equilibration time. (Left) Normalised intensity auto-correlation (IAC) data
measured by DLS at scattering angles 30 — 130°. Angle increases from right to left, with measurements
in triplicate (not all visible due to overlap of similar data points). (Right) Plots of the decay rate, I,
against the squared scattering vector, g2. Dashed lines are fits to, I’ = Dq? + B, where the y-intercept,
B, is not restricted to account for a small uncertainty in the values of I". (A) Qi10/dSRNA, (B) Q110-b-

D57/dSRNA, (C) Qllo-b-DggldSRNA, (D) Qllo-b-D219/dSRNA.
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Figure A3. Guinier p|OtS for (A) Q110, (B) Qllo-b-D57, (C) Qllo-b-Dgg and (D) Q110-b-D219 polyplexes

with vha26 dsRNA, across N/P ratios 1 — 10, with their respective linear fits.
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All dsRNA is V-ATPase, 222 bp, 1 ug

Figure A4. Agarose gel electrophoresis replicates at N/P ratio = 1 for each homopolymer or diblock
copolymer-based polyplex with vha26 dsRNA, as follows: Q1o (lanes 3-7), Q110-b-Ds; (lanes 8-12),
Q110-b-Dgg (lanes 13-17) and Qi10-b-D21g (lanes 18-22). Naked dsRNA (1 pg) was run in lane 2, and
100 bp DNA ladder was run in lanes 1 and 23 for comparison. The image was collected in four separate
images of each part of the gel, so that greater focus of the observed fluorescence could be obtained;

hence, subtle changes in background colour occurs in different sections of the image.
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Figure A5. Intensity auto-correlation curves for each homopolymer or diblock copolymer-based

polyplex (A) Qiio/dsRNA, (B) Qiio-b-Ds7/dsRNA, (C) Q110-b-Dgeo/dsRNA and (D) Quioe-b-
D219o/dsRNA), with variation in the Cnacl.
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Figure AG6. Size distribution measured of a Q110-b-Ds7/dsSRNA polyplex formulation (N/P ratio = 5) after
incubation in 550 mM NaCl concentration aqueous solution. Shown here as an example of the
multimodal distributions measured by DLS upon decomplexation/aggregation of the polyplexes once a
particular electrolyte concentration is reached. Size distribution produced by the Zetasizer software,

using CONTIN analysis.
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Figure A7. 'H NMR (400 MHz) spectra of the homopolymer Qoo (green), the diblock copolymer Quoo-

b-Bazs (red) and the triblock copolymer Q1o0-b-B2s-b-Dss (blue).
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Figure A8. 'H NMR (400 MHz) spectra of the homopolymer Q1o (green), the diblock copolymer Qo0

b-B17 (red) and the triblock copolymer Qigo-b-B17-b-D212 (blue).
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Figure A9. Guinier plots for (A) Q-b-Bas-b-Dss, (B) Q-b-Bas-b-Dgg and (C) Q-b-B17-b-D212 polyplexes

with dsRNA, at N/P ratios 1, 5 and 10, with their respective linear fits.
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Figure A10. Flow cytometry data, with histogram plots of the relative fluorescence intensity (Cy3) of

single, live HEK-293T cells (gating shown). Alongside are dot plots showing the live/dead gating on

all cells measured in the sample (top) and the single cell gating of the cells determined as ‘live’ (bottom,

with the red dots highlighting the single cells in both instances). Samples are labelled according to the

incubation conditions.
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Figure A11l. Example of the measurement of Cy3 fluorescence intensity from fluorescence microscopy
images of the gut section of D. suzukii L3 larvae. Lines were drawn perpendicular to the gut, in the
middle of the gut in the micrograph (right). The intensity of the red signal was extracted from the Zeiss
ZEN Blue software (left), and an average of the intensity calculated. The average intensity across all

gut images for each sample was taken, as well as a standard deviation calculated.
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