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Abstract

Drosophila suzukii is an economically important fruit fly pest, which
can have a devastating impact on soft and stone fruit industries. To
combat this pest, novel methods for the delivery of bioinsecticides have
been investigated along with research into the locomotor activity of

D. suzukit under semi-natural conditions.

Bioinsecticides have been proposed as safer environmentally friendly
alternatives to existing chemical insecticides. However, they are sub-
ject to degradation and therefore require protection. This study has
developed two new methods for peptide/protein and double-stranded
RNA (dsRNA) based bioinsecticide delivery.

Model protein/peptide based bioinsecticides have been encapsulated
in pH-responsive poly (2-vinylpyridine) (P2VP) microcapsules, provid-
ing protection and triggered release. The P2VP microcapsules were
stable at pH > 6, but underwent rapid dissolution at pH < 4.2. In
vivo studies showed that the natural acidity of a midgut region (pH
< 3) of D. suzukii also induced the breakdown of responsive P2VP

microcapsules to release their cargo.

dsRNA mediated RNA interference (RNAi) can be utilised for insect
pest control. However, its wide-scale use is currently limited by its
rapid degradation upon ingestion. Well-defined diblock copolymers
have been produced by RAFT polymerisation, and their complexation
with dsRNA has been investigated. Phenotypic observations showed
that upon complexation of the dsRNA, around a 75 % increase in
mortality was achieved compared to naked dsRNA. Feeding of the
complex to D. melanogaster had no adverse effects, demonstrating

the selective nature of this complexed dsRNA.



Understanding the behaviour of D. suzukii might be important in
the design of effective control strategies. There is a post-mating effect
on the behaviour of adult females, which is due to the transferal of
sex peptide, increasing the activity of mated females. Raising the
temperature can also cause an increase in locomotor activity in D.

suzukii, as the fly looks to escape the hot conditions.
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Chapter 1

Introduction

Chapter One is separated into multiple sections. Initially, I will explain the mo-
tivation behind this research, introducing the invasive pest that this project is
tasked to control. Secondly, I will introduce biologically based pesticides (biopes-
ticides) covering their origins, modes of actions and the drawbacks preventing
their widescale use. Finally, I will present a literature survey on the current
methods of delivery of two classes of biopesticides and draw similarities to deliv-

ery of biological species for biomedical applications.

1.1 Drosophila suzukii emergence and economic

importance

Drosophila suzukii, is an Asiatic pest that has come to the forefront of research
with its emergence in North America and Europe and more recently South Amer-
ica.l'" 7 Unlike most other fruit flies, D. suzukii can puncture the skin of ripening
fruit. This ability is facilitated by an ovipositor which is much larger and sharper
than those of other Drosophila species. Moreover, D. suzukii’s ovipositor is mod-
ified with toothlike bristles on the lateral side that aid in puncturing ripe fruit for
egg laying.[®! After puncturing the skin of ripe soft and stone fruit D. suzukii de-
posit their eggs into the oviposition scar.!! Eggs hatch into larvae which progress
through three larval instar stages within the fruit, sustaining themselves on the

ripe flesh, causing serious economic damage. Furthermore, due to the rupturing



1.1 Drosophila suzukit emergence and economic importance

Figure 1.1: Adult male D. suzukii or spotted wing drosophila.

of the skin, the fruit becomes susceptible to secondary pathogens as well as other
fruit fly pests.[*11

Serious damage was first detected in 1916 in Japan on ripening cherries, with
D. suzukii classified as the cause by Matsamura in 1931.1"2 Tt is, however, un-
known whether D. suzukii originates from Japan or was introduced to that coun-
try at the turn of the 20th century as the species is also found in other areas
of East Asia.l¥ D. suzukii has a very high ability to disperse, and by 1980 it
was observed on the Hawaiian island of Oahu. This dispersion is both active
and passive, through infected fruit and other man-made pathways. By 2008, D.
suzukii had emerged on both the mainland USA and Mediterranean Europe and
was spreading across both continents (Figure 1.3).[ Facilitated by commercial
activity and the high reproductive output of D. suzukii, these invasions have been
relatively quick and further spreading of D. suzukii is predicted.

The fruit host range of D. suzukii is very broad; stone fruit and thin-skinned
berries are particularly susceptible to infestation with the preferred host plant
changing with geographic location. This broad host range enables D. suzukii
to propagate throughout a large geographic area. D. suzukii can also infest

[13] Tf these are

several non-crop plants including ornamental and hedge plants.
in close vicinity to crop plants, they may enable re-infestation and an area-wide

management scheme may be needed.



1.1 Drosophila suzukit emergence and economic importance

Figure 1.2: Blueberry infested with D. suzukii larvae. Blueberry with multiple

oviposition sites where D. suzukii eggs have been deposited into the fruit.

B o

211

o

-—
EEEON
B 3 M

Figure 1.3: Spread of D. suzukii in Europe per year since its invasion in 2008.

Reproduced from!!.



1.2 Limitations of chemical insecticides

In Europe the population of D. suzukii is low during early spring but increases
rapidly with the ripening of cherries, an early fruit crop. The population increases
over the summer and reaches a peak in late autumn; with this increase in pop-
ulation density the levels of infestation increase dramatically, leading to up to
100 % loss of crops for caneberries and strawberries.[”) The economic implication
has been estimated by a number of authors and varies widely depending on the
geographic area and assumptions made during the calculations. In the eastern-
most states of the USA, where D. suzukii was first found in the Americas, it is
estimated that the economic impact on the soft and stone fruit industry ranges
from 0.5 - 2.6 billion dollars annually.!'% In Europe, the area of Torintino in
Northern Italy has been investigated by multiple authors and may be used as a
case study for Mediterranean Europe.[>'%15] Tt has been estimated that for this
one area of Northern Italy the annual economic impact is between 3 - 4 million
Euro annually, when you take into account damage inflicted, increase in labour
and pesticide costs. [l

To mitigate against the losses incurred by the invasion of D. suzukii, growers
are implementing many costly control measures. The most common methods of
controlling losses are through the use of chemical insecticides, harvesting of all
fruit (including damaged fruit to reduce possible hosts) and through netting of

[16-19] The economic gain of such systems is very dependent on the specific

Crops.
conditions of each case (e.g. crop, environment and equipment available), and as

a result control strategies must be implemented on a case by case basis.

1.2 Limitations of chemical insecticides

Crop protection strategies are vital to sustaining the world population; it is es-
timated that without the use of chemical pesticides there would be a 35 - 40 %
reduction in global food production, leading to an increase in costs and reduced
food security.[2%2!] Further to this, global population is increasing at a projected
rate of 70 million people per year, and this increase in global population puts
further stress on food production. It is estimated that by 2050, we will need to
produce 50 - 70 % more food globally, without increasing the total cultivated



1.2 Limitations of chemical insecticides

land. 2223 Additionally, the amount of agricultural land available for food pro-
duction may decrease due to increased demand for non-food commodities such as
biofuel.?¥ We are dependent on the use of chemical pesticides to maintain and
increase global food production. There are, however, many negative aspects to
the use of and dependency on chemical pesticides.

Our arsenal of effective chemical insecticides is diminishing due to the rate
of pesticide resistance in insect species far exceeding the current rate of discov-
ery (Figure 1.4).124%] High rates of resistance are a direct result of overuse of
chemical insecticides, producing selection pressure, which leads to mutations and
resistance. 586 different arthropod species have been shown to be resistant to at

least one synthetic insecticide, with more than 15,000 unique cases of insecticide

: 24,26
resistance. [24:26]
Arthropods (such as . Regrstration
g 5 insects and mites) -
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(a) (b)

Figure 1.4: (a) Rate of resistance in insects over the last 80 years. (b) Research

and development into new pesticides over 25 years. Reproduced from[?4,

Insect resistance is not a new problem facing farmers, with the first report of
resistance to the synthetic insecticide DDT in 1948.1%"1 The most efficient method
for minimising the rate of insect resistance is through the use of an integrated
pest management system, where chemical insecticides with different modes of
action are rotated or alternative control measures are used. However, with the
ever-diminishing tool box of effective insecticides, resistance is increasing due to
limited rotation between insecticides. On the other hand, the rate of discovery
of new insecticides is not increasing, especially for chemicals with new modes of

action to combat resistance. This is due to several different factors, including



1.2 Limitations of chemical insecticides

the increased cost in discovery, stricter regulatory laws and reduced industrial

research. [26]

The average time it takes to get from the discovery of the active
ingredient to a product on the shelf has increased over the past 50 years from 5
to 11.3 years (Figure 1.5a). This increase in time can be linked to the increase
in regulatory requirements needed to take a product to market. Along with
increased regulatory requirements, the cost of discovery has increased and rate
of discovery of new active has decreased dramatically (Figure 1.5b), leading to
fewer companies investing in the discovery of novel compounds. 2!

$286 million

a
X _as
-
~2 0.0001

2
10
8 o < =
: 0
2 4 ... < 5
g ¢ 10 ) 0.00001
2 #
z o p =
4 "
geee 1/159,574
2 i |
1 L} 0.000001
. 1950 1960 1970 1980 1990 2000 2010
1967 1970 1972 o4 1977 1981 1990 1991 1995 2000  2005:8 2010-14
Vews-wg 5 64 55 6 83 65 & 7 83 91 98 113
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)
8

(USD, Millions,

Cost of Discovery and Development
Success rate -1/number of compounds
per product:

(a) (b)

Figure 1.5: (a) Estimation for the time it takes to go from novel active discovery
to product. (b) Cost and success of novel compound development. Reproduced

from (261,

In addition to the increasing rate of resistance and reducing rate of novel
compound discovery, there is a growing concern with the environmental impact of
chemical insecticides. Recently, there has been a dramatic reduction in seasonal
trappings of arthropod species, decreasing by 76 % over the last 27 years in
Germany.?®) The source of this decrease in insect biomass is debated, but a
common hypothesis is that the reduction is due to increased use of synthetic
insecticides. The reduction in arthropods observed may not be solely due to the
acute toxicity of insecticides, but sub-lethal effects may lead to reduced fitness
and death. These sub-lethal effects include impacts on learning performance,
behaviour, and neurophysiology.!?! Around 80 % of wild plant species require
insect pollinators and therefore a reduction in pollinator population is extremely

detrimental to the ecosystem. In the USA, it is estimated that the eco-services
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provided by insect pollinators is worth over 57 billion dollars annually.®® The
effect of synthetic insecticides on bees has been widely researched due to their
capacity to pollinate and the general decrease of species richness over the past
50 years.3! The decrease in bee population is thought to be down to three main
causes: habitat loss through the reduction in wild flora, increased exposure to a
myriad of new parasites and pathogens, and increased exposure to a cocktail of
pesticides.!®! In a three year study (2012 - 14), the pollen collected by honey bees
in Germany was analysed for pesticide contamination; 62 % of all pollen samples
were contaminated with at least one pesticide, with 38 % containing multiple
different contaminants.®?l The effect of these pesticide residues often does not
lead to acute toxicity, but non-lethal exposure can lead to behavioural changes.
For example, thiamethoxam (a neonicotinoid) causes high indirect mortality rates
in bees through bee homing failure, where the insect can no longer find its way
back to the hive, leading to a risk of colony collapse. 3]

Synthetic insecticides may also have toxicity to mammalian populations. In-
secticides commonly kill the target pest by targeting its nervous system, inter-
fering with chemical neurotransmission. Most synthetic pesticides are not highly
selective and have neurotoxic effects in mammals.[* These effects on the mam-
malian nervous system may be acute or contribute to chronic neurodegenerative
disorders such as Parkinson’s disease. >

A greater understanding and concern over the ecotoxicity of synthetic pesti-
cides has led to an increase in regulation.!?! Numerous older products have had
their registrations cancelled over the past several decades as they no longer meet
the current eco-safety standards. This has resulted in a reduction in the available
compounds, leading to increased reliance on a small number of insecticides. It is
vital for the continued increase in global crop production that alternative control
measures to insect pests are found. Crop protection is required whilst maintaining
wild insect biodiversity and satisfying current safety guidelines. Additionally, the
cost of goods must be low enough to make them economically viable, especially

in developing countries.
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1.3 Bioinsecticides, an alternative to synthetic in-

secticides

With the recent restrictions on the use of chemical pesticides, for both D. suzukiz
and other pest species, there is interest in increasing the use of biologically based
pesticides. Biopesticides cover a wide range of substances that are derived from
natural sources, and can be classified as protein/peptide based (derived from

)135738] or nucleic acid

venoms, microbes, endogenous regulators or plant sources
based (double-stranded RNA (dsRNA)).[¥4! Biopesticides can have a number
of positive attributes compared to their chemical alternatives, such as specificity
for a target pest,*? biodegradability with non-toxic residues,[®¥! and easily in-
tegrated with most other plant protection measures. In the following section I
will investigate the sources of several classes of biopesticides, along with their
properties, their current uses and the physical characteristics that are currently
limiting wide-scale use. The economic factors and the rate of control will not be

covered, although these are often limiting factors in the use of biopesticides.

1.4 Peptide/protein biopesticide toxins

Protein and peptide based bioinsecticides occur naturally and can be isolated
from a number of different sources including predatory /parasitoid venom-derived
toxins, endogenous neuropeptides and hormones, plant protein toxins, pathogenic
microbes, and microbial toxins.®” In this section I will detail the sources of
peptide/protein biopesticide toxins, examples of use and their limiting physical

characteristics.

1.4.1 Predatory/parasitoid venom-derived toxins

Venom-derived biopesticides are naturally available from a number of different
arthropods including spiders, scorpions, wasps, mites and cone snails. Venoms
have evolved within these species for paralysing prey and predators, and are
composed of a mixture of salts, protein and peptidic toxins. Proteomic studies

have shown that individual spider venoms may contain over 1,000 different small
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peptide toxins (1 - 10 kDa).[36] There are over 40,000 species of venomous spider
that conservatively contain more than 250 peptides per venom, giving over 10
million bioactive peptides, most of which will show insecticidal properties. 3536l
Therefore, there is an almost limitless supply of potential bioinsecticides available
from spider venoms. As the venom aims to induce paralysis in the prey, the vast
majority of the insecticidal peptide toxins target the nervous system of insects. 3!

Venoms have also been shown to contain a number of larger proteins (> 30
kDa), which are mostly enzymes. 3] It has been hypothesised that their role is to
degrade the extracellular matrix and cell membrane, allowing penetration of the
toxins into the prey’s central and motor nervous system. Individually they do
not show insecticidal properties, but they can aid in the uptake of active species
such as peptidic toxins. Apart from enzymes, spider venoms may contain high
molecular weight (Mw) proteins known as latrotoxins, 110 - 140 kDa. These
are of specific interest because of their phylum specificity. The European black
widow spider contains a number of different latrotoxins which are individually
specific to either vertebrates, crustaceans or insects. Insect-specific latrotoxins
have potential for bioinsecticide use; however, due to their complex mode of
action and difficulty of production they have not yet been exploited.

For a protein biopesticide to be used widely, it must be delivered orally in an
aqueous environment. Typically, venoms are not applied orally; instead they are
injected into the prey and as a result a large percentage of the discovered peptide
toxins that show insecticidal behaviour via injection are not orally active. This is
due to two main barriers: the degradation of the peptide toxin in the gut juices
by proteases, and the poor epithelial penetration of peptide toxins.

The exception to this is the over 200 disulfide-rich (SS-rich) peptide toxins that
have been found to be both stable in the gut juices of a number of pest species.
These SS-rich peptides make up the majority of spider venom, contributing to the
majority of the insecticidal activity. Although the structure of the majority of
peptide toxins has not been deciphered, the majority that have been discovered
conform to one structural class, named the inhibitor cystine knot (ICK).!*3 This
ICK motif has evolved to provide the small peptide toxins with high chemical,
thermal and biological stability. Importantly, this modification provides high

resistance to proteases, the main degrader of peptides.[**l ICK peptides have
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shown extended stability in gastric juices for over 12 h. However, these stable
peptide toxins have had limited use as commercial bioinsecticides due to their

poor penetration of the epithelial layer and systemic uptake into the pest.[*3!

1.4.2 Endogenous neuropeptides and hormones

Endogenous regulators produced by insect neurosecretory cells have lately been
intensely studied as possible bioinsecticides. These insect neuropeptides and hor-
mones regulate the crucial physiological and behavioural processes in insects, po-
tentially providing receptor targets and species specific biopesticides. *738 Through
the investigation of insect neurohormonal regulation, several classes of neuropep-
tides and hormones have been determined, including trypsin modulating oostatic
factor (TMOF), hormone biosynthesis activating neuropeptides (PBANSs), py-
rokinins (PKs) sulfakinins (SKs) and allatostatins (ASTs).

TMOF is a decapeptide that stops the production of trypsin and chymotrypsin
enzymes in the midgut epithelial cells. Specifically, the hormone binds to the
TMOF receptor on the haemolymph side of the gut, greatly reducing the lev-
els of trypsin. Inhibition has been demonstrated in the mosquito Ades aeqypti
(where the TMOF peptide was discovered) along with a number of significant

41 However, the poor water solubility of TMOF

pest species, including Dipteran.
and varying enzyme suppression has limited its use.

The physiological functions of PKs and PBANs are to control pheromone
biosynthesis, to stimulate intestinal contraction, and to regulate the secretion
and control of digestive enzymes.[*>*! This class of peptide range from 8 - 33
residues long and have a common C-terminal pentapeptide active portion Phe-
Xxx-Pro-Arg-Leu-NHs, used for receptor recognition. The peptide bond between
the Pro and Arg residues is susceptible to hydrolysis by tissue-bound peptidases
in insects’ guts, and as a result is not active orally. 4l

SKs function as neurotransmitters in the central nervous system. They have
been shown to modulate the contraction of the gut, crop and heart. Furthermore,
SKs have been shown to inhibit food uptake and reduce the production of diges-

tive enzymes. SKs have a prominent tyrosine sulphate residue, which is required
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for its insecticidal properties. However, this residue is extremely susceptible to
hydrolysis, especially under acidic conditions. !

ASTs have been shown to inhibit the production of juvenile hormone, which
plays a main role in growth and reproduction, allowing the control of insect matu-
ration and egg production. Furthermore, peptides of this family have been shown
to modulate muscle activity, inhibit of vitellogenin production and stimulate car-
bohydrate metabolism. Again, ASTs have not been utilised as a bioinsecticide
due to their instability in the environment and rapid degradation by insect pep-

tidases. [38]

1.4.3 Pathogenic microbes and microbial toxins

Over 90 species of bacteria have been discovered that infect insect pests,*” pro-
ducing a large number of insect specific peptide toxins.*”l This section will cover
some of the predominant bioinsecticides produced from bacteria.

Bacillus thuringiensis (Bt) is the most extensively studied and most widely
used bioinsecticide, accounting for around 80 % of the sprayable bioinsecticide

37481 Bt is primarily active against the larval stages of insects, killing

market.
through the disruption of the midgut tissue, followed by septicaemia.*” The dis-
ruption of the midgut tissue is achieved through the production of an array of
different insecticidal protein factors, including parasporal Cry d-endotoxins, veg-
etative insecticidal proteins (Vips) and phospholipases. Of these, the parasporal
Cry d-endotoxins are most commonly utilised and are highly selective. They
belong to the pore-forming toxin (PFT) class of bacterial toxins. During sporu-
lation, crystalline inclusions are formed which contain J-endotoxins. These in-
clusions are solubilised on ingestion, releasing the d-endotoxin. Upon proteolytic
activation, this then undergoes conformational changes and inserts into the gut
membrane of a pest.[* 5! These 6-endotoxins have been widely adopted as an al-
ternative to conventional chemical pesticides through the use of a classical spray
approach and expression in transgenic plants. However, a number of cases of
insect resistance to d-endotoxins of Bt have been documented, with enhanced

gut digestion of the toxins being postulated as one mechanism of resistance.!*
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Increased resistance and UV instability have led to research into other families of
insecticides and modified delivery of d-endotoxins. 48l

Along with the Cry d-endotoxins, Bt produces a range of Vips that can be
used to control pests that are less susceptible to degradation. This protein type
consists of three classes, Vipl and Vip2 (which are coleopteran specific) and
Vip3 (which is lepidopteran speciﬁc).[52] Vips have insecticidal activity, sharing
no sequence homology with d-endotoxins and have a separate mode of action.
For example, Vip3A an 88 kDa protein is proteolytically activated in a similar
manner to Cry toxins but does not bind to the same receptors on the brush border
membrane, and therefore supports a unique mode of action. [

Insecticidal proteins can also be obtained from many insect-active bacteria,
including Xenorhabdus nematophilus, Serratia entomophila and Photorhabdus lu-

5455 Te is the major

minescens, which produce toxins called Toxin complex (Tc).!
component of a high Mw fraction secreted during the stationary phase of bacterial
growth, containing a number of different toxins secreted by P. luminscens (each
approximately 1 MDa). These proteins belong to one of three distinct classes,
with at least one subunit from each of the three classes combining to form a com-
plex with potent insecticidal activity. Per os application of Tc displays similar
histopathology to Bt toxins, with apical swelling and bleeding of large cytoplas-
mic vesicles by the columnar cells, leading to the eventual extrusion of cell nuclei
in vesicles into the gut lumen.® The mode of action of Tc compounds has re-
cently been discerned, whereby the bacteria use a special syringe-like mechanism
to perforate the host cell membrane and inject a deadly enzyme into the host
cytosol.[® Although this class of proteins has shown insect selectivity, the pro-
duction of these large proteins is costly and as a result the delivery of these

compounds has only been investigated through the use of transgenic plants.

1.5 RNA interference

RNA interference (RNAi) is a cellular process by which gene expression and
translation are inhibited by the selective degradation of targeted messenger RNA
(mRNA). This RNAi machinery is found in all eukaryotic cells and serves as a

[57]

defence mechanism against viral infections.!” RNAi in animals was discovered by

12
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Fire et al., who worked with the nematode Caenorhabditis elegans and discovered
that ingestion of sense or anti-sense RNA could have an effect, but that double-
stranded RNA (dsRNA) enabled more efficient RNAi. 1358 The RNAi mechanism
can also lead to the down regulation of microRNAs (miRNAs), resulting in trans-
lational repression which controls development.[>]

Since the discovery of the RNAi machinery, it has been exploited as a pow-
erful tool in functional genomics for discerning the function of newly discovered
genes. [255760:61 §mall non-coding RNA molecules can cause specific knockdown
of gene expression, and the resulting phenotypic observations can be used to de-
termine gene function. RNAi-based pest control works through the suppression

of a gene vital for the survival of the pest.

1.5.1 RNAi1 mechanism

The mechanism of RNAi is now well defined, with the pathways between insect
species differing in several ways, with only a small number of the key steps well
conserved. The dsRNA is taken into the cell by dsRNA specific channels and /or
endocytosis. Upon entry into the cytoplasm, the long dsRNA is recognised and
processed into small-interfering RNAs (siRNA; 20 - 25 nucleotides). ™ Of these,
siRNA is of interest to regulate expression of specific genes. dsRNA is processed
by the RNase-I1I enzyme Dicer into siRNA duplexes. These fragments are then in-
corporated into the multi-protein RNA-induced silencing complex (RISC), where
one of the duplex strands is eliminated and the other is used as a guide strand.
This complex then cleaves single-stranded RNA with a complementary sequence,
through the RNase H-like domain of the Argonaut protein (Figure 1.6). This
RNAi machinery is found in eukaryotic cells and is used to defend against viral
dsRNA, where upon processing the RISC complex corresponds to the viral RNA,
leading to its breakdown. With the introduction of a dsRNA sequence that is
gene specific, we can utilise this machinery to cleave targeted messenger RNAs
(mRNA) produced within the cell. 6%

13
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Figure 1.6: Simplified RNAi mechanism.

1.6 RNAI1 variation between insect orders

The efficiency of RNAI is not equal across all insect taxa, due to the variation of
many factors. Firstly, oral application of dsRNA results in exposure to extracel-
lular nucleases in the gut and harsh pH environments, which change across taxa.
Secondly, the cellular uptake across different insect groups varies widely. Thirdly,
the production of secondary dsRNA molecules is only observed in certain species.
Finally, the level of transfer of dsSRNA between cells is not conserved across taxa.
In the following sections I will summarise the main differences found across insect

orders and the implications they have.

1.6.1 dsRNA degradation in the insect gut

To date, only a small number of arthropods have had RNAi induced through oral
treatment with dsRNA. The success is spread across a number of different insect
orders, including Lepidoptera, Diptera, Hymenoptera, Hemiptera, Coleoptera and

Isoptera.12l However, it has been shown that other species within the orders
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described do not show RNAi through feeding of dsRNA, but do via injection.
This variation may be partially due to differences in the degradation rates of
dsRNA in the gut juices. 364

Wang et al. investigated the degradation rate of dsRNA by targeting the
homologous chitinase gene in 4 different insect orders: Blattodea, Coleoptera, Or-
thoptera and Lepidoptera.!%! This study looked at the degradation in both the
gut juices and in the haemolymph. Degradation of 95, 72.6, 24.7 and 9 % in
the haemolymph after 1 h and 88, 80, 17 and 16 % in insect midgut juices af-
ter 10 mins were found for Spodoptera litura (Lepidoptera), Locusta migatoria
(Orthoptera), Zophobas atratus (Coleoptera) and Periplaneta americana (Blat-
todea) respectively.®® Furthermore, they found a negative correlation between
the concentration of dsSRNA in the haemolymph and degradation rate after per os
application, showing that the degradation in the midgut impacts on the uptake
into the haemocoel. There was a direct link between degradation of dsRNA and
levels of mMRNA depletion in the various insects. For injection, depletion levels of
20, 76, 78 and 82 % and for ingestion 1, 5, 29 and 47 % were observed after 72
h for S. litura, L. migatoria, Z. atratus and P. americana respectively.[6®! As a
result, it is important to consider what is causing the differing degradation rates
across species and ways to protect ingested dsRNA.

It has been demonstrated in various laboratories that upon ingestion into the
gut of arthropods, dsRNA is subject to varying degrees of degradation. The
midgut juices of the silk moth Bombyx mori contain 3 main degrading enzymes:
proteases to digest food, lipase to protect against nucleopolyhedrovirus and a
DNA/RNA non-specific nuclease. This DNA /RNA non-specific nuclease is often
designated dsRNase due to the high activity against dsRNA.%] This ribonucle-
ase has subsequently been found in a number of other species, not only in the
midgut but in the haemocoel of insects and appears to be important in dsRNA
degradation in insects. [62:65,67.68]

Another nuclease, Eri-1, found in the nematode C. elegens, along with a ho-
molog in the pea aphid Acyrthosiphon pisum induce a reduction in RNAi. Ho-
mologs in D. melanogaster and Tribolium castaneum do not have an effect on
RNA;. [68:69
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1.6.2 dsRNA cellular uptake pathways

At present, there are two main routes of dsRNA uptake into cells: via a trans-
membrane protein Systemic Interference Defective (SID) and/or via endocyto-
sis. 576070 Following the discovery of the RNAi machinery in C. elegans, signif-
icant research has been made into dSRNA uptake mechanisms and the systemic
spread. It has been shown for C. elegans that the SID-1 channel is essential for
uptake and systemic RNAi. SID-1 is a multi-span transmembrane protein that
functions as a multimer, transporting dsRNA passively into cells but is not a vital

[ However, dsSRNA must be larger than 50 base pairs

component for the export.
(bps) to be disseminated throughout the body of C. elegans.!%%7!

Orthologs of the SID-1 protein have been identified in a number but not
all of insects. Furthermore, some SID-like orthologs do not appear to aid the
uptake of dsRNA. They have greater sequence similarity to the CHUP-1 receptor
in C. elegans, a cholesterol transporter with no known involvement in RNAI.
D. melanogaster, a model species and close relation of D. suzukii, lack’s robust
systemic RNAi, with no SID gene orthologs , but dsRNA can be taken up into
cells.

Endocytosis is another route of entry into the cell for dSRNA; a mechanism
first observed in D. melanogaster S2 cells and has since been shown to be evolu-
tionarily conserved. The uptake of dSRNA by endocytosis in D. melanogaster has
been confirmed by two main tests. Firstly, blocking of endocytosis by pharmaceu-
tals has led to poor dsRNA uptake. Secondly, fluorescently tagged dsRNA was
shown to be associated with intracellular vesicles, suggesting receptor-mediated
endocytosis. This mechanism of uptake is mediated by the scavenger receptors
Eater and SR-C1.I™ These receptors have previously been shown to play an im-
portant role in phagocytosis of bacterial pathogens, and it is believed that the
mechanism is similar. Saleh et al. investigated the uptake of dsRNA in great
detail, screening over 7,000 genes for involvement in dsRNA uptake; of these, 23
were shown to be directly or indirectly involved in endocytosis, confirming this
as a main route of uptake.m]

In D. melanogaster, uptake can proceed by endocytosis, however, the rate

and efficacy of this transfection is related to factors such as electrostatic interac-
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tions between anionic dSRNA and anionic cell membranes. Therefore, there is an

electrostatic barrier preventing uptake by the gut epithelial cells.

1.6.3 Systemic dsRNA amplification and dissemination

In some animals RNAi can be regenerated by RNA polymerase (RARP), ampli-
fying the signal which can then spread from tissue to tissue.l®” For C. elegans,
Dicer-processed siRNAs are utilised as a template by RARP to produce secondary
siRNA. [l However, no insects have been shown to possess a RARP-related pro-
tein or use this method of amplification. 5]

RNAi has been shown to not be systemic in D. melanogaster but is systemic
in the beetle Tribolium, although the main genes involved in amplification are
found in both species. There are however, several variations in the number of
key genes, which may explain the differences observed.[™ Specifically, one of the
key proteins Ago is duplicated in Tribolium, while D. melanogaster only has the
AGO-2 gene, which may account for the observed difference in RNAi response.

No long-lasting systemic RNAi occurs in D. melanogaster, and therefore RNAi
mediated knockdown may be limited to the area of delivery. As a result, it is
sensible for control of D. suzukiz to target knockdown in the midgut cells, the
site of entry after oral application. There are multiple targets in the gut cells
that are proven to be critical for survival, with the vATPase proton pump being

25,59

commonly studied. 2> This vATPase proton pump is used to acidify tissues in

order to activate proteases.

1.7 Protein & peptide bioinsecticide delivery in

agrochemicals

There are multiple sources for potential biopesticides based on proteins and pep-
tides, but their physical properties sometimes limit their wide-scale use. The
most successful biopesticide is Bt toxin; this is in part due to its physical fea-
tures. Bt is delivered in a crystalline form, which provides protection on the
leaf surface and upon ingestion in the insect gut, where it is dissolved to release

3

the active d-endotoxins.B74849 In order to increase the potency and efficiency
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of bioinsecticides, a number of different delivery systems have been investigated
in the agrochemical industry. This section will explore some of these delivery
methods.

1.7.1 Protein and peptide conjugation

The stability of peptide and protein bioinsecticides may be increased through
the conjugation of the active protein/peptide with a secondary species such as
another protein, or with a synthetic polymer such as polyethylene glycol. This
fusion can provide increased protection from proteases. Furthermore, depending
on the nature of the conjugated species, some targeting and/or increased uptake
can be achieved. Here both fusion strategies will be detailed, drawing similarities

between the two approaches and highlighting drawbacks.

Plant lectin fusion

Plant lectins are carbohydrate-binding proteins that bind with avidity and speci-
ficity to sugar moieties and have been utilised to protect a number of different
insecticidal proteins. The fusion of proteins does not interfere with the inhibitory
activity or binding efficiency of either species. Moreover, the insecticidal activity
was enhanced compared to the application of a mixture of the separate proteins
at the same concentration. 7>

Some lectins, such as the snowdrop lectin ( Galanthus nivalis agglutinin, GNA),
have a small amount of insecticidal activity specific towards lepidopteran insects.
Although the mechanism of this toxicity is still unclear, it appears to involve
specific binding to the gut epithelium.”™ The fusion of GNA to insecticidal pep-
tides increased uptake of the active species into the insect’s circulatory system
because of GNA’s ability to easily cross the epithelium. ™ Furthermore, GNA is
resistant to proteolysis in insect gut juices, providing protection by association
for a conjoined protein. 78

These fusion proteins were produced through the ligation of cDNA coding for
the specific insecticidal peptide and the lectin. The protein was then expressed
and purified from yeast cells. Fitches et al. amplified the cDNA coding for a spi-

der toxin (SF11), which was then inserted into an expression vector, pGAPZaA.
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The resulting SFTIpGAPZaA plasmid was ligated with GNA ¢DNA and trans-
formed into Pichia pastoris yeast X33 cells for protein production.!® Through

this recombinant methodology, GNA has been fused to several toxins, including

80,81]

spider venoms, scorpion toxins, ¥ Bt toxin CrylAc and Allium sativum ag-

331 The fusion of peptide toxins to plant lectins significantly increased

(83]

glutinin.
the potency of the toxin in Lepidoptera, resulting in 100 % mortality.'®*! In some
cases, although the lectin is resistant to peptidases, the linker between it and
the peptide toxin is not, leading to cleavage and subsequent degradation of the
toxin. ¥ The wide-scale application of this approach is limited by the cost of

production and purification.

1.7.2 Plant virus coat proteins

Plant viruses are often vectored by sucking pests, where the virus is taken up by
the pest after feeding on sap of infected plants, and is transported into the insect
haemocoel from the gut. It is then transferred to the salivary glands, where it is
passed into another plant substrate in saliva during subsequent feeding. 835 This
ability to transfer from the gut to the haemocoel is of interest for its potential to
deliver insect peptide toxins. This transfer can be receptor-mediated, as shown for
the Pea enation mosaic virus (PEMV), which uses gut cell receptors for efficient
uptake. This can give specificity for the transport of the peptide toxin into pests
containing the required receptor.!®* A recombinant protein synthesis approach,
similar to that described for making the plant lectin protein conjugates, has been
used to fuse the coat of luteoviruses to insect peptide toxins.!®! This approach
showed a significant increase in the mortality of 4 aphid pests compared to the
toxin alone. However, the field use of fused virus coat proteins is also limited by
production costs. In addition, this method is specific to aphids since the virus
receptor is only found in this group of insects. For the control of plant sucking
pests such as aphids, the delivery vector must be present inside the plant, which

is not achievable with current agrochemical application technology.
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Protein lipophilic-polyethylene glycol (PEG) polymers

Transport of proteins across biological membranes can be increased and prote-
olytic degradation can be reduced by conjugation to polyethylene glycol(PEG).
This technique of PEGylation has been used extensively in therapeutics to in-
crease protein transport across the digestive tract. The conjugation of a model
human protein (insulin) was used to demonstrate that a similar methodology
could be used in insects. 5789

The synthesis of these conjugated proteins to linear PEG proceeds by first
transforming the PEG into a carboxylic alternative. This carboxylic acid is then
activated using N-hydroxysuccinimide and reacted with the N-terminal of the
protein/peptide, as seen in Scheme 1.1. Through this method, a 7-fold increase
in uptake of insulin into the insect haemocoel was achieved.®”! This method was
used for the delivery of the insecticidal peptide TMOF, conjugation of which led
to accumulation of the peptide in the haemolymph of larval tobacco budworm,

[89]

Heliothis virescens.'®” Initial investigations suggested that this technique may

391 However, later studies showed

increase delivery and control of mosquito larvae.
that conjugation through the N-terminal of TMOF lead to inactivation of the

peptide toxin. 449
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Scheme 1.1: Conjugation of linear PEG to the N-terminus of proteins for en-
hanced stability. Adapted from 87,
In order to conserve the functionality of TMOF, conjugation cannot be un-

dertaken at the N-terminus. Addition of a lysine group to the C-terminus of

TMOF, and a trifluoroacetic acid (TFA) protecting group to the N-terminus,
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allowed for a similar synthetic route to be used (Scheme 1.2). 1449 TMOF-K con-
jugated to PEG decreased the rate of degradation by leucine aminopeptidase,
with an inverse relationship between PEG Mw and rate of degradation.!” In
vivo testing of TMOF-K showed a reduction in toxicity against larval Aedes ae-
gypti compared to TMOF. However, TMOF-K conjugated with methyl(ethylene
glycol)7-O-propionyl led to an increase in oral toxicity (6 and 10-fold compared
to TMOF and TMOF-K). 44l
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Scheme 1.2: Conjugation of linear PEG to lysine at the C-terminus of TMOF.
Adapted from 4%,

PEGylation of the binary toxin (BinAB) from Lysinibacillus sphaericus pro-
vided increased protection of the toxin against both trypsin and proteinase K,
enhancing the toxicity of the larvicide 6-fold. Moreover, the PEGylation en-
hanced the thermal stability of the toxin by 3 - 5 °C.[°] The PEGylation in this
case was achieved using a similar method to couple at the N-terminus, but used
an isocyanate functionalised PEG to conjugate. This demonstrated that PEGy-
lation of peptides is not limited to just TMOF, and that this approach may be

used to increase the stability and uptake of other insecticidal peptides.

1.8 Protein & peptide delivery for use in thera-

peutics

The protection and delivery of biopesticides is a new area of research, with few
systems having been developed for efficient delivery. Similarities between the
delivery of biopesticides to the administration of therapeutic drugs can be made

as similar barriers to uptake are found. The delivery of proteins and peptides for
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use in therapeutics generally concentrates on the delivery of the active species over
a long-time period. Delivery vectors are designed so that they can flow through
the circulatory system of a patient, releasing their contents at a constant rate.
In a few cases, typically targeting cancer cells, a triggered release mechanism
is used, stimulating burst release of the drug at its target site. For efficient
biopesticide delivery, a large concentration of the peptide/protein need to be
delivered to the main site of uptake in the pest species in a short period of
time. Furthermore, the polymer carriers used in therapeutics need to be safely
metabolised and excreted from the body. For pest management systems, the
polymers used do not need to be degraded within the pest and some level of
polymer toxicity is acceptable, which broadens the range of polymers available
for use in crop protection. The acceptable size of the delivery vector also differs
between the two targets. Therapeutic vectors tend to be in the nano range to
increase cellular uptake and minimise any immunological response. Whereas for
pest delivery, the mouth parts of the pest determine the maximum particle size,
typically in the micron range.

This section will explain the problems encountered in the field of therapeutic
protein drug delivery, and will compare these issues with those encountered in
protein biopesticide delivery. Examples of protein drug vectors will be discussed,
and their potential evaluated for use in pest control.

With the advent of DNA recombinant technologies, the availability of peptide
and protein-based drugs for therapeutics has increased dramatically. Using DNA
technologies, proteins can be produced on a large scale by expression in vectors

92931 This advance in technology avoids the need for

including bacteria and yeast.!
extraction and purification of proteins from animal sources. Therapeutic proteins
are being increasingly used in treatment of cancer, inflammatory diseases and as

92,94,95]

vaccines. | Protein-based drugs show considerable promise due to their low

toxicity, widespread applicability, high specificity and activity at relatively low
concentrations. [9295-97]

Currently there are around 130 FDA approved products using therapeutic
protein technologies, with more in development.®* However, the wide spread

use of protein/peptide drugs is limited by the delicate tertiary structure that
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needs to be maintained for their activity. These proteins often have poor stabil-
ity and are degraded either chemically or proteolytically. They can also unfold
or aggregate, leading to loss of activity and often the elicitation of an immune
response. 929891 Oral] application of protein drugs is particularly challenging due
to high proteolytic activity and acidic conditions in the stomach. Furthermore,
the bioavailability of protein drugs applied orally is limited due poor absorption
through biological membranes. Consequently, the majority of protein drugs are
injected into the body, avoiding the digestive tract.!%?l Fast renal clearance and
hepatic metabolism leads to short circulatory system retention times upon in-
jection, limiting the therapeutic effect. To combat these factors, drug delivery
systems have been developed to enable the use of needle-free administration, by
protecting the active therapeutic from premature degradation, increasing the up-
take profile across biological membranes and extending the circulation time of
protein drugs.l??

The following sections will discuss a variety of different delivery systems used
for oral, nasal and injected applications. Polymer hydrogels and nanoparticles
of varying sizes and compositions are often used. In most cases, not all aspects
of the systems are appropriate for the delivery of biopesticides, but component
parts may be incorporated into a biopesticide vehicle. Notably, the mechanism
of release from both hydrogels and nanoparticles is sustained over long periods of
time, which may not be optimum for delivery to insect pests due to their short

digestive times.

1.8.1 Polymeric hydrogels for peptide/protein delivery

Hydrogels are a network of hydrophilic polymers that are cross-linked, either
physically or chemically, and have the ability to retain a large amount of wa-
ter (over 50 %) whilst maintaining structure. Since the first biomedical use,
they have been applied in numerous biomedical applications including drug de-
livery. [92:94-96,100-103] Hydrogels for therapeutic applications are in two forms; in-
jectable gels that do not circulate through the body, or discrete spheres that move

through the circulatory system. Hydrogels provide a number of advantages over

23



1.8 Protein & peptide delivery for use in therapeutics

other delivery systems, for example: controllable size from nanometres to mi-
crometres; biocompatibility, enabling prolonged circulation in the blood stream:;
surface chemistry suitable for bioconjugation; mild chemical and temperature
conditions used for formation; and biodegradability for sustained release.l?2102
Furthermore, the release rate from hydrogels can be tuned by altering the degree
and type of cross-linking. Hydrogels can be segregated into two different classes

depending on whether the polymer precursors are natural or synthetic.

Natural polymer hydrogels

Natural polymer hydrogels are extracted from a number of natural sources and
can be chemically modified after or during extraction. Cross-linking of these
natural substances can bestow different physical characteristics. There are three
main natural polymers that are used for protein delivery in therapeutics; these are
gelatin, chitosan and alginate.[?**>1921 Other natural based polymers have been
investigated with varied success, as documented in the review by Lee et al..[%
Gelatin is generally obtained from bovine skin or bone through acid or base
extraction. It is a single stranded polymer that easily gels upon changing temper-
ature. The release from gelatin is dependent on the enzymatic degradation of the
polymer, which is a function of cross-linking density and the chemical nature of
the cross-linking. To modify the release rate of proteins and to alter the mechan-
ical properties of the hydrogels, chemical modifications have been investigated.
For example, styrene-derivatized gelatin gels formed using photo-cross-linking
with camphorquinone gave a longer release profile and reduced cytotoxicity com-

pared to non-modified gelatin. %4

Chitosan is the second most abundant polymer in nature after cellulose. %]
This cationic polymer is extracted from the outer shell of crustaceans in the
form of chitin, which is processed to chitosan through deacetylation. Commonly,
a-chitosan is produced, and its structure is shown in Figure 1.7a. This polysac-
charide linear co-polymer consists of 2-amino-2-deoxy-D-glucose (D-glucosamine)
and 2-acetamido-2-deoxy-D-glucose (N-acetyl-D-glucosamine) units, similar in

structure to cellulose. The degree of deacetylation commonly varies between
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70 - 95 %, with the Mw ranging from 10 to 1,000 kDa.['%! Chitosan is biodegrad-
able and has many positive attributes that make it suitable for use in protein

[106] Chitosan is a bioadhesive and can adhere to the mucosa of the

drug delivery.
gastric system, increasing the retention time by adhesion to the mouth, stomach
and small intestine mucosa. The mechanism for this adhesion is mainly through
ionic interactions, where the positively charged amino groups in chitosan and the

(1977 The degree of mucoadhesion is a

negatively charged mucosa layer interact.
function of the deacetylation and the Mw of chitosan; both factors increase the
number of amino groups for adhesion. %1% Tn addition to mucoadhesion, it has
been reported that chitosan enhances penetration by opening epithelial tight junc-
tions. This enhanced penetration is due to the positive charge of the chitosan
interacting with the cell membrane, specifically with tight junction-associated
proteins. "% Chitosan is a weak polybase with amino functionality that dissolves
at low pH and is insoluble at high pH. This dissolution at low pH is a result of
protonation of the amino groups leading to charge repulsion between chains. This
release mechanism is suitable for release in the human stomach; however, most
drug delivery systems target uptake in the intestine. Chemical modifications must
be made to chitosan for delivery to the intestine, including thiolation['™113 and
quaternisation '] of the amino groups, and alteration of the alcohol groups to
carboxymethyl groups.!™® These modifications allow for control of the swelling

and response of the polymer with varying pH.
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Figure 1.7: Structure of chitosan (a) and alginate (b) with S-D-mannuronic (M)

and a-L-guluronic acid residues (G). Adapted from %,
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Alginate is a biopolymer obtained from several species of brown algae, includ-
ing Laminaria hyperborean and Ascophyllum nodosum. Alginate exists in each of
these species with a mixture of different cations, and accounts for roughly 40 % of
the dry weight.[!'7 It is a linear polysaccharide that contains varying amounts of
f-D-mannuronic acid and a-L-guluronic acid residues (Figure 1.7). Upon the ad-
dition of divalent cations, the polymer chains adopt an egg-box structure formed
by chelation between the a-L-guluronic acid residues of different chains (Fig-
ure 1.8).1%] Release of proteins from alginate beads occurs by two mechanisms:
diffusion through pores in the network, and degradation of the polymeric net-
work. The resulting release profile for proteins is slow, and is a function of the
protein Mw as well as charge. >8] The production of alginate-based protein drug
carriers is severely limited by the entrapment efficiency upon formation, due to
leaching from alginate beads. To mitigate this, modifications have been made in

order to better cross-link the alginate chains.

Figure 1.8: Alginate gelation upon addition of Ca?**. Reproduced from[®!.

Synthetic polymer hydrogels

Synthetic polymer based hydrogels have a number of advantages compared to
their natural based analogues. Synthetic hydrogels can be designed to be re-
sponsive to external stimuli, and can be synthesised in a controlled manner, reg-
ulating the Mw distribution. This extra functionality can be used to develop
more targeted delivery strategies whilst maintaining low toxicity and biodegrad-

ability. Numerous different synthetic polymer systems have been developed for
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protein delivery, most notably based on poly(vinyl alcohol), poly(ethylene oxide),

poly(vinyl pyrrolidone) and poly(N-isopropylacrylamide) (Figure 1.9).[%

P e <)

PVA PEO PVP PNIPAM

Figure 1.9: Common polymers used for the formation of synthetic hydrogels.
Adapted from!%4.

Poly(vinyl alcohol), PVA, is produced through free radical polymerisation of
vinyl acetate, and subsequent hydrolysis of the acetate groups to yield PVA.
PVA can be cross-linked via chemical or physical methods through the addition

[119,120] The formation

of cross-linking agents or via a freeze-thaw methodology.
of PVA hydrogel delivery systems using a water-in-oil emulsion/cyclic freezing-
thawing procedure led to an encapsulation efficiency of over 95 %. Release of
the model protein bovine serum albumin (BSA) was temperature dependent and
at 37 °C around 100 % release took 30 h.['?! Further advances have been made
through the combination of PVA with other biodegradable polymers to enable
self-assembly with protein drugs, avoiding the need for solvents or surfactants. [1??!

Poly(ethylene oxide), PEO, is chemically similar to poly(ethylene glycol) and
both can be photo cross-linked through modification of the polymer ends with
acrylates or methacrylates. PEO is FDA approved for several medical uses and
is one of the most commonly used polymer in therapeutics.['?! Smart hydrogels
have been produced through the formation of block copolymers of PEO with a
number of secondary blocks, giving thermally reversible hydrogels or gels with
different degradation pathways.[123:124]

Poly(vinyl pyrrolidone), PVP, is FDA approved to be non-antigenic and bio-
compatible, and has been investigated as a possible carrier for protein delivery in

hydrogels. Through combinations with poly(alanine), thermogelling biomaterials
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can be produced, where micelles are formed and aggregate upon increasing tem-

[92]

perature.””! PVP hydrogel magnetic nanospheres have also been produced that

release drugs passively, and can be aggregated at a specific tissue for targeted

delivery of proteins. 1%l

Limitations of the use of hydrogel delivery systems for biopesticide

delivery

The use of hydrogels as delivery vectors for proteins and peptides in therapeutics
has been an extensive area of research for the last 25 years. Hydrogels can be
produced using of both natural and synthetic polymers, to deliver protein and
peptides in the body. Typically, these are introduced into the body by injection,
and avoid the harsh conditions of the stomach. For delivery of proteins and
peptides for insecticidal use, delivery must be orally administered. Moreover,
delivery vehicles need to be sprayed onto the crop, which is likely to result in
the drying of the sprayed substance. Dehydration of a hydrogel may lead to the
loss of the encapsulated cargo. Furthermore, the typical mechanism for release
of cargo is via degradation of the carrier, which typically takes over 10 h to
release the contents. Release on this timescale would result in only a fraction
of the cargo being released upon ingestion by the insect. Hydrogels may be an
appropriate delivery system for therapeutic delivery of protein and peptides, but

are not suitable for biopesticide delivery.

1.8.2 Polymeric nanoparticles for peptide/protein delivery

Polymeric nanoparticles (NPs) are solid particles in the size range of 10 - 1,000
nm. These NPs can be used for delivery of peptide and protein drugs by provid-
ing protection from enzymatic and hydrolytic degradation.!'26127] This protection
can be by encapsulation within a nanocapsule, or through embedding into the

[127] These NPs pass from the gas-

polymer matrix of a nanosphere (Figure 1.10).
trointestinal tract into the main body of the patient, where they release their
contents. NPs tend to be used in preference to microparticles due to their greater

surface area, leading to greater epithelial uptake. The increased stability in bio-
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logical fluids of polymeric nanoparticles is resulting in a shift to more prominent

use compared to liposomal or hydrogel systems. 1?8l
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Figure 1.10: Polymer nanoparticle formation. Reproduced from 1?7,

Nanoparticles can be made by a number of different methods, dependent on
the physical properties of the required polymer (Table 1.1).[126:129] Extensive re-
search has been undertaken into many aspects of NP design synthesis and mod-
ification. This review will concentrate on the aspects relevant for biopesticide
delivery; the protection provided by polymer NPs, the release rate and mech-
anism of release. For details on the formation of NPs for protein and peptide
delivery, 1281301311 and for surface modifications that increase the targeting of
NPs, several reviews are available. [126:129]

The release rate of a protein drug from a polymer particle or capsules is
dependent on four key factors: (i) the rate of diffusion through the matrix or
polymer shell, (ii) matrix/shell erosion rate, (iii) distribution of the drug within
the carrier, and (iv) desorption of the surface-bound/adsorbed drug.!'?] Release

of a uniformly distributed protein from a polymer NP can be dominated by
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Table 1.1: Preparation methods for NPs of the most common polymers for form-

ing polymeric matrices. Adapted from [,

Polymers Methods of nanoparticle preparation

Poly(alkyl cyanoacrylate)
Poly (alkyl methacrylate) Monomer polymerization
Poly (styrene)
Poly(vinylpyridine)

Poly (e-caprolactone)
Poly(lactic acid) Nanoprecipitation
Poly (lactic-co-glycolic acid)
Poly(methacrylate)

Poly(e-caprolactone)
Poly (lactic acid)
Poly (lactic-co-glycolic acid) Solvent, evaporation
Poly(/-hydroxybutyrate)
Ethyl cellulose
Cellulose acetate phthalate

Poly (alkyl methacrylate)
Ethyl cellulose Salting out
Poly (lactic acid)
Poly (lactic-co-glycolic acid)
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either diffusion or degradation. When diffusion dominates, there is initially a
period of rapid release as the surface-bound protein is released from the large
NP surface. This rate then decreases, and is controlled by the rate of diffusion
through the matrix. 281321331 When degradation dominates, a constant rate of
release is observed, corresponding to the degradation of the polymer particle.
Capsules are a reservoir-type drug delivery system, where the drug core is
coated with polymer. The drug is contained in a single location, so if diffusion
dominates, then a constant release of drug is observed, following first-order kinet-

[134] The rate of this release is controlled by partitioning of the drug into the

ics.
shell and continuous phase, therefore dilution of the continuous phase increases
the rate of release. Furthermore, the Mw of the encapsulated polymer affects the
rate of dissolution, as the diffusion times are affected.[™®! If release is dominated
by degradation, either biodegradation or a triggered burst release of the contents

is observed.

Non-toxic synthetic biodegradable polymers for therapeutic delivery

The requirement for a non-toxic biodegradable polymer for therapeutic delivery
of proteins and peptides has limited the range of polymers available for use. There
are four major polymer types that are most often used for therapeutic delivery:
poly-d,l-lactide-co-glycolide (PLGA), polylactic acid (PLA), poly-e-caprolactone
(PCL), and poly-alkyl-cyano-acrylate’s (PAC) (Figure 1.11).[127]

0.0
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HO Moy ) o by
) o)
PLGA PLA PCL PAC

Figure 1.11: Polymers commonly used for nanoparticle formation. Adapted

from 1271,

PLGA and PLGA-based systems have been the focus of many protein-controlled

release systems, due to their biocompatibility and variable release rates from hours
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[136]

to months. Although PLGA is extensively used, it has some drawbacks in-

cluding unfavourable conditions for proteins during synthesis and acid-catalysed
degradation of the polymer resulting in protein denaturing. [136:137]

For the encapsulation of peptides or proteins, three methods are commonly
used: water-in-oil-in water emulsion technique, phase separation, and spray dry-

136] The use of multiple emulsion templates

ing (as demonstrated by Figure 1.12).!
to form capsules (in the micron range) can often lead to denaturing of the protein,
as it unfolds at the interface. In order to mitigate this, surfactants can be used in
the formation of the multiple emulsions, resulting in competition for the interface

[136.138] ' A multiple emulsion templated syn-

and reducing protein denaturation.
thesis could be utilised for biopesticide delivery, due to the high loading capacity
and burst release mechanism of the capsule.

PLGA microcapsules have been shown to encapsulate model proteins to high
efficiency levels of over 70 %.113% The release from PLGA microcapsules could be
modified by the inclusion of surfactant into the oil phase of the multiple emulsion,

[140] The addition of excess hydrophilic

producing different surface morphologies.
surfactant has led to a porous structure, which facilitated quick release.!'3%! Re-
search has been undertaken to improve entrapment efficiency and the release
profile from PLGA-based microcapsules by adding another polymer species, as
reviewed by Mundargi et al..[3

PLA based nanoparticles (in nano size range) formed from a multiple emulsion
template (with a small amount of internal water) and solvent evaporation showed
poorer encapsulation efficiency compared to PLGA of around 40 %, with a release
rate of BSA of 70 % over 30 days.['*!] The entrapment efficiency for hormones of
a similar Mw to BSA was significantly higher, at 70 % when an ABA copolymer
of PLA-PEG-PLA was used, with the release rate of the drug a function of the
PEG content.[1?]

PCL is easily degraded by non-enzymatic hydrolysis, and has been investi-
gated as a safe polymer for protein drug delivery.!'?" Degradation of PCL is
substantially slower than both PLA and PLGA, providing a longer release pro-
file.
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Figure 1.12: Methods for the production of PLGA delivery systems based on
an initial W/O emulsion. This primary emulsion can be processed into PLGA
delivery systems by three main methods solvent evaporation, phase separation or

by spray drying. Reproduced from['36],
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1.8.3 Responsive polymers for therapeutic delivery

For both hydrogels and solid polymer systems, the release rate of loaded peptide
or protein is often slow, measured in days rather than minutes. In many cases,
this sustained period of release is advantageous, but for biopesticide delivery, a
quicker release rate is required. Responsive or smart systems can be employed,
which respond to an external stimuli to trigger release of the drug. Polymeric
delivery systems can be triggered by a number of factors, such as temperature,
pH, light, ionic strength, magnetic fields and biomaterials (e.g. enzymes). 143146l
The present project is specifically interested in release triggered by changes in
pH, and this section will concentrate on this. There are two main mechanisms
for pH-responsive release, through ionisable residues whose ionisation depends on
solution pH, or through acid-cleavable cross-linking units. [96:143:147]

Tonisable residues may be acidic or basic, and (de)protonate depending on the
pH environment, leading to a change in the charge of the polymer. This newly
charged polymer may undergo a phase transition, becoming soluble in the contin-
uous phase and causing swelling or dissolution. 14316l pH-responsive polymers can
be produced with a pKa between pH 1 and 14, where polymers with basic units
are cationic at low pH and neutral at high pH. Acidic functionalised polymers are
neutral at low pH but become anionic at neutral to basic conditions. Acidic poly-
mers are typically formed with carboxylic functionality, but can also be produced
with sulfonic, phosphoric and boronic acids (Figure 1.13).1431 Basic polymers are
based on nitrogen functionality, and can contain amines, morpholino, pyrrolidine,
piperazine, pyridine or imidazole groups (Figure 1.14). The choice of responsive
residue is dependent on the pH change that is needed to induce release. Further-
more, the pH-responsiveness can be tuned through the inclusion of non-responsive
monomers, with differences in hydrophobicity in the polymer chain altering the
response to pH.6l

Drug release can also be triggered through the degradation of covalent bonds
of pH-liable linkers (Figure 1.15). This degradation can involve deconjugation of
the drug/polymer, or breakdown of the cross-linker in a hydrogel or solid polymer
particles. ["*3147] Hydrogels are typically cross-linked (as previously explained) and

acid-degradable linkers can be used to trigger release from these hydrogels.
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Therapeutic pH-responsive polymer systems have become of interest due to
the pH differences in several key targets. Tumour tissue has a pH of 6.5 - 7.2
and lysosomes of cancer cells have a pH of 4.5 - 5, both lower than the normal

[148

physiological pH of 7.4.1148) These differences have led to the formation of many

different polymer systems with a release that is triggered by this reduction in pH.

1.8.4 Use of therapeutic systems for biopesticide delivery

Common biodegradable non-toxic polymers used for protein and peptide delivery
in therapeutics do not possess the release rates required for biopesticide delivery.
However, the mechanisms used to form the micro/ nanocapsules are of interest. A
multiple emulsion templated synthesis allows for the entrapment of proteins and
peptides either in a solid or aqueous phase. The separation of inner water phase
from continuous aqueous phase by an oil layer provides a barrier and maintains
encapsulation efficiency. The composition of this oil layer creates flexibility in the
final capsule’s composition. This oil layer may consist of a polymer and solvent
that is to be extracted, or it may consist of a monomer that is polymerised to
form the polymer shell. Furthermore, the ratio of inner water to oil can be
altered, varying the polymer shell thickness and changing the release rate from
these capsules.

To increase the rate of protein release from polymer microcapsules, a trig-
gered release mechanism may be utilised. pH-triggered release of protein and
peptide biopesticides may be induced by the changes in gut pH of the pest. D.
melanogaster, a close relation to D. suzukii, has an acidic section in its midgut. ]
If such a region exists in D. suzukii, pH-triggered release may be used, by selection

of an appropriate pH-responsive polymer.

1.9 dsRNA complexation in agrochemicals

The use of dsSRNA as a potential bioinsecticide is a new field of investigation, since
their use has so far been limited by rapid degradation and poor uptake. To combat
the degradation and poor uptake of the nucleic acid, different delivery vectors have

been investigated. Unlike protein and peptides, nucleic acids are anionic, and
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this negative charge may be used in order to complex the dsRNA. The following
section will discuss recent approaches that have been used to complex and deliver
dsRNA to insects.

1.9.1 Liposomes

While investigating new gene targets for efficient control of insect pest species, it
was found that the success of oral application to induce RNAIi varied depending
upon the species. The seminal paper by Whyard et al. showed that feeding naked
dsRNA to several species had no effect on gene suppression. To address this issue,
they used a common transfection agent to increase the uptake of the dsRNA. This
transfection agent was the commercially available Lipofectamine 2000, a cationic
liposome that increases transfection of nucleic acid by overcoming the electrostatic
repulsion between the nucleic acid and the cell membrane. 2> Lin et al. showed
control of the German cockroach (Blattella germanica) through oral delivery of
dsRNA, using another commercially available GenlJet Plus liposome transfection
agent. They demonstrated that complexation of dsRNA with liposome could
also significantly reduce degradation by the midgut juices in er wvivo studies.
Furthermore, this method increased mortality through oral application compared
to naked dsRNA.['51

Recently, Zhang et al. have compared three commercially available lipid trans-
fection agents: Lipofectamine 2000, DMRIE-C and Cellfectin.['52! All three of the
lipid agents were able to significantly enhance dsRNA-induced suppression of gene
expression by feeding in a tick species at the larval, nymph and adult life stages.
Differences between the transfection agents were only observed at the larval stage,
where a significantly higher knockdown was observed for lipofectamine. 152!

To improve thermal stability and tolerance to dilution, Gudlur et al. recently
developed peptide vesicles, based on amphiphilic peptides. !53] Hydrophobic forces
and hydrogen bonding sustain lipid bilayer assemblies, which can entrap dye
molecules. Avilaa et al. utilised these branched amphiphilic peptide capsules
to facilitate dsSRNA uptake through an oral application to both a beetle and an
aphid species. ' This method increased the mortality of T. castaneum by about

45 % and increased the rate of mortality in A. pisum by a factor of 4.[154
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Application of dsRNA in the field will be by spraying the complexes onto the
crop surface, where they will dry. Liposomes need to be suspended in liquid,
typically water, to avoid disassembly and collapse, and are therefore unsuitable

for use as a dsRNA delivery vector in the field.

1.9.2 Polymeric based dsRNA delivery

As previously detailed, polymer nanoparticles can be utilised for delivery of bio-
materials due to their stability, ease of surface modification, ease of preparation
and, in some cases, biodegradability.[°>156 dsRNA loaded nanoparticles, unlike
peptides and proteins, are formed though electrostatic interactions of the anionic
dsRNA and a cationic species; this dsRNA-polymer complex has been termed
cither an interpolyelectrolyte complex (IPEC) or a polyplex. [157]

Chitosan nanoparticles have been extensively investigated as a delivery vec-
tor for biomaterials, including dsRNA and protein and peptides (as previously
covered). Chitosan nanoparticles form through electrostatic driven self-assembly,
where at a pH < 6, the amine residues on the chitosan are positively charged
and interact with the anionic phosphate backbone of the dsRNA.I'6l Zhang et
al. produced dsRNA /chitosan polyplexes that ranged from 100 - 200 nm in di-
ameter.['l This complexation of the dsRNA lead to sustained entrapment with
approximately only 6 % of the dsSRNA released into water over 24 h. Moreover,
feeding of dsRNA complexes targeting chitin production in third instar Anophe-
les gambiae larvae significantly reduced the transcript levels by 50 - 60 %, and
the chitin quantity in the pest was significantly reduced compared to control
nanoparticles containing non-targeting dsRNA coding for GFP (green fluores-
cent protein). However, Zhang et al. did not test the effect the nanoparticles had
on dsRNA stability, and did not compare the efficacy of the complex with control
insects fed naked dsRNA. It has been shown that mosquito larvae are very sus-
ceptible to dsRNA without complexation, where RNAi can be induced by soaking
the insect and by ingestion of the uncomplexed dsRNA.!1% It is therefore unclear
what effect the complexation of dSRNA with chitosan has on RNAI.

Kumar et al. further investigated the use of chitosan/dsRNA polyplexes,

looking at their uptake profile and comparing them with engineered bacterial
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cells and bacterially-expressed dsRNA.['58! In this system, an 85 % entrapment
efficiency was achieved, and again the diameter ranged from 100 to 200 nm, de-
pendent on the concentration of polymer used. Uptake and knockdown efficiency
was investigated using an Sf21 cell line expressing GFP. Chitosan/dsRNA com-
plexes effectively suppressed fluorescence, demonstrating their ability enter the
cell cytoplasm. Furthermore, a chitosan/dsRNA complex targeting the vg gene
of A. aegypti, increased the mortality rate compared to engineered bacterial cells
and purified bacterially-expressed vgdsRNA.['58]

Das et al. investigated the use of chitosan-based nanoparticles, along with
functionalised silica particles (ASNP) and carbon quantum dots (CQD).[**l Chi-
tosan/dsRNA nanoparticles were produced using the same method as Zhang et
al.; silica was functionalised with amine groups using (3-aminopropyl)triethoxysilane,
and carbon quantum dots were produced using the microwave method, stabilised
with polyethyleneimine (PEI). Each of these delivery systems utilised amine func-
tionality to complex dsRNA. Chitosan-based delivery systems complexed the
dsRNA at a lower ratio of 10:1 vector:dsRNA compared to both ASNPs (30:1)
and CQDs (20:1). In vivo testing of these vectors and analysis of gene silencing
showed that dsRNA complexed with either chitosan or CQDs led to gene sup-
pression and mortality. However, no effect was observed using the functionalised
silica nanoparticles. The mortality rate for PEI coated CQDs was significantly
faster than for chitosan based vehicles. However, it is unclear whether this in-
creased RNAi was due to the complexation of dSRNA to PEI or the combination
of the PEI and CQD.['%

More elaborate polymeric delivery systems have also been developed. He et
al. utilised a core shell polymer nanoparticle for the complexation of dsRNA,
where the core of the nanoparticle comprised of a fluorophore allowing for easy
detection. This fluorophore was conjugated to amino-functionalised brush-like
chains (Figure 1.16).'5%1 In vivo testing of dsSRNA complexed with the fluores-
cent nanoparticle (FNP) in D. melanogaster showed that the complex could be
ingested and taken into the gut cells. Furthermore, FNP/dsRNA complexes tar-
geting a chitinase-like gene, CHT10, retarded larval growth compared to both
naked dsRNA and FNP complexed to a non-coding dsRNA.[16%
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Figure 1.16: Fluorescent nanoparticle for dsRNA conjugation. Reproduced

from 1691,

Recently, guanidinium-functionalised cationic polymers have been synthesised
by Parsons et al. in order to complex dsRNA, enabling RNAi which is effec-
tive in the cotton pest Spodoptera frugiperda."" Poly|N- (3-guanidinopropyl)
methacrylamide] (PGPMA, Figure 1.17) cationic polymer was synthesised by
RAFT polymerisation (explained in Section 1.11) in order to complex dsRNA.
This homopolymer was selected due to its high pKa (12.5), which means the poly-
mer maintains its cationic charge in the alkaline gut of the Lepidopteran cotton
pest species. Additionally, PGPMA can form multiple hydrogen bonds with the
phosphoric dsRNA backbone, increasing the binding and therefore protection.
Light scattering of these complexes revealed that they are rod-like in nature, a
hydrodynamic radius of around 320 nm at pH 7.4 and about 240 nm at pH 10.
Parsons et al. proposed that this reduction in hydrodynamic radius was due to
deprotonation of the PGPMA at the higher pH; however, this was far below the
reported pKa.'0! PGPMA-dsRNA complexes showed improved transfection and
knockdown compared to naked dsRNA, with over 90 % gene suppression in Lep-
idopteran cell lines. In vivo testing showed an increase in knockdown compared
to naked dsRNA, although this gene silencing was reduced compared to Sf9 cell
lines (> 80 %). Gene suppression did not translate to high larval mortality, with
only about 30 % of the larvae dead after 30 days, suggesting that the knockdown
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may be transient/partial or that the gene product may not be vital to survival.
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Figure 1.17: Poly|N-(3-guanidinopropyl)methacrylamide synthesised by RAFT

polymerisation for dsSRNA complexation. Modified from![61,

The use of RNA based gene suppression is not limited to pest control and has
also been implemented in therapeutics. Commonly in therapeutic applications
siRNA is used due to its higher specificity compared to dsRNA, commonly used
in pest control. However, the complexation and delivery of both nucleic acids are
similar, it is therefore prudent to consider the research that has been conducted

in therapeutics and consider how similar systems could be used in pest control.

1.10 siRNA complexation for therapeutic use

Since the discovery by Fire et al. that dsSRNA can silence gene expression in the
nematode C. elegans,?°! and subsequent observations that small interfering RNA
duplexes (siRNAs) can induce sequence-specific gene suppression in mammalian
cells, RNA-based therapeutics have become widely researched.!162163] ) the fol-
lowing decade, siRNA was developed and progressed to Phase T and II clinical
trials, with more than 30 clinical trials involving 21 different gene targets and
14 different diseases taking place. 164165 However, siRNA-based drug systems are
not widely implemented due to four main concerns: (i) off-target silencing/effects,
(ii) triggered immune response in the patient, (iii) limited delivery of the nucleic

acid duplexes into the cytoplasm of target cells, and (iv) rapid degradation of
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siRNAs in the serum.['641%6] The concerns regarding controlled delivery and lim-
iting siRNA degradation are analogous to problems associated with dsRNA for
use in pest control. Therefore, it is prudent to consider the delivery mechanisms
used for biomedical applications.

Due to the wide range of tissue targets for siRNA in the body, delivery systems
can vary greatly. Typically, delivery of siRNA focuses on three main criteria:
increasing the stability in the serum, increasing cell penetration, and enabling
specific tissue targeting.['%! This section will review some of the polymeric-based
delivery systems that have been used in therapeutics, starting with the early
systems before moving to more complicated architectures currently under inves-

tigation.

1.10.1 Polyethyleneimine based delivery systems

Prior to the discovery of RNA mediated gene suppression, polyethyleneimine
(PEI) had been implemented in gene therapy through the complexation and de-
livery of DNA.[167-169 Polyethyleneimine is formed from ethylenimine by either

anionic or cationic polymerisation, and can be linear or branched (Figure 1.18).

Y oo TN
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H

Figure 1.18: Polyethyleneimine formation.

Urban-Klein et al. demonstrated the ability of linear low Mw PEI to com-
plex siRNA.['7 Complexation of the siRNA with PEI reduced degradation in
serum, with 70 % of the complexed siRNA intact after 4 h, whereas all the naked
siRNA was degraded within 1 h. In wvivo studies using a subcutaneous mouse
tumour model resulted in tumour reduction after injection with PEI-complexed
siRNA which contrasted with a lack of effect with naked siRNA.I7 Grayson
et al. extended this research and investigated the biophysical characteristics of
siRNA-PEI complexes, along with the cytotoxicity of PEL '™ The diameter, zeta
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potential, binding efficacy and transfection efficiency were investigated for three
PEL-siRNA complexes (25 KDa branched-PEI, 22 KDa linear-PEI and 800 Da
branched-PEI). The effect of charge ratio on the complexes was also investigated
for each of the PEIs. The charge ratio is quoted as a ratio of nitrogen (cationic
atom on PEI) to phosphorus (anionic species in siRNA backbone), N:P.

At all N:P ratios, the 25 KDa branched-PEI based system had the smallest
effective diameter, followed by 22 KDa linear-PEI, with the smallest Mw of PEI
producing the largest complexes. However, there was large error attributed to
these measurements, with much variability between measurements.['™ Changing
the N:P ratio from 1:1 to 8:1 did not affect the particle size for samples produced
from the 25 K branched-PEI, whereas with increasing concentration of the 800 Da
branched-PEI, the complex diameter increased dramatically from 200 to 800 nm.
The zeta potential of 25 K branched-PEI became positive at the lowest N:P ratio
(8:1), suggesting superior binding at low N:P ratios compared to the lower Mw
PEIs. The relative binding affinity of all three complexes were similar when the
N:P ratio was greater than 6. At an N:P ratios of less than 6, the linear polymer
had poorer binding, but again large variability was observed. Gene expression in
HR5-CL11 cells was only significantly suppressed using 25 KDa branched-PEI at
an N:P ratio of at least 8:1.

Sajeesh et al. used PEI to provide effective delivery of dsRNA.['" The long
dsRNA was synthesised by conjugating multiple small siRNAs modified with a
thiol at each end, allowing for reduced disulfide bridges. In this study, it was again
shown that large branched PEI was better at complexing dsRNA compared to
smaller alternative structures. 25 K branched-PEI dsRNA complexes provided
strong RNAi mediated gene silencing, highlighting the possibility of using PEI
for the delivery of dsRNA in the agrochemical industry.

A series of papers by Shim and Kwon reported modifications to PEI for con-
trolled delivery of siRNA, where PEI was ketalized, enabling disassociation via

173-175] The addition of the ketal functionality aids with escape from

hydrolysis. |
the endosomal compartment after endocytosis into the cell. Modified linear-
PEI/siRNA showed higher levels of gene suppression than unmodified linear-
PEI/siRNA, but was still outperformed by higher Mw branched PEI/siRNA com-

plexes. Confocal microscopy demonstrated that the siRNA could be dissociated
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from the modified linear PEI and localised in the cytoplasm, whereas unmodified
PEI complexes did not efficiently unpackage.!'7

PEI-based systems may be suitable for the delivery of dsRNA in pest control,
in order to increase cellular uptake and reduce degradation of the RNA, either
on the crop or in the insect gut. However, complexation of siRNA with PEI gives
complexes of variable size, which may not be suitable due to restrictions in the
mouth parts of some pests and due to the size restriction of endocytosis of 200
nm into cells.'"0177l Larger Mw branched PEI can produce smaller complexes
that would be more suitable, but the variability between batches is an area of

concern.

1.10.2 Well-defined polymers for RNA complexation

With the advent of controlled radical polymerisation techniques, the produc-
tion of well-defined polymers has enabled more complicated architectures for
RNA complexation. With the introduction of stable free radical polymerisation
(SFRP), atom transfer radical polymerization (ATRP) and reversible addition-
fragmentation chain transfer polymerisation (RAFT), rational design of new poly-

e.['7] The design of polymeric vehicles typically involves

meric vectors is possibl
a complexing moiety, which in the case of RNA loading is a cationic polymer.
The delivery vehicle also contains a stabilising water-soluble block that allows
enhanced water solubility of the vehicle and reduces degradation. Finally, a tar-
geting moiety may be included in the polymer design to aid in the specific uptake

1781 T am specifically interested in the use of RAFT

of the vehicle into target cells.
polymerisation for the production of well-defined polymers for the complexation
of dsRNA. This section will highlight different polymeric systems produced by
RAFT polymerisation that have been used to successfully complex siRNA.

The simplest RNA polymeric vehicle is a cationic homopolymer, which can
complex RNA through electrostatic interactions. '*” Poly(2-(dimethylamino) ethyl
methacrylate) (PDMAEMA) has been extensively studied for the complexation
of nucleic acids, initially concentrating on DNA condensation, 79181 but more re-

cently RNA condensation. ['82184 PDMAEMA effectively complexes nucleic acids,
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and can increase cell transfection rates by charge cancelling. Due to close proxim-
ity to the cell membrane, polyplexes are taken into cells through endocytosis, but
the lack of fusogenic activity often results in the degradation of the polyplexes,
as the endosomes can fuse with lysosomes, resulting in no RNAi activity. [1%°]
Endosomal disruption and escape can be used to decrease polyplex degradation
through the proton sponge effect, where, once in the endosome, the polymer
absorbs protons that are pumped into the organelle. This leads to a swelling
of the polymer and a build-up of ions, generating an osmotic pressure that can
lead to endosome disruption.['¥ PDMAEMA-based polyplexes have been used
to transfect many cell types. However, the efficiency of this delivery is often low
with a large portion of the polyplexes retained in endosomes. 1871 Moreover,
complexation often leads to a reduction in water solubility, increasing excretion
and addition of excess cationic polymer can lead to undesirable aggregation with
salts and proteins in the body serum. 184188l

A common solution to these limiting factors is the addition of a secondary
hydrophilic moiety. This hydrophilic block can comprise of either a linear /brush
polyethylene glycol (PEG), poly(N-(2-hydroxypropyl) methacrylamide) (PHPMA),
polydimethylacetamide (PDMA) or polymethacryloyloxyethyl phosphorylcholine
(PMPC) group (Figure 1.19), which extend from the complexed RNA, provid-
ing a steric barrier. Historically, PEG-based systems have been used to stabilise
complexes for therapeutic delivery, and more recently PHPMA has become exten-
sively studied for use in therapeutic siRNA delivery systems. "89] The increased
interest in PHPMA as the stabilising block is due to its ease of polymerisation
through controlled radical polymerisation techniques, lack of an immune response
and FDA approval.

Recently, Jackson et al. investigated the effect three water soluble polymer
blocks had on pharmacokinetics of siRNA targeting tumours.["*!! Comparison of
linear PEG, brush-PEG and PMPC at varying Mw showed that high Mw linear
PEG and PMPC (both 20 kDa) stabilised siRNA in simulated serum, and effec-
tively blocked the absorption of proteins to the surface of the complex. Larger Mw
PEG and MPC extended circulation time 5-fold compared to smaller Mw species
(5 kDa). In vivo testing showed that PMPC based systems outperformed all
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others in both gene silencing and tumour cell uptake of dsSRNA compared to lin-
ear and brush PEG. Furthermore, high Mw PMPC blocks outperformed smaller
PMPC blocks, demonstrating the improved stability induced by increasing the
length of the water soluble block. 194

o) OH 0._.0
OH @o/'?
o
® /N\
Linear Brush PHPMA PDMA PMPC
PEG PEG(M)A

Figure 1.19: Common polyplex hydrophilic stabilising blocks utilised for siRNA

delivery.

Another significant barrier to delivery of siRNA is the release from endosome
compartments after cellular uptake. To address this, Convertine et al. produced
polymeric micelle delivery vectors as a new class of siRNA carriers. 195191 The mi-
cellar vector contained a DMAEMA block to condense siRNA, and a second block
comprising of a copolymer of propylacrylic acid (PAA), butyl methacylate (BMA)
and DMAEMA, to form a pH-responsive micellar vector. Upon reduction in pH
in the endosome, the DMAEMA in the second block becomes protonated and
the PAA deprotonates, forming a zwitterionic block. Along with the BMA units,
this interferes with the endosome membrane, aiding release.!'%! This method-
ology resulted in a 66 % increase in mRNA suppression and a 3-fold increase
in siRNA cellular uptake compared to commercially available liposomal-based
delivery systems. 1]

Gary et al. investigated three different vectors (Figure 1.20) for complexing
siRNA with well-defined polymers. siRNA complexation was achieved at a lower
polymer concentration for both the homo and diblock polymers compared to the

triblock. The micellar-based vector also had reduced cellular uptake compared to
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Figure 1.20: Possible routes for siRNA complexation. Reproduced from['#4,

the other delivery systems, including Lipofectamine 2000. However, the micellar
system outperformed the other polymeric systems at gene silencing, due to the
different mechanism of internalisation."®* The micelleplexes accumulated more
effectively, and a greater number were retained in tumour tissues compared to
delivery by the other systems. Gary et al. conclude that this micelleplex-type
carrier architecture is a useful platform for potential theranostic and tumour-
targeting applications.

The three systems outlined for siRNA delivery may be useful for dsRNA
delivery in pest control. With increasing research into therapeutic siRNA de-
livery, the vectors have become increasingly complex, from polydisperse PEI to
well-defined homopolymers to diblocks and triblock micellar complexes. I have
attempted to synthesise diblock copolymers for the complexation of dsRNA, as
homopolymer complexes will become coated and have reduced uptake into the
pest. Furthermore, the micellar-type delivery vectors formed previously were not
investigated, as endosomal escape is not generally considered a limiting factor in
dsRNA delivery in insects. 1]
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1.11 RAFT polymerisation

Reversible addition-fragmentation chain-transfer (RAFT) polymerisation has been
utilised to produce well-defined polymers for the delivery of bioinsecticides, as de-
scribed previously. In this section, I will briefly explain the mechanism of RAFT
polymerisation. For a more detailed explanation of the mechanism and overall

considerations for the use of RAFT polymerisation refer to reviews by Keddie'*!

and Perrier.[199]
RAFT polymerisation is one type of reversible deactivation radical polymeri-
sation that enables the formation of new polymeric materials with narrow molec-

[200]

ular mass distributions and defined architecture. Radical polymerisation en-

ables the use of less stringent conditions than those employed in cationic or anionic

polymerisation, and enables the use of a broader range of functional monomers.

dead polymer dead polymer
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Figure 1.21: Degenerative chain transfer. Reproduced from['%8!,

RAFT polymerisation proceeds through degenerative chain transfer between
active and dormant states (Figure 1.21). This polymerisation is mediated through
the addition of a RAFT agent, which enables partitioning between active and dor-
mant propagating polymer radical states, through a reversible activation/ deac-
tivation equilibrium.%8! This is different from other controlled radical polymeri-
sations techniques and requires a source of radicals to proceed. RAFT agents
contain thiocarbonylthio functionality, which swaps between growing chains dur-
ing the polymerisation process. After polymerisation the RAFT thiocarbonylthio
will form an end group on most polymer chains, allowing for the growth of another
polymer block (Figure 1.22).

The control of polymer chain dispersity and Mw is maintained by the rapidity

of the equilibrium rate compared to polymerisation rate, where k,qssp » k, and
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Figure 1.22: RAFT polymerisation general outcome. Reproduced from %8,

kg » k, (Figure 1.23). This rate difference results in all the chains growing at the
same speed, due to the fact that their activity depends on length, with longer
chains entering a dormant state. RAFT polymerisation does not require much
process development; however, the RAFT agent must be chosen depending on
the target polymer and monomers to be used.

Monomers can be divided into two groups, more-activated monomers (MAMs)
or less-activate monomers (LAMs), depending on how readily they react in a
free radical process. MAMs have a double bond conjugated to the vinyl group,
whereas LAMs have the vinyl bond adjacent to oxygen, nitrogen, halogen, sulfur
lone pairs, or saturated carbons.!'" General guidelines for the selection of both
R and Z groups can be seen in Figure 1.24, with a detailed explanation by Keddie
et ol [198,199,201]

Finally, for controlled diblock formation, consideration must be given to the
first formed block, which should be chosen such that it is a good homolytic leaving
group with respect to that of the second block.[2°0:2°21 The leaving group ability
for each monomer class is as follows: methacrylates ~ methacrylamides » styrenes
~ acrylates ~ acrylamides > N-vinyl heteroaromatics > vinyl amides ~ vinyl
esters. Furthermore, polymers are typically better leaving groups than monomers
of the same class, due to increased steric hindrance. 'l With consideration of all
the factors outlined, RAFT agent selection can be undertaken to produce targeted

diblock copolymers with low polydispersity and well-defined structure.
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1.12 Aims

1.12.1 Delivery of protein/peptide bioinsecticides

As T have discussed, the use of protein/peptide bioinsecticides is currently limited
by the lack of an appropriate delivery method. I aim to develop a vector for the
transport of a protein/peptide species to the main site of uptake into the pest’s
body, the midgut. I investigate the intrinsic changes in pH across D. suzukii’s
gut, and look to exploit these changes to trigger release from pH-responsive mi-

crocapsules.

1.12.2 Delivery of dsRNA bioinsecticides

RNAi, mediated by dsRNA, has the potential to be a powerful new tool in pest
management. The wide-scale implementation of this technique is often limited by
the rapid degradation of dsRNA by extra cellular nucleases and poor gut cellular
uptake.[% Tn order to protect and deliver dsRNA, I aim to produce discrete
diblock copolymers that can complex the dsRNA, protecting it from degradation
and increasing cellular uptake. Furthermore, I look to determine what effect

altering the complexing block length would have on dsRNA complexation.

1.12.3 Development of pest management strategies through
better understanding the pest

Along with the delivery of biopesticides to control D. suzukii, T aim to gain a

better understanding of its locomotor behaviour. Ilook to investigate the effect of

mating status and temperature on the activity, allowing for the determination of

likely geographic dispersal and the production of more efficient control strategies.
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Chapter 2

pH-responsive polymer
microcapsules for targeted delivery
of biomaterials to the midgut of

Drosophila suzuki

2.1 Overview

In this chapter, [ will cover the design and development of a novel delivery method
for protein/peptide biopesticides. This chapter is based on a paper of the same
name that is currently under review at PLOS One. This paper has been expanded
with the inclusion of a section on emulsion stability not included in the submitted
manuscript.

This study has developed a novel method for the encapsulation of large peptide
biopesticides, providing protection of these delicate species upon foliar applica-
tion and upon ingestion. Furthermore, I have engineered these microcapsules to
release their contents upon changes in environmental pH. Specifically, these mi-
crocapsules respond to the intrinsic pH changes across the gut of the economically
important pest, D. suzukii, resulting in the release of the encapsulated cargo, as

exemplified in Figure 2.1.
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Biopesticide loaded
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Figure 2.1: Graphical abstract demonstrating triggered release of biomaterials in
the midgut of adult D. suzukii from loaded pH-responsive microcapsules, induced

by the changes in gut pH.

2.2 Abstract

Drosophila suzukii (or spotted wing Drosophila) is an economically important
pest which can have a devastating impact on soft and stone fruit industries.
This invasive pest targets ripe fruit to lay its eggs, leading to extensive crop
loss in temperate regions across the globe. Biological pesticides are being sought
as alternatives to synthetic chemicals to control this invasive pest, but many
biopesticides are subject to degradation and therefore require protection during
the process of delivering it to the insect. This study identified a sharp change in
pH of the adult midgut from neutral to acidic (pH < 3), which was then exploited
to develop pH-responsive poly(2-vinylpyridine) (P2VP) microcapsules. These
microcapsules were designed to respond to the change in midgut pH through
dissolution of their polymeric shells thus leading to release of their cargo for
uptake into the insect. To encapsulate water-soluble biological species in an
aqueous continuous phase, a multiple emulsion template was used as a precursor
for the synthesis of pH-responsive P2VP microcapsules with a fluorescent (FITC-
dextran) cargo. The water-soluble agent was initially separated from the aqueous
continuous phase by an oil barrier (the 2VP monomer), which was subsequently
polymerised. The P2VP microcapsules were stable at pH > 6 but underwent
rapid dissolution at pH < 4.2. In wvivo studies showed that the natural acidity
of the midgut of D. suzukii also induced the breakdown of the responsive P2VP
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microcapsules to release FITC-dextran which was taken up into the body of the

insect and accumulated in the renal tubules.

2.3 Introduction

The invasive and polyphagous pest, Drosophila suzukii, is native to South East
Asia, but has recently attracted much attention because of its economic impact
on the soft and stone fruit industries in North America, Europe and more recently
South America."™ The economic damage is inflicted by the adult female laying
eggs in ripening fruit by virtue of a well-developed serrated ovipositor that cuts
the fruit skin for egg deposition.[8! Current control strategies rely heavily on chem-
ical pesticides, but their use is limited by the need to avoid chemical residues on
the fruit post-harvest.[203206 Moreover, our current arsenal of insecticides is likely
to shortly no longer be sufficient, due to environmental concerns and the increas-
ing frequency of resistance. As a result, it is important to consider alternatives to
existing synthetic pesticides.?°72%] Biopesticides derived from natural sources
with new modes of action, such as peptide/protein toxins, 424927 peuropep-
tides, (1299211 ingect hormones3212-214 and double-stranded RNA (dsRNA)[Z
have been proposed as alternatives, either individually or as part of an integrated
pest management strategy. Biopesticides have several positive attributes such
as specificity for a target pest,[*? low environmental persistence, ¥ non-toxic
residues to both mammals and arthropods, and easy integration with other plant
protection measures.

Unfortunately, many biopesticides are subject to degradation on storage, field
application 92! and in the insect’s midgut when taken up per o0s.[3$2'% Specifi-
cally, the degradation of protein/peptide biopesticides can occur due to hydrolysis
overtime in storage, degradation due to UV exposure on the crop substrate or
breakdown induced by the proteases produced by the pest. Many biopesticides
are also water soluble and can be easily washed from crop surfaces, resulting in
reduced efficacy.!?'®! For instance, spider venoms contain more than a thousand
peptide toxins, many of which have insecticidal activity. The majority however
are not active per os, due to poor uptake and rapid degradation in the pest’s

digestive tract.?>2%] When these peptides are orally active, a post-translational
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modification often provides increased stability, where after the peptide has been
synthesised within the cell it is modified. Such modifications include the addition
of other moieties such as glycans shielding the active species, or by cross-linking
by disulphide bonds which leads to folding of the peptide/protein increasing re-
sistance to proteases.[3>43:2081 Recently, the instability of ingested biopesticides
and their lack of epithelial penetration have been addressed in several ways, in-

(8

cluding fusion of peptides to plant lectins,®¥ co-delivery with inhibitors to reduce

gut protease activity, [?'72'8] attachment to plant virus coat proteins, 8! develop-

ment of stable mimetic analogues, [33:46:219]

(PEG) polymers. [44,87,211]

With advances in biotechnology, numerous proteins and peptides have also

and conjugation to polyethylene glycol

been developed for therapeutic purposes, such as protein-based vaccines!?®97l and
immunoregulatory peptides. 2202211 Similarly to peptide biopesticides, their short
half-life and poor uptake profile has limited their use. Instead of the fusion ap-
proach, where the actives species is covalently linked to another peptide or protein
to provide increased protection and enhanced delivery of biopesticides, therapeu-
tic proteins tend to be encapsulated in polymer microcapsules or embedded into
nanoparticles or microgels. [94:96:103,220,222-224] Hwever, in this form bioactives do
not remain active as there is a polymeric barrier between the active species and
its target and a release mechanism is therefore required.

Commonly, polymeric carriers are made from two classes of polymers, biodegrad-
able or acid-degradable polymers. The biodegradable polymers are based on
poly(lactic acid) (PLA), poly(lactic acid-glycolic acid) (PLGA) and chitosan,
and are slowly degraded with the assistance of enzymes within the body. [6:220:224]
This degradation typically leads to a slow sustained release profile of the bioa-
gent, over several days. 94220223224 Acid-degradable protein-loaded vehicles tend
to be either microgels or nanoparticles that are cross-linked with an acid-labile ac-
etal /ketal linkage that breaks down in mildly acidic conditions.[*®7] This method
has been successfully implemented to trigger degradation and release within the
acidic phagosomes of antigen-presenting cells, disrupting the phagosomes by an
osmotic pressure mechanism, which releases the loaded cargo.[”®l This mechanism

of release is faster, compared to that achieved with biodegradable polymer based
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vehicles, with 80 % of the loaded protein released after 5 h. However, this re-
lease rate would likely be too slow for good biopesticide efficacy, as the midgut
retention time is typically less than 1 h.[??

In the present study I have developed microcapsules to deliver and protect a
water soluble bioinsecticide into the intestine of adult D. suzukii (Figure 2.1). It is
known that in the related fruit fly D. melanogaster the pH of the intestinal lumen
is mostly alkali apart from a central "stomach" region in the midgut which has a
pH < 4.0 This change in pH might be exploited as an acid trigger to rapidly
release water soluble bioactive compounds such as insecticidal peptides and pro-
tein toxins from pH-responsive microcapsules. A similar acid region is likely also
to occur in the midgut of D. suzukii, which might then be exploited to efficiently

deliver biological insect control agents. I have built on previous work [226:2%7]

using
a water-in-oil-in-water emulsion as a template for the synthesis of pH-responsive
polymer microcapsules. The middle oil-phase in the water-in-oil-in-water emul-
sion precursors consist of a pH-responsive monomer, subsequently polymerised to
produce a shell of low porosity for large molecular weight biopesticides. Using a
fluorescent dextran as a model cargo demonstrated that these microcapsules can
deliver and release their load in the acid region of the adult intestine for improved

uptake into the body of the insect.

2.4 Materials and methods

2.4.1 Insects

D. suzukii (an Italian strain) were maintained on a standard Drosophila diet
(oatmeal, 7.5 %; molasses, 5 %; agar, 8.4 %; yeast, 8.4 %; methyl paraben, 0.35
% in water) at 25 °C in a 12:12 light-dark cycle. Females (5-10 days old) were
used for the experiments apart from the particle ingestion study, which used both

males and females.

2.4.2 Materials

Bromocresol purple, bromophenol blue, Sudan III (> 85 % purity), the hy-
drophilic polymer emulsifier poly(vinyl alcohol) (PVA, > 99 % hydrolysed, 65,000
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Da), FITC-dextran (average Mw 10,000 Da), 2-vinylpyridine (2VP, 97 % purity),
methyl methacrylate (MMA, > 99 % purity), Span 80, Brij 30, alumina and
all buffer chemicals were purchased from (Sigma-Aldrich Company Ltd.) 22-
Azobis(2-methylpropionitrile) (AIBN) was purchased from DuPont Chemicals.
The monomers MMA and 2VP were purified using basic alumina prior to use.

Milli-QQ water was used at all times.

2.4.3 pH profile of the intestine of D. suzukii

pH-sensitive dyes were used to determine the pH environment of the gut lumen
of adult females, via incorporation of the dye into the standard Drosophila diet.
The following dyes were used separately at the concentrations given: 0.5 % (w/w)
bromocresol purple (pKa 6.3) and 0.5 % (w/w) bromophenol blue (pKa 3.8). Flies
were transferred to the dye-containing diet at 7-8 days of adult life. They were
allowed to feed for at least 24 hours before observations were made, allowing for
sufficient dye to be ingested. Observations were made by chilling the flies on ice,
the intestine tissues were removed which contained the pH responsive dye, and
images captured by optical microscopy (Leica EZ4 W). OM images were then
analysed to determine the pH of the gut based on the colour changes of the pH
dye. As the gut pH only remains stable for a few minutes post dissection, optical

micrographs were taken a few seconds after dissection.

2.4.4 Synthesis of solid polymerised methyl methacrylate

(PMMA) particles for ingestion limit determination

A polydisperse range of solid PMMA particles was produced by suspension poly-
merisation. In this process, an oil-in-water emulsion was first produced, where
the dispersed oil phase contained the dissolved initiator and was subsequently
polymerised, yielding solid polymer particles. In a typical synthesis, the oil phase
was comprised of: monomer, MMA (10 ml); a thermal initiator, AIBN (126 mg);
and a lipophilic dye, Sudan III (75 mg). This oil phase was emulsified using a
high-shear mixer, 2 min 15,000 rpm, (Ultra-Turrax, IKA T25) into an aqueous
phase (50 ml) containing a hydrophilic emulsifier, PVA (1.5 g). The emulsion was
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placed in a 250 ml round bottom flask and degassed with nitrogen for 30 min be-
fore polymerisation was undertaken at 70 °C for 4 h while maintaining stirring at
300 rpm. The resulting particles were cleaned to remove any unreacted monomer

by multiple centrifugation and re-dispersion steps, into PVA solution.

2.4.5 Particle Ingestion

Dye containing particles were fed to adult flies of both sexes at an age of 7-8
days. The particle suspension was mixed into standard Drosophila diet, and
the flies were kept on this diet in a plastic petri dish before observations were
made. After two days of feeding, the whole intestine was dissected in water and
images were taken by optical microscopy (Leica M165FC). Excreted material was
analysed by first re-dispersing the faeces deposited on the surface of the petri
dish in a small volume of water. The dispersed particles were then observed by
optical microscopy (Olympus BX51), and the particle diameters of 700 excreted
particles were measured using ImageJ software. This analysis was undertaken
by first thresholding the optical micrographs to clearly define the edges of the
excreted particles, from this the diameters were determined and converted to a

volume % in 1 pym bin intervals.

2.4.6 Synthesis of FITC-dextran loaded microcapsules from

a multiple emulsion template

To encapsulate water-soluble biomaterials in an aqueous continuous phase a
W/O/W multiple emulsion template precursor was used, where the middle oil
phase comprised of a monomer and initiator that could be polymerised to form
a polymer shell. The water-in-oil-water (W/O/W) emulsion was produced via a
two-step process. First, a water-in-oil (W/O) emulsion was prepared as follows.
An aqueous solution of FITC-dextran (4 ml, 7 mg/ml) was injected into an oil
phase composed of monomer (2VP or MMA) (10 ml), Span 80 (0.5 g), Brij 30 (1.1
g) and AIBN (128 mg). The mixture was emulsified using a homogenizer (Ultra-
Turrax, IKA T 25) for 5 min at 15,000 rpm at room temperature, producing
a milky W/O emulsion. The FITC-dextran containing W/O emulsion was then
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added to an aqueous PVA solution (100 ml, 3 wt.% PVA) and homogenised mildly
by inverting the container three times, producing a multiple emulsion. The for-
mation of the multiple emulsion was confirmed by optical microscopy (Olympus
BX51). This emulsion was subsequently polymerised in a 250 ml round-bottom
flask equipped with a magnetic stirrer, reflux condenser and nitrogen inlet system.
After degassing with nitrogen for 30 min, polymerisation was carried out at 70 °C
for 20 h whilst agitating at a speed of 300 rpm, to ensure the maximum amount
of toxic monomer was polymerised. This yielded microcapsules, which were char-
acterised by optical microscopy. The size distribution of the microcapsules was
determined by light scattering (Mastersizer 2000), where ten measurements were
taken and averaged plotted on a semi log scale of size against vol. %. Micro-
capsules were cleaned by dialysis (BioDesignDialysis Tubing, 14,000 Mw, Fisher
Scientific) over a 5-day period to remove unreacted monomer and FITC-dextran
(~ 20 %) from the continuous phase. The pH-responsive microcapsules were
also analysed using a Hitachi SU8230 scanning electron microscope (SEM). The
microcapsules were diluted and deposited on a SEM stub and allowed to air-dry
overnight. The dry microcapsules were then sputter-coated with a 4 nm layer of

platinum before insertion in the SEM chamber, where they were analysed at 2
kV.

2.4.7 Emulsion stability and entrapment efficiency

For the successful formation of responsive microcapsules, the multiple emulsion
precursor must be stable, maintaining structure during the polymerisation pro-
cess. Therefore, he stability of the primary W/O emulsion was monitored via
droplet size (Malvern Zetasizer ZS) analysis as a function of time while visual
observations were made in parallel. To optimise the emulsion stability, I inves-
tigated the effect of surfactant ratio, surfactant concentration, shear type and
water volume fraction on emulsion stability. W/O emulsions were formed as pre-
viously described with the omission of the thermal initiator. Droplet sizes were
monitored by first diluting the emulsion with the appropriate continuous phase

to limit multiple scattering events.
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The entrapment efficiency of two different primary emulsions (containing FITC
dextran as a model species) with differing emulsion stabilities were investigated.
Each of these emulsions had the same composition but used different methods
of shear, producing differing average emulsion droplet diameters. These primary
emulsions were then further emulsified into a multiple emulsion, which could
cream for 24 h in a separating funnel. The lower phase, which contained the
continuous phase was collected and analysed using a 96-well plate (Corning Life
Sciences) and a FLUOstar Omega (BMG LABTECH GmbH) with Aexcitation
at 485 nm and Aemission set at 520 nm to detect the FITC-dextran in the

continuous phase.

2.4.8 pH-dependent release of FITC-dextran from multiple

emulsion templated microcapsules

The equivalent pKa of the synthesised responsive microcapsules was determined
by monitoring light transmission using a UV /VIS spectrometer (Agilent 89090A
UV/VIS, 500 nm) through a microcapsule suspension at varying pHs. Upon
dissolution of the capsules, light transmission through the suspension increases.
Solutions varying in pH from 2.8 to 6 were produced from concentrated HCI.
The microcapsule suspension light transmission was measured by diluting the
microcapsules (50 pl) into each pH solution (2 ml), inverting the samples three
times and measuring the transmission. Data was fitted using OriginPro 9 to a
sigmoidal curve.

To further analyse the in wvitro dissolution of the responsive microcapsules,
continuous video recording was undertaken as the pH of the continuous phase
decreased. On a microscope slide a drop of citric acid was introduced to the side
of a microcapsule sample, gradually decreasing in the surrounding pH. This was
achieved by bringing together two separate coverslips containing the responsive
microcapsule suspension and 1 M citric acid solution, respectively. Microcapsules
were imaged over time as the surrounding pH decreased, and still images from
this video were subsequently reported.

The in vitro release of FITC-dextran from the responsive microcapsules was

determined by fluorescence spectroscopy in different pH environments (pH 3.8
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and 6). W/O/W templated microcapsules (2 ml) were added to solutions of
differing pH (pH 3.8 and 6; 20 ml), where the low pH conditions were produced
using a citric acid buffer. At selected time points, samples (1 ml) were taken and
passed through a 0.22 pm syringe filter to remove any undissolved capsules and
solid material. The filtrate was acidified to pH 1.5 (0.1 ml of 0.1 M HCI added to
0.2 ml of filtrate) to dissolve any remaining polymer. The resulting samples were
analysed using a 96-well plate (Corning Life Sciences) and a FLUOstar Omega
(BMG LABTECH GmbH) with Aexcitation at 485 nm and Aemission set at
520 nm. The collected data was normalised against standard solutions of FITC-
dextran in the relevant buffers, subjected to the same processing steps as above
to filter and acidify.

In vivo release of cargo from the pH-responsive P2VP and non-responsive
PMMA microcapsules was investigated by depositing microcapsules containing
FITC-dextran on to the intact surface of an organic blueberry substrate. Flies
could feed on the microcapsules for 48 h before being immobilised on ice and
dissected in water to reveal the distribution of the ingested FITC-dextran, which
was captured by optical fluorescence microscopy (Leica M165FC). The presence
of microcapsules was investigated in the crop, midgut and in the faeces. Inves-
tigation of the microcapsules in the foregut prior to the pH transition was not

possible due to the short retention time in this tissue.

2.5 Results

I have investigated a novel method for delivery of biomaterials to control the
invasive pest D. suzukii. Initially, the changes in pH of the pest’s intestine that can
be exploited to trigger release. Secondly, the maximum size of particles that the
pest can ingest was investigated. Thirdly, a method to encapsulate a fluorescently
tagged, water soluble model bioagent using a multiple-emulsion template was
investigated. Fourthly, the triggered release from these microcapsules in wvitro
was monitored. Finally, pH-responsive microcapsules were fed to adult D. suzuki

to study their in vivo release properties.
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2.5.1 Identification of an acidic region of the midgut of

adult D. suzuki:

After 24 h feeding on the pH-indicator dyes, the dissected gut showed clear and
reproducible staining. Bromocresol purple (pKa 6.3) staining showed that much
of the foregut and anterior midgut had a pH between 5.2 and 5.8, as demonstrated
by the dark staining (Figure 2.2a). A region of yellow staining (Figure 2.2a) was
observed in the middle of the midgut showing it is acidic, pH < 5.2. The posterior
midgut was stained purple with a pH < 5.8. The inclusion of bromophenol blue
(pKa 3.85) in the diet showed that this central region of the midgut was strongly
acidic with a pH < 3 (Figure 2.2b).

2.5.2 Particle ingestion size limit of adult D. suzukiz

To investigate the maximum particle size that can be ingested by adult D. suzuki
flies, solid PMMA particles containing the red dye (Sudan ITI) were produced via
suspension polymerisation. Due to the random shear method used to produce
these particles, the resulting samples were inherently polydisperse with a size
distribution ranging from 1 to 200 pm (Figure 2.3a and d), which makes them
ideal to determine the size threshold for ingestion. These particles are clearly
visible in the dissected midgut of D. suzukii 48 h after feeding on a diet containing
these particles (Figure 2.3b). However, due to the opacity of the gut tissue,
unfortunately I was unable to accurately measure the particle size in the gut
lumen. I was able to measure the size of the excreted particles in the faeces after
resuspension in water (Figure 2.3c).

There was a dramatic difference in the particle size distribution before inges-
tion and after passage through the intestine (Figure 2.3d). The excreted particles
have an upper size limit of around 15 ym. Particles smaller than 5 yum contained
a small amount of dye and were difficult to detect in the insect’s excrement, as a

result we do not see the full particle distribution.
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, midgut

Acid region

Hindgut

Foregut

Figure 2.2: (a) Generic anatomy of Drosophila adapted from[??®l. The pH changes
of the midgut of adult D. suzukii (7-8 days old) fed for 24 h on standard Drosophila
diet containing either (b) bromocresol purple (0.5 w/w %) or (¢) bromophenol
blue (0.5 w/w %). In (b) purple indicates pH > 5.8 and yellow pH < 5.2. In
(c) yellow, pH < 3 and purple/blue, pH > 4.6. (d) Diagram showing the central
region of the midgut has a pH of less than 3. All scale bars are 200 pm.
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Figure 2.3: The size range of particles ingested by adult D. suzukii. (a) A micro-
graph showing polydisperse suspension of PMMA particles dyed red with Sudan
III ranging in size from ~ 1 - 200 pm. (b) Dissected midgut of D. suzukii coloured
red from ingested dyed particles, opacity of gut hinders particle size determina-
tion. (c¢) Solid polymer particles in the fly excrement. The micrograph shows
polymer particles resuspended from the excrement allowing particle size to be
measured. (d) Comparison of the particle size in the diet and in the excrement
showed that the maximum particle size ingested was ~ 15 pm. Particles ~ 5 um

were below the detection limit.
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Figure 2.4: Multiple emulsion template containing FITC-dextran (10 kDa).(a and
c¢) Bright field images.(c and d) Images captured using the fluorescent microscope.
The water droplets in the oil contain FITC-dextran that is detected in discrete

pockets of fluorescence corresponding to the inner water droplets.

2.5.3 W/O/W templated synthesis of pH-responsive mi-

crocapsules

The preparation of water-core microcapsules through polymerisation of multiple
emulsion templates was achieved using a methodology similar to that of Kim et
al..??! Firstly, a stable multiple emulsion was obtained by using a surfactant
system comprising of a mixture of Brij 30 and Span 80 in the organic phase
(see methods section for further details). Multiple water droplets were incorpo-
rated into the secondary emulsion oil droplets, as observed by optical microscopy
(Figure 2.4a-d). The presence of the inner water droplets was easily determined
by incorporating FITC-dextran into the inner water phase. Indeed, most of the
fluorescent material appears to have been incorporated in the multiple emulsion
inner droplets (Figure 2.4b and d).

Subsequent polymerisation of the multiple emulsion template yielded solid
microcapsules with encapsulated FITC-dextran (Figure 2.5a-d). These microcap-
sules appear to have diffuse fluorescence, compared to the pockets of fluorescence
observed in the original emulsion, indicating that the inner water droplets had
likely coalesced during the polymerisation process. Dialysis was used to remove

non-incorporated FITC-dextran and ensure that the microcapsules used in deliv-
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Figure 2.5: Polymerised multiple emulsion template yielding solid P2VP micro-
capsules (a-d) Optical and fluorescent microscopy of microcapsules formed from
polymerisation of the multiple emulsion template oil phase. (e) Scanning electron
micrograph of the loaded microcapsules (f) Particle size diameter, expressed as
vol. %, of the microcapsules ranging from approximately 2 - 100 um. The smaller
peak around 1 pum is a by-product formed of solid polymer particles containing

no active species.
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ering dextran to the insects was localised only within the microcapsules. SEM
showed that all microcapsules had collapsed under vacuum (Figure 2.5e), proba-
bly because of loss of the internal water during sample preparation. The method
of emulsification produces polydisperse multiple emulsions, and as a result most
of the microcapsules ranged in size from ~ 2 - 100 um as shown in Figure 2.5f.
A small proportion (by volume) had a diameter of less than 1 pm possibly due
to the undesired formation of single oil-in-water emulsion droplets during the

emulsification process.

2.5.4 Emulsion optimisation for efficient encapsulation

Several different variables that contribute to the stability of the multiple emulsion
precursor were investigated. This optimisation was undertaken subsequently to
the production of microcapsules used for in vivo testing. Emulsion stability sig-
nificantly affects the entrapment efficacy within the microcapsules and therefore
an attempt to optimise the stability was undertaken. First the primary emulsion
stability was investigated, through visual observations and light scattering. The
primary emulsion was monitored over a 24 h period at room temperature, to
study the stability of the emulsion during the synthesis process. However, this
does not fully represent the conditions during polymerisation as the increased
temperature and the changing nature of the oil phase will alter the stability of
the emulsion droplets, which was not investigated.

The stability of the primary emulsion was found to vary when changing the
average droplet size, induced by differing the shear type and duration of the
emulsification process. Two different methods were used to create the emulsion,
an Ultra-turrax high shear mixer and an ultrasonic probe.

After emulsification using an Ultra-turrax high speed mixer for 1 or 5 min
both samples are equivalent at t = 0 h; milky and homogeneous. However,
after t = 24 h large amount of settling of the emulsion droplets along with some
phase separation (Figure 2.6a & b) was noticed. Conversely, with the use of
an ultrasonic probe no change in the appearance of the samples after 24 h was
observed (Figure 2.6¢ & d).
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(a) (b) (c) (d)

Figure 2.6: Effect of applied shear in emulsification process on emulsion stability.
Water-in-oil emulsions formed through use of an Ultra turrax high speed mixer
at t =0 h (a) and t = 24 h (b). 1 min emulsification (left) 5 min emulsification
(right). Samples formed from an ultrasonic probe t = 0 h (c¢) and t = 24 h (d),

30 s, 1 min and 2 min emulsification (left to right).

6000 4

4000 4

2000

Z- average diameter (nm)

W@ s WA
1 min Ultra 5minUltra 30 s Sonic 1 min Sonic 2 min Sonic

Shear type

Figure 2.7: Water-in-oil droplet size as a function of time and shear type. Z-

average droplet diameter size (mean+s.e.m; n=30).
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The initial droplet size for emulsions produced using an Ultra-turrax for 1
min had a large average droplet size of 5 um. Shearing the droplet for 5 min
resulted in a reduction in the average droplet size to 3.8 pum, shear times longer
than 5 min did not reduce the droplet size further. After 24 h the droplet size of
the 1 min sample had increased. Conversely, a large reduction in the droplet size
was observed for 5 min shear (Figure 2.7). However, there was a large amount
of coalescence of water droplets observed. During the droplet size measurements,
the sample settles if the emulsion droplets are too large, lowering the average
diameter.

Droplet sizes produced by the ultrasonic probe are substantially smaller (~
300nm) than those produced by Ultra-turrax (Figure 2.7). No significant differ-
ences in the initial droplet sizes were observed when the duration of shear was
altered. After 24 h a small amount of settling was observed in the sample sheared
for 30 s. The droplet size increased over 24 h when the sample was sheared for
30 s indicating coalescence. The droplet sizes for samples sheared greater than

30 s did not significantly increase.

(a)

Figure 2.8: Emulsion stability as a function of surfactant ratio (Span 80:Brij 30)in
oil phase. All samples were produced using an ultra-sonic probe for 1 min and
the total surfactant concentration was 6 vol.% of the oil phase. (a)The initial
emulsion appears milky at t = 0 h. All samples were homogeneous except in the
case of the sample with only Brij 30. (b) After t = 24 h phase separation or

settling can be observed.
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Along with the mechanism of emulsification the influence of the ratio of sur-
factants in the system, at a constant volume fraction (6 vol.%). The surfactant
ratios tested were 6 vol.% Span 80 (6:0); 4 vol.% Span 80 and 2 vol.% Brij 30
(2:1); 3 vol.% Span 80 and 3 vol.% Brij 30 (1:1) ; 2 vol.% Span 80 and 4 vol.%
Brij 30 (1:2); and 6 vol.% Brij 30 (0:6).The primary emulsions were formed by
the use of an ultrasonic probe for 1 min, producing a milky emulsion in each
of the samples. The sample containing only Brij 30 started to phase separated
within minutes of formation ( Figure 2.8a). After 24 h full phase separation of
the oil and water was observed when the surfactant system was comprised fully
of Brij 30. A small amount of phase separation was present in the 6:0 & 2:1
samples. Whereas, the 1:1 and 1:2 samples had settled after 24 h but were easily
resuspended upon gentle inversion. From droplet size analysis the 0:6 sample
produced a large initial average droplet size and varied to a large degree during
the measurement process. Droplet size could not be determined after 24 h as
the sample had fully phase separated. All other samples produced a small initial
average droplet size, between 200 - 300 nm, with a small increase after 24 h in
the droplet size for both the 2:1 and 1:1 samples.

3000

2000

1000

Z- average diameter (nm)

A o

Surfactant ratio (Span:Brij)

01

Figure 2.9: Water droplet diameter as a function of surfactant ratio in the oil
phase. Z-average droplet diameter size (meants.e.m; n=30) at t = 0 h and t
= 24 h. All emulsions were formed by ultrasonic probe for 1 min. The total

surfactant concentration was kept constant at 6 vol.% of the oil phase.
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1:2 Span:Brij surfactant system produced a stable emulsion for 24 h and was
therefore used to determine the minimum surfactant concentration required to
form a stable emulsion. The total surfactant concentration in the oil phases was
varied from 8 to 1.5 vol.%, whilst maintaining the same ratio of surfactants. The
emulsion with 1.5 vol. % surfactant was poorly formed and its droplet diameter
could not be determined. Emulsions containing 3 to 8 vol.% surfactant produced
homogeneous emulsions initially. The emulsion formed with a surfactant con-
centration of 8 vol.% remained unchanged after 24 h with no obvious settling
or phase separation. Emulsions formed with a surfactant concentration of 6, 4.5
and 3 vol.% settled after 24 h (Figure 2.10). Analysis of emulsions formed with 8
vol.% surfactant showed very little increase in the average droplet diameter over
24 h. Conversely, when the surfactant concentration was reduced a large increase

in average droplet diameter was observed (Figure 2.11).

Figure 2.10: Effect of surfactant concentration on emulsion stability. (a) Initial
emulsions formed using an ultrasonic probe for 1 min. At a surfactant concentra-
tion of 1.5 vol.% the emulsion was very unstable. (b) After t = 24 h sedimentation
was observed in all samples except the sample formed with a surfactant concen-

tration of 8 vol.%.

The volume fraction of water in the inner phase was investigated as a possible
route of producing microcapsules with different polymer shell thicknesses. Emul-

sions were formed using an ultrasonic probe to form a small initial emulsion (200
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Figure 2.11: Average emulsion droplet diameter as a function of surfactant con-
centration. Z-average droplet diameter size (mean+s.e.m; n=30) at t = 0 h and t
= 24 h. All emulsions were formed by ultrasonic probe for 1 min. The surfactant

ratio was kept constant at 1:2 Span:Brij.

- 300 nm), at 20 vol.% water a cloudy emulsion was formed, whereas, at lower
water concentrations a translucent solution was formed (Figure 2.12a). After 24
h the 20 vo.% sample had decreased in turbidity but was still opaque; whilst the
lower water volume fractions were translucent (Figure 2.12b).

The initial emulsions (W/O), containing FITC-dextran, was used as the dis-
persed phase in the second stage of emulsification, allowing visualisation of the
emulsion morphology. Localised florescence in multiple emulsions formed with an
inner water volume fraction of 40 and 20 vol.% was observed. Strong background
fluorescence was present in the continuous phase when the volume fraction of the
inner water phase was 20 vol.% (Figure 2.12¢ & d). Oppositely, with the inner
water fraction of 10 vol.% the entrapped material is significantly reduced, and
the continuous phase is bright (Figure 2.12e). No multiple emulsions were formed
when the inner water phases volume fraction was set to 5 vol.%, with only oil
droplets formed.

To investigate the effect of primary emulsion size and stability on microcapsule
loading and entrapment the cargo retention of two samples was investigated.
The two samples were formed with the same chemical composition but with the

method of shear changing, producing a different average droplet diameter. The
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Figure 2.12: Emulsion stability at lower inner water phase volume fraction. Pri-
mary emulsion at t = 0 h (a) and at t = 24 h (b). W/O/W emulsion formed
with an inner water volume fraction of previously shown 40 vol.% (c) along with
reduced water content of 20 vol.% (d) and 10 vol.% (e). Secondary emulsions
formed with 5 vol.% internal water showed no visible FITC-dextran droplets in

the oil droplets.
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Figure 2.13: Entrapment efficiency as a function of shear type and emulsion
stability. Multiple emulsion containing FITC-dextran t — 0 h (a) and t — 24
h (b). Entrapment efficiency as a function of different shear types shown as a

percentage.

samples were then allowed to cream, and the lower portion was extracted and
analysed for presence of FITC-dextran by fluorescence. Both initial multiple
emulsions at t = 0 h are milky yellow in colour, due to the inclusion of FITC-
dextran into the inner water phase (Figure 2.13a). After 24 h the samples had
creamed, and clear differences in the colour of the creamed layer were observed.
The emulsion formed using an Ultra-turrax mixer had a pale creamed layer,
whereas, the emulsion formed using an ultrasonic probe had a yellow creamed
layer (Figure 2.13b). Analyses of FITC-dextran in the continuous phase and
comparison with theoretical values showed that the Ultra-turrax sample contained
~ 60 % of the payload. Whereas, the sample produced using an ultrasonic probe
retained ~ 80 % of the FITC-dextran after 24 h (Figure 2.13c). Note that is
allows for a comparison of different emulsion stabilities but does not correspond

to the true entrapment efficiency of the microcapsules.
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Figure 2.14: pH-dependence of P2VP microcapsule dissolution. (a) Determina-
tion of the apparent pKa of the microcapsules undertaken by monitoring light
transmission (at 500 nm) as a function of pH. Data was fitted to a sigmoidal
curve using OriginPro 9.1 software. (b) Still frames taken at 0, 3, 6 and 12 s from
a video recording showing the effect of reducing pH on the P2VP microcapsules
(see methods section) by introducing citric acid. The reduction in pH leads to

swelling and rapid dissolution of the microcapsules.
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2.5.5 In vitro release study of responsive microcapsules

The release profile of the encapsulated FITC-dextran under different pH condi-
tions was investigated. Initially, the pH required for dissolution of the microcap-
sules was determined by measuring light transmission through the microcapsule
suspension as a function of pH (Figure 2.14a). At pH greater than 4.5, transmis-
sion was low due to light scattering from the microcapsules. At a pH less than
4, a transmission of ~ 85 % was measured, which indicated that the polymer
chains of the microcapsules had become protonated and disentangled, resulting
in dissolution of the microcapsule shell. At intermediate pH between 4 and 4.5, a
sharp change in transmission was observed. A microcapsule apparent ‘pKa’ was
estimated to be 4.2 & 0.1 by fitting a sigmoidal curve to the data in Figure 2.14a,
which is consistent with the pKa previously reported for P2VP polymers of 3.8 -
4.5.1229:230] The inserted images in Figure 2.14a show the appearance of the sam-
ples when microcapsules were added to pH 3 and 6 solutions. At pH 3 the solution
was translucent with little evidence of undissolved microcapsules, in contrast at
pH 6 the suspension became opaque due to light scattering from the microcap-
sules.

To further investigate the microcapsule dissolution, light microscopy was used
to observe and video-record changes in microcapsule morphology over time as
the pH was gradually reduced by the introduction of citric acid at one edge
of the observed sample area (Figure 2.14b). As the acid was introduced onto
the microscope slide, a pH gradient was induced with the the pH decreasing
in the images from left to right over time. The microcapsules underwent an
initial period of swelling followed by full dissolution. After 6 s, around a third
of the microcapsules had disappeared, mostly the smaller ones, while the larger
microcapsules fully dissolved within 15 s.

The release profile of FITC-dextran overtime from the microcapsules as a
function of pH, using in vitro tests simulating the regional pH environments of
D. suzukii’s intestine was investigated. These in vitro tests were undertaken to
determine if triggered release from the microcapsules could be induced by the
changes in the pest’s gut pH. Moreover, it was important to look at both the

release at near neutral pH and at a pH analogous to the pest’s midgut.
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Figure 2.15: In wvitro release of FITC-dextran from responsive microcapsules in
different pH buffers. Microcapsules in a pH 6 environment showed no release over
24 h as the pH was above the pKa of the microcapsules. At the lower pH of 3.8
around 80 % of the encapsulated FITC-dextran was released within the first 5

min. It is assumed that the unaccounted 20 % is lost during the production of

the microcapsules.
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At pH 3.8 the encapsulated FITC-dextran (80 % of the total dextran incorpo-
rated within the inner emulsion template water phase) is released within the first
5 min (Figure 2.15). An earlier observation was not possible because of the time
required to separate the continuous phase from the microcapsules, after 5 min
there was no significant additional release. It is believed that the remaining 20
% FITC-dextran was lost during the formation of the microcapsules, and during
dialysis used to remove unreacted monomer. At pH 6, which is above the pKa
of the polymer, FITC-dextran was not released from the microcapsules over the
same period. Release induced by low pH (less than 3) but not at neutral pH was

further investigated in vivo, using the natural pH changes in the pest’s intestine.

2.5.6 In vivo release

Triggered release of FITC-dextran from pH-responsive microcapsules could be in-
duced in vitro at a pH of 3.8, with no release at a pH of 6. The triggered release
of FITC-dextran was investigated in vivo from pH-responsive P2VP microcap-
sules and non-responsive PMMA microcapsules. The inclusion of non-responsive
PMMA microcapsules acted as a negative control to determine if release was
induced by another factor.

Insects were first fed control non-responsive PMMA fluorescent microcapsules.
They were found to have intact microcapsules in the crop, midgut and the faeces
(Figure 2.16a-c). In contrast, intact microcapsules were only found in the crop of
flies fed with the pH-responsive P2VP microcapsules (Figure 2.16d). Fluorescence
was seen in the midgut and in the excrement of these flies, but this was diffuse
and clearly not contained in microcapsules (Figure 2.16e and f). Fluorescence was
also present in the haemolymph, that was released into the bathing solution used
during dissection of the tissues (Figure 2.16f), showing that the FITC-dextran had
been taken across the gut wall into the haemocoel of the P2VP microcapsule fed
flies. The excretory Malpighian tubules from flies fed the control microcapsules
(Figure 2.16¢) appeared dull with limited background fluorescence, whereas per
os delivery of P2VP microcapsules led to bright fluorescence accumulating in the
tubules (Figure 2.16f) indicating the removal and concentration of FITC-dextran

from the haemolymph.
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Em cxcrement

Figure 2.16: In wvivo release of FITC-dextran from pH-responsive P2VP (d-f),
but not from control non-responsive PMMA (a-c) microcapsules fed to adult D.
suzukii. Intact fluorescent PMMA microcapsules in the crop (a), excrement (b)
and the lumen of the midgut (¢). Intact pH-responsive P2VP microcapsules in the
crop (d), but none in the excrement (e) and midgut (f). Dispersed fluorescence
in the posterior midgut shows that the P2VP microcapsules have released their
contents. Fluorescence was also seen in the haemolymph released from the body
during dissection. Strong fluorescence accumulated in the Malpighian tubules
demonstrating uptake of FITC-dextran from the haemolymph. All scale bars 200

pwm.
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2.6 Discussion

The aim of this work was to develop microcapsules suitable for the protection
and delivery of water soluble biological control molecules to the gut of the fruit
pest D. suzukii. To achieve a multiple-emulsion templated synthesis was used to
encapsulate a model biological species (FITC-dextran) in pH-responsive micro-
capsules. The gut of adult D. suzukii is divided into three distinct regions: the
foregut, the midgut and the hindgut. The pH of the foregut and initial sections
of the midgut were above or equal to pH 5.8 and this was followed by a reduction
in pH to < 3 in the central or ‘stomach’ section of the midgut. These changes
in pH are very similar to those reported for D. melanogaster, a phylogenetically
close relation and model species. 1492311 Thig sharp reduction in pH was exploited
for a triggered release of cargo from the pH-responsive microcapsules at the main
site of nutrient uptake by the insect.[197:232:2331 To form these triggerable micro-
capsules, the pH-responsive monomer 2VP was chosen to be polymerised into
the microcapsule shell as the pKa of non-crosslinked linear P2VP chains is in the
region of 3.8 - 4.7, depending on chain length.?*" In acidic conditions (pH < 3.8),
it is expected that the protonation of the tertiary amines on the polymer chains
would lead to dissolution of the entangled linear polymer chains and dissociation
of the microcapsule shells, thus enabling full release of the contents. 22l

Before developing pH-responsive microcapsules, it was necessary to under-
stand what microcapsule size could be ingested by the insects. Indeed, micro-
capsules used for the oral delivery of biopesticides should be below the size limit
for particle ingestion, which can differ greatly between species. For example, the
Mediterranean fruit fly Ceratitis capitata filters food through modified mouth-
parts which results in only particles of less than 0.5 um diameter being readily
ingested and passed into the intestine.!'™ In contrast the decorous black fly
Simulium decorum, which is of a similar body size, can ingest much larger par-
ticles up to a maximum of 400 pm.?3" Therefore, it was initially necessary to
determine the size limit for ingested particles for the adult D. suzukii to ensure
that the microcapsules were designed for the appropriate size range. Our results

showed that particles larger than 15 pum are unlikely to be ingested.
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The method used to produce pH-responsive microcapsules utilised uncon-
trolled shear to produce both the initial and secondary emulsions and as a result
the microcapsules produced were polydisperse in the size range 2 - 100 ym with a
secondary peak evident at 0.5 - 2 um, which is likely the result of nucleation and
limited growth of solid P2VP particles. Indeed, during the secondary emulsion
step, inevitably a small quantity of oil-in-water emulsion droplets (not containing
any inner water droplets) form along with the targeted multiple emulsion droplets.
The quantity of this by-product is small and as a result did not interfere with our
investigations. Only a portion of the microcapsules produced were smaller than
15 pum, and therefore further product development is desirable. More controlled
emulsification techniques, such as membrane emulsification, which would decrease
the multiple emulsion template size and polydispersity.[?**l However, a sufficient
proportion of our developed microcapsules could be ingested by the insects.

It is important for successful delivery of biopesticides that we can efficiently
encapsulate the material limiting waste, especially considering the current high
costs of bioinsecticides. One factor controlling the efficiency of encapsulation is
the stability of the emulsion template. A stable emulsion precursor allows for
the cargo to be retained in the inner water phase during the synthesis of the
microcapsules. Several different variables that impact emulsion stability were
investigated with the emulsion droplet size monitored over time.

Initially, the effect of shear on emulsion stability was investigated and it was
found that the smaller emulsion droplet size provided by the high shear of an
ultrasonic probe produces a more stable water-in-oil emulsion, compared to that
formed by a high-speed mixer, under consistent physio/chemical conditions. This
smaller emulsion has a higher stability for several reasons, small emulsion droplets
are less likely to settle over time which reduces the rate of coalescence (a result
of fewer contacts between drops) increasing emulsion stability. Moreover, the
distribution of droplet sizes produced by an ultrasonic probe is narrower and as a

236 Microcapsules produced for investigating

result Ostwald ripening is reduced. |
release in vitro and in vivo used the less stable larger emulsion droplets. Future
work will use smaller diameter droplet primary emulsions that had a greater

entrapment efficacy.
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The stability of the primary emulsion is a function of the characteristics of the
surfactant system used. Both long and short chain surfactants (Span 80 and Brij
30 respectively) were used to stabilise the emulsion. To gain an understanding of
how the ratio of these surfactants and therefore the hydrophilic-lipophilic balance
(HLB) affected primary emulsion stability, the surfactant system was varied at
a constant total surfactant concentration allowing for the determination of the
optimum combination. These surfactants were selected as typically they can be
used to form stable water-in-oil emulsions with HL.B values of 4.3 and 9.7 allowing
through combination to cover a wide range of the typical optimum range for W/O
emulsions (3-7).[27:238] When the surfactant system was comprised fully of Brij
30 rapid phase separation was observed. This poor stability was expected as the
HLB value for Brij 30 was higher than the typical range required for stabilising
a W/O emulsion.

With the addition of a long chain surfactant the HLB reduces to 7.8 (1:2 s
Span 80:Brij 30) and a stable emulsion is formed. Surprisingly, this is not within
the typical HLB range required for stabilising W/O emulsions (3-7), however,
the 2VP oil phase is comprised of a more polar oil than is typically studied.
Increasing the lipophilicity of the surfactant system (by increasing the ratio of
long chain surfactant compared to short chain) destabilised the system leading
to phase separation.

The surfactant system is critical for emulsion stability, with excess surfactant
having a detrimental effect on entrapment of an active species. Excess surfactant
in the system can lead to loss of entrapment via reverse micellar transport, where
reverse surfactant micelles can actively transport the hydrophilic cargo across the
oil phase into the continuous phase. To minimise the transportation of the active
through the oil phase the critical surfactant concentration needed to form a stable
emulsion was investigated. Moreover, reducing the surfactant concentration to the
minimum decreases the cost of the production of the microcapsules and enhances
stability by minimising depletion flocculation effects. For each of the different
surfactant concentrations tested a constant surfactant ratio of Span:Brij of 1:2
was maintained. Surfactant concentrations of less than 6 vol.% are unstable over
24 h with settling and coalescence, leading to an increase in droplet size. On the

other hand, at a surfactant concentration of 8 vol.% a stable emulsion is formed
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with little change to the emulsion droplet size over 24 h. However, this large
surfactant concentration may lead to reverse micellar transport of the cargo. The
microcapsules initially produced had a surfactant concentration of 6 % and formed
microcapsules with a large amount of material encapsulated, this shows that poor
emulsion stability over 24 h does not necessarily lead to poor entrapment. Indeed,
the initiation of polymerisation of the W/O/W multiple emulsion will alter the
oil phase with rapid polymer chain growth leading to hindered diffusion.

Along with the emulsion stability of the microcapsules the volume fraction
of the inner water phase was varied, altering the thickness of the polymer shells.
Increasing the thickness of the polymer shell decreases the diffusion rate through it
helping retain contents with in the microcapsules. However, due to the relatively
high-water solubility of the 2VP monomer, the lower volume fraction of the inner
water content led to poor entrapment as it became solubilised. Moreover, with
the reduction in inner water volume fraction the osmotic pressure which may
disrupt the multiple emulsion template.

The effect primary emulsion stability had on the entrapment of FITC-dextran
over 24 h was investigated, to determine if a stable primary emulsion could in-
crease entrapment efficiency. Two different primary emulsions were selected with
the same chemical composition but prepared using two different methods. Over
24 h there was a link between primary emulsion stability and the retention of
an active species within the multiple emulsion. Although I have investigated ex-
tensively the stability of the initial emulsion there are many other factors that
lead to the breakdown of multiple emulsion (such as coalescence of oil droplets,
expulsion of the internal droplets or by passage of water through the oil phase by
diffusion) which will affect cargo retention prior to polymerisation. 23]

In order to demonstrate the potential of our microcapsules to carry and deliver
water-soluble bioagents to the insect gut, FITC-dextran (10 kDa) was used as a
model biological encapsulate of a similar size to known venom derived insecticidal
proteins. ?6l Multiple emulsion templated synthesis lead to encapsulation of the
water soluble dextran within the inner core of the microcapsules, in a water
continuous phase. The use of a W/O/W multiple emulsion template allows for
the encapsulation of over 80 % of the dextran within the polymer microcapsule in

this case. The remaining 20 % of the dextran was lost during the formation of the
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multiple emulsion template into the continuous phase, which could be recycled
to prevent waste in an industrial process.

To investigate the physical response of the microcapsules to changes in pH,
a series of in witro and n vivo experiments were conducted. The microcapsules
dissolve in a suspension upon a reduction in pH with an estimated pKa of 4.2,
which is consistent with literature values for the pKa of P2VP.[229:230]

To further investigate microcapsule dissolution at low pH, the microcapsules
were observed using an optical microscope as they were introduced to a low
pH environment. Swelling and subsequent dissolution of the microcapsules was
observed as the pH of the continuous phase around the microcapsules decreased to
< 4.2. Dissolution of the microcapsules is a favourable mechanism for the release
of large molecules, compared to diffusion through a swollen shell due to (a) a more
rapid release with dissolution and (b) reduced adsorption of the active onto or
within the polymer shell. As a result, it is important to consider the composition
of the oil phase. The polymer was designed not to be cross-linked (which increases
the microcapsules physical strength), where upon a reduction in pH the polymer
chains become fully solubilised. In vitro experiments also showed at pH 3.8 (below
the pKa for the polymer), that full dissolution of the microcapsules occurred.
Conversely, at pH 6, no release of FITC-dextran was observed over the course of
the experiment, establishing that the dextran molecules were retained within the
microcapsules at a pH above their pKa. Optical microscopic observations made
in parallel showed no visible changes in the microcapsules at pH 6.

Further investigation was undertaken to determine if the in vitro release could
be replicated in vivo, elicited by the intrinsic changes in the gut pH of D. suzuki.
A per os study investigation was undertaken that compared the release of FITC-
dextran from responsive P2VP microcapsules and non-responsive PMMA control
microcapsules in the insect gut. The inclusion of non-responsive control micro-
capsules in our study showed that the release of fluorescence was not triggered by
factors other than the gut pH, such as rupture by the mouthparts of the pest. In
both cases, discrete microcapsules were observed in the crop of D. suzukii flies,
showing that they were not broken by the mouthparts. Note that the food stored
in the crop had not yet reached the acidic midgut, thus both the responsive and
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non-responsive microcapsules remained intact in this part of the insect. Dissec-
tion of the intestine was undertaken to avoid damaging the tissue so that any
fluorescence seen in the haemolymph and renal tubules must have been actively
taken up from the gut lumen. Control non-responsive PMMA microcapsules
were easily identified in the lumen of the acidic midgut, demonstrating that they
remain unaltered by the reduction in pH. In contrast, a band of soluble non-
encapsulated fluorescence was observed in the midgut of the insect when fed the
responsive P2VP microcapsules, indicating that the microcapsule contents had
been released. Moreover, the renal (Malpighian) tubules were brightly fluores-
cent, in the case of the P2VP pH-responsive microcapsules, thus showing that
the FITC-dextran had crossed the gut wall and transferred to the haemolymph
before being excreted via the tubules. All these observations confirmed that the
responsive microcapsules successfully dissolved in the midgut and released the
FITC-dextran, which subsequently was taken up into the fly’s body in a man-
ner typical to other foods. Finally, comparison of the excrement showed striking
differences between flies that were fed the control and responsive microcapsules,
respectively. Control non-responsive PMMA microcapsules were seen clearly in
the excrement and appear to be unaltered by the digestive juices of D. suzuki.
In contrast, there were no intact pH-responsive P2VP microcapsules in the ex-
crement. Instead fluorescence was seen evenly distributed throughout the faeces,
confirming that they had been degraded during passage through the intestine

releasing their soluble FITC-dextran cargo.

2.7 Conclusion

This study has developed and tested pH-responsive microcapsules suitable for
the protection and delivery of water-soluble biopesticides. I have exploited the
sharp change in pH from neutral to acid that occurs in the midgut of adult D.
suzukii to trigger the release of a cargo in a region of the intestine critical for
nutrient adsorption.!197:232:233] Thege microcapsules offer a smart technology to
deliver water soluble control agents such as peptide hormones and peptide toxins

that are normally unstable to the spotted wing drosophila, D. suzukii.

38



Chapter 3

Double-stranded RNA
complexation with well-defined
block copolymers for enhanced
stability and uptake for use in pest

control

3.1 Overview

This chapter will discuss a new method for protection and delivery of dsRNA
as a bioinsecticide. The data presented here is taken from a manuscript due to
be submitted to Biomacromolecules, titled Double-stranded RNA complexation
with well-defined block copolymers, enhancing stability and uptake for use in pest
control. Data from the supplementary and data not presented in the manuscript
have been added to form this chapter.

This study details the synthesis of diblock copolymers which are used to com-
plex dsRNA, protecting it from extracellular nucleases and enabling uptake (Fig-
ure 3.1). Diblock copolymers were designed to contain a complexing and water-
soluble stabilising block and were synthesised using RAFT polymerisation. The
effect of complexing diblock length and the effect of the charge ratio on dsRNA

condensation was investigated. The lead diblock copolymer was then tested in
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vivo with phenotypic observations of naked and complexed dsRNA in D. suzukii

and a close relation but non-target species D. melanogaster.

Cationic complexing

block Water soluble o

stabilising block #

o Q) Fragile anionic e
- - dsRNA d

Figure 3.1: dsRNA delivery abstract demonstrating the complexation of dsRNA,
protecting it from degradation and enabling uptake. Diblock copolymers were
synthesised containing a water soluble stabilising block and a cationic complex-
ing block. This cationic block can complex the anionic dsSRNA to from a polyplex
(dsRNA:polymer complex). This complexation retards the degradation of dsRNA
by extra cellular nucleases in the insect’s gut. Furthermore, through charge can-

celling increased cellular uptake is induced into the gut cells.

3.2 Abstract

Safer alternatives to chemical pesticides are in great demand due to increased
insect resistance to synthetic insecticides and the growing concern of their eco-
toxicity. Biological alternatives such as double-stranded RNA (dsRNA) have the
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potential to be used as a safe replacement because they can be used to target
specific species without damaging beneficial insect populations. However, their
use is hindered by their rapid degradation and poor uptake profile within an in-
sect pest’s body. For dsRNA-based solutions to be developed, there is a need to
protect it during transport to the target species and to simultaneously facilitate
delivery to the insects. For these purposes, the anionic nucleic acid can be com-
plexed with a copolymer to prevent degradation and to enhance dsRNA uptake
when ingested by the insects. In this study I have produced well-defined poly-
hydroxypropylacrylamide -block- poly2(dimethylamino) ethyl methacrylate (PH-
PMA -b- PDMAEMA) diblock copolymers using RAFT polymerisation, where
the PDMAEMA block was subsequently quaternised thus, enabling complexation
with the negative dsSRNA. Here the water soluble PHPMA block acts as a steric
stabiliser for the complexes formed. I have shown that varying the length of the
complexing block, allows for the control of the dsRNA-polymer complex particle
size and that varying the size of the complexing polymer block alters the com-
plexation rate. Through in vivo testing I have shown that the dsRNA complexed
outperformed naked dsRNA, where the naked dsRNA had no statistical impact
on pest survival, while the complexed version had a 75 % increase in pest mortal-
ity. Furthermore, I have demonstrated that this method can specifically target
one species, with no detrimental effects observed when the complexed dsRNA

was fed to a close non-pest relation.

3.3 Introduction

As a result of the world’s population expanding at an ever-increasing rate, there
is a need for increased food production.[??l Crop protection strategies are one
vital part of sustaining the necessary increase in food production and it is esti-
mated that without the use of chemical pesticides global food production would
be reduced by 35 - 40 %, leading to an increase in food costs and security.[2:!]
However, our arsenal of effective insecticides is diminishing due to increasing
pesticide resistance in insect species far exceeding the current rate of new pesti-
cide discovery.[?*?] Furthermore, the environmental impact chemical insecticides

have on beneficial insects such as honeybees!! along with toxicity to mammals
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including humans is of great concern.[3%?%0 Alternatives to chemical insecticides
are thus in great demand, with the use of biological-based pesticides, which have
increased selectivity and lower environmental toxicity in particular, hold great
promise in providing a potential solution for this paramount challenge.

RNA interference (RNAi) is one such biopesticide alternative that has long
been established as a powerful tool for reverse genetics through specific knock-
down of genes in insects and observations of the phenotypic response. [3%,241-243]
RNAi typically involves specific mRNA cleavage that prevents protein expres-
sion in the targeted species. By targeting a specific protein that is vital to the
insect’s survival, it is possible to induce sufficient knockdown for insect death,
which can be used to control the pest species population. Recently, the use of
double-stranded RNA (dsRNA) mediated gene silencing has been explored for its
potential as a new class of bioinsecticides. ?>197] Varying success has been achieved
through the oral application of ‘naked’ dsRNA, where RNAi is only induced in
a handful of species. Furthermore, large differences in the efficiency of the use of
dsRNA has been observed between oral application and injection, where a species
may have a strong RNAi response by injection but a weak response upon feeding.
The poor efficiency encountered with feeding naked dsRNA has been attributed
to two main factors: a) rapid degradation of the dsRNA in the gut of the pest due
to the presence of extracellular nucleases*** and b) poor penetration into the gut
cells from the pest’s intestine, due to repulsive electrostatic interactions.[?® It is
believed, however, that the main barrier to successful RNAI is the rapid degrada-
tion of the ingested nucleic acid. dsRNA degradation occurs upon ingestion into
the intestine of pest species where specific RNase nucleases target and rapidly
degrade the nucleic acid.[63197]

To combat the rapid degradation and poor gut cellular transfection of naked
dsRNA in insect pests a protection and delivery mechanism may be used. Typ-
ically, cationic liposomes are used for increased transfection of dsRNA in many
laboratories investigating different RNAi gene targets in pest species. 212 Syn-
thetic and natural cationic homopolymers have recently been investigated for
the complexation of dsRNA for enhanced protection and uptake for pest con-
trol. [196:161.245] The delivery of RNA has been extensively researched in the field

of therapeutics where similar barriers to use are found. It is prudent, therefore,
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to investigate these systems to gain a better understanding of what may be used
to deliver dsRNA in pest control.

RNAI has been effectively used in therapeutics as a method for treating dis-
eases arising from genetic defects, degenerative or viral sources. Short-interfering
RNA (siRNA) is used in therapeutics as its shorter sequence produces fewer off
target effects and does not invoke and immune response but it has a reduced
stability as compared to the larger dsRNA used for pest. dsRNA, a precursor to
siRNA, is indeed chosen as a biopesticide due to its increased stability compared
to siRNA. Similarly to agrochemical use, degradation by endogenous enzymes
and poor cellular uptake have hindered the implementation of RNAi in therapeu-
tics. Therefore, the development of efficient delivery methods is a key challenge
to enable siRNA protection and delivery to the cytoplasm of targeted cells within
the patient.

A wide range of both viral and non-viral carriers have been produced to ef-
ficiently protect siRNA from degradation in the bloodstream and to deliver it

[246247] T am interested in implement-

to a specific target tissue of the patient.
ing similar systems utilised for therapeutics in a new field of pest control. Of
particular interest is the stabilisation of RNA via condensation with cationic
homopolymers, producing polyplexes/ interpolyelectrolyte complexes (IPECs),
where degradation is significantly reduced. However, these cationic polyplexes
tend to be polydisperse in size and often become bound to negative proteins in
serum and are easily excreted, reducing the RNAI effect. 1841882461 The addition
of hydrophilic surface groups enables the control of polyplex size, due to steric
stabilisation reducing the aggregation. Moreover, the addition of the hydrophilic
surface groups on the polyplexes aids in the water solubility of the complexes,
increasing retention time within the body increasing the uptake profile.'" Due
to the screening of the polyplex charge and stabilising corona upon the addition
of a hydrophilic group prevents protein aggregation to the surface is reduced in
serum. 194

In this work, T design copolymers that are capable of complexing with the
larger dsRNA to prevent degradation and enable delivery to the gut cells of an
economically significant invasive pest, Drosophila suzukii. Here, I have used re-

versible addition-fragmentation chain transfer (RAFT) polymerisation to produce
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well- defined diblock copolymers, which consist of a polyhydroxypropylacrylamide
(PHPMA) block and a poly|2-(dimethylamino)|ethyl methacrylate (PDMAEMA)
block. The PHPMA block, commonly used in therapeutics, provides solubility
in water and steric stabilisation for the formed complexes.!!3919U [ have investi-
gated the effects of varying the length of the complexing block on complexation
efficiency. I have also investigated the effect of charge ratio on complexation by
varying the nitrogen to phosphorus ratio (N/P) for each of the diblocks. Finally,
the ability of the diblock copolymer/dsRNA complex to deliver the biopesticide to
the targeted species was investigated through in vivo studies, where I determined

the increased population control efficacy of the dsSRNA when complexed.

3.4 Materials and method

3.4.1 Materials

Amino-2-propanol (93 %), 4,4-azobis(4-cyanovaleric acid) (ACVA, > 75 %),
methacryloyl chloride (> 97.0 %), anhydrous dichloromethane (> 99.8 %), 2-
(dimethylamino)ethyl methacrylate (98 %), Isopropyl alcohol (IPA, > 98 %),
iodomethane (99.5 %), tetrahydrofuran (> 99.9 %), agarose powder, Tris (hy-
droxymethyl) aminomethane (Tris, > 99.8 %), ethylenediaminetetraacetic acid
(EDTA, > 99 %), dimethylformamide (DMF,> 99.8 %), sodium chloride (NaCl,
> 99 %) and acetic acid (> 99.5 %) were all purchased from Sigma Aldrich.
2-(2-Cyanoprop-2-yl)-S-dodecyltrithiocarbonate (CPDT, > 98 %) was purchased
from Strem chemicals. Ethidium bromide was purchased form Fischer Scientific.
Gel red was purchased from Biotium. dsRNA ladder was purchased from New
England Biolabs. dsRNA targeting the vha26 subunit of the vATPase proton
pump was synthesised by agroRNA (4.68 pug/ul), sequence specific to D. suzukii

as previously reported. 6]

3.4.2 Insects

D. suzukii (an ITtalian strain) were maintained on a standard Drosophila diet

(oatmeal, 7.5 %; molasses, 5 %; agar, 8.4 %; yeast, 8.4 %; methyl paraben, 0.35
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% in water) at 25 °C in a 12:12 light-dark cycle. Mated Females and Males (5-10

days old) were used for in vivo testing.

3.4.3 Synthesis of PHPMA-b-PQDMAEMA for complexa-
tion with dsRNA

Diblock polymers of PHPMA--PQDMAEMA were synthesised by first produc-
ing a macroRAFT agent of PHPMA and subsequently adding a second block of
PDMAEMA of various number of units. This diblock was then selectively quater-
nised to produce PHPMA-)-PQDMAEMA with varying lengths of complexing
block (Scheme 3.1).
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Scheme 3.1: Synthesis route for PHPMA-b-PDMAEMA by RAFT polymerisation
and subsequent quaternisation.Forming PHPMA-6-PQDMAEMA with varying

complexing block degrees of polymerisation.
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Synthesis of PHPMA Macro RAFT (Compound 2)

Hydroxypropylmethacrylamide (Compound 1) was prepared as has been previ-
ously reported ('H- NMR Figure A.1).1248] Kinetic studies were undertaken prior
to the large-scale synthesis of Compound 2 to determine the likelihood of forma-
tion of dead polymer chains which limits the second chain extension step. 0.1
ml samples were taken every 30 min and quenched in DMF, each sample was
analysed by SEC-GPC and 'H-NMR relating the loss of vinyl peaks to calculate
conversion.

In a typical synthesis the water soluble HPMA monomer (20 g, 140 mmol) was
dissolved in 50 ml of IPA. CPDT (0.48 g, 1.39 mmol) RAFT agent was dissolved
into the solution along with a thermal initiator ACVA (0.078 g, 0.28 mmol).
The reaction mixture was degassed using Ny for 30 min and subsequently heated
to 70 °C for 2 h. The reaction was quenched by exposure to air and dilution
into Milli-Q water and subsequently dialysed to remove unreacted monomer and
impurities (< 3,500 Mw). The purified solution was freeze dried to yield the
PHPMA macroRAFT agent (Compound 2).

Synthesis of PHPMA-b-PDMAEMA (Compound 3)

PHPMA macroRAFT agent (Compound 2, 2 g, 0.252 mmol) was dissolved in
9.5 ml IPA and to this solution ACVA was then added (0.0141 g, 0.0504 mol).
DMAEMA was added at varying concentrations, depending on the targeted De-
gree of polymerisation (Dp; Dp = 125, 4.75 g, 30.24 mmol. Dp = 500, 19.812
g, 126 mmol. Dp = 1000, 39.6 g, 252 mmol). The solution was then acidified
through dropwise addition of concentrated 37 % HCI to pH 5.5. The solution
was degassed using Ny for 30 min and subsequently heated to 70 °C for 24 h to
yield Compound 3. The conversion of DMAEMA was monitored by H- NMR
by observing the loss of the vinyl peaks and through comparison of the PHPMA
macro to the PDMAEMA that was grown off it.

pH-titrations of PHPMA-b-PDMAEMA diblocks

pH-titrations of each of the diblock was undertaken by dissolving them in 1M HCl
at 2 wt.%. The pH was monitored while adding either 0.1 or 0.01 M NaOH in 10
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- 100 pl increments. The resulting data was plotted as moles of NaOH added vs
pH. Differentiation of this allowed for the accurate determination of the points of

inflection.

Quaternisation of PHPMA-b-PDMAEMA

PHPMA;3-0-PDMAEMA,, (1 g, 1 equivalent, n = 120, 0.037 mmol. n = 475,
0.0121 mmol. n = 950, 0.00636 mmol) was dissolved in 40 ml THF, forming
reverse micelles (observed by DLS). Iodomethane was added at varying concen-
trations depending on DMAEMA block length (2 equivalent per DMAEMA unit.
n — 120, 1.27 g, 8.96 mmol. n — 475, 1.63 g 11.49 mmol. n — 950, 1.715 g, 12.08
mmol) and the resulting reaction mixture was stirred at room temperature for
4 h. The product was purified through multiple centrifugation and resuspension
in pure THF followed by removal of residual THF by vacuum drying, yielding a

brown solid.

Polymer characterisation

All polymers were analysed by gel permeation chromatography (GPC) to deter-
mine molecular weight and polydispersity. The eluent was DMF with LiBr (0.1
mol), and a flow rate of 1.0 ml/min was used. The sample was diluted to 0.5
mg/ml in DMF and filtered through 0.22 pm syringe filters (Sartorius Minisart
RC, hydrophilic). 100 ul of sample was injected into the GPC system for anal-
ysis. The molecular weights were calibrated against poly(methyl methacrylate)
standards.

'H NMR spectrum of block copolymers was obtained by a Bruker 500 MHz
NMR spectrometer. Chemical shifts for 'H NMR spectra were reported relative
to (2,2-dimethyl-2-silapentane- 5-sulfonate sodium salt) (DSS, § 0.015 ppm) were

MeOD was used as the solvent.

3.4.4 Agarose gel electrophoresis assay

The complexation of dSRNA with charged diblocks was determined by 2 % agarose
gel electrophoresis. Known amounts of the synthesised block copolymers were

dissolved in 1x TAE buffer and mixed with 1 pug dsRNA, yielding various charge
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ratios based on number of nitrogen atoms of the polymer to phosphorus atoms
of the dsRNA (N/P; 17 pl). The complexed dsRNA was left to incubate at room
temperature for 48 h to ensure the complexation had completed. 3 ul of a gel
loading dye which increases the solution density and makes the sample sink into
the well was added to each polyplex solution, and 5 ul of the resulting polyplex
solution was loaded on a 2 % gel containing 1 pg/ml of gelRed (intercalating
dye that enables visualisation of nucleic acid). The samples were run against Mw
standards in the form of a dSRNA ladder (2 ul). The samples were electrophoresed
in 1x TAE buffer at 100 V for 30 min. The dsRNA bands were then visualized
under a UV transilluminator at a wavelength of 365 nm and compared against
dsRNA Mw standards.

3.4.5 Ethidium bromide exclusion assay

A standard ethidium bromide exclusion assay was used to determine the complex-
ation of PHPMA-b-PQDMAEMA with dsRNA.I7! 1 pg of dsSRNA and desired
amounts of the polymer (to vary N /P ratios) in 99 pl of 1x TAE buffer were incu-
bated at room temperature for 1 or 48 h to allow complexation. 1 ul of ethidium
bromide (1 mg/ml) was added to the solution. The samples were analysed us-
ing a FLUOstar Omega (BMG LABTECH GmbH) with Aex set at 320 nm and
Aem set at 600 nm. The fluorescence was normalised against samples of dsRNA
and ethidium bromide with no polymer present, with no fluorescence observed in

polymer only samples.

3.4.6 Transmission electron microscopy and energy-dispersive

X-ray spectroscopy

Samples were prepared in a similar manner to the agarose gel electrophoresis
samples, where the N/P ratio of 50 was chosen for all diblocks. A 2 ul aliquot
of the sample was deposited onto a carbon-coated copper TEM grid and air
dried for 2 min at room temperature. Grids were then negatively stained with
uranyl acetate. Micrographs were acquired using a FEI Tecnai TF20 instrument
operated at 200 kV. Energy-dispersive X-ray spectroscopy was undertaken on the

polyplexes and compared to areas of the grids with no polyplexes present.
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3.4.7 Polyplex charge determination

The electrophoretic mobility of the polyplexes with varying N/P ratios was mea-
sured using a Malvern Zetasizer ZS. Where solutions were made following the
same procedure as for agarose gel electrophoresis in 1x TAE buffer (dielectric

constant 77.876 & dynamic viscosity 0.981 mPas).24]

3.4.8 In vivo testing of dsRINA protection and delivery

Third-instar D. suzukii larvae were starved for 3 h, on moist filter paper prevent-
ing desiccation, before initiation of feeding assay. RNAi was evaluated by placing
the insects (5 larvae per replicate with a minimum of 4 replicates investigated) on
standard Drosophila oatmeal diet containing either polymer, naked or complexed
dsRNA at a dsRNA concentration of 0.67 mg/g of diet. The polymer concentra-
tion was tested at N/P = 50, either complexed or on their own. The complexation
was undertaken in a similar manner as for the agarose gels and left to incubate
for 30 min before adding it to the wet diet, creating a slurry. The insects were
transferred onto the dsRNA containing diet and monitored for 2 weeks, allowing

sufficient time for the larvae to pupate and then eclose to adult flies.

3.4.9 Statistical analysis

The significance of the differences in the survival of D. suzukii after ingestion
of dsRNA compared to complexed dsRNA was analysed by a one-way ANOVA
through comparison of means. A post-hoc Dunnett’s test was performed to com-

pare the means. Analysis was undertaken using Prism GraphPad.

3.5 Results and discussion

Herein, I describe for the first time the use of well-defined diblock copolymers,
consisting of a complexing and a stabilising block, to complex dsRNA for bioinsec-
ticidal use. This approach allows for the preparation of a size-controlled dsRNA
carrier (through complexation of the RNA nucleic acid moieties with the posi-
tively charged PQDMAEMA block) that is stabilised sterically by the presence
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of the second hydrophilic (PHPMA) block. The following sections describe the
different steps conducted from the design and synthesis of the polymer to the in
vivo testing of the dsRNA efficacy.

3.5.1 Design and synthesis of diblock polymers

PHPMA-b-PDMAEMA diblock copolymers were synthesised to complex dsRNA
using RAFT polymerisation. The PDMAEMA block has previously been used
extensively for the complexation of nucleic acids, typically for therapeutic appli-

[191,195247250] T, these cases, the general approach involved undertaking

cations.
the complexation of the polymer with the RNA in acidic conditions where the
tertiary amine becomes protonated. In the work here, I have quaternised the
PDMAEMA block of the diblock copolymer to induce a permanent charge, thus
ensuring complexation over a complete pH range.

Synthesis of PHPMA-)-PQDMAEMA with varying lengths of PQDMEMA
complexing block was undertaken according to Scheme 3.1.PDMAEMA has ex-
tensively been used for siRNA complexation in the therapeutic industry, where
the siRNA is 20-25 base pairs (bps) in length, whereas dsRNA in this study
was 222 bps. To investigate the role of the PDMAEMA block on complexation
I varied its length whilst keeping the length of the hydrophilic PHPMA block
constant.

Initially, a PHPMA macro-Chain Transfer Agent (macroCTA) was produced
in isopropyl alcohol using CPDT as the RAFT agent. The polymerisation of
HPMA was first undertaken at 20 wt. % solids producing a polymer with low
polydispersity and a 60 % conversion after 6 h (Figure 3.2 a). Analysis of the
polymerisation by chromatography over time revealed multiple polymer peaks
at high retention time during the early stages of polymerisation. These peaks
correspond to monodisperse low molecular weight polymer and where observed by
both the RI and UV detectors (Figure 3.2 e & f). RI detection revealed multiple
small molecular weight polymer peaks that where found up to the solvent front
and the UV detector confirmed the position of these low Mw peaks and showed
that they continued past the solvent front. Due to the low polydispersity and

the small Mw of these peaks I believe that we are seeing monomeric addition
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to the polymer chain during the early stages of polymerisation. Indeed, due to
the high retention time and proximity to the monomer peak in UV we may be
observing monomer-CTA, the dimer, trimer peaks which eventually merge with
increasing chain length. This is the first time such small Mw polymer peaks have
been shown for the early stages of RAFT-polymerisation. This system may be
used to gain a more fundamental understanding of the process by studying the
relative intensities of these peaks over time and in differing environments.

An attempt to increase the polymerisation rate was made by running the
reaction for a higher monomer content increasing from 20 to 50 wt. %, which re-
sulted in a linear increase in conversion over 2.5 h to about 75 % as compared to a
slightly lower conversion (~ 70 %) reached in 360 min for the lower monomer con-
tent case. This linear reaction growth rate was then followed by a plateau region
showing non-linear chain extension and therefore loss of chain fidelity (Figure 3.2
a & ¢). To obtain a PHPMA macroCTA with full chain fidelity the reaction was
therefore quenched before reaching this plateau after 2 h. The resulting PHPMA
macroCTA possessed the following characteristic Mn = 9,500 g/mol; PDI = 1.14;
Dp = 53. The synthesis of PHPMA macroCTA quenched before 2 h also lead
to good blocking off but had high amounts of monomer wastage (Figure 3.3).
PHPMA synthesis in TPA allows for the use of a broader range of RAFT agents
as compared to similar synthesis under aqueous conditions, ?®! thus allowing for
a larger choice of monomers to be investigated for the second block addition. Fur-
thermore, the rate of polymerisation appears to be much faster in IPA compared
to other commonly used alcohols,[?? and allows for a higher conversion to be
achieved whilst maintaining chain fidelity.

The PHPMA macroCTA was further used to prepare 3 PHPMA-6-PDMAEMA
diblock copolymers with varying DMAEMA degree of polymerisation, namely
120, 475 and 950 (Table 3.1), as measured by 'H-NMR (Figure A.3, Figure A.4
and Figure A.5). The presence of amines in a RAFT polymerisation process has
been shown in the past to affect the control over the reaction, thus acidic condi-
tions were used in the synthesis of the second block to ensure protonation of the
DMAEMA monomer tertiary amine, which is known to mitigate this effect. 2%
The Dp for each of the diblock copolymers was confirmed by 'H-NMR with
comparison of the DMAEMA monomer vinyl peaks and PDMAEMA peak. The
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Figure 3.2: PHPMA macroCTA synthesis and kinetic studies. (a) Polymerisation
of HPMA in IPA at differing solids content (20 wt. %, red & 50 wt. %, pink). (b)
Polymer polydispersity over the reaction time. (¢) First order kinetics of HPMA
polymerisation over time. (d) Linear growth of the polymer chain as a function
of 'H- NMR conversion. SEC-GPC traces of HPMA polymerisation time in RI
(e) and UV (f). 102
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Figure 3.3: DMAEMA blocking off from PHPMA macroCTA’s formed at different
time points. (i) MacroCTA formed after 175 min polymerisation, dead chains
were produced as shown by blocking off. (ii) MacroCTA formed after 125 min

with good chain extension after blocking off. (iii) MacroCTA formed after 55 min
with good chain extension after blocking off.

Table 3.1: Main characteristics of the synthesised PHPMA-b-PDMAEMA diblock
copolymers subsequently used for complexation of dsRNA.

PHPMA PDMAEMA (Dp) Conversion Mn PD
(Dp) (Dp) by '"H-NMR  (g/mol) (Mn/Mw)

53 0 (macroCTA) 53 % 9,500 1.14

53 120 96 % 19,175 1.11

53 475 95 % 41,054 1.19

53 950 95 % 70,634 1.35
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conversion was also confirmed by comparison with the initial PHPMA macroCTA
block, confirming the actual Dp for each polymer. The RAFT agent could not
be detected in the diblock copolymer and was therefore not used to determine
the Dp. Further characterisation was undertaken via pH titrations (Figure 3.4)
to determine the pKa of the synthesised diblock copolymers. As expected, two
clear jumps in pH were identified while adding base to solutions of the diblock
copolymers, corresponding to the start and completion of the PDMAEMA block

protonation, respectively.

pH
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Figure 3.4: pH-titrations of PHPMA-b-PDMAEMA diblocks and the differenti-
ated sigmoidal graph.

To further ensure that the diblock copolymers can efficiently complex the
anionic dsRNA, the PDMAEMA block was permanently quaternised through
methylation, a permanent modification using a method described in the liter-
ature.[?®!l However, to minimise the participation of the free alcohol group on
the water soluble PHPMA block in this reaction, the polymer was first dissolved
in THF, where it forms reverse micelles consisting of a core of PHPMA blocks
and a corona of PDMAEMA blocks that are significantly more soluble in the
solvent. These conditions ensure that the availability of the PHPMA alcohol
moieties to take part in the reaction is significantly reduced. 'H-NMR was then
used to characterise the conversion of the tertiary amine into a quaternary amine
(Figure 3.5), which appeared to be complete. Because this method of quater-
nisation used here uses a stoichiometric reaction, it can be used to specifically

control the charge density of the complexing block. However, in this report I
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only consider the effect of maximum quaternisation while future publications will
cover the effect of charge density on dsRNA complexation characteristics. From
this point on, all diblock copolymers used are fully quaternised and refer to as
PHPMA-b-PQDMAEMA.

3.5.2 Complexation of dsSRNA with PHPMA-b-PQDMAEMA

With the successful synthesis of PHPMA-b-PQDMAEMA diblock copolymers
with varying PQDMAEMA block lengths complexation of these polymers with
dsRNA was investigated. The composition of the purchased dsRNA was designed
to target a subunit of the vATPase proton pump, the most widely studied insec-
ticidal RNAi target.[?>5! The invasive fruit fly pest D. suzukii was targeted due
to its emergence in Europe and North America, where it is causing significant
economic damage to the soft and stone fruit industries. For each of the diblock
copolymers, a series of conditions for the complexation process were investigated
in which the ratios of charges between the dsRNA and the PQDMAEMA block
of the polymers were varied. Commonly, the charge ratio is represented as a ratio
of nitrogens (the cationic species of the polymer) to phosphorus (anionic species
on the dsRNA backbone), where varying the N/P ratio varies the charge ratio.
By comparing results from the same charge ratios but for different polymers, one
can specifically probe the effect of the diblock copolymer chain length on the
complexation with dsRNA.

Transmission electron microscopy was used to investigate the size and the
morphology of the polyplexes formed (Figure 3.6). The average diameter for
the diblock:dsRNA polyplexes was: 950 block 142416 nm (n = 60), 475 block
40£2 nm (n = 100), 120 block 3942 nm (n = 100). The larger quantity of the
PHPMA on the smaller diblock led to smaller complexes due to increased steric
hindrance. There was a large difference in the particle sizes between the largest
diblock and the other smaller diblocks. Previously it has been shown that using
polyethyleneimine to complex nucleic acids the opposite trend is true, where the
larger Mw branched polymers produced smaller polyplexes compares to low Mw

alternatives. 170174175 The difference between the systems is the inclusion of a
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Figure 3.5: 'H-NMR confirming the quaternisation of PHPMA-b-PDMEAMA
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Figure 3.6: Transmission Electron Microscopy (a) and corresponding EDX anal-
ysis (b) of diblock copolymer/dsRNA polyplexes with differing complexing block
lengths. A constant charge ratio of N/P of 50 was used in all samples. EDX
analysis (b) shows a peak present for phosphorus in the polyplexes (black), which
is absent form the background TEM carbon grid (red).
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PHPMA stabilising block that controls the number of polymer chains that can
aggregate together and therefore polyplex size.

I am only aware of one other attempt to complex dsRNA with a well-defined
polymer for pesticide delivery applications. In this case the homopolymer poly|N-
(3-guanidinopropyl)methacrylamide| (PGPMA) was used by Parsons et al. for de-
livery to the crop pest Spodoptera frugiperda.l"®1 Complexes formed from PGPMA
and dsRNA were shown to have a hydrodynamic radius of 220 to 340 nm depend-
ing on pH, which is significantly larger than the complexes formed in the work
presented here. Complexation of dsRNA with diblock copolymers has not yet
been demonstrated for pest control, however, therapeutic siRNA (a shorter se-
quence than dsRNA) has been complexed with similar diblock copolymers. Gary
et al. demonstrated that the complexation of siRNA with PEG-b-PDMAEMA
diblock copolymers resulted in a polyplex with a diameter of 10 nm, significantly
smaller than the complexes formed in this work.['%* The noted difference in the
size of the complexes formed is likely due to the molecular weight of the RNA
used in these studies as the dsRNA used in this study is about 10 times larger
than siRNA.

The control of polyplex size is an important factor for efficient pest control
as large complexes are less likely to be ingested by some pest species, where a
filtering mechanism in the mouthparts prevents uptake of large particles greater
than 500 nm in diameter.!'” Furthermore, the mechanism of uptake from the
gut tract into the gut cells can be dependent on particle size with, for example,
clathrin mediated endocytosis limited to less than 200 nm.[*77]

In this study, to visualise the formed polyplexes, samples were negatively
stained with uranyl acetate, the effectiveness of this stain differed between the
samples with the longer polymer chains staining better than the shorter ones.
Variation in the staining efficiency of the polyplex samples may be associated
with the hydrophilicity of the samples, with the smallest diblock containing sig-
nificantly more hydrophilic PHPMA blocks compared to the larger diblocks which
are therefore harder to stain. The differences in the staining efficiency may also
be due to the presence of free polymer in the system not involved in bonding the

dsRNA. Indeed, through the investigation of the zeta potential of the polyplexes
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as a function of N/P ratio the charge levelled off for each of the diblock polymers,
with the smallest Mw diblock levelling off first (Figure 3.7).

When observing the polyplexes via TEM, well-defined spherical particles were
evident with some apparent polydispersity. To confirm that the structures ob-
served contained dsRNA energy-dispersive X-ray spectroscopy was undertaken
to identify the presence of phosphorus from the dsRNA backbone. For each of
the polyplexes the background intensity at 2 keV corresponding to the presence
of phosphorus was low. This was verified by first taking a spectrum of an area
without visible polyplexes (Figure 3.6). The presence of phosphorus in the poly-
plexes was then observed for each of the diblock polyplex samples confirming
the complexation of the dSRNA. Due to the small concentrations of dsRNA used
compared to polymer, elemental mapping could not be undertaken and therefore,

aggregation numbers and dsRNA orientation cannot be obtained.

40 4
35 ] ¥ ;
304 }

25 ]
0] 8 %
1514
10 ]

- HEH
»
1]

Zeta potential (mV/g)

5

o

T —T T T T T T T 1 T 1
im 5 10 15 20 25 30 35 40 45 50 55
|

-5 1
- N/P
10 4

45 B
PH PMAm50'b'PQDMAEMA95O

® PHPMAMG,-b-PQDMAEMA s
A PHPMAM-b-PQDMAEMA, 5,

Figure 3.7: Analysis of PHPMA-6-PQDMAEMA:dsRNA complexation after 48
h at varying charge ratio for each of the three polymer diblocks. Average zeta po-
tential (mean+s.e.m; n=30) of complexes with increasing polymer concentration,

polyplexes become cationic.

For efficient uptake into the gut cells of the target pest the polyplexes must
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travel beyond the anionic gut cell membrane. Therefore, it was important to
understand the evolution of the net charge of the polyplexes as a function of
the ratio of polymer to dsRNA used in the complexation process (Figure 3.7).
As expected, these measurements demonstrated that the dsRNA was negatively
charged, corresponding to the charge associated with the negative phosphorus
backbone. Upon addition of each of the cationic diblocks a gradual charge reversal
was observed with the largest initial increase in electrophoretic mobility measured
for the smallest diblock copolymer.

The zeta potential for the PQDMAEMA 5y block increased to about 15 mV
at N/P = 1 followed by a gradual increase in the zeta potential with increasing
polymer concentration up to around 35 mV for N/P = 50. Less of an initial in-
crease in zeta potential was observed for PQDMAEMA ,;5, increasing to around
0 mV at N/P = 1. The zeta potential subsequently jumped to around 35 mV by
N/P = 10 with no further increase observed with increasing polymer concentra-
tion. For PQDMAEMAgs5, the initial increase was lower than the other diblocks
to about - 3 mV, followed by a plateau at N/P = 20, around 35mV. The charging
of the polyplexes is due to excess cationic polymer associating with the dsRNA,
where not all the PQDMAEMA block is complexed to dsRNA and instead ex-
tends away from the inner core into the corona. The levelling off of the polyplex
charge for each of the diblock copolymers indicates that with increasing polymer
concentration no more polymer chains can associate with the dsRNA, leaving free
polymer in solution.

To investigate the presence of free dsSRNA after the formation of polyplexes
an agarose gel electrophoresis assay was undertaken. The complexations were left
to incubate for 48 h at RT as gels performed after half an hour had free dsRNA
at higher polymer concentrations (Figure 3.8). Whereas, gels performed after
48 h showed no change in free dsRNA. The time it takes to reach equilibrium
is a function of polymer size with the smallest diblock copolymer complexing at
a faster rate compared to the larger diblock copolymers. For PQDMAEMA 9
the dsRNA was partially retained at N/P of 1 and 5 and movement was fully
retarded at polymer concentrations greater than this. At N/P = 1 we see that
the dsRNA has not progressed as far down the gel compared to naked dsRNA

suggesting that it has increased in mass or has decreased in charge. The increase

110



3.5 Results and discussion

in dsSRNA mass may be due to the block copolymer associating with the dsRNA
but not fully complexing so it can still move down the gel but slower due to its
increased size. For PQDMAEMA 475 the dsSRNA was fully complexed at a N/P
of 10 or greater, with less complexed at N/P = 5 compared to PQDMAEMA ;5.
For PQDMAEMA g5 the dsRNA was complexed at a N/P of 20 or greater, with a
small quantity of the dsRNA visible at N/P = 10. The differences in the critical
concentration for dsSRNA complexation can been seen to be due to the size of
the complexing PDMAEMA block. Smaller diblock copolymers may be able to
entangle the long-ridged dsRNA more effectively than the larger diblocks. At
lower polymer concentrations there was a bigger change in the zeta potential for

the smaller block sizes supporting the idea that they complex better.

PHPMAM;-h-PQDMAEMA 15 PHPMAM5-b-PODMAEMA PHPMAM,-b-PQDMAEMAqgs,

a N/PO 1 51020304050 N/P O 1 51020304050 N/P O 1 510 20 304050

. ARy

Figure 3.8: Gel electrophoresis of dsRNA complexed with PHPMAg;-
b-PQDMAEMA 190,  PHPMAss-b-PQDMAEMA s and  PHPMAss-b-
PQDMAEMAys after 48 h (a) and 30 min (b). Increasing polymer concentration
form N/P = 0 - 50.

To further investigate the efficiency in the dsRNA complexation with each
of the diblock copolymers an ethidium bromide exclusion assay was undertaken.
Once the complexes were formed, ethidium bromide was added to the system
and the resulting intercalation of dsRNA was measured via fluorescence. Initially
a control experiment was carried out to demonstrate that quaternisation of the

diblock copolymer is necessary for complexation with the dsRNA to occur. The
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experiment showed that upon mixing addition of ethidium bromide to a solution
of both the dsRNA and the non-charged polymer, intercalation of the ethidium
bromide with dsRNA was not prevented, thus demonstrating that no complex-
ation occurred between the uncharged polymer and the dsRNA (Figure 3.9a).
This phenomenon was observed for all three diblock copolymers. Subsequently,
the assay was carried out in the same conditions using the quaternised charged
diblock copolymers and a large decrease in fluorescence as compared to exper-
iments using naked dsRNA only was observed. After a 1 h incubation period
differences in the fluorescence at N/P equal to or greater than 5 were observed
between the largest block and the two smaller diblock copolymers(Figure 3.9b).
At a N/P of 5 or greater each of the diblock copolymers behave in a similar man-
ner after 48 h incubation with a 60 % reduction in fluorescence (Figure 3.9¢). No
difference was observed for the two smaller diblocks between 1 h and 48 h incu-
bation times. However, a reduction in fluorescence was observed for the largest
diblock suggesting that it took longer to complex the dsRNA.

At N/P =1 after 48 h differences were observed between the diblocks with a
greater reduction in fluorescence for the smallest diblock copolymer. This high-
lights the ability of the smallest diblock copolymer to complex the nucleic acid
with a higher efficiency compared to the other diblock copolymers at low polymer
concentration. The plateau of fluorescence at a N/P of 5 suggests that around
40 % of the dsRNA in the system is still available for intercalation. This may be
free dSRNA not contained within the polyplexes, although no free dsSRNA was
detected in gel electrophoresis at these polymer concentrations. It is more likely
that the ethidium bromide can penetrate through the polyplex corona and inter-
calate with dsRNA on the surface or within the polyplex. No differences between
the diblocks were found at high N/P ratios, demonstrating that the PHPMA
chains do not prevent the small ethidium bromide from getting to the dsRNA.
However, differences may be observed in protection from larger molecules such as
degrading enzymes, which are much bulkier and may be hindered by the PHPMA
blocks.

112



3.5 Results and discussion

12+ 12
11 l
1.0 10
Boe] 1 g
Bosl 1 i Sos
o 1 o
g(17 i ; Z) . i *
w064 w06 [] .
F
T 04 T o4
£ £ i
20,3— 2 ¢ 4 % 3 ; * é
024 02
014
T T % m  m % w % % = B A N A
N/P NIP
(a) (b)
1.2+
104
o
g
H
208
2
3
w 06
E }
EDA ! i i 3 [ 2
2
02 } .
B pHPMAM,,-b-PQDMAEMA,,
o § 0 15 20 25 30 35 40 45 50 5 * PHPMAmM;,-b-PQDMAEMA ;5
NP A PHPMAM,,-b-PQDMAEMA
(c) (d)

Figure 3.9: Ethidium bromide exclusion assay showing free dsRNA for each of the
diblocks. (a) Uncharged polymer shows no complexing with dsRNA. (b) Charged
polymer and dsRNA after 1 h incubation. (¢) Charged polymer and dsRNA after
48 h incubation.

113



3.5 Results and discussion

3.5.3 Enhanced control of D. suzukii with dsRNA PHPMA ;-
b-PQDMAEMA 9 polyplexes

Following the successful polymer synthesis and subsequent formation of dsRNA
polyplexes, the complexes ability to stabilise and deliver the dsRNA was tested.
An in vivo feeding bioassay was undertaken to ascertain the effectiveness of this
route. Observations were made on the development of D. suzukii from a third-
instar larval stage through to the pupation of adults. The Vha26 subunit of the
vATPase proton pump was selected as the targeted gene as it has been studied by
many laboratories. Previously, dsSRNA targeting this tissue had been shown to
work well when injected into the pest. However, success through oral application
feeding ‘naked’ dsRNA has been limited to only a few species. Specifically, for
D. suzukii naked dsRNA fed to adults and larvae had no significant effect on
the fitness or development.l%] Through the complexation of the dsSRNA with a
common liposomal transfection agent (lipofectamine 2000) 40 % mortality was
observed in larvae. This method of delivery is unfortunately unsuitable for wide-
scale use due to the number of processing steps required and the high cost of
the transfection agent. Furthermore, liposomal based delivery system is unsuit-
able for field application of dsRNA for pest control as foliar application leads to
drying of the delivery vector on the plant surface, resulting in a collapse of the
liposome and breakdown of the carrier. To ascertain the enhanced protection and
delivery of complexed dsRNA compared to naked dsRNA in vivo testing was un-
dertaken feeding one of the diblock copolymers (PHPMA53-0-PQDMAEMA ;5)
and dsRNA to the target pest D. suzukii. The smallest Mw diblock was selected
as it showed a better ability to complex the dsRNA compared to the larger di-
blocks. The pest has poor success rates for development from larvae to adults
with ~ 20 % (n = 8) of larvae tested failing to eclose to fully formed adults. Upon
feeding naked dsRNA (n = 8) to the larvae it was found that there was no sta-
tistical difference between this and the control (p = 0.9668), similar to previous
studies.!®!] There was no significant effect of the polymer on survival when fed to
L3 larvae (n = 8) compared to the control (p > 0.9999). Upon complexation of
the dsRNA with PHPMA5,-0-PQDMAEMA 59 the mortality of the larvae rose
to 70 % (n = 12, p = 0.0002). The larvae fed on the complexed dsSRNA appeared
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Figure 3.10: In vivo study on the effect of the complexes on survival of the target
pest D. suzukii and a non-target fruit fly and close relation D. melanogaster.
Complexed dsRNA had a significant effect on the survival of D. suzukii (p =
0.0002) but not on the control species D. melanogaster (p > 0.9999). Naked
dsRNA or the polymer on its own did not have a significant effect on the survival
of the insect (p = 0.9668 and p > 0.9999 respectively). OM images of malformed
larvae and an attempted eclosion of D. suzukii after feeding on complexed dsRNA.
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to be malformed or failed to eclose properly from their pupal case (Figure 3.10).
This indicates that during the transition to pupae and formation of the adult fly
there was something limiting their development, prior to the larvae transition-
ing to the pupal stage they undertake a large increase in feeding, building up
an energy store. With significant knockdown of the Vha26 subunit the pest can
no longer process food properly, due to the reduced acidity and poor breakdown
of the food in the midgut. This leads to reduced food storage upon pupation,
resulting in poor development or failure to eclose form the pupal case. Feeding
of the species-specific dSRNA complexed with PHPMA53-0-PQDMAEMA 199 to a
non-target but close relation D. melanogaster had no effect (n = 4, p > 0.9999).
Demonstrating the selectivity of this method to control only the targeted species,
whilst causing no damage to a closely related species, producing a more envi-
ronmentally friendly solution. However, these phenotypic observations do not
confirm enhanced RNAi and mRNA expression levels of the target gene would

be needed to confirm that the observations are due to enhanced RNAI.

3.6 Conclusion

RNAI technologies have the potential to revolutionise the agrochemical indus-
try for use as environmentally safe biopesticides. Here I have reported, diblock
copolymers consisting of a hydrophilic stabilising block and a cationic complexing
block that can be used to complex dsRNA for use as a novel biopesticide. Varying
polymer molecular weights and charge ratios have been explored for the complex-
ation of dsRNA, looking at polyplex size, charge and efficiency of complexation.
Moreover, the ability for such complexes to increase mortality in an economi-
cally important pest was investigated compared to naked dsRNA. Increasing the
molecular weight of the complexing block led to an increase in the size of the
polyplexes produced and led to poorer dsSRNA complexation at low polymer con-
centrations. In wvivo testing of dsRNA complexes specific to D. suzukii led to
increased mortality compared to naked dsRNA, which had no significant effect
on the pest. This shows the feasibility to employ diblock copolymers to complex

insecticidal dsRNA, providing a significant increase in control. Further work will
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investigate if the increased control is through enhanced RNAi and look to gain a

better understanding of the protection provided.
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Chapter 4

Locomotor activity of D. suzukzii
under simulated natural conditions:
to develop smart pest management

strategies

4.1 Overview

This results chapter is more entomological, considering the locomotor behaviour
of D. suzukii, and is based on two manuscripts either published or under review.
It is important for efficient control of D. suzukii that the movement of the pest
during the 24 h day is understood to help inform the timing of application of crop
protection agents and to predict the likely dispersal of the pest. Therefore, the lo-
comotor behaviour of D. suzukii was investigated under simulated environmental
conditions, where the temperature and light profiles are altered under constant
humidities. Environmental data collected from orchards in Northern Italy dur-
ing the growing season of 2014 and 2015 was used, when D. suzukii pressure
was high causing great economic damage. Similarities have been drawn with D.
melanogaster, a close relation and model non-pest species, to better explain the
observations made.

Initially, the circadian rhythms of the pest and how changes in mating affect

behaviour were investigated and have been reported in the paper titled " The sez-
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ually dimorphic behaviour of adult Drosophila suzukii: elevated female locomotor
activity and loss of siesta is a post-mating response", published in the Journal of
Experimental Biology.?*! Included in this publication is work conducted by Dr.
Neil Audsley (Fera Sciences Ltd.) whom undertook some mass spectrometry to
demonstrate the transfer of a sex peptide during copulation. For completeness,
this data has been included in this chapter and the relevant sections have been
acknowledged in the text.

Second, the effect of temperature on ecology and dispersal of D. suzukii was
investigated to determine areas under threat from invasion of the pest which are
reported in a paper titled " Climatic stress dictates the dispersion of Drosophila
suzukit" for submission to the Journal of Experimental Biology. Due to the close
relation between these two papers the data have been combined to form this

insect behaviour chapter.

4.2 Introduction

The spotted wing drosophila, Drosophila suzukii, is an Asiatic pest that has
recently attracted much attention with its emergence in North America, Europe
and more recently South America as a major pest of berry and stone fruit.[']
Unlike other fruit flies, D. suzukii lays eggs in ripening fruit, causing extensive
damage leading to serious economic losses.["? This is facilitated by a modified
ovipositor, which is larger and sharper than in other fruit flies and well adapted for
puncturing the skin of ripening fruit during egg deposition.!®! The speed at which
D. suzukit populations have invaded and become established in Europe and North
America is evidence of successful physiological and behavioural adaptation to new
climatic environments either after passive dispersal through fruit imports or by
adult migration.[*°! In Europe D. suzukii may be found in hot Mediterranean
climates of Italy or Southern France, but it is also devastating crops in cooler
regions of Scandinavia and the United Kingdom.?*l However, there are some
regions in which D. suzukii is not established, typically in dry hot climates such

[257] The success and severity of the economic damage inflicted on

as central Spain.
the fruit industry has recently focused attention on various aspects of the biology

of this pest, which might inform the development of effective control strategies.
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Specifically, it is important to consider both the dispersal of the pest, its daily
activity profile and its chronobiology to develop efficient low pesticide control
procedures.

The chronobiology of D. suzukii is of particular interest as it is known that
insects can display circadian variability in their susceptibility to chemical in-
secticides. 7269 Tt has been shown for both D. suzukii and the related D.
melanogaster that levels of enzymes involved in insecticide metabolism fluctu-
ate with a daily rhythm, suggesting that variation in rates of metabolism during
the day can influence toxicity to fruit flies.[?6%:2621 A biological clock might also
influence the temporal efficacy of an insecticide by controlling rhythmic locomo-
tor activity of an insect pest, which might determine the timing and extent of
contact between the insect and a sprayed surface.

Dispersal of a pest species and the successfulness of invasion is controlled by
three main environmental factors temperature, humidity and winter severity. 263!
In the summer insects such as D. suzukit are prone to heat stress and desicca-
tion due to their small body size and must adapt to overcome water loss and
thermal stress as weather conditions change. Therefore, it is important to inves-
tigate the effect of these climatic factors on D. suzukii’s development, fecundity
and survival, to determine likely geographic regions under threat. Numerous
studies have been conducted into the overwintering of D. suzukii and its ther-
mal tolerance under cold conditions. 263265 The developmental rate of D. suzukii
as a function of both low and high temperatures has also been investigated by
a number of different groups, with an upper limit for development being ~ 31
°(C. 257,263,266l \Whereas, for D. melanogaster, a phylogenetically close relation, the
upper limit for development is around 33 °C two degrees higher.!267 The effect
of temperature on the survival of D. suzukii has been investigated by several au-
thors concentrating on survival at low constant temperatures. [257:263,266,268] O]y
recently have studies considered the effects of constant elevated temperatures on
D. suzukii survival, where it was found that at elevated constant temperatures

[269] These studies con-

males tend to have a lower thermal tolerance than females.
sider the effect of constant temperature on D. suzukii, however, in the field under
natural conditions the pest is exposed to fluctuations in both temperature, light

and humidity levels within the 24 h day.
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Locomotor activity has previously been used to investigate the impact of
environmental conditions along with behavioural changes induced by mating for

2701 Historically, studies

a number of different species, including D. melanogaster.
into locomotor behaviour have been undertaken using a 12 h light:12 h dark
cycle and constant temperature and humidity. For D. melanogaster, a classical
bimodal distribution of activity is observed with peaks centred around lights on
and off. 2™ Recently with the advent of more sophisticated incubators, simulation
of semi-natural conditions can be undertaken, where both the light intensity and
temperature can be altered incrementally to simulate natural conditions. These
studies led to the discovery of an unexpected peak of activity for D. melanogaster,
known as the afternoon peak.[2"2273| This effect of the elevated temperature has
been dubbed a stress/escape response, where it is proposed that the flies increase
their locomotor activity when the temperature exceeds a threshold in order to
move to cooler regions, reducing the risk of heat stress and desiccation.!? It was
found through the use of D. melanogaster mutants that this afternoon peak of
activity is not just a simple escape response, but is an environmentally modulated
circadian phenotype. 272274

In contrast to the extensive study of locomotor rhythms in D. melanogaster,
there has only been one report (prior to our work) describing the daily pattern
of locomotor activity of D. suzukii.l??l This study looked at the ambulation of
virgin adults in a changing environment that approximated to local "summer"
and "winter" conditions in North America. It showed that most of the activity of
male and female flies occurred during daylight hours. Both sexes displayed peaks
of activity at dusk, which also extended into the period of total darkness. Over
24 h males appeared to be more active than females.

In this chapter, the locomotor activity of adult D. suzukis is reported in several
different light/dark and temperature cycles for comparison with previous studies
on D. melanogaster and the work of Hamby et al. on D. suzukii.?62272:274 Two
main questions were addressed in this study: firstly, do mated female D. suzukiz
display higher levels of activity compared to males and virgin females when mon-
itored in semi-natural and simulated natural environments as was found for D.
melanogaster??™ Secondly, does D. suzukii elicit an afternoon peak of activity

when the temperature reaches above 30 °C and what is the impact of this on fly
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survival. Through comparison with D. melanogaster the differences in tempera-
ture preference was investigated to better understand likely dispersal behaviour

of D. suzukii.

4.3 Materials and methods

4.3.1 Insects

Drosophila suzukii (an Ttalian strain) and D. melanogaster (CantonS) were main-
tained on a standard Drosophila diet (oatmeal, 7.5 %; molasses, 5 %; agar, 8.4 %;
veast, 8.4 %; methyl paraben, 0.35 % in water) at 25 °C in a 12LD cycle. Insects

were sexed as newly (< 4 h) eclosed adults from stock bottles.

4.3.2 Locomotor activity analysis
Effect of mating status

Virgin adults (3-4 days old) were placed in small groups of 10 or 20 and either
single sex or equal numbers of males and females in vials (80 mm x 20 mm)
containing standard oatmeal/molasses/agar diet. After three days, flies in the
mixed sex vials were separated into mated males and mated females. Both virgin
and mated flies were then lightly anaesthetised using CO, and placed in unisex
groups of five in glass vials (100 mm x 16 mm) plugged at one end with 2 %
agar containing 5 % sucrose and at the other end with cotton wool. Tubes were
placed in an activity monitor (LAM16 Locomotor Activity Monitor, Trikinetics
Inc. Waltham, U.S.A.) that uses infrared beams to detect movement as flies move
along the glass tube. The number of beam breaks occurring in 5 min time-bins
was recorded for each tube and the data was processed using the DAMFileScan
application (Trikinetics Inc., Waltham, U.S.A.) and Microsoft Excel, where each
replicate (n) corresponds to one tube containing 5 flies. Flies were allowed left in
the tubes under the simulated conditions for at least 24 h prior to the start of the
experiment allowing them to become entrained in the environmental conditions.
Longer entrainment times could not be used due to the short period of action of

sex peptide
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At the end of some experiments individual mated females were allowed to
lay eggs on oatmeal/molasses/agar diet revealing that > 90 % of the females
laid fertile eggs and had therefore successfully mated. Quiescence, defined as
5 min time bins with zero beam breaks, was analysed using the BeFly sleep
analysis tool provided by Dr Ed Green, University of Leicester. Experiments
were conducted using a Sanyo incubator (MIR-253) with a daylight fluorescent
tube (Aquardaylight from Aqualine, Barkerfield Rd. Bradford, U.K.) as the light
source controlled in an on-off manner by a programmable electronic timer. For
studies in semi-natural light conditions, monitors were placed in a secure room
(North Yorkshire, U.K., latitude, 54.0582N and longitude, 0.7976W) with illumi-
nation by natural light from an east facing sky-light. The weather was a mixture
of bright sunlight and fast-moving clouds. For a laboratory simulated natural
environment, a controlled programmable environment incubator (Memmert HPP
110, Camlab, Cambridge, U.K.) was used with variable LED illumination and
humidity set at 75 % to simulate the Northern Italian weather (provided by Dr.
Nicola Mori, University of Padova). The programmed variation of temperature
and light levels was confirmed using a DEnM Drosophila Environment Monitor
(Trikinetics Inc.).

Effect of elevated temperature

Virgin adults (3-4 days old) were placed in small groups of 10 or 20 of either single
sex or equal numbers of males and females in vials (80 mm x 20 mm) containing
standard oatmeal /molasses/agar diet for three days. After three days, "mated"
males in mixed sex vials were separated from females. Activity was monitored
using identical set up to the investigation of the effect of mating status. The
number of beam breaks occurring in 1 min or h time-bins were recorded for each
tube and the data was processed using the DAMFileScan application (Trikinetics
Inc.) and Microsoft Excel, where each replicate (n) corresponds to one tube
containing 5 flies. No differences were observed between virgin or mated males,
so their results were combined. Experiments were conducted using a Memmert
HPP 110 incubator (Camlab) where a natural Italian environment was simulated,

through the use variable LED illumination and temperature with the humidity
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set at a constant 75 % RH. The programmed changes in temperature and light
levels was confirmed using a DEnM Drosophila Environment Monitor (Trikinetics
Inc.).

4.3.3 Peptide extraction (performed by Dr. N Audsley
Fera Science LTD.)

Peptides were extracted from male accessory gland and the female uterus by plac-
ing five dissected tissues into 10 ul of ice-cold acidic methanol (87 % methanol, 5
% glacial acetic acid). The extraction medium was removed after centrifugation
(4 °C, 12,000 g for 20 min) and the supernatant was stored at -20 °C until re-
quired for analysis. Females were separated from males after 10 min of copulatory

activity and dissected immediately to provide inseminated uteri.

4.3.4 Mass spectrometry (performed by Dr. N Audsley
Fera Science LTD.)

Mass spectra were acquired using a Voyager DE STR Matrix assisted laser des-
orption ionisation mass spectrometer (MALDI - TOF MS) (Applied Biosystems,
Warrington, UK) in linear positive mode, using a 20 kV acceleration voltage, over
the mass range m/z 1,000 - 10,000 Daltons. Samples were mixed 1ul:1pl with
sinapinic acid (10 mg/ml in 30 % acetonitrile 0.1 % trifluoroacetic acid), 1 ul was
then pipetted onto a MALDI sample plate and air dried. External calibration
was conducted using a calibration mixture (Applied Biosystems) containing an-
giotensin I, adrenocorticotropic hormone (clip 1-17, 18-39 and 7-38) and bovine
insulin. Results are the mean of three independent MS measurements for each

sample and all masses are shown as average masses [M-+H]".

4.3.5 Temperature preference determination

A temperature preference chamber was made from a solid aluminium bar (240
mm x 60 mm x 10 mm) which was coated in moist filter paper and was topped
with glass. A temperature gradient was established in the chamber ranging from

10 - 34 °C (over 1 cm increments), by placing a hotplate at one end and cooling
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2751 The temperature was allowed

the other with ice, replicating previous studies.
to equilibrate for 1 h before experiments were undertaken. The temperature was
monitored after before and after each test using a non-contact digital thermometer
(Stanley STHTO0-77365).

Twenty five mated adults of mixed sex (D. suzukii or D. melanogaster Cs, 6 -
8 days old) were lightly anaesthetised using CO5 and randomly placed along the
length of the temperature preference chamber. They were allowed to equilibrate
for 30 min, with any flies that failed to move discounted from the experiment.
Flies were then counted in each of the different temperature sections (~1 c¢m

increments) in 1 °C bins.

4.3.6 Survival at elevated temperature

The survival of both D. suzukii and D. melanogaster males was determined at
elevated temperature, using a method previously described,?™! using activity
monitors (LAM16 Locomotor Activity Monitor, Trikinetics Inc.) to detect the fly
movement as they moved along the glass tube. Experiments were conducted using
a Memmert HPP 110 incubator (Camlab) where light levels were set to constant
500 lux, temperature was set to either 32 or 34 °C and with the humidity set at
75 % RH. The programmed temperature and light levels was confirmed using a

DEnM Drosophila Environment Monitor (Trikinetics Inc.).

4.4 Results

4.4.1 The locomotor behaviour of D. suzukiz in a semi-

natural summer environment is sexually dimorphic

Young male and female flies were kept together in equal numbers for a period of
3 days, to allow sufficient time for mating to occur, before separating and placing
into 16 mm diameter tubes for recording locomotor activity using a Trikinetics
LAM monitor. The daily activity profiles of male and mated female D. suzukii
in semi-natural conditions were compared by placing the LAM beneath an Fast

facing skylight to provide natural daily fluctuations of light (maximum lux, 700)
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and temperature, ranging between 19 and 26 °C with a minimum at around dawn
and a maximum occurring in the late afternoon. The LD cycle approximated to
16 h light - 8 h dark (16L8D) with sunrise at around 05.00 and sunset at around
21.00. Variation in the light levels were observed by shadows in the testing area
and clouds obscuring the sun. In comparison to males, females displayed greatly
elevated (442 £ 77 %, mean + s.e.m. for 6 consecutive days) daily locomotor
behaviour (Figure 4.1a & b). The female activity began at around 50 min before
dawn light had reached the 1 lux sensitivity threshold of the environmental mon-
itor (Figure 4.1a). The maximum afternoon activity of females occurred between
18:00 and 21:00 over the six days of recording, this activity declined rapidly to 50
% by the time light levels had dropped to around 15 lux. This highly significant
sexual dimorphic behaviour observed for D. suzuki: was markedly different from
the previous study of Hamby et al.,1?62 where males were found to be more active
than females under summer-like conditions. The main difference between these
two studies was the mating status of the insects, where Hamby et al. used virgin
adults as opposed to the mated flies of the present study. Virgin adults were
not used in our testing due to the availability of insects at the time of the ex-
periment. Moreover, due to the logistical barriers for undertaking this semi-field

study a move to a lab based technique was undertaken.

4.4.2 Increased activity of females is a post-mating response

that disrupts the siesta

The activity of virgin and mated D. suzukii of both sexes were compared under
laboratory conditions of constant 25 °C and a rectangular 12LD cycle with the
light-on level set to 800 lux. In these conditions, virgin and mated males displayed
rhythmic morning and evening peaks of activity separated by extended periods
of quiescence with few either quantitative or qualitative differences between the
behaviour of the two groups (Figure 4.2a & b). Males increased their activity
during the "late afternoon" period leading up to a strong and sharp evening
peak, occurring around 20 min after lights-off. Switching from a LD regime to
constant darkness (DD) resulted in the replacement of the prominent evening

(E) peak with a general increase in male activity throughout the subjective day,
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Figure 4.1: Sexually dimorphic locomotor rhythms of D. suzukii in a semi-natural
environment. Male and female flies were given the freedom to copulate over a
period of 3 days before being separated and placed in a LAM16 locomotor activity
monitor for 6 days. (a) Locomotor activity is expressed as the mean number of
beam breaks per hour (n = 12). Daily fluctuations in temperature and light
levels were also monitored. (b) The daylight period was from the time that the
environmental monitors first registered light (05:00) until light levels fell below
1 Ix (21:00) and therefore total daylight activity was expressed as the number of
beam breaks per 16 h (mean + s.e.m., n = 11). The variance between mated
males and females for each of the 6 days was highly significant (maximum p =

0.019, independent sample t-test).
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but with most ambulation occurring just prior to the time of expected lights-
off. In the 12 LD cycle, virgin females, but not post-mated females, behaved in
a similar manner to the males with a prominent evening activity that peaked
just after lights-off and which disappeared in DD conditions (Figure 4.2a). Post-
mated females responded to lights-on with a sharp rise in activity that diminished
after 1 hour but remained relatively high all morning before rising to a broad peak
during the afternoon. The average increase in lights-on activity relative to virgins
was 540 £+ 125 % (mean =+ s.e.m.) for the three days of LD, whereas night-time
activity was reduced by 78 £ 1 % (mean + s.e.m.) (Figure 4.2c¢). The large
drop of activity in the dark was primarily the result of the absence after entering
the dark phase of the sharp spike in activity, which was so prominent in virgin
females and males. In DD most of the post-mated female activity was restricted
to the subjective day and was reduced by around 45 % in comparison to the day-
time activity of the LD regime. There appears to be a general trend amongst all
groups of flies of a progressive reduction in daily activity during the 12LD cycle.

When the activity data was expressed as quiescence/sleep (5 min periods of
inactivity) using parameters established for studying sleep in D. melanogaster, 2™
the increase in female activity after mating resulted in > 50 % loss of siesta qui-
escence but had no significant effect on night-time sleep (Figure 4.3 a & ¢). Much
of the remaining day-time quiescence of post-mated females was characterised by

a large reduction in the bout length of the inactivity (Figure 4.3 b).

4.4.3 Locomotor behaviour of D. suzukii in simulated nat-

ural summer conditions

It was of interest to see if the marked difference in the activity of virgin and
mated female D. suzukii would also occur when fly behaviour was recorded under
simulated natural conditions in the laboratory as this would allow greater control
of environmental conditions. The first step increase in light levels of our incubator
was from 0 to 100 lux and occurred at 05:00 with incremental changes until a peak
of 1000 lux was attained at 12:00, before declining back to 0 lux at 21:00. The
temperature cycled between 22 °C and 30 °C with the minimum and maximum

temperatures occurring at 05:00 and 13:00, respectively (Figure 4.4). In this
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Figure 4.2: Elevated activity is a post-mating response in female D. suzukii. Ac-
tivity profiles of female (a) and male (b) D. suzukii maintained on a 12 h light:12
h dark (12LD) cycle. Lights off, black bars; lights on, white bars; subjective day,
grey bars. (c¢) Total activity during the lights-on (day) and lights off (night) peri-
ods for three consecutive days in 12LD followed by 3 days in constant dark (DD)
expressed as (mean + s.e.m.) number of beam breaks per 12 h (n = 8). "Day"
and "Night" refer to subjective periods during DD. During daylight, the activity
of the mated female was significantly higher than that of the other groups (p <
0.005) for all 3 days. Night-time activity of the mated females was significantly
lower on night 1 and night 2 compared with that of the other groups (maximum

p < 0.003).
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Figure 4.3: Mating disrupts daytime quiescence (siesta) of female D. suzukii. (a,
¢) Mating results in significant loss of daytime quiescence for females compared
with males and virgin females (maximum p = 0.000, one-way ANOVA followed
by a Bonferroni post hoc test) and a severe reduction in the length of the daytime
sleep bout (b) of mated females. Mating has little effect on the siesta and night-
time sleep of males. White and black bars in a and b indicate daytime and
night-time, respectively. Quiescence or sleep is expressed as either the number of
5 min periods of no activity per hour (a) or the number of 5 min periods of no
activity per 12 h of light and dark (¢) (mean values for two consecutive days +

s.em., n = 16).
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simulated natural LD cycle, both virgin and mated males as well as virgin females
experienced an extended siesta period of 6 - 8 h that coincided with both high light
and high temperature levels. Locomotor activity increased in the late afternoon,
reaching a maximum at 21:00 - 22:00 h (26.6 - 26.0 °C and 105 - 0 Lux) (Figure 4.4
a & b). In contrast, there was a large increase (> 400 %) in day-time (05:00
and 21:00) activity for post-mated females during the first 3 days of recording
(Figure 4.4 c), recapitulating the previously seen reduction of the siesta in post-
mated females in the 12LD cycle. This elevated afternoon activity peaked earlier
than the activity of males and virgin females with a maximum between 18:00
(28.5 °C and 440 Lux) and 20:00 h (27 °C and 170 Lux) (Figure 4.4 a & b).
When these experiments were repeated using the same light cycle but with the
temperature cycling between 27 °C and 35 °C, all flies died within 24 h.

4.4.4 The D. suzukit sex peptide is transferred from the

male to the female during copulation

Previously it has been shown that an increase in afternoon activity and loss of
siesta in post-mated female D. melanogaster is triggered by the male Sex Peptide

[270] An or-

Dm (SPDm), which is transferred to the female in the seminal fluid.
thologous Sex Peptide (SPDs) has been isolated from the male accessory glands of
D. suzukii and shown to be a 41 amino acid peptide (Figure 4.5 a) by N-terminal
sequencing and translation of cloned SPDs ¢cDNA.?"! MALDI-MS was used to
analyse the peptides in the male accessory glands of D suzukii and identified a
mass ion of m/z, 5145, which corresponds to the SPDs containing a disulphide
link between two cysteines and three 4-hydroxyproline residues (Figure 4.5 b).
This molecular ion was absent from extracts of the female reproductive tract of
virgin females (Figure 4.5 ¢), but present in the same tissues taken from copulat-
ing females that were separated from their male partner 10 min after initiation

of copulation, which normally lasts around 25 min (Figure 4.5 d).27
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Figure 4.4: Activity of virgin and mated D. suzukii in a simulated summer envi-

ronment. (a & b) Locomotor activity for three consecutive days expressed as the
mean number of beam breaks per hour (N=8). Daily fluctuations in temperature
and light levels are indicated. (c) Total day (16 h) and night-time (8 h) activity
for males and females expressed as the mean + s.e.m. (n = 8). The daytime
activity of mated females was significantly different from that of all other groups
(p = 0.000) and there was no discernible statistical difference between any of the
groups during the night-time ( p > 0.912) using one-way ANOVA, followed by a

Bonferroni post hoc test.
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Figure 4.5: Mass spectra of peptides present in reproductive tissues of D. suzukii.
Peptides were extracted from five reproductive tissues of D. suzukii. (a) The
amino acid sequence of male sex peptide from D. suzukii (SPDs) aligned with
SPDm of D. melanogaster. P marks the position of 4-hydroxyproline residues in
SPDm. The position of the 4-hydroxyprolines in SPDs has not been determined.
(b - d) Mass spectra from the male accessory gland (b), the uterus of virgin
females (c) and the uterus of mid-copulation females (d).
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4.4.5 Temperature preference of D. suzukii and

D. melanogaster

Since the arrival of D. suzukii in Europe and North America it has been common
for the pest to be found in alpine and cooler regions compared to its close relation
D. melanogaster. To determine if this temperature preference could be simulated
under laboratory conditions a simple choice assay was constructed. Previously I
have shown that D. suzukii are very susceptible to changes in humidity, therefore
to avoid complications the bottom of the chamber was covered in filter paper and
wetted. Tt was found that for both species the flies tended to cluster at a given
temperature. For each species the test was replicated multiple times (n = 6, 150
flies) and it was found that D. melanogaster’s mean temperature preference was
24.65 4+ 0.28, whereas for D. suzukii it was significantly lower at 22.45 + 0.33
(Figure 4.6a).D. melanogaster tended to cluster between 24 - 25 °C; whereas, D.
suzukii tended to cluster at a significantly (unpaired t-test, p < 0.0001) lower
temperature 22 - 23 °C (Figure 4.6b).

4.4.6 Increased daytime activity at elevated temperatures

It was of interest to see what effect an increase in the maximum day temper-
ature would have on the locomotor activity of D. suzukii. Previously, with a
cycling daily temperature from 22 - 30 °C males had a large period of afternoon
quiescence, consistent with the siesta period observed in D. melanogaster. Fur-
thermore, [ have shown with a daily temperature cycle from 22 - 35 °C D. suzuki
die within 24 h (Section 4.4.3).

I investigated the activity under simulated natural summer conditions, where
the first step-increase in light levels of the incubator was from 0 to 50 Ix occurring
at 05:00 with incremental changes until a peak of 500 Ix was attained at 12:00,
before declining back to 0 Ix at 21:00. Humidity was set to a constant 75 %
RH and the temperature was programmed to increase from 22 to 32 °C with the
minimum and maximum temperatures occurring at 05:00 and 13:00, respectively
(Figure 4.7). This was followed by a period of constant darkness with the same
temperature profile. We observed a period of high locomotor morning peak of
activity upon lights on (04:00 - 08:00), this is followed by an afternoon (A) peak

134



4.4 Results

w
o
1

N
(]
1

*kkk

Temperature (°C)

10 °C 34 °C

240 mm
(c)

Figure 4.6: Temperature preference of D. suzukii and D. melanogaster (a) av-
erage location in temperature preference chamber for both D. suzukii and D.
melanogaster after 30 min expressed as mean £ s.e.m (n = 130). The temper-
ature preference for D. suzukii was significantly lower than for D. melanogaster
(unpaired t-test p < 0.0001). (b) Top view of a temperature choice chamber ( 1
cm per °C ) showing the clustering of flies at a certain temperature. (c¢) Schematic
of temperature preference chamber.
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in activity, (11:00 - 17:00) and an evening peak upon the lights being switched off
(21:00 - 23:00) (Figure 4.7). In the constant darkness regime, the same afternoon
peak of activity at 13:00 was observed.
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Figure 4.7: Activity of adult male D. suzukii in simulated summer environment,
where daily maximum temperature varied from 22 - 32 °C. Locomotor activity for
three consecutive days expressed as the mean number of beam breaks (N = 36).
Daily fluctuations in light levels are indicated (dotted grey line) with humidity
kept constant at 75 % RH. An afternoon peak (A) in activity was observed for 3
consecutive days at 13:00. This peak in afternoon activity is also observed when
the lights are off at 13:00.

Further investigation was undertaken into the effect elevated temperature on
the activity of D. suzukii and compared to the response of D. melanogaster, where
the daily maximum temperature was increased from 30 °C to 32 °C and then back
to 30 °C for three consecutive days (Figure 4.8). The humidity was again kept
constant at 75 % RH and the light levels varied as previously described. For the
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first day (maximum temperature, 30 °C) a bimodal distribution of activity was
observed at lights on and off, separated by a siesta period. This was followed by
a day where the maximum temperature increased to 32 °C, where both morning
and evening peaks were observed as before but once again there was a loss of
the afternoon siesta period with the addition of an afternoon peak. Over the
subsequent three days (maximum daily temperature, 30 °C) a bimodal activity
profile returned with a long afternoon siesta present (Figure 4.8 a & b). The
main difference between the response of the two species was the magnitude of the
evening activity peak which is two to three times larger for D. melanogaster than

D. suzukis.

4.4.7 High mortality rates for D. suzukii at temperatures

D. melanogaster can survive

There is clear difference in temperature preference between D. suzukii and D.
melanogaster. To compare the effect of elevated temperature on the two species,
a survival test was undertaken where sustained inactivity was used as a surrogate
for death. For D. suzukii at constant 34 °C a rapid reduction in activity occurred
over 2 h with total population mortality occurring within 8 h (n = 82). For D.
melanogaster there was an initial increase in activity over the first 2 h, followed
by a reduction in activity over the next 24 h until full mortality was observed
within 25 h (n = 83) (Figure 4.9 a). At 32 °C, 100 % mortality of D. suzukii was
observed within 31 h (n = 60). For D. melanogaster activity decreased due to fly
death and all flies had deceased within 96 h (n = 63) (Figure 4.9 b). When the
mean survival time for D. suzukii and D. melanogaster was considered significant
differences were observed between the species at both 32 and 34 °C (Figure 4.9 c).
For D. suzukii at 32 °C there was a mean survival time of around 500 min, this
was reduced significantly to around 100 min when the temperature is increased
to 34 °C. A similar trend is observed for D. melanogaster, but with a significantly
longer survival time compared to D. suzukii. At 32 °C D. melanogaster survived
for about 3,000 min which is six times longer than for D. suzukis. At 34 °C the
survival of D. melanogaster decreased to around 1,000 min, but this was still ten

times longer than D. suzuki.
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Figure 4.8: Afternoon peak of activity is triggered by the elevated temperature

in both D. suzukii and D. melanogaster. Simulated natural temperature varied
in a gradient from 22 - 30 °C on the first day then 22 - 32 °C on the second day
then 22 - 30 °C for the subsequent three days. (a) Locomotor activity 1 h time

bins for D. suzukii expressed as the mean number of beam breaks (n = 36). (b)

Locomotor activity for D. melanogaster expressed as the mean number of beam

breaks (n = 24). The appearance of an afternoon peak of activity is indicated

"A". Daily fluctuations in light levels are indicated (dashed grey line). Humidity

kept constant at 75 % RH.
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Figure 4.9: Survival of D. suzukit and D. melanogaster at elevated temperatures
(a) Activity of male D. suzukii (n = 82) and D. melanogaster (n = 83) at 34
°C with constant light 500 Ix and humidity 75 % RH. Survival monitored as a
function of activity (min ~!) over time. (b) Activity of D. suzukii (n = 60) and D.
melanogaster (n = 63) at 32 °C with constant light 500 Ix and humidity 75 % RH.
Activity was measured as the number of beam breaks per minute (min ~!). (c)
Average survival time (expressed as mean £ s.e.m) indicating differences in the
survival of each species at each temperature. Death was determined as after the
last one-minute time period with activity, the experiment was continued several
days after the last beam break. D. melanogaster survive significantly longer than
D. suzukii at both 32 and 34 °C (one-way Anova p < 0.0001).
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4.5 Discussion

This chapter reports the locomotor behaviour of D. suzukii can be affected by
external stimuli, such as environmental conditions and by mating status. Knowl-
edge of when a pest is most active provides information on the optimum time for
insecticidal spraying. Furthermore, by understanding their preferences to tem-
perature as well as humidity, prediction of the likely movement and dispersal of
the pest can be determined, and procedures can be put in place to minimise crop
losses. Moreover, better understanding of the likely survival of D. suzukii allows
for the formation of better prediction of pest pressure for given environmental
conditions through the formation of more accurate life tables.?56] These life ta-
bles allow for the determination of likely pest pressure and allow agronomists to
develop suitable spraying schemes to combat the pest.

Throughout this study LAM16 monitors (Trikinetics Inc.) were used to record
the locomotor activity of D. suzukii under various environmental conditions. The
LAM16 employs multiple infrared beams and detectors held in a thin board to
detect insect movement as beam breaks. The monitor has been designed differ-
ently from the commonly used DAM2 Trikinetics monitors to reduce the risk of
shadows being cast by the plastic housing.

Our initial objective was to record the activity profiles of mated male and
female D. suzukii in a natural summer environment. Conducting such an experi-
ment outdoors was technically problematic as natural infrared radiation resulted
in spurious counts being recorded by the activity monitors. Therefore, the moni-
tors were placed beneath a skylight window in a building located away from any
polluting artificial light. In these semi-natural summer conditions, the activity
of the mated females greatly exceeded that of mated males, with the most pro-
nounced difference in behaviour occurring during the late afternoon when females
were consistently more active than males. Although the intensity of the activity
waned with time, the sex difference was sustained for at least 6 days. The only
previous study of locomotor activity of adult D. suzukiz was conducted under
"summer" conditions, where a temperature cycle of between 12.2 and 22.2 °C

[262

simulated the gradual natural gradients of Watsonville, CA, USA.[?*62 Changes

in light intensity, however, were restricted to two undefined levels, with the lower
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intensity occurring in the morning (dawn) and late afternoon (dusk). This study,
using virgin males and females, showed that activity was largely restricted to
daylight hours, with peaks occurring at "dawn" and "dusk", and indicated that
males were more active than females, which is opposite to what was observed in
the present study.

As it had been shown previously that mating increased daytime activity of
female D. melanogaster, it was suspected that the reason for the high female
activity relative to male activity seen with D. suzukiz in our semi-natural con-
ditions resulted from a similar post-mating response.?™”l This was confirmed by
investigating the activity profiles of mated male and female D. suzukii using
standard incubator conditions of a 12LD cycle and constant temperature. Here,
we observed for virgin and mated males, as well as virgin females, a small peak
of morning activity and a late afternoon rise in activity leading to a prominent
evening peak. There was a period of quiescence that extended for several hours
in the early to middle of the afternoon and was reminiscent of the siesta sleep
of D. melanogaster. In contrast to male and virgin female D. suzukii, mated fe-
males were active throughout the daytime, with the evening peak now occurring
much earlier in the afternoon. The sharp peak of activity that occurred just after
lights off in the 121D conditions appears to be a startle effect from the sudden
switch to complete darkness. This reaction, which was seen in males and virgin
females, was much reduced or even blocked in mated females, perhaps resulting
from the dampening down of the startle response by SP signalling pathways. This
pathway has been well studied for D. melanogaster further information can be
found in several review articles.[?%2811 The induced activity in mated D. suzukii
females gave rise to a large reduction in daytime quiescence, but not night-time
sleep. Furthermore, the mated females could not sustain a daytime sleep-like
state for periods much beyond 10 min. Rhythmic activity was maintained when
both male and female flies, irrespective of mating status, were placed in contin-
uous dark (DD) after 121D entrainment, as expected for behaviour under the
control of an internal clock. It was very noticeable, however, that the activity
was now spread across the whole of the subjective lights-on period, suggesting
that afternoon light suppresses activity, reflecting a reluctance to be active in the

middle of the day to protect against the afternoon sun. In constant darkness, the

141



4.5 Discussion

evening peak of activity occurred earlier in the subjective day because of the dis-
appearance of the prominent lights-off peak, consistent with this being a startle
response to the sudden switching off of the light.

The behavioural responses by female D. suzukii to mating are very similar
to what has been observed previously for D. melanogaster (OregonR, Dahomey

2701 For this species, the loss of daytime

and to a lesser extent, CantonS strains).
quiescence is elicited by the transfer in the seminal fluid of SPDm, a 36 amino
acid pheromone peptide made by the male accessory gland. SPDm elicits a wide
variety of female post-mating responses that include rejection of male advances,
increase in oviposition, activation of immune defences, elevated food intake and
altered food preference, in addition to the effect on sleep.?8”) The orthologous
SPDs of D. suzukii has the same structure as SPDm, although there are five
additional amino acids in the central proline-rich region. Some of the function-
ality of SPDs is also conserved as the synthetic peptide elicits oviposition and
loss of male receptivity when injected into female D. suzukii as well as female D.

[278] Unlike SPDm, however, there is no knowledge from amino acid

melanogaster.
analysis of any post-translational modifications of the amino acid side-chains,
e.g. prolyl hydroxylation. Mass spectrometry detected a molecular ion (m/z
5145) corresponding to the predicted SPDs with three 4-hydroxyproline residues,
although these post translational modifications have yet to be confirmed by chem-
ical analysis. The detection of the m/z 5145 molecular ion in the reproductive
tract of the mated females provides evidence of its transfer from the male, and
leads us to conclude that SPDs in the ejaculate is probably responsible for the
behavioural changes observed in mated female D. suzukii

It has recently been shown that adult male D. melanogaster display a mid-
afternoon (A) peak of activity, but only when the afternoon temperatures reached
above 30 °C.[245:272-2714282] Thig thermo-sensitive A peak was seen in simulated
natural conditions in a controlled environment incubator, where temperatures
fluctuated from a low of 17 or 25 °C to a peak of 32 or 35 °C in the afternoon.
When the variable light and temperature were out of phase, the A peak coin-
cided with the highest temperature and not peak light levels.[?*?l Initially, it was
hypothesised that this afternoon peak was an experimental artefact produced by

[15]

the TriKinetics locomotor monitoring system.!™>! However, further investigation
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through the use of video recordings showed that this afternoon peak was not an
artefact. For D. melanogaster the afternoon peak requires the internal thermo-
sensitive channel transient receptor potential A1 (TrpA1l) and that the magnitude
of afternoon activity can be controlled by altering the maximum daily temper-
ature.[?™ An early evening peak of activity was recorded for mated female D.
suzukii (maximum daily temp, 30 °C) at 19:00 which was 6 h after the hottest
period (13:00) and is therefore not equivalent to the temperature-sensitive A peak
of D. melanogaster. The activity of D. suzukii was monitored with temperatures
cycling between 27 and 35 °C, but high mortality occurred, reflecting the fact
that this species is poorly adapted to hot climates.

In order to better understand these differences in thermal responses between
D. suzukii and D. melanogaster their temperature preferences were determined,
using similar methodology to what has been used in other laboratories for D.

[275] This methodology maintains a high relative humidity across

melanogaster.
the length of the chamber, which is particularly important as D. suzukii is sensi-
tive to low humidity.?6° Previously, it has been shown that in this temperature

2751 Tn the present study D.

preference test D. melanogaster cluster around 24 °C.!
melanogaster also tended to cluster between 24 - 25 °C, averaging at 24.65 °C.
D. suzukii in comparison clustered at a significantly lower temperature between
22 - 23 °C, averaging at 22.45 °C. This 2 °C difference between the two species
is similar to the difference in maximum upper limit for development (30.9 °C for
D. suzukii and 33 °C for D. melanogaster).[263266:267]

As shown in simulated natural conditions where the afternoon maximum tem-
perature reached 30 °C, D. suzukii males experienced a sustained period of quies-
cence during the middle of the day. By increasing this daily maximum tempera-
ture to 32 °C this period of sleep was disrupted and instead an afternoon activity
peak was observed. This afternoon behaviour at elevated temperatures was simi-
lar to that previously described for D. melanogaster.1?™ This elevated afternoon
activity was confirmed and was a direct response of the increased maximum tem-
perature by including a period of constant darkness, where the afternoon peak
of activity was still present. This afternoon peak is therefore a direct result of
temperature and not due to the increasing light intensity as has been observed

for several other Drosophila species. 2%
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Daily maximum temperatures tend to fluctuate in natural conditions, there-
fore the affect these fluctuations had on D. suzukii was investigated and compared
with D. melanogaster. For both species raising the temperature to a maximum of
30 °C did not disrupt the afternoon quiescence period. A daily temperature max-
imum of 32 °C led to the appearance of an afternoon peak in both species, which
was of a similar magnitude. The striking difference between the species occurs
in the evening peak which is substantially bigger for D. melanogaster than for
D. suzukii. The days following the 32 °C maximum temperature did not appear
to be affected by the previous day’s increased locomotor activity. However, the
stress created by this loss of siesta may have a longer-term effect not observed in
this short-term test.

Periods of elevated temperature lead to increased stress in the insect increasing
locomotor activity. The effect of sustained periods of high temperatures were
expected to put the flies under extreme stress and lead to mortality. Under
conditions of constant 34 °C it was found that both species were poorly adapted
to sustained periods of high heat and perish. For males the rate of mortality for
D. suzukii is substantially greater than for D. melanogaster. At 32 °C both species
survive for substantially longer but not as long as at ambient temperature and
D. suzukii perished faster than D. melanogaster. This indicates that D. suzukui
is more susceptible to heat stress than D. melanogaster and sustained periods
of elevated temperature leads to high mortality rates. The increased daytime
activity in response to elevated temperature is probably a defensive adaption
to avoid loss of water and overheating. When the environmental temperature
exceeds a critical temperature both species increase their activity to move to a
cooler region, this may be through the gain in altitude or through seeking a cooler
microclimate such as a shaded area under foliage. What is of interest is that it
appears that the critical temperature to increase the activity for both species is
similar, but that D. suzukii cannot withstand as long periods at this elevated
temperature so needs to find a cooler region faster. This inability to withstand
periods of elevated temperature, even under high humidity, goes some way to

explain the lack of D. suzukii in hot dry regions of Europe. %71
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4.6 Conclusion

The siesta observed for male and virgin female D. suzukii is probably a defensive
adaptation for conserving energy, protection from predators and avoiding expo-
sure and loss of water during hot summer afternoons. A recent study has shown
that D. suzukii mate in the morning and evening of a 16L8D day and are seldom
seen copulating in the afternoon, which is consistent with our observation of a

283] Mated females, however, are ex-

siesta for virgin males and virgin females.
pected to adopt a higher risk lifestyle for the acquisition of nutrients to support
egg production, for finding suitable egg laying sites and for reducing competition
through increased dispersal. The switch in the afternoon behaviour of the female
may be triggered by the transfer of SPDs from the male during copulation. This
peptide has an impact on sensory neurons in behaviour-modifying pathways.
The increase in locomotor activity with elevated temperature observed in both
D. suzukii and D. melanogaster is probably a stress avoidance adaptation against
thermal stress and water loss. Recently, it has been shown that adult D. suzuki
are indeed more susceptible to water loss compared to D. melanogaster which

may explain the poorer survival of D. suzukii at temperatures above 30 °C.[26%]
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Chapter 5

Conclusions and future work

D. suzukii is a serious economic pest that has created large amounts of damage
since its invasion of temperate horticultural regions. This thesis has highlighted
three main aspects required for the control of this pest. First, I have developed
a potential method for the delivery of protein based bioinsecticides. Second, I
have developed diblock copolymers that are capable of complexing dsSRNA. These
complexes induce increased mortality of D. suzukii compared to naked dsRNA at
the larval stage. Finally, I have observed the pest’s locomotor behaviour under
different climatic and mating status conditions in order to develop better control
strategies.

Historically protein and peptide based bioinsecticides have been limited by
their rapid degradation on the crop substrate and upon ingestion by the pest.
To combat this I have developed a novel delivery system, where we can encapsu-
late water-soluble biomaterials in a water continuous phase. This was achieved
using a water-in-oil-in-water (W/O/W) multiple emulsion-template, where the
oil phase contained a monomer and initiator which could be polymerised to give
solid polymer microcapsules. The encapsulation of water soluble biomaterials
may lead to a protection of the encapsulate due to the physical polymeric barrier
between the active species and degrading enzymes. However, for a biopesticide to
be active it needs to be released from the protective microcapsule. Release from
these microcapsules was enabled using a triggered mechanism, where the micro-
capsules responded to an external pH change. This response was engineered so

that the microcapsules would rapidly swell with a reduction in pH, corresponding

146



to the gut pH changes in D. suzukii. 1 have shown through in vitro and in vivo
testing that the microcapsules maintain their cargo at a pH above the ionisation
point of the polymer, but rapidly release below this ionisation point. To date,
we have demonstrated the encapsulation and triggered release of a model bio-
material. Optimisation of the multiple emulsion template has been undertaken
in this research, this should be continued to gain a better understanding of the
morphology of the multiple emulsion as the oil phase polymerises.

The next stage in the development of this delivery method will be to encap-
sulate relevant protein/peptide bioinsecticides. There are many different possible
bioinsecticides that may be encapsulated as outlined in Chapter 1, the system
that I have demonstrated allows for the specific release of the contents at the
main site of uptake in the pest and a wide range of possible bioactives could
be investigated. With each different bioactive the encapsulation efficiency over
time should be investigated to determine the short and long term storage of these
microcapsules. Fz vivo testing of the protection provided by the microcapsules
should be undertaken in the gut juices of the insect and in the storage liquid of
the crop tissue.

RNAI has recently come to the forefront of bioinsecticide research, due to its
specificity and eco-safety. However, degradation by extracellular nucleases and
poor cellular uptake has limited its use via oral application. To combat this,
I have synthesised diblock copolymers, which may increase the stability of the
dsRNA and increase the RNAI effect in D. suzukii. These diblock copolymers
consisted of a complexing quaternised PQDMAEMA block that condensed the
dsRNA. A secondary water-soluble PHPMA block was added to provide steric
stabilisation. I have shown for the first time that well-defined diblock copolymers
can efficiently complex dsRNA to form a polymer:dsRNA polyplex. The size
of these polyplexes can be controlled by the ratio of complexing and stabilising
blocks. Complexation of dsRNA has increased the mortality in D. suzukii by
~ 75 % compared to naked dsRNA. Furthermore, when the complexes were fed
to a close relation and model species, D. melanogaster, no effect on survival
was observed, demonstrating the specificity of this technique. This increased
control may be due to the enhanced protection and delivery of the dsRNA upon

complexation compared to the easily degraded naked dsRNA. However, future
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work is needed to confirm that the phenotypic observations are due to enhanced
RNAI after complexation of the dsRNA.

It is vital that monitoring of gene suppression by RT-qPCR is investigated to
confirm that the increased mortality is indeed due to enhanced RNAi. This should
be undertaken with the comparison in gene expression for larvae fed naked and
complexed dsRNA coding for the vha26 subunit. An accompanying experiment
should be set up testing non-coding dsRNA both in the naked and complexed
form to show that the effect is due to enhanced RNAi. It is also of interest to
better understand the protection provided by the diblock copolymers synthesised.
To do this an ez vivo study should be undertaken to determine the longevity of
dsRNA in the pest’s gut juices after complexation and compared to naked dsRNA.
This can be undertaken using two main methods, either by incubating the dsRNA
in the gut juices in the presence of ethidium bromide to quantitatively measure
dsRNA concentration or an agrose gel can be run after the polymer has been
decoupled with the dsRNA using SDS. A combination of these methods would
allow for the determination of dsRNA concentration over time and investigate
how the dsRNA degrades.

The locomotor activity of female D. suzukii is significantly altered upon cop-
ulation, this change in behaviour is likely to be due to the transferral of sex
peptide in the seminal fluid. Previously for the close relation and model species
D. melanogaster similar behaviour changes have been observed after copulation
which are induced due to the transferral of SP. In collaboration with Dr Neil
Audsley we have shown that there is an analogue in D. suzukii of this SP. This
peptide in D. melanogaster has been shown to modify the insects behaviour lead-
ing to the loss of the afternoon siesta period in mated females. It is hypothesised
that this increased activity is needed in order to find oviposition sites and along
with extra foraging. In order to confirm that the effect observed in D. suzuki
is indeed induced by the transferral of SP suppression of the SP gene in males
should be induced. Unfortunately, the production of synthetic SP and the intro-
duction into virgin flies would be unlikely to work due to the rapid removal of the
peptide that is not co-applied with the sperm. As the mated females create the
damage, it is important to understand when the optimum time to spray insecti-

cides is to maximise their effect. Along with the modification of the locomotor
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behaviour, the transferral of peptides during copulation can alter other processes
in the insect. We have shown that there are several other peptides present in
the seminal fluid that are transferred during copulation, and future work will
investigate what these are and what effect they have.

D. suzukii has spread rapidly throughout temperate regions of the world due
to its suitability to a wide range of climates. I have shown that although this
polyphagous pest is found in many regions, it is less well adapted to thermal
stresses than its close relation D. melanogaster. Increasing the daily maximum
temperature above 30 °C results in a loss of the afternoon siesta peak, where
instead a period of increased activity is observed. This increased activity does
not appear to have an effect on the short term behaviour of the insect. However,
long periods of elevated daily maximum temperature are likely to lead to a reduce
in fitness of the pest. Therefore it would be of interest to monitor the survival of
this pest over longer time periods under simulated natural conditions where the
maximum temperature is set to 32 °C. In conjunction with accurate environmental
prediction and monitoring an estimate on the likely pressure of the insect pest
could be made. This production of life tables for the insect based on true weather
conditions would help growers determine the correct spray regimes of insecticides,
reducing over-spraying and limiting crop losses. Furthermore, with the increasing
computational power and expertise in dispersal modelling this data will aid in
enhanced predictive models. The results presented here along with the future
experiments described would allow for the maximum upper temperature to be
set, allowing a prediction on how long the fly could survive those conditions.
These parameter in conjunction with other environmental conditions enables the

prediction of likely dispersal patterns of the pest into new geographic areas.
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Appendix A

IH-NMR characterisation of
polymers used to complex dsRNA
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Figure A.1: 'H-NMR of HPMA after purification in cold diethyl ether and vacuum
drying
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