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Abstract

Chemical insecticideareatypical tool used by growers to control pest insect species, such as
the invasive fruit flyDrosophila suzukiiHowever, the rise of resistance to common chemical
pestcides and widespread concerns of -emdcity has led to an increiag demand for

biological alternatives with new mode$-action and improved biosafety profiles.

RNA interference, discovered in 1998 by Fire and Metlal, can be exploited as a spegi
specific method of pest contrdlhe application of exogenous dousi#andedrNA to cells
can induce the degradationgye-determinednRNA transcripts, which can result in enhanced

mortality of an insect pest if specific transcripts are tadjet

Induction of systemic RNAi can be generated in select insectiesp#wough oral
administration of dsRNA. Howevemany insect species such as dipteranemdopterans

are recalcitrant to RNAI through oral feeding of dsRNAis is due to degradation tie

orally delivered dsRNA by RNases in the haemolymph, saliva and intestines of the insect, or
within the environment prior to ingestiobrosophilain particularshowlow cellular uptake

of dsRNA, due to the lack the SiDlike transporter protein thardinarily provides a faster

cellular uptake pathway in comparison to endocytosis.

Polymeric delivery vehicle can therefore be developedprotect dsRNA against enzymatic
degradation,and to enhance cellular uptake to induce insect mortality and thais pe
management through RN#ased control. This thesis describes the design, synthesis,
characterisation, andx vivqg in vitro and in vivo biological assessment afovel block
copolymes, to act as protective vehicles for dsRNA fpeciesspecific bio-insecticidal

activity in Drosophila suzukii
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Figure 2.2. Reversible additigragmentation transfer mechanidmitiator-derived chains are
formed (I and Il), followed by a prequilibrium stage (Ill). Rénitiation causes the formation

of R-derived chains (V) before the reaction reaches an equilibrium between dormant and
active species (V). The combination of icads will leave to termination (VI). Figure created
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Figure 2.3. Examples of Z groups that achieve gmudrol over polymer synthesis for certain
monomers. For example, trithiocarbonates are good Z group choices for methyl methacrylate
monomers. Abbreviations: MMA methyl methacrylate, HPMAM N-(2-hydroxypropyl)
methacrylamide, St styrene, DMAmi N,N-dimethylacrylamide, VAG vinyl acetate, NVP

i N-vinylpyrrolidone. Reproduced from Ref. 221, with permission from the Royal Society of
(01 01T 0 01151 {2 PP PP PP PPPPPRPPPPPPPP 48

Figure 2.4. Examples of R groups that achieve good control over polymer synthesis for certain
monomers. For example, methyl methacrylates are good leaving groups, requiring an R group
that is more polymeric and therefore a better hotiwlgaving group due to steric factors.
Abbreviations: MMA 1 methyl methacrylate, HPMAM T N-(2-hydroxypropyl)
methacrylamide, St styrene, DMAmi N,N-dimethylacrylamide, VAG vinyl acetate, NVP

i N-vinylpyrrolidone. Reproduced from Ref. 221, with persios from the Royal Society of
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Figure 2.5. Examples of maeR groups for block copolymer synthesis. The polymecks
on the left hand side have better homolytic leaving group ability. For example, a methyl
methacrylate should be polymerised before a vinyl ester polymer block. Abbreviations: MMA
I methyl methacrylate, HPMAM N-(2-hydroxypropyl) methacrylamide, St styrene,
DMAmM 1 N,N-dimethylacrylamide, NVG N-vinylcarbazole, VA4 vinyl acetate, NVR N-
vinylpyrrolidone. Reproduced from Ref. 221, with permission from the Royal Society of
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washing with Mill-Q water and staining with 1% uranyl acetate. Images were captured using
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Figure 3.16Electrophoretic mobility of polyplexes formed with each polymern{@iio-b-
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Figure 3.23. Agarose gel electrophoresis 06®Q-Dsd/dsRNA polyplexes at N/P ratio = 0.25,
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different amphiphilic triblock copolymers (63-b-B2s-b-Dss, Qi00-b-Bas-b-Dgg and Qoo-b-B17-
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Figure 4.16. A visual comparison of the difference in hydrodynamic radii (/ nm) of polgplexe
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Figure 5.1. (A) Qio-b-D21ddsRNA solution upon initial mixing before addition to diet for oral
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Figure 5.2. Agarose gel electrophoresis of homopolymer (Q, lanes 4 and 5), diblock copolymer
(Q-b-D, lanes 6, 7 and 8, 9 and 10, 11) and triblock copolymdyBb-D, lanes 12, 13 and

14, 15 and 16, 17) complexes with dsRNA at an N/P ratio = 2.5. DSRNA was run in lanes 2

and 3. Homogenised gut of adult flies (equivalent of ¥z a gut) was added to lanes 3, 5, 7, 9, 11,
13, 15 and 17, annotated with a *. A 100NA ladder was run for comparison in lanes 1

Figure 5.3. Agarose gel electrophoresis of dsRNA alone and dsRNA iaduhéth the
homogenised guts of LI3. suzukiilarvae added to the equivalent of ¥ gut, 1 gut, 2 guts, or 3
guts. Samples of dsRNA were incubated with the L3 larvae gut enzymes for either (A) 1 h, 2
h or (B) 24 h. Image B was a separate agarose gel, fapwwcubation of the dsRNA for 24

h, hence the subtle background colour change that may be noticeahle.................. 167

Figure 5.4. Agarose delectrophoresis of homopolymer (Q, lanes 3 and 4), diblock copolymer
(Q-b-D, lanes 5, 6 and 7, 8 and 9, 10) and triblock copolymér-Bb-D, lanes 11, 12 and

13, 14 and 15, 16) complexes with dsRNA at an N/P ratio = 2.5. DsRNA was run in lanes 1
and 2.Homogenised gut of L3 larvae (equivalent of ¥2 a gut) was added to lanes 2, 4, 6, 8, 10,

Figure 5.5. Cell viability of HEK293T cells, normalised with respect to untreated ceiis,
MTS assay with (A) homopolymer (&) and diblock copolymerQiio-b-Ds7), (B) diblock
copolymergQ110-b-Dge and Qio-b-D219) and (C) triblock copolymers)i10-b-Bas-b-Dss, Quio-
b-Bas-b-Dgs and Qio-b-B17-b-D212). Concentration of stock polymer solution added to cell
culture was varied from 0.0110 mg mL2. Cell viability was assessed in triplicate after 24 h
incubation. Error bars represent standard deviatiahliaes are drawn here to guide the eye.

Figure 5.6. Cell viability of Sf9 cells with increasing polymer(&b-D.19) concentration,
normalised with respect to untreated cel#ssMTS assay. Concentration of diblock copolymer
solution added to cell culture was varied from 0.@mg mL?. The different shade of colour
represents a repeat with Sf9 cells of different pgessamber, within each repeat viability was
assessed in triplicate. Error bars represent standard deviation, and lines are drawn here to guide



Figure 5.7. Cells were killed by heating for 30 min at 90 °C in a heating block, in order to
confirm dead cell appearance in dot plots and intensity plots. (A) and (C) show FSC/SSC dot
plots of samples of dead cells and untreatdt, respectively, with live/dead gating shown.

(B) and (D) show FSC/SSC dot plots followingAAD discrimination of dead cells and
untreated cells, respectively, with gating illustrated in (E), which shows a histograf&i 7
fluorescence intensity idead cells (red) and untreated cells (blug)...........cccccvvvvnnnes 173

Figure 5.8. FSC/SSC (forward scatter height/side scatter height) dot plots of a representative
sample of untreated cells,1Qb-D2ioebased polyplestreated ells, Qigb-D219 polymer

treated cells and naked dsRM#ated cells (as indicated by titles in bottom left hand corner

of graphs). Live/dead gating is showna&b-D219is used here as an example, other complexes
and polymers showed similar dolbts (e Figure A10 in Appendix)........ccccvveeeeernnnns 174

Figure 5.9. FS@H/FSCA (forward scatter height/forward scatter area) dot plots of a
representatie sample of untreated cells;:@b-D21g-basedolyplextreated cells, Qob-D219
polymettreated cells and naked dsRMi#ated cells (as indicated by titles in bottom left hand
corner of graphs). Gating of single cells is showngQ D219is used here as an example, other
complexes and polymers showed similar-plots (see Figure A10 in Appendix)......... 175

Figure 5.10.Histogram of the Cy3 fluorescence intensity in HE83T cells that were
untreated, or incubated with Gy@belled dsRNA alone or complexed withi16b-D219g
diblock copolymer. @¢b-D21g used as example here, other polyhased complexes with
dsRNA showd similar increases in fluorescence intensity (see Figure A10 in the Appendix).
The gating is shown by a black line, as B@&rcentile of the negative control............ 176

Figure 5.11. Percentage of Cy3 positive events, determiadldw cytometry of untreated or
treated HEK293T cells, which demonstrates that complexation of-l@pglled dsRNA with
homopolymer, diblock copolymer driblock copolymer greatly enhances interaction with
eukaryotic cells. Standard deviation shown by error bars from assays performed in duplicate.

Figure 5.12. Representative confocal and light microscopy merged images (left)-of mid
section Zslices of HEK293Tcells treated with (A) Qr-b-D21ddsRNA, (B) dsRNA, (B) Qo

b-D219, (C) dsRNA and (D) water. The images show the redrdélscence of Cyabelled
dsRNA. DAPI was used as the mountant to stain the nuclei and can be seen fluorescing blue.
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Chapter 1.Introductionandreview of

recent iterature

Thechapter is partly based on the review publisindérontiers in Agronomyinder the title,
6Recent Advances i n EngiMedateed @ap Phtactiom pgainst i c | e s

| nsec tl0.B38%d0®.9021.652981

This first chapter introducethe background of thpest insect species @dcus the current
insect control landscape and the need for novel insectitideRNA interference mechanism
and barriers to delivery, a review tife recent literature on engineered nanoparticles fo
RNAi-mediated crop protectiqiin which target insects other thBnosophila suzukiwill be

consideredand the motivation behind the research in this thesis.

1.1 Drosophila suzukii:Pest insect species

The Asian vinegar fly, mottedwing Drosophila (also known adrosophila suzukij first
describedby Matsumurain 193%), is an invasivepestspecies thais native to SouttEast
Asia. D. suzukiican be easily identified from their close relati¥®sophila melanogastday
the distinctive dark spots on the wings of the males anthtbe,serrded ovipositor othe

femaleg(seeFigurel.1).


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

Figure1.1. Light microscopy inage of two mal®rosophila suzukiadults (top), with thelistinctive
dark spots on the leading edge of theings shown by dark blue circles. Two femBlesuzukiiadults
are in the bottom half of the image, with thammique serrated ovipositors highlighted by light blue

circles. The righthandD. suzukiifemale has an egg attached to her ovipositor.

1.1.1 Biology and ecology
Drosophila suzukiare part of thenelanogastespecies group of the subgerfsisphophora
and of the Drosophilidae family of the order Diptéf&emaleD. suzukiican layup to21
eggs per day, with each female laying approximately 200 eggs throughout her fifeBme.
suzukiieggs will hatch after I 3 daysandgo through three larvahstarstagesover the next
371 13 daysThe larvae then pupate, undergo metamorphosis and eclose as adult flies to live

for around 60 days;igure1.2.26

Figure1.2. Light microscopy images dd. suzukii3' instar larvae (A) feeding oife standardiet as

used in this researcB. suzukiipupae in their early stagewhilst forming thesclerotizedpupal case

(B) ard D. suzukiipupae in a late stage, prior to adult eclosion (C).
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D. suzukiiare extremely sensitive to temperatwaed heir oviposition, mating and longevity
areaffected by the temperature of the surrounding environment. For example, Eactien
found that the development Bf suzukiifrom egg through to adu#tcould range from ~ 29

days at 14 °C, to 41 days at 26 °C.

The closely related specieBrosophila melanogasteroviposit their eggs in overripe,
fermenting fruit, and as such, are not characterised as a pest $peaestrastD. suzukii
oviposit in ripening andully ripe soft and stone fruit3heyfavour oviposition in fruits such
ascherries, blueberrge blackberries, raspberriand other soft and stone fryit their peak
ripeness or just priof heir serrated ovipositors (aghlightedin Figurel.1) are able to pierce
the skin of these soft fruitgying their eggs within the internal fruit tissuéss the larvae
developthrough eachnstar, their feeding causes the collapse of thét fissue andsevere
damage to the crofhird instarlarvae make their way to the surface of the friypjcally

pupating outside of the skin.

The impact oD. suzukiion crop fruits is therefore twimld. Directly, the internabviposition
and larvalfeeding causdruit tissue collapseFollowing oviposition, there is theindirect
impact ofexposing thdruit to attackfrom externalpathogens and other drosophilid species

through thedamagemade by the oviposit@f the femaleD. suzukii*

1.1.2 Economicimpact
The twafold crop damage caused By suzukiiis ahugecause for concern for groweirs
areashere theest insect iprevalentD. suzukij over the last couple of decadess hacome
a global economic pestausingsignificantcrop damagéeadingto largerevenueosses for

growers.



The first reports oD. suzukiidate back to 131 in Japan, followed by a spread to China in
1949 The flies can now bfoundin atleast22 of @i na 6 s mMJapaniand Cleired.
suzukiitargetsweetcherries, blueberries and wax myrtle fruitbe rapidglobalspread oD.
suzukiibegan in earnestfter the fruit flies wereletectedn California in 2008 Goodhueet

al. haveestimated the revenue losses in California, dubdinfestationas37 and 20% for
raspberries and strawberries, respecti¥élg.D. suzukiispread across North America, crops
of blueberries, raspberries, blackberries and chewigrgaffected Thereportedotal revenue
loss inthe states ofCalifornia, Oregon and Washington combinedli¢ to crop losses of

strawberries, blueberries, raspberries, blackberries and cherries Jn2G#2.6 billion®1°

Following the spread asss North America, Europe followed suit with an invasiorDof
suzukiithat begannitially in the south of Europealetectedn Spain and Italy in 2008. From
2008 to 2014D. suzukiispreado France, thethe UK, Poland and acroti®e rest oEastern
Europe. An assessment by De Rosl. of the economic impact d@. suzukiion Trentino in

ltaly,suggested a total rewv2®Hnte | oss of over 03 mi

1.2 Chemical, biologicaland managementcontrols
To mitigate againgthe mass infestation dD. suzukiiand subsequent destruction of crops, a
variety of different control measurebave been trialled. These inclugdysical crop

management, biological controls and chemicsgcticides.

Growers of susceptible crops need to employ a variety of management strategies as part of an
integrated pest management (IPM) framew®&idt. example, the use of high tunnels (tunnels
covered with plastic or netting) to cover berries has been shosigrtificantly reducethe
infestation ofD. suzukii Berries covered by a plastic high tunnel, untreated with insecticide,
incurred a mean infationof just 2%, in comparison to the open @dreatedanduntreated

by insecticide that had 60% and 8l%nfested berries, respectivefy.Other important



strategies includéhe promptremonal of infested and overripe fruit, and careful contodl
harvest intervals to reduce the amount of infestat@nowers are requesteo monitorD.
suzukii populations with traps set with apple cider vinegar, fruiteps, or yeast/sugar

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

Biological control,exploiting the use ohatural predators, is another method of pes¢dh
management that can be utilised to control populatiamspart of an IPM strategy
Hymenopteran parasitoid wasps are known to be able to reQutzephilapopulationsThe
parasitic wasps attadirosophilaat either the larval or pupal stage, by delivering their eggs
into the larvae (or through the pupal cag@)their needldike ovipositor** The wasp larvae
then develop within the larvae/pupae, at the expense Bfrismphila.However,Drosophila
have developetheir ownmethods to resist parasitojds/ encapsulating thparasitic eggs
andpreventing their further developmein turn, some parasitoid waspeciehave evolved

a strategyo produce virudike particles to prevent encapsulationtheDrosophila**>When
selecting a biological predatot,i$ important for the predator be specific to the host, and be
efficacious in their population controf the host specieRecent workby Hausslinget al. has
found a significant preference of the parasispécieslrichopria drosophilador D. suzukii
pupaespecifically, indicating that it could be promisingcandidatdor controllingD. suzukii

within a wider IPM framework®

In terms of chemidacontrol, there are a selection of insecticides that are effective and
commonly usd to manage populations db. suzukii These include organophosphates,
neonicotinoids, spinosyns and pyrethrdi@$® However, the high reproductiarate of D.
suzukiimeans that the species is ablegtockly devebp resistance to insecticideBhis is
particularly problematic for organic growers, who are already limited to a esrpaibl of
chemical controbptions. Spinosad (a naturally occurring substanadeby soil bacterium

is a welkknown organichio-insecticide but some resistance has already been showi. by
suzukii*” It therefore remains critical for growers to operatetation ofcontrolchemicasto
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prolong their effectivenesédditionally, itis important forgrowers to carefully considéne
timing of insecticidespraying This is particularly relevantfor growers of begollinated
crops,as they need tensure thabeesare removed before insecticide application so that they
will not be harmed, whilsthey must spray crops early enough in order to protect fireem

infestation ofD. suzukiithat will attacktheripening fruit*©

The need for biénsecticides with novel modeas-action is clear, due to the susceptibility of
D. suzukiito developingesistance to chemical insecticides, and theastjet effects of these

insecticides on beneficiapecies such as pollinatdfs.

1.3 The urgent need forpesticides withnovel modesof-action

The world population is increasing rapidly, and food supply must equally rise to meet demand.
It has been estimatetiowever that D18% of total crop pragkction is destroyed by insect
pests, with wheat and cotton hit the hardest with losses of up to 50 and 80%, respectively. This
induces a financial penaltyith the global crop loss due to insect pests valued at an estimated
US$470 billion!¥22 As described in therevious sectionthe effectiveness of synthetic
chemical pesticides introduced since the 1940s is continually being undermined by the
appearance of resistant insect populations. Indeed, incidences of resistance to one or more
synthetic pesticide has beeeported for over 586 arthropod species, with the Arthropod
Pesticide Resistance Databdsactively growing at an alarming rat&2® Consequently,
growers are increasingly relying ¢®M programmes in aler to prolong the effectiveness of

their arsenal of chemical pesticicésMoreover, the lack of specificity of pesticides is a
critical issue, with increasing reports of the detrimental impacts of these chemicals on
beneficial pollinator species, predators, and other anjmedsirring through bioaccumulation

or leaching into the environmefit?° Thus, a variety obiologicatbased insecticides, such as

the bacterial toxins dBacillus thuringiensigBt) andSaccharopolyspora spinoshave been

developed as alternatives to synthetic chemical pesticides. These haveofractasn quite



distinct from the traditionalysthetic chemicals, and whilst this minimises the risk of eross
resistance, field resistance has been widely reported for both biolggit’&fsThus, RNA

interference offers a promising, alternative solution.

Since the discovery of RNA interferem (RNAI) in the nematode wori@aenorhabditis
elegansin 1998 by Fire and Mell@t al, strides have been made in exploiting RNAI for
therapeutic applicationsand more recentlyfor highly selective insect pest contrdlhe
mechanism of RNAI is describeidh the following section.Although triggering mRNA
degradation in insects through RNAI offers significant opportunities in crop protection, the
application ofexogenouslsRNA is often ineffective in eliciting an RNAIi response that results
in pest lethalityThe evolution of resistance of pest insect species to Ridéed formulations

also needs to be considered appropriately when developing delivery vectors (vehicles that are
capable of carrying and protecting dsRNA). Introducing a large selection pressiddead

to mutations causing changes to core RNAiI machitfel/For example, a population of
western corn rootwormDiabrotica virgifera virgiferg with resistance to DvSnf7 dsRNA
showed crossesistance to other dsRNAY%.Future research must focus on specific
management strategies to slow the develeqt of this resistance, particularly in species that

are already refractory to RNAI.

In this context, RNADffers a promising solution capable of generating biological insecticides
with high selectivity toward target pest species. Triggering RNAI is H-cuatrolled
approach that can target psgecific transcripts angreventspecific protein production with

low risk of off-target toxicity:%4



1.4 RNA interference

RNAI was first discovered in animals by Fiaad Melloet al.in 1998 and has since been

widely adopted in the pogfenomic era for functional gene analy$i&NAi (Figure 1.3)is

inducedwhen exogenous doubsgrandedRNA (dsRNA) is internalised by cells and is

cleaved by cytoplasmic ribonuclease Il enzyme (DRerinto 2125 nucleotiddong
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Figure1.3. Schematic of the RNA interference (RN

mechanism within a cell. The exogenously sup|
doublestranded RNA (dsRNA) enters the c
cytoplasm, where the enzym®icer-2, cleaves tF
dsRNA into shoitinterfering RNA (siRNA) duplexes
The siRNA binds to the RNAnduced silencing compli
(RISC), with the antisense (guide) strand mainta
The guide strand is used to locate complimel
messengeRNA (mRNA), whichis cleaved by RIS

upon recognition.

duplexes callegshortinterfering RNA
(siRNA), which bind to the RNA
induced silencing complex (RISC).
Proteins of the complexnwind the
loaded duplex into its sense (passenger)
and antisense (guide) strands. The
passenger strand is degraded, whilst the
guide is wused to locate the
complimentary messeng&NA
(mRNA) sequence. Upon recognition,
the mRNA is cleaved by the RISC,
leaving the fragments to be
subsequently degraded by cytoplasmic
nucleases The degradation of the
MRNA and failure to translate to protein
thus results in sequenseecific effects.
Within the field of insect control,

exogenously supplied dsRNA can result

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

significantly increased if the RNAI response is systewidcthe transportation of the RNAI

signal throughout the

i ns e c tgéneratdsgstemic RNAio we v er
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responses to exogenously applied dsRNA. The reason for species differences in the spreading

of RNAI between insect tissues is not fully understtisd

The exploitation of RNAI for crop pest control requires efficient uptake of exogenously
supplied dsRNA by the target insect. Various strategies haea employed in research
environments to administer the nucleic acid to crop pest insects, ranging from direct
microinjectionto thein plantaexpression of dsRNA. Themicroinjection or soaking of the

insect in a solution of dsSRNA have often been showbetonore effective in comparison to

topical application and oral administratithf?° However, there are some examples of the
successful application of exogenous dsRNA by topical or oral administration in certain insect
species®51%5 Use of dsRNA as an insecticide for crop protection requires deposition by foliar
orsoil sprayingf ol | owed by wuptake eit herorbyingestionnt ac't

by the feeding insedt:>¢5"

1.5 Barriers to RNA-mediatedpestcontrol

The failure to elicit a strong RNAI response by feeding or topical application of naked dsRNA
in some insect species, despite success when administeretctmnjection, highlights
limitations in developing dsRNA as a general pest control soltffSnThe ineffective
induction of RNAI by environmentahaked dsRIN is often due tdts degradatiori® % There

are several possible barriers to an effective ingsponse, as summarised-igurel1.4.
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Figurel.4. Pathwayfor the delivery oexogenous, nakd@NA to insect gut cellgia foliar or soil application ar

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

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

The most likely option for delivery of a formulatelRNA-based insecticide is through
sprayed deposition onto the crop followed by ingestion by the insect pest. Thus, itis paramount
to take into account the requirements of the method of applicatioesigrdng a delivery
solution for the dsRNA, in particulahe following considerations for successful pest control

i.  Prior to application, the insecticide must be designed as a dispersion with a
homogenous distribution of dsRNA. Thus, dsRNA vectors (aiiezaj must retain
their colloidal stability throughout the various stages of the application, from the
storage in the formulated pesticide, the dilution in water upon application, the
spraying in the field, the deposition and drying on the crop and yfjndilring
transport through the digestive tract of the insect and cellular uptake. In addition, the
vectorsshould have loveff-targettoxicity.

ii.  Upon application of the formulation, the nucleic acid must survive deposition onto
leaves or soil by withstamalj harsh physical conditions and environmental
biodegradation. Exogenously applied dsRNA can be fully degraded ansiaiquatic
environmentsn less thar8 daysby microbiatproduced RNase$:%457:54n particular,

RNA, due to the additional hydr oxyl group i
more susceptible tdegradation by hydrolysis than DNA.

iii. Following ingestion by the insecthe dsSRNA must survive attack by enzymatic
nucleases and pH changes within the intestinal gut lumen before cellular
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internalisation by first traversing the inert peritrophic matrix that lines the gut and
then the midgut epithelial cell membrane. The medreellular uptake from the gut
lumen appear to vargetweenspecies and might involve one or more mechanism,
such as passive transpain a transmembrane protein, pinocytosis or receptor
mediated endocytost&®® It has been reported that the size limit for specific
uptake into cells is 150 nrthussize is critical for efficient transfectid.

iv.  If internalised by endocytosis, the dsRNA must escape the endosomal compartment
prior to lysosomal degradatidh’* before dSRNA mawt lasttake part in the RNAI

mechanism.

1.6 Variability in RNAI efficiency of exogenous dsRNA

The species variability in the efficacy of exogenous dsRNA to elicit RNAIi is-well
documented®%¢723Insects of the order Cole@sh, e.g., the red flour beetlibolium
castaneunmrespond efficiently to bothicrainjection and oral feeding of dsRNA. In contrast,
many lepidopteran and dipteran species only respond to naked dsRNA through
micrainjection*®51.7274The life stage of the insect and the experimental protocol used have
also been observed iofluenceRNAI efficiency. Why there are these differences between
species andduring different stages of the lifeycle is not fully understood, but some

contributing factors have been identifféc?’-4°47:59.59.62,65.7E8

The degradation of dsRNA by RNases within the intestinal gut lumena salivaemolymph

of the insect species will reduce RNAI efficiency. Increased RNase activity at a particular life
stage or differences in the chemical environment (e.g. gut pH) can explain some of the
variability seen in theRNAi responses of insects. Lepmterans, in particular, can be
refractory to RNAivia both micrainjection and feeding with recent research by Sieghl.
showingthe reduced processing of dsRNA to siRNA within this insect ott&The up56

gene, encoding for an additional RNAi efficiergtated nuclease (REase), could be
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responsible for the decremin RNAI efficiency”® In addition, ineffectiveendosomal escape
within cells has also been suggested to contribute to lower RNAI efficiency in

LepidoptereP?: 7980

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

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

Control35,47,65,72,81,82

1.7 Novel methods ofdelivery

The exciting potential of exogenous dsRNA to provide a new generation of highly selective
insect control agents has focused attentiche last 10 yarson the development of delivery
systems to counter the physical and metabolic instability of the nucleic acid in the field, which
can result in the complete degradation of dsRNA within 84/dn the last decade, many
novel nanoparticle delivemyehicles (also known as vectanscarrier$ for dsRNA have been
developed, including seHissembled block and branched copolymer nanoparticles,

dendrimers, inorganic nanoparticles, and natural preslsed nanoparticles, seigurel.5.
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Figure1.5. Schematic overview of the recent advances in engineered nanoparticles fon&hsted

crop protectiorstrategies.

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

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

1.7.1 Synthetic polymeric delivery vectors
Synthetic polymeric delivery vectors often require vefined polymer chains with precise
molecular weight, narrow molar & dispersity®) and defined (co)polymer architecture
(e.g., homo, block, star, or graft polymers). They are also tolerant to chemical functionalities,
enabling the polymerisation of functional monomers without the need for protecting.§toups
These highly desirable credentials have enabled not only the precise engioekenegonal
polymeric vectorshut also the ability to conduct highly systematic studies of the influence of
the polymer construct on delivery efficiendyence, polymeric delivery vehiclémve been

designed, synthesised and investiganeithis thesis
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1.7.1.1Linearhomopolymers
The simples polymeric architectures used for the delivery of dsRNA are linear
homopolymers, such as poly(@methylamino)ethyl methacrylate) (PDMAEMA),
poly(ethylene imine) (PEI), and polylysine) (PLL)3¥8 These polymers only comprisé¢
one monomer, which incorporates amine groups within the polymer chain backbone or on
pendant groups which are positively charged below their pKa (el7, 8 forPDMAEMA®,
8.271 9.5 for PE*%2and 91 11 for PLL*®. This cationic character faitiites complexation
with the anionic dsRNA phosphate backbotie#ough electrostatic attraction of the two
macromoleculgsaprocesghatis entropically favourable due to the release of coiorigf*

8 The resulting complexes are often referred to as polyplexes.

PDMAEMA and PEI have often been selected as gene transfection agemts duelt e i r é pr ot on
sponged da praddsomialiescapd®uss et al. describe the different strategies of
endosomal escager polycation/nucleic acid polyplexés detail®* In brief, there are three

currenttheories of endosomal escape:

- 6Prot on s p dhe gffed byeavhidh dudféring polycations, such as PEI or
PDMAEMA, become protonated within the acidifying late endoso(pél ~ 5). This
leads to an influx of chloride ions and thus an osmotic imbalance, inducing the influx
of water into the endosome. The endosome swells, causing membrane samsion
eventuallyrupture releasinghe polyplex cargo. Whilst there is evidenoesuggest
that the proton sponge effect plays a significant role in endosomal escape, other
experimental evidendes contradictory anthus the debate is still open as to what role

it plays in the gene delivery proce$$®

- Polyplexmediated membrane disruption.This theory suggests that rather than full

endosomal membrane rupture, a minor membrane disruption ocstgad This is
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mediated by positive overaltharge of the polyples causng membrane disruption
(which can also lead to cell lysis and death). The nanoscale foolaed in the

membrane allows the release of polyplexes into the cytopte®Sit?

- Polymer-mediated membrane disruption.The third theory is similar to the above
polyplexmediated theory, in that the endosome membrane remaimy intact
throughout the process of escape. Howgtreés theory suggests that free polymer
(decomplexed from the nucleic acid) is able to intercalate within the membrane,
inducingmembrane permeabilitfor nanehole formation to allow the nucleic acid
and/or polyplex to escape. This strategy relies on the abilith@polymer to freely
complex and decomplex from the nucleic acid in order to intercalate into the

membrang#101,108106

PEI and PDMAEMA homopolymer delivery vehicles are ofteand to havelow cellular
internalisation efficiency and can be highly toxic to mammadiad insectells®> 1% This
cytotoxicity is likely aresultof polymer interaction witlihe cell membrandeading topore
formationandcell deatht®® ! These factors mean that linear homopolymers are not the most
effective vehicle for the delivery of dsRNA, whichusfortunate given their low costhus,

to address these issu@sany other, more complex polymeric architectures and functional
groups have been designed to enhal®NA stability and efficiency of cellular uptake
whilst reducing cytotoxicity. For exgute, chain extension withdditional monomers to form
diblock or triblock copolymers, or a change of architecture to forrssiped polymerfave

been investigatetb synthesise novelehicles formore efficient delivery of dsRNA to a

variety of insecspecie$*112116

Variation in molecular weight, charge density, pKa, and ionic strewgilch can be achieved
by simply altering the chemistry of the polymeric vectors, l@sebeen considered in order
to overcome the aforementioned issues, with varying degrees of sttéé&dé! For example,
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whilst higher moleculaweight homopolymers complexed with dsRNA (or DNA) exhibit
greater transfection efficiency, the cytotoxicity of the polyplexes increases with the increase
in molecular weight?* In the next sections, recent advancesthie development and

application of these various architectures are described, as sustnaiiablel1.1.

Table1.1. Polymericdelivery vehiclefor RNA-mediated crop protection from the |a€i years that

conductedn vitro or in vivoassay with theesultingpolyplexes.

Insect/plant

Nanopatrticle Target . e
P g. species orcell RNAI efficiency Ref.
type transcripts
type
SVATP Spodoptera 80 %knockd 114
idini ase >80 %knockdown
Guanidinium frugiperda
functionalised
polymers AgCHSB Spodoptera exigua | 53 % mortality 115

Tobacco B¥2

CPNs NtCesAl >76 % transcript reduction | 112
protoplasts
PAMAM _ Knockdown at higher
) TCTP Bombyx morcells ) 122
dendrimer PAMAM concentrations
Hemocytin DrosophilaS2 cells | 95.4 % transcript reduction| 123
] ) Larvae body length reduce
Decapentaplegic | Drosophila 124
by 35 %
PAMAM _ o .| mMRNA level reduced by 51
. . Serpin3 Ostrinia furnacalis 125
dendrimer wih %
fluorescent PDI Arabidopsis STMandWERMRNA level
STMandWER ) 126
core thaliana reduced by 84 % and 87 %
Reduced body weight, size
CHT10 O. furnacalis of larvae and CHT10 127
MRNA level

Mtpol andU-tub expression

. levels reduced by 89 % an(
PAMAM-CNT Mtpol andU-tub T. castaneum . 128
99.5 %, respectively, 72 h

aftermicroinjection
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1.7.1.2Branchedpolymers
More complex polymer architectures, such as branched polymers, have been investigated with

the aim of improvingransfection and RNAI efficiencyyhilst reducing cytotoxicity levels.

Synatschket al.usedatom transfer radical polymerisatiohTRP) to highlight the difference
between linear PDMAEMA and-&nd 5arm PDMAEMA starshaped equivalents in terms

of their cytotoxicity and transfection efficiency in mammalian cells. Lineagn8 5arm
polymers were prepared witlispersity(P) ranging from1.09 to 1.80. In this study, it was
evident that as the complexity of branching incrddse. number of arms}he cytotoxicity
decreasgas a result of the majority of the complexing nitrogen atoms being contained within
the dense core of the stamd polymer. Consequently, interaction of the more branched
polymers with membrane phospholipidand thus destabilisation of cell membraneis
reduced. Transfection efficiency was comparable between the linear arshagiad
polymers, however a higher ammt of polymer was required to fully stabilise the DNA in the

case of the 3and 5arm polymers, as fewer nitrogen complexing moietie available!

Whitfield et al. also compared linear and stahaped polymersinstead using poly(2
(dimethylamino)ethyl acrylate) (PDMAEA) to investigate the protection afforded to dsRNA
The aim of tieir work was to mitigate environmental biodegradation of dsRNA in®$&ibr

this purpose, linear and-atm starshaped PDMAEA were synthesised by ATRP with
values of 1.18 and 1.14, respectiv&iirhe complexed dsRNA was more persistent in living
soil, delaying metabolic degradation by an additional 7 and 14 days with linear astiegtad
PDMAEA, respectively. Molecular dynamics simulations indidate stronger binding
betweenstarshaped PDMAEAandDNA, with more compact polyplexes formede to the
efficient bending arounthe DNA. The reduced surface area of the more compacsstgped
PDMAEA polyplexes limits contact of the nucleic acid with degrading nucleases, hence
enhanced protection and slower release of dsRNA. In a different study, lineaaandtar
shaped PDMAEAwere synthesised byeversible additiofiragmentation transferRAFT)
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polymerisation, with® of 1.141.15 for the linear and 1.B5.38 for the stashaped
polymers'?® These polymers were complexed with DNA and used to transfect mouse 3T3
fibroblast cells. The -4rm starshaped PDMAEA formed more compact DNA polyplexes,
with less polymer required for equivalent stable binding in comparison to polyplexes made

with the linear polyme$*12°

It is important to note that PDMAEA, in contrast to PDMAEMA, is prone to-catlysed
hydrolysis, seeFigure 1.6 and Figure 1.7°913%013! resulting from a phenomendhat is

explained by Rost al132
n n

o oH 0 oH
Pl g

Figure 1.6. Structures of PDMAEA (left), used by Whitfielt al® in comparison to PDMAEMA
(right) used by Synatschlet al'* The additional methyl group on the PDMAEMA polymer backbone

leads to a significant lowering of the polymer hydrolysis rate ragyih lesshiodegradability

Self-catalysed hydrolysis

n . X n-x
(0] (@] (@] O O (0]
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Figure 1.7. Outcome of the selfatalysed hydrolysis of PDMAEA to polyacrylic acid and 2

dimethylaminoethanol.

This hydrolysis has been linked to more efficient release of complexed dsRNA for
incorporation into the RNAi machinershus inducingRNAi more easily>!'® However, a
potential drawbaclof incorporating seltatalysed hydrolysis mechanisms into polymess,
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that the complexes may be prone to prematureseledsRNA prior to reaching the cells

where RNAI occus.

1.7.1.3Guanidiniummodified polymers
The recognised potential of RNAI in therapeutics has provided much of the impetus in the
design and development of functionalised polymers as vefdpordsRNA. For example,
recent developments in this field have includedrpbponsive polymers that undergo a pH
dependent conformational change release dsRNA in the acidic environment of the
endosome compartment of the cell, over the physiological to endosomal ghidreid® 138
However, tlis targeted pH transition range may not be applicdslnsect control strategies.
Lepidopteran pests, such@&godoptergarmyworm) species, have an intestinal gut lumen pH
of 10 to 11, which can increase dsRNA instability in the insect gut. The development of
polymers designed to protect dsRNA in thighly alkaline environment requires special

consideration of the effect of pH on polymer complexation.

Guanidiniumbased polymer have been designed for the protection of dsRNA over the
alkaline pH range found ithe gut of lepidopteran pests. These polynieyar similarity to
argininerich cellpenetrating peptides (CPPs) that aid endocytic passage through cell
membranes, as well as the escape of RNA from endoséfiésThe cationic homopolymer
poly(N-(3-guanidinopropyl)methacrylamine) (PGPMAdreparedoy RAFT polymerisation

has a pKa of 12.%0 ensue protonation ofthe guanidinium functional groups even in the
alkaline gut. Complexation of PGPMA with dsRNA was shown to occur at pkbding

more compact polyplexes th#mose formedit pH 7.4, se€igurel.8.
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pH=74 pH =10

Figure 1.8. Schematic of the impact of pH on PGPMA polymers whilst complexed to dsRNA. Upon

increasing pH, the polyplexes become more compact. Modified from work by Patsdh%

PGPMA/dsRNA complexes induced suppression oB€27transcript in Sf9 cells after 48

h incubation, wittD 90% reduction irCDC27mRNA. Feeding second and third instar larvae
of the fall armyworm, Spodoptera frugiperdaon PGMACDC27%dsRNA polyplex
supplemented diet for 7 days, resulted in 80% transcript reductionDvd@9o larval/pupal

mortality after 29 dys!'4

Christiaenset al. synthesised a series of homopolymers and copolymers ofNagiy(
aminoethyl) methacrylate) (PAEMA) and PDMAEMAa free radical polymerisation, which
were further functionalised by reactisgmeof the primary amine moieties of the PAEMA
block with 1H-pyrazole-1-carboxamidine hydrochloride (HPC) to yield copolymers with
guanidine (GUMA) D of the copolymer ranged between 1.41 and 286)he copolymer
(poly(AEMA-co-GUMA)) with the highest proportion of guanidine content protected dsRNA
to a greater extent a@in the other polyplexesvhen incubated with the midgut contents of
Spodoptera exigudarvae, buffered at both pH 7.5 and 11. A low molecular weight
poly(AEMA-co-GUMA) polymer complexed with dsRNA of the vitathitin synthase B
(ChSB gene stabilised thedsRNA for at least 30 h i8. exiguagut juice at pH 11. Oral
presentation of 50 pg of poly(AEM&c-GUMA)/ChSB dsRNA to S. exigualarvae on
cabbage leaves inhibited larval development and resulted in over ddliréecrease in

mortality after 13 days wdn compared to feeding naked dsRNA. Confocal microscopy of

20



cultured CF302 midgut cells incubated with @gBelled dsRNA complexed with FIFC
labelled poly(AEMAco-GUMA) indicated greater cellular internalisation of polyplexes

compared to naked dsRNA

These studies indicate that the incorporation of guanidine functional groups within the
polymer structure provideenhanced protection for dsRNA the alkaline pH conditions
found in the gut oSpodopteraThey also show that tlgaianidinefunctionaliseccopolymers

can greatly improve thm vivo efficacy of RNAI as an insect growth regulator and biocide.
However, other pestinsectspecies(such as théD. suzukiitargetedin this thesig, unlike
Spodopteramay havemidgut €ctions that are highly acidi€or exampleFergusoret al
determiredthatthe central section of the midgut Bf suzukiidisplays pH < 33 Therefore,
varying pH conditions (rather than only alkaline environments) must be considerd for

suzukiifocused applications.

1.7.1.4Conjugatedoolymernanoparticles
Conjugated polymer nanoparticles (CPNs) are composed of polymithr& backbone of
alternating single and doubl eelebtronsfdrexampleat cr e
polyacetylene This induces a variety of useful properties such as condyciiwnd

fluorescencé*

CPNs have been introduced for delivery of siRNA to HelLa £&l§hese nanoparticles
compised an amineontaining poly(phenylene ethynylene) (PPE) polymer, with a
hydrophobic backbone to facilitate cellular internalisation and endosomal escape. These CPNs
appear to form loosely aggregated particles, allowing effective complexation with SiRNA

to their large, exposed surface area. A 94% knockdowantaf Bexpression was found when

CPN/siRNA complexes were transfected into HelLa cells.
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A similar PPE polymer was synthesised to form CPNs for use in plant protection against viral
challenges amhfor the oral delivery of siRNA to insectétCes1A siRNA, a cellulose synthase
gene wascomplexed with the CPNandincubated with protoplasts. A calcofluor white M2R
staining assay revealed that following a 72 h incubation with the-<iIRNA, protoplats
displayed 33 38% regeneration of their cell walls, in comparison td 54% in protoplasts

that were either untreated or treated with naked siRNA or CPNs alone. Additionally, the
transcription levels foNtCes1A in CPNsiRNA treated protoplasts afta 48 h incubation
were reduced by over 76%, comparedatd7% NtCestA mRNA reduction with CPN
treatment alondnternalisation of nucleic acids by protoplasts has traditionally been achieved
with poly(ethylene glycol) (PEG) or by electroporation, which enhances the cell membrane
permeability through short, hightensity electrical puls€'$514”However, with use of both
PEG and electroporatipthere wasa detrimental impact on protoplast viabiltfy146-148In
comparison, delivery of siRNA to plant protoplasts with CPNs significantly reduced

cytotoxicity.112

It is worth mentioning hete recent development of conjugated polymer/siRNA nanoparticle
complexes for application in therapeuttbatmay also hold proise for delivery of dsRNA

for crop protection. Indeed, the recent design of conjugated polyoterthat are formed by
nanoprecipitation could be adapted to developing systems for delivery of dsRNA in other
areas. These polymeots combine a core of comgjated polymer with a functional corona
copolymer and a cationic lipid for complexation with siRNA. The resulting conjugated
polymerdot/siRNA complexes have shown comparable efficiemzilower cytotoxicity than

the industrystandardLipofectamine 2008.14°

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

interior structure of defined dimensions and a surface that contains functional groeyps.
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can be used as delivewghiclesby retaining active species within the pores created by the
branched structure and/or on their surfacec8teddStarbursbdendrimers were reported for
gene transfection in 19¥8 and such macromolecular species are mowimonplace for
therapeutic gene delivery within commercial DNA transfection kits such as Sugeffect
However, the use of dendritic nanocarriers for delivery of dsRNA to insect species was not
redised until 2013 by Het al, andthe first report of the successful use of generation 5 (G5
referring to 5 cycles of repeated branching during the dendrimer synthesis) poly(amido amine)

(PAMAM) dendrimers for dsRNA delivery to insect cellasreportedn 2019122127:152

Dendrimers for the delivery of dsSRNA are most commonly formed from PAMAM. They have
well-defined nanescale structures with a cationic surface charge that enables electrostatic
capture of dsRNA. Lt al. report the use of a G5 PAMAM dendrirsdor the delivery of

both dsRNA and plasmid DNA (pDNA) to two types of cultured cells from the lepidopter
insect, Bombyx mori(silkkworm). G5PAMAM/dsRNA dendriplexes were effective at
interfering withtheexpression of the translationally controlled tumour profé®iTP and the

fluorescent redibiquitin (Ub) genes in BmE and BmN cell cultur&s

Fluorescently labelle’AMAM dendrimers have been synthesised with a perylenatgi

(PDI) fluorophore core, seEigure 1.9, to aid visualisation of deliveryia fluorescence

microscopy.
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Figurel1.9. Schematic of a dendritic nanocarrier, with a PDI core (showadicentre) and Ndgroups

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

On topical application of the PB32-PAMAM/dsRNA complexes, targeting th@emocytin
transcript, tod™" instar Aphis glycinegsoybean aphids), fluorescence from the PDI core was
observed within 1 h in the circulating haemolymph and various internal tissues, demonstrating
the systemic delivery of the dendriplexelsemocytirexpression was reduced by 95% and a

population densitglecrease of B4 was achieved by 5 days post treent!??

A similar watersoluble PDIG3-PAMAM nanocarrier, with extended dendritic arms (a higher
generation dendrimer) was synthesised byeXuwal, and provided steric stability to the
dendriplexespreventing aggregation in aqueous solution due to the water insoluble PDI core.
The nanocarrier was complexed with DNA and used to tran§iexsophila S2 cells.
Fluorescence from the PDI core was sgeaultured cells 1 h poshcubation, with >90%

cell viability. The same dendriplexes, targeting the developmeetalpentaplegitranscript,

fed toDrosophila melanogastdarvae, reducethe body length of3" instar larvae by 35%.

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

nanocarrieft?*

A dendritic nanocarrier with a PDI core has also been employed to deditgn3 dsRNA

by feeding to newly hatched larvae of the Asian corn b@strjnia furnacalis The cationic
dendrimer was efficiently taken up by the midgut and fat body cells of the feeding larvae.
When fed larvae were challenged with the bacterMioroccus lutels, the transcript of
serpin3 (a critical immuneresponse genavas reduced by 51% overall and more strikingly
yet, serpiA3 protein was undetectable in the haemolymph. Similar fluorescent nanopatrticle
dendriplexes have been used for oral delivery of dsR&rgeting a vital chitinaskke
transcript CHT10 of O. furnacalis Feedingl® instar larvae with the nanoparticles stunted

growth and after 5 days resulted in failure to moult and insect.¢&ath

The use of dendrimeroated carbonanotubes (PAMAMC NT s ) t oitulbubniGitwpe r U
and mitochondrial RNA polymerasen{po) dsRNA to T. castaneumnhas recently been
demonstrated. In both targe#¥ instar larvae injected with PAMANCNT-dsRNAs showed
significantly greater reduction in gene expression after 72 h, in comparison to the naked

dsRNA controlg?8

Thus, several studies have shown that dendrimers based on PAMAM are effective polymeric
vectors for dsRNAmediated RNAi. These dendriplexegigally have high transfection
efficiencies, low cytotoxicity and high water solubility, and show efficient RNAI indudtion

insect tissues through oral feeding. Further research on the effectiveness of these nanoparticle
formulations to trigger RNAI in @st species from different orders is required to establish
dendrimer/dsRNA formulations as a generic insect control solution, but the stistiessed

above have demonstrated the potential of such systems for specific insects.
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1.7.2 Inorganic nanoparticles
1.7.2.1Clay nanosheets

A novelvector consishg of layered double hydroxide clay nanosheets (LDbt)delivery of
virus-specific dSRNA has been developed to protect plants againat ivifections!®® The
nontoxic LDH forms a positively charged layered lamellar structure with dsRNA (tested
within the range of 300 to8D0 base pairskp)) which eitheradsorls to the surface, or
sandwicles between multiple particles) creatavhat has been calléBioClaydformulations.
The LDH material degrades in an atmosphere of & moisture due to the formation of
carbonic acigwith around 25% degradation after 7 days at 5% &1 95% elative humidity
(RH). Importantly, the BioClay formulation protects dsRNA from leaf surfaceoftiand
from metabolic breakdown for up to 30 days. The formulation provides sustained release of
dsRNA on the leaf, which in turn results in letggm systemic protection against the targeted

viral infection.

These properties are critical to overcoming the barriers of foliar sprayed application to crops,
such as rwoff and enzymatic degradation pritw ingestion by insepecies thamust be
reduced for efficient RNAi delivery and action. In particular, these recent studies
demonstrated thafigna unguiculateand Nicotiana tabacunplants were protected against
viral challenges from Cucumber mosaitrus (CMV) and Pepper mild mottle virus
(PMMoV), respectively, by the sprayed application@WV2b and PMMoVIR54specific
BioClay formulations. A systemic RNAIi response was observefll.inabacumplants.
Subsequently it was reported that bean common mesas coat protein (BCMVCP) dsRNA
incorporated within LDH BioClay nanosheets also protebliedtiana benthamianagainst

virus transmission by the peapbtato aphidMyzus persica&* This recent work provides

early evidence that BioClay has the potential to protect plants against viral challengers

transmitted by pest insect specisa longlasting integraad RNAI strategy*°3
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1.7.2.2Polymercoatedinorganicnanoparticles
Studiesarespecifically highlightedhere where inorganic nanoparticles are used as a template
of known properties, particularly size and size distribution, to build hybrid polymer structures
designed for efficient interaction witand retention gfdsRNA. Indeed,tte use of particles
(or a weltknown template particle) onto which appropriate chosen/designed polymers are

coated allows for control of the carrier properties.

Biocompatible calcium phosphate (CaP) nanoparticles have been used in therapeutic
applicationdor drug or gene delivery. CaP nanoparticles carrying dsRNA have been shown
to enter cellsvia endocytosis and release their cargo within the enda$driretherapeutic
applications the proess of cellular internalisation and vivo RNAi can be made more
efficient by using polymeric coatings such as PEG and PEI to modify the nanoparticle

surface!®5156

In recent research by Elhaj Badddral, a hydroxyapatite (HA) inorganic nanocarrier with a
polymea coating was used to induce RNAI in insect Sf9 cells. The HA nanoparticle template
was coated in poly(acrylic acid) (PAA) through laymrlayer electrostatic assembly. The
addition of cationic amine groups is known to improve binding, therefore a ldyer o
poly(arginine) (PLR10) was added to the nanoparticles to electrostatiotdhact with
dsRNA®"158\When targeting thiuciferasetranscript in Sf9 cells, a 35% transcript reduction
was achieved at a mass ratio of RifRAA-coated HA nanoparticle to dsRNA of 5:1. In
comparison, both naked dsRNA2 5 n g /aidd®he PA2dogted HA nanoparticle/dsRNA

system did not lead to significamRNA degradation

Moreover, the same arginio®ntaining polymer (PLR-PAA-HA) was complexedwith
dsRNA possessin@ fluorescent probe, CypHer5E, that fluoresces specificatlyeapH of

late endosomes (pH gp test the endosomal escape of dsRNA following delivery to cells. It
was found that, upon delivery of the complex, a significant reduction in the fluorescence
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within the acidic bodies of Sf9 cells occurred. In contrastivery of naked CypHer5E
dsRNA had a strong fluorescence in endosomal compartments. The enhanced RNAI response
due to dsRNA complexation with PL&IPAA-HA nanoparticles is thought toe aresultof

enhanced endosomal escayje

Gold (Au) is another inorganic nanoparticle that has been employed as a template for dSRNA
delivery, due to its tuneable surface and low toxitityn a recent report, a PLRoolymer

was covalently attached to the surface of Au nanoparticles (AuNPs) with hydroxysuccinimide
(NHS) surface groups to whichbavine serum albumin (BSA) ligand was also attached to
achieve a mixed surface layer of the polymer and BS&he BSA ligand, an amphiphilic
peptide, issuggestedb improve endosomal escape in a similar mechanisr@ltpenetrating
peptides(CPP3. The PLRo-Au-BSA/siRNA nanoparticles induceal31% reduction of the
luciferasetranscript in Sf9 cellsbut, in comparison, PLR/SIRNA polyplexes elicited an
efficiency of 58%, with the strong binding of PLRo the AuNPs hypothesised as the cause

of thelower transfection efficiency. However, the binding of RLB citratestabilised gold
nanoparticles through electrostatic lajpgrlayer coating of PLR, rather than covalent
binding with NHS, led to less successful attachment of;RPaRd thus resulted in aggregation

of the nanoparticle¥?!

These studiesdemonstrateimportant steps towards using polyrteated inorganic
nanoparticles for dsRNA delivery, as surface functional groups could improvarcmting
andthusenhance dsRNA uptake and endosomal es@apeable 1.2 summarises the recent

reports in thisrea.
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Tablel.2. Novel inorganic nanoparticles for RNiediated crop protection from the last 10 years that

conductedn vitro or in vivoassay with the nanoparticle complexes

Nanoparticle Target Insect/Plant
P g. Species or Cell RNAI Efficiency Ref.
Type transcripts Type

Reduction in lesions after CMV

Layered double Vigna unguiculate

. CMV2band . viral challenge otv. unguiculate

h I Nicot 1

ydroxide clay PMMoVIR54 andNicotiana and after PMMoV challenge dx. >3
nanosheets tabacum

tabacum

Polymercoated Luciferase
calcium Luciferase expressing. 35 % transcript knockdown 159
phosphate frugiperdacells
Polymercoated Luciferase
golél Luciferase expressings. 31 % transcript knockdown 161

frugiperdacells

1.7.3 Peptide-basednanoparticles
There has been a drive to use natural prebased formulationis the design of hanoparticle
vectors for dsRNA delivery, for example peptiolesed systems, as they are generally non
toxic andmorebiodegradable in comparison to synthetic polymeric materials, and therefore
moreenvironmentallyfriendly.'®? Table 1.3 summarises the recent advances on this topic and

the paragraphs below describe the main two systems developed.
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Table1.3. Peptidebased nanoparticles for RNiediated crop protection from the last 10 years that

conductedn vitro or in vivoassay with the polyplexes.

Insect/Plant
Nanoparticle Target
Species or Cell RNAI Efficiency Ref.
Type transcripts
Type

Branched

BiP A. pisumand Premature death
amphiphilic 163

ArmetandBiP T. castaneum 75 % mortality rate

nanacapsules

A. thalianaand YFP reduced by 80 % iA.
YFPandCHS 164
Populus tremula | thaliana

Cell penetrating | Renilla luciferase| N. benthamiana Increased transfection

165
peptides andGFP andA. thaliana efficiency
Anthonomus
AgCHS2 80 % transcript reduction 142
grandis

1.7.3.1Branchedamphiphilic peptidecapsules
In the past 10 years a new peptlised nanoparticle (branched amphiphilic peptide capsule,
BAPC) has been deloped for the delivery of nucleic acids. These systems have a similar
structure to liposomes butith much greater stability, sedfssembihg into bilayer delimited
supramolecular nareesicle structures. BAPCs have cationic lysine surface groups that fo
nanoparticle complexes with nucleic acids 80 i 200 nm in sizé%%® BAPCs are
biodegradable by a common soil fungAspergillus nidulanslessening the potential impact
of these nanoparticles on the environnié&hfvila et al.reported the first use of BAPCs for
the oral delivery of dsRNA to the pea aplidyrthosiphon pisurand the red flour beetlE.

castaneuni®?

In their report, feeding BAP@IiP-dsRNA complexes to adulA. pisumresulted inmortality

61 9 days earliercompared to aphids fed nakdsdRNA alone. Two different. castenaum
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transcripts,BiP and Armet were targeted by feeding dsRNA to early instarcastaneum
larvae, with mortality reaching 75% when BAPC/dsRNA complexes for both tavgetsfed

simultaneously

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

other than aphids and beetles now needs to be demonstréted

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

endosomal escape within the céfl

The discovery of the membrane trawegsproperties of the Tat protein (TraAstivator of
Transcription) from both the HRAL virus and theD. melanogasterAntennapedia
homeodomain, led to the development of CPPY? The Tat peptide is an arginimieh
peptde, with a cationic guanidiniutbased functionality that can interact with the anionic cell

surface, provoking endocytic cellular uptaRet40.170

The combination of a CPP covalently bound to a polgnat peptide forms a fusion peptide
that can serve as a delivery vector for dSRNA or pBf#AS>174A copolymer of histithe and
lysine, (KH), combined with the CPP Bp100, is an example of a fusiptidegthat complexes

with dsRNA%4 The (KH)o-Bp100#ellow fluorescent proteilY FP-dsRNA complex, at a
molar ratio of 2:1targetedthe transcript ofY FP and the chalcone synthase gene#\in
thalianaleaves The exogenous and endogenous transonpte both successfully impacted

< 12 h postapplication and the effect was sustained for at least a further 24 h. Similar fusion

peptides: nonarginine (RBp100, (KH}-Bp100 and RIrat have been complexed with
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plasmid DNA. Rapid transfection was measured within the first 12 h of incubation ef thes
fusion peptides complexed witRenillaluciferasepDNA with bothN. benthamianandA.
thalianaleaves. Transfection efficiency then decreased for the remaining measurement time

of 144 h1e4165

A significant issue wh the use of peptides ifahe delivery of dsRNA or pDNAs the
susceptibility of peptides to intracellular proteolysifich can attenuate the RNAI effect. The
use of proteins/peptides (e.g. silk proteins) that are more resistant to metabolic degradatio

might provide a mechanism for the sustained release of dSRNAL™

An example of a fusion peptide/dsRNA nanoparticle for an irg@atific application was
recently reported*? In this work, a chimeric protein of a CPP fused to a DRBD (dsRNA
binding domain) was synthesised, with the CPP including the fusogenic peptide
haemagglutinin that aids the endosomal escape of the complex following endocybasis int
cell by destabilising the endosomal membrane. The-ORBD/dsRNA complexegor
ribonucleoprotein particles (RNB®nhanced both the protection of dsRNA at pH 5.5 and the
cellular uptake of Cydabeled dsRNA into Sf21 cells. Oral delivery of GBRBD/chitin
synthase I(Ag-ChSll) dsSRNARNPsto thecotton boll weevil Anthonomus grandjsreduced
Ag-ChSilltranscript by 80%, in comparison to delivery’af ChSlIdsRNA alone that resulted

in a reduction of only 30%. No significant mortality, however, sesnt+?

1.7.4 Chitosan nanoparticles
Chitosan, the polysaccharide derived from crustacean shellsaitially derivedpolymer
that has been used for complexation with dsRNA to improve delivery for insect control. It is
of particular interest to researchers due to its inherent biocompatibility artdxiomature!’®
Chitosan contains cationic groups along its polymer ctiitelectrostatically interact with
dsRNA'"" Table 1.4 summarises the recent advances in the use of chitosan/dsRNA

nanoparticles for crop protection.
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Table 1.4. Chitosan nanoparticles for RNediated crop protection from the last 10 years that

conductedn vitro or in vivoassay with the chitosan/dsRNA complexes.

Insect/Plant Specieg
Target transcripts RNAI Efficiency Ref.
or Cell Type
IAP S. frugiperddarvae 47 % mortality 178
AgCHS1andAgCHS2 | Anopheles gambiae | 62.8 % reduction of transcripts 177
Semala Aedes aegypti 32 % reduction of transcripts 179
YHV S. frugiperdecells 50 % reduction in YHV infection 180
46.7 % and 26.7 % mortality wit
SNF7andSRC A. aeqypti 157
SNF7andSRCtargeting
Vg A. aeqypti 30 % mortality 181
IAP A. aeqypti >65 % mortality 182

Complexation of chitosan with dsRNA results in nanoparticles that can eaientdtosomal
escape of dsRNA and consequently increase the RNAI efficiency. This has been illustrated in
EGFP::Rab7expressing Sf9 cellsvith 60% reduction in the accumulation of Cypkhdt-
labelledgreen fluorescent protein (GFP) dsRN#sSGFB in endosomal compartments when
complexed with chitosan, in comparison to nakedsFERR Upon oral feeding of
chitosan/dslIAP nanoparticles 8 instarS. frugiperdalarvae, a mortality rate of 47% was

measuredin comparison to 25% mortality when larvaerevéed naked dslAP aloré®

Chitosan/dsRNA complexes have been used to target the aquatic larval stages of mosquito
pest species such Asopheles gambiagnd Aedes aegyptiwith varying degrees of success.

For example, chitosan/dsRNA nanoparticles targeting two differetmh synthaséranscripts

in A. gambiageduced mRNA by &% in comparison to the control. However, the levels of
chitin produced were only reduced by98 and o insect mortality was observeas
desired’”1® The targeting of theA. aegyptivestigial (vg) transcript through delivery of
chitosan/dsRNA complexes also did not significantly increase larval mortality (30% insect
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mortality compard to 20% matality in the control group}®! In a comparative study,
chitosanENF7dsRNA nanoparticles outperforme&NFZdsRNA complexed with amine
functionalised silica nanoparticles (ASNP) in killidg aegyptilarvae and in knockdown of
the A. aegyptiSNF7 transcript. However, carbon quantum dot (CQD)/dsRNA complexes
reduced mRNA levels for two different gene targe@RC and SNF7, whereas

chitosan/dsRNA complexes ongyoducedasignificant RNAi response witBNFZdsRNA?

Chitosanbased dsRNA nanoparticles are insoluble at neutral and alkaline pH regimes,
affecting their performance as effectilgivery vectors of dsRNA1"®Consequently, recent
developments have sought to improve chitelsased nanoparticles by increasing the positive
chargeof chitosarthrough chemical modificatiore(g.quaternisation)® Thegreater charge
density of the quaternisatitosan (QCH) increases the polymer solubility and also improves
stability of its complexes with dsRNA within cells. Typically, complexation of
chitosan/dsRNA is achieved at a weight ratio of 1.5:1, with comple2681 650 nm in size.

In comparison, QCH/dsRNA achieves full complexation at 0.24:1 weight ratiosmilier

sizes measurenf the complexes~ 1501 350 nm (measurements made with a Zetasizer Nano
ZS). The more compact complexiEsmed with QCH are de to a stronger electrostatic
interaction with dsRNA, thuenhancedbinding The cytotoxicity of both complexes is lower
than that of the commercial liposomal transfection agent, Cellfeaind both chitosan and
QCH-based complexes withliHV-dsRNA were gccessful in reducing the viral infection of
YHV (yellow head virus) in Sf9 cells by at least 5024 h postviral challenge. Whilst QCH
binds more strongly to dsRNA, due to the increased cationic charge, the difference in cell

viability and RNAI efficieny was negligible®®

The addition of sodium tripolyphosphate (TPP) to chitosan as an ioniclicikking agent,
prior to complexation with dsSRNA (CBPRdsRNA), has also been investigated to improve
the stability of chitosan/dsRNA nanoparticles. The introduction of dnmuss to the
polyplexesinducedan increase in the mortality rate M aegyptilarvae of 65%, when
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targeting thd AP transcript, which was significantly more than the 35% mortality observed

upon feeding chitosan/dslAP nanoparticles without F2P

The improved properties of chitoshased dsRNA nanoparticles, by criis&ing or
increased charge density, coupled withirthav general toxicityadds to the attractiveness of

this class of natural polymers for the delivery oRN&\ to insects. When chitosan/siRNA
nanoparticles have been used for therapeutic applications, the solubility and colloidal stability
of complexes were improved by using PE®dified chitosan or by combining chitosan with

PEI and carboxymethyl dextraft 12 Enhanced cellular internalisation and endosomal escape
were also achieved through grafting a G€#8. Tat or nonarginine peptidés chitosart 6187

189 Such chitosatased materials for dsSRNA complexation and delivery maytesbvalue

for crop protection applications.

1.7.5 Liposomes
Liposomes are spherical vesicles formed from a phospholipid bilayer (resembling that of cell
membranes) and are commonly used to encapsulate materials for drug delivery, with the first
reported publicatin in literature in 1987 by Felgnet al.and Maloneet al'°%1%!Since tlen
liposomes have been developed asviaa vectors for dSRNA delivery, and massoduced
in commercial kits, such as Lipofectamine 20@0 Cellfectir?.!*21°3Upon complexation of
a cationic liposome with negatively charged dsRNA by electrostatic interaction, a lipoplex
can be formed. It is thoughhat lipoplexes traverse the cell membrana adsoptive

endocytosi®881941% \which exemplifies their appeal for delivery of dsRNA tdsc&l

Liposome encapsulated dsRNA has often been used to introduce nucleic acids to insect species
that do not displagystemic RNAi responses, suclCassophilasuzukii For example, Taning
et al. demonstrated that feedimgs13 and vha26 dsRNA, encapsulated in Lipofectamine

2000, to D. suzukiilarvae and adults resulted in significant mortality after feeding, whereas
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naked dsRNA did not result in mortality The lack of aSID-1-like transporter protein in
Drosophilaspecies means that the pathway for cellular uptake ocizueadocytosi& 19199
considered to be a slower uptake pathway in comparis8iDtd-like systems. The use of a
liposomebased transfection agent improves cellular uptake and delivelsRMA in these

recalcitrant specie’§4®

Liposomes have also recently been shown to aid the release of dsRNA from endosomal
compartments inS. frugiperda Visualisation of CypHedsGFP dsRNA complexed to
Cellfectin11® transfection reagent showed an 80% reduction in accumulation in the late

endosomes, in comparison to the naked Cypld&@FpP"!

1.7.5.1Lipoplexdelivery in avariety ofarthropod species
Liposomalencapsulation of dsRNA has been shown to be an effective method of delivery in
the tick specieRhipicephalus haemaphysaloigdése German cockroad®lattella germanica

and the Neotropical stink buguschistus herg¥? 203

In the case oR. haemaphysaloideshe Cy3labelled dsRNA was encapsulated in three
different commercial liposomal uptake facilitators (Lipofectamine 20@MRIE-C® and
Cellfectirf®) and the formulation was delivergih soaking of larvae, nymphs and adults. All
three lipoplexes induced more efficient RNAi than the dsRNA formulated in water.?8tone
The s@king of arthropods has been shown to be more effective than oral feedirig,vivos
assay with feeding woulprovide greater insightn particular as &ID-1 gene has not been

discoveredn ticks,354850.204,205

B. germanicaare refractory to orally fed dsRNA due to enzymatic degradation by midgut
nucleases, whereasicroinjection can induce an efficient RNAi respoA¥érhe problem of
metabolic instability in the cockroach midgut was overcome through encapsulation of the
dsRNA inliposomes, whictresultedin 60% mortality over 40 days. Mortality rates from
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continuous oral feeding of lipoplexes increased from 8 days of feeding to 16 days of feeding,
suggesting that modifications to liposomal nanoparticles could be introduced to shorten the

time required foeffective RNAj200201

1.7.5.2Madifications toliposomaltransfectionagents
The efficacy ofliposomeencapsulatedisRNA to elicit RNAi has been improved by the
addition of a chelating agent to the formulation ahdbugh modification of the lipid
component. For example, in teénkbugE. heros metatldependent nuclease activity within
the insect saliva is a limiting factor for the oral delivery of lipoplexes. A chelatijent
ethylenediaminetetraacetic acEITA), which can isolate metal ions and prevent them from
interacting with tle liposomes, has been shown to improve mortality rate in these insects when

added in combination with lipoplexé¥

Modificationsto lipids for the encapsulation of dsRNA have been reported for therapeutic
applications of RNAi. The 1;dioleoyt3-dimethylammoniurpropane (DAP) lipid \as
modified by anchoring PDMAEMA-PEG block copolymersto act as a pHuneable

surface, se€igurel.10

A

—.‘C

Figure 1.10. Schematic of a pilneable liposome with adsorbed block copolymers that allow

endosomal release upon decrease of pH. Modified from work by AughstE?

This polymercoated liposoral nanoparticle was shown tmprove theprotection of SiRNA

and enhance enda®al escape. More efficient targeting of GFP in &pressing HeLa cells

37



was found with the polymesoated lipoplexesn comparison tdhe oligofectamine/siRNA
control33206 A similar modification has yet to be reported for RNAI triggering in either
insects or plantsLable1.5 summarises the recent reports of lipoplex nanoparticles for-RNA

mediated crop protection.

Table 1.5. Liposomal nanoparticles for RNAediated mop protection from the last 10 years that

conductedn vitro or in vivoassay with the lipoplexes.

Target Insect/Plant Species
RNAI Efficiency Ref.
transcripts or Cell Type
IAP S. frugiperda 60 % mRNA reduction with 55 % mortality, 71
AlphaCOP, rp113 3271 42 % transcript reduction with 2242
D. suzukii 58
andvha26 % mortality
Rhipicephalus 20 % and 84 % reduction in engorgement
PO 202
haemaphysaloides and oviposition rate, respectively
Tub Blattella germanica 60% transcript reduction 201
60 % mRNA reduction after 16 days
Tub B. germanica 200
continuous ingestion
V-ATPase Aand
Euschistus heros 45% and 42% mortality, respectively 203
muscle actin

1.8 Future directions

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

copolymers in 2012"2% all for induction of RNAI in therapeutic applications, prior to
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reports of similar RNAbased crop protection strategikss anticipatel that further insights
and technological achievements in the clinical field will continue t@aheablefor developing

improvements in the formulation of dsRNA for crop protection.

There has been sigréfint progress in the design of responsive nanoparticle vectors for
dsRNA delivery for application within therapeuticdue to the irdepth knowledge of
physiological temperature and pH. Whilst temperatesponsive nanoparticles may remain
impractical forRNA-mediated insect control, pkesponsive nanoparticles have been the
focus of recent developments. In reports by Parstras. and Christiaengt al., the insect
midgut pH was characterised and exploited for atyheable delivery vehiclé41® An
example of this strategy withirhe field of lipidbased uptake facilitators has also been

reported by Augustet al.with pH-tuneable liposome nanopartisfe?

Due to the revolutionary introduction of CRISPR/Cas9 as a gene editing biotechnology, there
has been increasing interest in genetic material delivery. Thus, tgiloiseder architectures

have been synthesised to enable the improved efficacy of RNA cellular internalisatiet. Tan
al., for example, devised a triblock copolymer of PDMAEMA, hydrophgimty(N-butyl
methacrylate)®nBMA), andpoly(ethylene oxide)REO) as a hydrophilic corona, capable of
forming micelleplexes with sgRNA (single guide RNA) and Cas9 proteins for delivery to the
cell nucleus?® Recent advances in therapeutic applications of RNA delivery have also
included reports of conjugated siRNA to npadicles, often with a brudike polymer
architecture. The use of cleavabisulphidelinkages to the siRNA allows for a steady release
mechanism within the cell81?12|t is expeced that formulations wh similar technoloigs

will soon be developed within the field of RNAediated crop protection.

The complexity of the pathway and barriers to induce RNAI, including enzymatic degradation,
traversal of the cell membrane and subsequent endosomal escaires tailored @ndoften
comple® nanoparticle designs to ensure that both the protection and delivery of dsRNA can
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be achieved. The recent developmeligsussed in this chaptelearly demonstrate that more
complex polymer architectures and nanopghatimodifications are possible and should
provide future directions for enhancing efficacy of the use of dsRNA for crop protection.
Additionally, it is evident that developing such polymer architectures will also need to take
into account the more practlaspects of delivering the biopesticides to insects in a crop field.
For example, a novel method of delivery through a-ineasive application has been
developed to reduce the degradation of dsRNA. This-thighughput method integrates the
dsRNA-nanopaticle complexes into aerosols, which could be a useful application tool for
future pesticide formulation developme@ts?'4 Furthermore, any delivery system carried
forward in the future willalso need to show robustness when integrated within pesticide
formulations (which vary depending ofor example)ocation and type of crop) and when
sprayed and dried tmcrop leaves. Sustainability issues will also have to be taken into
accountas thepolymer particles should fully degrade in the environment to avoidtkenmg
persistence. Additional concerns for the +watld application of dsRNAased formulations
include regulation of these products to ensureshifety, as well as the cost of lergcale
production®213217 These additional requirements will bring about significant challenges to

overcome.

1.9 Research ams
The overarching aim of the research described in this tasi® develop polymeric vehicles
to deliver speciesspecific dsRNA tothe fruit pest insectDrosophila suzukjiin order to

achieve gene knockdown and subsequent insect martality

As described,He development ofuitablepolymeric delivery vehiclesould addresssome of
thekey issuesassociated witleurrent pest insect controiethods such as offarget toxicity
andthe rise ofresistance to common chemicadaaticides with typical modesf-action The

barriers tcefficient induction oRNAI need to beansidered and, by carefully designing block
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copolymers withdesired functionalitypvercome. In order to achieve the overall aim of this
research in the longerm, the work in this thesis has bebroken down into stage®
investigate the impact of diffentblock cqolymer propertiesn the protection and delivery

of dsRNA.The aim of each stage summarised below.

1.9.1 Development of watersoluble diblock copolymers for delivery of
dsRNA

Homopolymer delivery vehicles (such as PDMAEMA, PEI or PLL) have bsed for gene
delivery ubiquitasly. However, they can cause high levels cytotoxicity, and the
combination of a polycation and polyanioa.d. dsRNA) can lead to aggregation and
precipitation in the case of electneutralisatiorwhen close to the isoelectric paifihus, an
excess of polycation is required to stabilise complexes, which inihgduces greater
cytotoxicity. Therefore this research aims to develaatersoluble diblockcopolymes that
containa neutral, nofinteracting polymer block taeduce cytotoxicityenhance formulation
stability and improvehe protection of dsRNA. In developing these diblock copolymenss,
aim to fully characterise the resulting polyplexes in terms of size, surface charge, binding
capabiliy and stabilityin the presence of saliith respect to neutral block lengihs different
MRNA transcripts can be targeted to achieve RN#g,itnpact of the length of dsRNA will

also be considered witlespecto the sizeand stabilityof the polyplexes

1.9.2 Development of seHassembled triblock copolymers for delivery of
dsRNA

In much of the literature surroundirtige delivery of DNA/RNA,for both therapeutic and
agrochemical applications,he compl exes are prepared in
corsider the impact otompeting ions or other molecules presinthe formulation or
applicationenvironment. In agrochemical applications, adjuvants will be added jtdoaid
example, thevetting of the formulation for foliar applicatiom the second resrch chapter,

we aim to develop triblock copolymers that safsemble in solutionyithout theaddition of
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dsRNA in order to improve the stability of the resultipglyplexesin the presencefan
increasingsalt concentrationThe systems will be fullycharacterisedprior to and after
complexationwith dsRNA in terms of size, surface charge, binding capability and salt
stability, with respect tthe hydrophobicity/hydrophilicitgf the polymersThe impact of the
length of dsRNA will also be consideravith respecto the sizeand stabilityof thetriblock

copolymerbased polglexes.

1.9.3 Ex vivoprotection of dsSRNA andin vitro and in vivodelivery
Following the synthesis anah-tepth characterisation afiblock copolymersand triblock
copolymes and the polyplexes that they form through electrostatic interagiibndsRNA,
we aim to test the formulatioran a biological level. Thex vivoprotection of dsRNA against
degradation by enzymesill be investigated, in particulathe protection against enzymes
specific to thegut of D. suzukiiadult and latestage larvaeln vitro study of the interaction
and/or uptake of dsRNA to cells wihle investigated, identifying whether the polymers aid
delivery of the dsRNA through th@asmamembrane, and subsequently, whether effective
MRNA degradatioris inducedthroughthe release of dsRNA. Finallyin vivo assaywill
determine whether the oral feedingspleciesspecificvha26dsRNA toD. suzukij through
polymer complexation, induces sificantly enhanced insect mortalignd whether there is

off-target toxicity to the closely relatesgpeciesProsophila melanogaster.
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Chapter 2.Relevantechniques and

assocated heory

In this chapter the theory behitlietechniques used throughout the reseancdhis thesids
describedSuch techniquédsaclude controlled radical polymerisation, dynamic light scattering

(and other physical characterisation methpdsdthe primarybiological assays.

2.1 Polymer synthesis andtheory

2.1.1 Controlled radical polymerisation
There are a variety of controlled radical polymerisation (CRP) technigues that are commonly
used to synthesise polymers and are particularly popular for veftbidA/RNA delivery.
CRPis a facile approach for making wealkfined complex polymer architieces. Atom
transfer radical polymerisation (ATRP), nitroxideediated polymerisation (NMP) and
reversible additiofiragmentation transfer polymerisation (RAFT) are all CRP processes, and
are definddvaangdpsdeudowr t oolyméarisatioths, segromthe r y o f
and chairgrowth were the common methods for polymer synth&sgisire2.1 highlights the
differences between these polymisation methods in terms dbw molecular weight (MW)

changesvith conversion.
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B Chain growth
B Living polymerisation
B Step growth

»
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Figure2.1. Schematic graph to illustrate the difference betweengtpth, chaingrowth and living

polymerisationsshowinghow molecular weight changes as conversion increases

Stepgrowth polymerisation, such aspolycondensation, occsiby the reaction of any two

unlike monomers. Thisauseshe rapid formation of many small chain polymassnonomer

is consumed quickly,dading to high MW polymers only at high conversion and a final

product with chains of manydifferent lengths. Chaigrowth polymerisation, however,

involvesa singlereactive centrand one monomer unit at a tirmddingto thepolymerchain.

The MW, therebre, remains fairly stable throughout the polymerisation, constant at most

conversion levelafter an initial rapid increas@&ermination and chain transfer are significant

issuesassociated witbhaingrowth polymerisation, unlike stegrowth polymerisatin where

no termination step i s po devalopedg Mich#elLSzwaicn g6 p ol y me
in 1956, are similar to chaigrowth mechanismsxcept that theermination and chain transfer

steps are eliminated® MW therefore linearly increases with conversion. The rate of
propagation I +— vs. time should also reveal a linear relationship and the resulting

polymerswill possessarrow dispersity®), even at high levels of conversion. Théisear
relationships confirm # absence o€hain transfer and termination steps, with the MW
controlled only by the ratio of monomer to initiator concentratidn. addition, living

polymerisatios benefit fromthe maintenance of chain end functionahtfhich providesthe
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opportunity b create more complex polymer architectures such as block copolymers, star

polymers or graft/brush polymef¥ 221

CRPsarea f or m dfi vd pnsgebu dpoo | yimgehe presisetcantwohof mokedularo w

weight, dispersity and polymer architecture.

2.1.2 RAFT polymerisation
Of the three types of CRRATRP, NMP and RAFT), RAFT is the most versatile technique
and is commonly used synthesis@olymers for biological applications. RAFT is particularly
suitablefor the polymerisation of acrylates, acrylamidand their methylated equivalents),
vinyl monomers and styrenes, due to its tolerance to different functional groups. RAFT is a
facile and inexpensive process and can be performed under aqueous or organic conditions.
Similar to chaingrowth polymerisatin, CRF involve initiation and propagation steps,
however in the case of RAFT polymerisation, multiple chains are able to grow simultaneously
at a consistent rate until monomer is depleted or the reaction is quenched. In both ATRP and
NMP polymerisationshtere is a reversible termination step that slows the termination of the
polymerisation and formation of dead chains. This is not the case with RAFT as it is a
degenerativehain transfer proceswith the active chains spending the majority of time in a

6adr ma n t Kigure22ddmenstratethe mechanism of a RAFT polymerisatidf?2!
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Figure2.2. Reversible additiofragmentation transfer mechanisinitiator-derived chains are formed
(I and 11), followed by a prequilibrium stage (Ill). Rénitiation causes the formation of-Rerived
chains (V) before the reaction reaches an equilibrium between dormant and active species (V). The

combination of radicals will lese to termination (VI)Figure created in ChemDraw Prime 17.0.

An external source of radicals mustiheorporatedo initiate theRAFT polymerisation as

shown in step |. Following the formation of initiatderived chains (R steps | and II),
additionfragmentation occursn a preequilibrium with a chain transfer agent (CTA,
commonly a thiocarbonylthio (ZC(=S)Sspecies, step lll) to form a new set dRdicals.

This leads to formation of ®erived chains (R step IV) in a réanitiation sep, and the
polymerisation continues in an equilibrium between dormant and active species (step V). Itis
essential that the majority tfe reactiortime is spent with the polymer chains in the dormant
state, attached to either end of the CTA wiflyde>> k. Each 6écycled wildl add
amount of monomer to the end of each polymer chain, allowing the simultaneous and equal
growth of all polymer chains throughout the polymerisation. The rate of propagation therefore
linearly increases with time, andWillinearly increases with conversion. In the case of RAFT

polymerisation, termination is not suppressed, and so the combination of radicals (step VI)

46



results in the formation of dead ploil wimego)c.ha
At the end ofthe polymerisation, the polymer chaifiargely) retain their thiocarbonylthio

(ZC(=S)S) functionality, which can then be used fohain extensioror further enegroup
functionalisatiorf'922 The precise control of RAFT polymerisation allows determamatif

the degree of polymerisation (DP) and theoretical molar magsh@d)) (assuming a well

controlled RAFT polymerisation in which the number of initiaderived chains is loy

through the following equationkg. 2.1 andEqg. 2.2.

Eq.2.1

Where[M] ¢ is the initial monomer concentratigih] : is the monomer concentrationtahe
=t, [CTA]ois the initial CTA concentratioM is the molar mass of the monomer &hera

is the molar mass of the CTAL

There are several critical variables that must be considered priconiuctingRAFT
polymerisation; in particular, the choice of CTA needs to be carefully considered to control
the polymerisatiomndensure low molar mass dispersity. The R and Z groups of the CTA are
alterable components, whe effectiveness is dependentthe spefic monomer that is being
polymerised. Monomers can be categorised into two groups: more activated monomers
(MAMs), which are more stdb and therefore less reactiees 0 madr ,@rallessd
activated monomers (LAMSs) that are more reagbinapagatingadicals Examples of MAMs
include methacrylamides and methacrylatesd @amples of LAMs include vinyl acetates

andN-vinylpyrrolidones.

The Z group is critical for controlling the reactivity of the CTA, defined by the chain transfer
coefficient Cy), which isthe ratio between the rates of chain tran§r %Q ) with
respect to propagation. Typically, CTAs with a higBerare prefered for use with MAMs

47



and vice versa for LAMs. The suitable Z groups for different monomer polymerisaen

summarised ifrigure2.3.

o}
Q)
Z: Ar>> S > §(CHy),CHz> NS > Me ~ N >> Nij > OPh ~ N > N’Me ~ OEt ~ N'Me > N(Et)

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

Figure 2.3. Examples of Z groups that achieve good control g@ymer synthesis for certain
monomers. For example, trithiocarbonates are good Z group choices for methyl methacrylate
monomers. Abbreviations: MMAI methyl methag/late, HPMAM i N-(2-hydroxypropyl)
methacrylamide, St styrene, DMAmi N,N-dimethylacrylande, VAc 1 vinyl acetate, NVP N-

vinylpyrrolidone.Reproduced from Re221, with permission from the Royal Society of Chemistry.

The R group is also very important for controlling RAFT polymerisafldfie R group must

be a good homolytic leaving group, and needs to be able to reinitiate the polymerisation of the
second monomer. MAMsire typically better homolytic leaving groupss the tertiary
propagating radicals ensure resonance and steric sadioitj and thus the corresponding R

group must be carefully selected for its homolytic leaving group atskigFigure2.4).

CHy CH; GCH, H H CH, CHy GCH;  GCHy H H H H CH,
R: |—cN - Fen =~ P> fph > |ph > -coor »» |—cHpt—cH, ~ [en = [-Ph > |-coor' - oN - f-ph ~ |cHy
CHCH,CO;R  CHy  CHy CN  COOR' CHy CHy  CHy H CHy  CHy N H CHy

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

Figure 2.4. Examples of R groups that achieve good control over polymer synthesis for certain
monomers. For example, methyl methacrylates good leaving groups, reguig an R group that is
more polymericand thereforea better homolytic leaving group due to steric factors. Abbreviations:
MMA i methyl methagylate, HPMAM1 N-(2-hydroxypropyl) methacrylamide, $tstyrene, DMAmM

T N,N-dimethylacrylamide, VAci vinyl acetate, NVRA N-vinylpyrrolidone. Reproduced from Ref.

221, with permission from the Royal Society of Chemistry.

This is to ensure that the partition coefficien}, (described irEq. 2.3, is O 0.5. A high
ensures that the peguilibrium stage (step Il iRigure2.2) will occur rapidly, leading to low
dispersity.
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Q
% - Eq.23

Block copolymers can be synthesidgdsequential RAFT polymerisatioAs the majority of
polymer chains made by RAFT polymerisation will retainrttf@ocarbonylthio group, they
can be chain extended through addition of monomer and frestanjtwith the polymer
chains now acting as maecbain transfer agents (mae@¥ As). Thesequence of addition of
polymer blocks must be carefulthosenas the previously polymerised block will become
the R group for the next polymerisatidtigure2.5, re-producedrom Keddié?!, describes the
order of polymer block addition for block copolymmmthesis. For example, methacrylates
should be polymerised as the first block, forming the m&dré, to effectively polymerise a
secondpolymer block such af anacrylate.

o . . ot e~ s ‘Y‘*R;-L.ﬂ‘;-{-H/ﬂ

R: rm I?R (f /]: R \Imr? < 7 Nj};-ZJR ( o\;&R

OCH; OCH3;
C3H;0H

MMA, HPMAM

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

VAc, NVP
Figure2.5. Examples ofmacreR groups for block copolymer synthesis. The polymer blocks on the left
hand side have better homolytic leaving group ability. For example, a methyl methacrylate should be
polymerised before a vinyl ester polymer block. Abbreviations: MM#ethyl mehaaylate, HPMAM

i N-(2-hydroxypropyl) methacrylamide, $tstyrene, DMAmi N,N-dimethylacrylamide, NVQ N-
vinylcarbazole, VAci vinyl acetate, NVP N-vinylpyrrolidone. Reproduced from ReR21, with

permission from the Royal Society of Chemistry.

Aside from the CTA, initiator needs to be considered when planning a RAFT polymerisation
for block copolymer synthesis. Due to the terminapoocessesn RAFT polymerisation, a
number of unwanted defeatan occur alongside the desired product. These include initiator
derived homopolymer and block copolymer, and dead homopolymer and copaclyaires
Initiator choice and concentration caeducethe quantity of defects. For example, a suitable

concentratio must be chosen generatean optimal polymerisation rate, withgotoducing
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a largenumberof dead chainsThe overall solution concentration will alsdluencethe rate
of polymerisation and the control over the RAREchanismMore details on the RAF
polymerisation mechanisrandinitiator and CTA choicecan be found ipublishedwork by

Keddieand Perrief?°-22

2.1.3 Block copolymers
Block copolymers, as described above, are macromolecules made up of covalently linked
polymer blocks. These can be diblooépolymers(two different polymer blocRs triblock
copolymers(three polymer blocRs or multi-block copolymergmore than three polymer
blocks.??? Block copolymerddiffer from random copolymers in that thgossesslistinct
regions (blocks) that only contain one type of monomer unit, rather than a statistical
distribution of different monomer units. This property can be exploited by incorporating
separatdunctioralities into each polymer blodk tailor the block copolymer for its specific

application.

2.1.3.1Amphiphilic block copolymers
Block copolymers containing at leasteohydrophilic (watedovingd polymer block and one
hydrophobic (watethating) polymer block are known asmphiphilic block copolymers,
from the &mpmeawombgthdide8. T he pcontrastngpayenero f
bl ocks thatr é&ihtaherd dladweed means that amphiphilic
seltassembling behaviour, formirggructures such amsicelles vesicles (or polymersomes),

worms or rods, depending on the polymer characteristics and solvent environment. The
formation of thesedifferent structures is determined by the packing paramgter,—
(wherev arel. are the volume and length of the hydrophobic chain, respectaradygis the
area of t hreadgrpudrThepssélfastemioly obamphiphilic block copolymers is
useful for many applications. The formation of micelles, for example, with a hydrophobic core

and a hydrophilic corona, can aid the delivery of drings are typically synthesised to be
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hydrophobic but need to be delivered tdwgdrophilictherapeutic environmenthese block
copolymersdesignedor drug delivery als@equire a biocompatiblend nonrtoxic interface.
For this reason, poly(ethylene gbjt (PEG) @lsoknown as poly(ethylene oxide) (PEO) when
prepared at higher molecular weighis commonly chosen as the hydrophilic polymer

block 223

2.1.3.2Double hydrophilic block copolymers (DHBCs)
Double hydrophilic block copolymers (DHBQ®ferred to as hydrophilic diblock copolymers
in this thesiy aremade up of two watesoluble(hydrophilig polymer blocks with different
chemical makaup. The first synthesis of a DHBC wadsscribedn 1972 by Kamachét al??*
Whilst amphiphilic block copolymers will seifssemble in aqueous solutidrydrophilic
diblock copolymersequire an external stimulus to induce ssembly. Typically, DHBCs
consis of one block that is neionic (unchargedandnortinteracting and therefore acts as a
sterically stabilising influence. The other polymer block is usually ionic (charged), able to
interact with a substrate, andofienpH, temperature or otherwise responsive. Research over
the last two decades has focussed on DHBCs due to their ability to reversiagssstible
with an external trigger. In dilute aqueous solutitie,hydrophilic chainsarefully solvated,
acting as radomly coiled polymersThe eternal stimuli used to induce sel§sembly range
from pH, temperature, @onic strength, to the introduction of an oppositely charged molecule
(often a macromoleculg)ntroducing an oppositely charged molecule caukesharge
neutralisation of the polyelectrolyt@onic) block of thehydrophilic diblock copolymer
triggering a transition from hydrophilicity to hydrophobicity. i lamphiphilidgty will thus
induceselfassembf in agueous solution. These safsembled statures are often known as
polyion complexes (PICs)block ionomer complexes (BICs)or interpolyelectrolyte
complexes (IPECsandpolyplexes, when the oppositetharged macromolecule is DNA or

RNA 222,225,226
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2.2 Physicalcharacterisation

Whenpreparingcomplexes betweeRNA (or DNA) and polycationic macromoleculg$or
example homopolymes, diblock copolymesor triblock copolymes), the N/P ratio isisually

used to characterise the relative proportions of charged UihiesN/P ratio will be used
throughout this thesis, in both physicdlaracterisation methods and biological assaks.

N/P ratio expresses the ratio between the number of ammonium gresest as part dfie
polycationand the number gbhosphate groups present in the phosphodiester backbone of
DNA or RNA, asdescribedn Eq.2.4.

e v L DOGORIB QI O ROQNE O
UTUIOOO"Q%LZ),.,,.,“, n Eq.24
000 wOOE i € 6ni

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

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

2.2.1 Light scattering
2.2.1.1Dynamiclight scatteringtheory

Dynamic light scattering (DLS) measures the temporal fluctuations in scattered light and can
provide information about the size and structure of particles in solution. Otherwise known as
photocorrelation spectroscogi?CS)or quasielastic light scatterinQELS), DLS measures
the fluctuations in the intensity of scattered light over time. When the scattered light is
coll ected by the det ect,whichfluguatéssvghahe Brovemian pat t er n i
motion of thescattering particles. The change in the intensity of the light (due to destructive
or constructive interference) is measured over time by the detector, which produces a count
trace. The product of the scattering intensity between time intervals sefdaratedktlay in
time(tand ¢ )}is ddmputed by the correlator, which produces an intensitycutelation

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

oo’ tO £ % 1t 00 Eq.25
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This can be understood qualitatively, as over a short time interval there is a stronger likelihood
that the intensities of the signals will be correlated, whereas after a longer period of time the
intensities will no longer be correlated. In the same wegller particles will have an IAC
function that decays morguickly than larger particles, as they move more rapidly and
therefore become uncorrelated faster. A normalised IAC function is usuallyEtEedb.

oo t+O
ot 0 Eq.2.6
000 O
Importantly, go( Ug ascertained from experiments, however it is information about the

scattered electric fieldi( Whgat is requiredEq. 2.7. Fortunately, these are closely related by

the Siegert rationship,Eq.2.8.

©oTd o tO Eq.2.7

"0 00 T
T OoT 00

Q t o L Qt EqQ.2.8

In Eq.2.8, Uis the coherence factor. Itusuallyclose tooneif a singlespeckle is usely the
LS instrumentfor measurements (multiplgoackle measurements will have <. THe

coherence factois calculated as the intercept of the followieguationl TQ t p

1 1 —asillustrated ifFigure2.6.

53



Ins
0.0

In(g,(t) - 1)

-0.2 1

0 2 4 6 8 10
16 ts

Figure2.6. An example of the etermination of the coherence factioom the intercept when plotting

In(gz( €1)againstd

In monodisperse samples, the intensiiytocorrelation curve willconsist ofa single

exponential, decaygrapidlyafter therelaxationtime, Eqg. 2.9.

_ Eqg.29
0t Q a

Polydisperse samples, however, are identified by a broader IAC curve, and can be described
by Eq.2.10using the sum of multiple exponentials (whieiethe number of relaxation modes
andA as the relative amplitude of each mode).

QT p

”

Wy T
5 QN T_ Eq.2.10
h

After determination of relaxation timé#, the decay ratg() is obtained througEg. 2.11,
relatingto the diffusioncoefficient (D) by the scattering vectoq. The magnitude of the

scatering vectorg, is defined byEq.2.12.

& Tﬁ on Eq.2.11
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Eq.2.12

Wheren is the refractive index of the mediumiis the wavelength of light in a vacuum afid

is the scattering angle

| f i i s p rfothinis indicativeaofdiffusive motion. The dynamic modes are
diffusive in most polymebased systems, as well as polymer particulate andsstimbled
systemsThe diffusion cefficient (D) can be related to the hydrodynamic radRig of the

particles assuming a sphericsthapethrough the StokeEinstein equatiorzq.2.13.

" QY Eq.2.13

Thehydrodynamigadius is calculatecs polymers in solution are affected by hydrodynamic
coupling. The coupled mobility of a polymer chain and its surrounding solvent molecules

causes a larger, hydrated radius to be measured.

2.2.1.2Data analysis
There are several methoilfst are commonlysed to interpreand analyse DLS data. In this
thesis multi-exponential analysis washosen as the principal method of analysiith
cumulant analysis used for determination of polydispersig cumulant method is the most
basicmethodof analysis using a Taylor expansion of the logarithm of the IAC func(gee
Eq.2.14 andFigure2.7).22"??8This method relies on the linearity loffQ 1 with { reying

onmonodisperse samples with raw Gaussiasike distribution.
. o) o) Ko) E
l — ) - i g.2.14
I TQ ¥ a A T ot CAT GATS
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Figure2.7. Example of plynomial fitting of the logarithm of intensity autmrrelation function data
for cumulant analysis.
The first termk; (i.e. (), is the mean decay rate, the second t&ms the variance and, is

theskew of the function. Polydispersity is calculatembughthe following relationship—.

Multi-exponential analysis, in thithesis was performed using thieevenbergMarquardt
algorithm, which adjusts the parametesandU;, to the best fit oEq.2.15for the measured

IAC data.

QT p

5 Qi Ti 5 QN Tl 5 Qi Ti Eq.215
h h h

A> andAszare set to zero when tlsaspension is relatively monodisperse, with the option to fit

these parameters if multiple exponentials are required.

2.2.1.3Staticlight scatteringtheory
Static light scattering (SLS), as opposed to Dieles onthe time-averaged scatterdight
intensity. The intensity of the scattered light is measured with respect to either change in

concentration or change in scattering angle. In this work, the scattering angle iskramed.
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SLS data, one can derive information about particle size in the fotime cfdus of gyration
(Ry, the root meassquare distance of the particle segments from the centre of, rands)

particle shape.

In scattering experimentse form factorP(q) (defined inEq. 2.16), describes the particle
shape. Particles with a distinct symmetry (spheres or cylifidersxample), will scatter light

less efficiently agincreases (scattering angle decreases).

S fon Eq.2.16

Wherel(q) is the intensity of scattered light at scattering veadrelated to the scattering
angle), 1s(0) is the intensity of scattered light at a scattering angle of 0°, which is not

experimentally determinedibcan beascertainedby extrapolation.

The Guinier approximation, at low values(so thatgR s sufficiently small) can be used to
calculatethe radius of gyration by plotting the logarithm of the thaeeraged scatter light

intensity (<(q)) againsi?, Eq.2.17.2%°

. . 4 Y
i foy 1 fon —no Eq.217

At low scattering angles a linear relationswii fit the dataand thus gradient ari®) may be
calculated. Information about the shape of particles cayatieerecoy determination othe

size ratio betweeRy andR+ (hydrodynamic radiuskq. 2.18.

, Y Eq.2.18

Typically, as} tends towardsinity, more spherical morphologies can be assumed; As

increases abowvene this is indicative of rodike shapes®
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2.2.1.1Cleaning
For both dynamic and static light scattering experiments, it is crucial to ensure that all
glassware and preparation materials are free from dust. Dust stightetseavily, and can
skew DLS/SLS measurements entireljjo prevent dust contamination upon sample
preparationin this work all glass vials, lids and stirrer bars were washed 3x with filtered
ultrapure Milli-Q water (filtered through two 0.2 um peseze nylon membrane nesterile
Fisherbran8 filters mounted in series) and filtered isopropanol (IPA) (filtered through two
0.2 um poresize polytetrafluoroethylene (PTFE) membrane-stamile Fisherbrarftfilters
mounted in series) before drying280 °C in a dustfree environment. Prior to measurements,
samples were, on occasion, filtered through a 0.8 um-ginee surfactantree cellulose
acetate membrane (Sartorilsinto the prewashed (as described above) glass light scattering

(LS) tubes (rimless Pgx® culture tubes 75 x 10 mifp remove dust contamination.

2.2.1.2Instrumentation
Experiments weranost oftenperformedusinga 3D LS spectrometer (LS instruments,
Switzerland) wusing the 62D mo dpmudpedsodlismtespectr omet
(DPSS) laser operating at 660 nm with a maximum power of 105 mW (Cobolt FlamencoTM,
Cobalt). Laser attenuation was automated, two avalanche photodiode detectors warelused,
the light was vertically polarized. All experiments were performed at a terapeicit25 +
0.5°C controlled by a water bath. A pseudwss correlation mode was used. The angle of

measurement was altered fromi3030°.

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

additional counterions that are attracted to théons, forming a diuse electrical double
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layer. When the particle migrates, a certain proportion of ions will ratorey with it whilst

some willremain where they ar&his boundary of ions is known as the slipping plane, or the
boundary of hydrodynamic shear, and theeptiail at this boundary is defined as the ze}a (
potential. Zeta potential is directly proportional to electrophoretic mobility, and therefore
electrophoretic mobility can be considered as relative to the surface charge of the measured

particles.

2.2.2.1Instrumentation
The selfassembled structures prepared in this thesis can be considered as charged particles.
A zeta potential analyser (Zetasizer N&#f®, Malvern) was thus used for the determination
of their electrophoretic mobility. This instrument uses etgidioretic (phase analysis) light
scattering (ELS), and measurements were taken meas@ed &5°C. The folded capillary
cell (DTS1070, Malvern) contains two electrodes, between which an oscillating electrical field
is applied. The movement of partislat a particular velocity to either electrode is measured
as their electrophoretic mobility. This can then be converted to zeta potential, if required, by
using the Henry equation with Smoluchowski approximation. Data were collected in

triplicate with tie average taken over three runs.

2.2.3 Transmissionelectron microscopy
Transmission electron microscopy (TEM) can be used to image-suat® particles.
However, this technique can prove challenging for polymeric samples due to their organic
nature and lackfo 6 heavyd components. Hence, negatiyv
required for all samplamaged in this thesigor polyplexs samplesvere prepared similarly
to a protocol used by Lamet al, through the addition of s RNA ( 2 5ngrmLt!),to 0. 1
polymersolution (0.1mg mL*) with the volume of polymer solution varied to maintan
N/P ratio = 2. Solutions were diluted 2 5 0 totalvolume with an overall complex

concentration of 3 0 ¢ ¢.2%! fdr imaging of seHassembledriblock copolymes (in

59



aqueous solution without the presence of dsRNA) stiraplesvere formulated ¥ directly

mixing triblock copolymersn Milli -Q water to a concentration of 10 mg HL

TEM grids wered00mesh carboroated coppempreparedhroughthead di t i on of 5 €L
samplebeforewashing with Mill-Q water and staining with 1% uranyl acetateages were
captured using an FEI TecnaP-Gpirit microscope, with a Gatan Ultrascan 4000 CCD

camera, operated at 120 keV with a tungsten filament.

2.3 Biological assays andsample preparation

2.3.1 Drosophila suzukiispecificvha26dsRNA
The primary dsRNA used in this thesis targets the gaa26 Vacuolar H-ATPase 26 kia
subunit ¢ha26 encodes for a subunit within-XTPase, a plasma membrane proton pump.
V-ATPase pumps are particularly ubiquitous in the apical membraDeosbphilaé apper
c el CpCH (a(type of columnar celvhich are the main cells in the insect quid are
responsible for nutrient absorption and digestive enzyme production and secretion). Reports
from Overencet al.describe how the acidic sectiontbé midgut d Drosophila(pH ~ 21 4)
is maintained through the proton transport byAVPases in CpC&22% |n addition,
ATPases are neededatbow the formation othe correct morphology drosophilatracheal
cells. Thevha26dsRNAused in this works specific toDrosophilasuzukij and the vital role
of this gene means that its silencing leadinsectlethality2%6-2” The vha26 dsSRNA was
synthesised by Genolution AgroRNAjth 222 kase pairs (bpand at a sttk concentration

of 4.68 pg pLtin distilled water. Thazha26dsRNA has the following nucleotide sequence:
ACGTGGCCACTCAGCATTGTTGCCCGCCGAAACACCGAAATGGTCCCAAAAAAC

CAATTTCGCTGCTTCGAGGGCAACGGACACGTGTGCAGCTGCCACTGGCCCATC

AAAAGCCCCGAAAGTCATCAATGTCTGTTGTTGAGTTAGCGAAAGTAACGAATA
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CACACTATTAAGCACGCAACATTTACTCTCCATAATTCACCGCACCCAAGACGA

AGAAGT

2.3.2 IVT dsRNA purification
In vitro transcription (IVT) dsRNA waalsoprepared angrovidedby Syngenta for this work.
Syngenta supplied | ong and asadtoirte GF®Pr gstRNAdD s
6active target 6 ds RRHNrétectithe IP nightsref Byngesta. She Vi  as t
dsRNA wasprovidedin an unpurified form, thus ethanol purification was performesl

follows.

Equal volumes of dsRNA and 8M LiCl solutiorere mixed and left to precipitate for 24 h at

-20 °C. Samples were then centrifuged at 13,000 RPM for 20 min at 4 °C. Supernatant was
discarded andhe dsRNA pellet was washed by adding-a@d 70% ethano{ 8 3 amdL )
centrifuging at 8,000 RPM for 3 min 4 °C.The sipernatantvasdiscarded and the wash step
(with ice-cold 70% ethanol) was repeated twice more. The dsRNA pellet was then suspended
in RNase and DNasdree water. Concentration of the resulting dsRNA solgtioere

measuredising a NanoDrop@0(260/280 nm)

2.3.3 Agarosegel retardation
Agaro® gel electrophoresis assays wased to confirm the complexation of polymers with
dsRNAthrough their retardation in an agargss. Thesaeverealso usedo assess the levels
of degradation by synthetandnaturallyderivedenzymes. Ordinarily, dsRNA inserted into
the formed wel(by the combhpt the top of the agarose gel will migrate to a specific location
driven by the electric currenf. N a kdsRIN& is able to migrate freely in the agarose gel
towardthe anode, arriving at a specific location that is relative to the length (number of base
pairs (bp)) of the dsRAL The dsRNA that wa primarily used in this thesis is 222 lomg,

and runs slightly above the 200 bp baviten comparingo a 100 bp DNA lader. Thus, if
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complexationby a polymeris unsuccessful, the dsRNWill remain free andwill migrate
throughthe gel lane. If complexation is only partial, the complexed dsRNA will be retained
in the loading well, and the free ‘womplexed dsRNA will migri@ towards the anode,
resul ting i rmausedhythendffarenbdegeked okirderaction with the polycation
If complexation of the polymer with dsRNA is complete, dsRNA migration will kigedyp

preventedand the dsRNA will be retarded in tleading well.

It is well documented thagthidium bromidgEB) fluorescence is quenched upkhe strong
binding of a polycation with dsRN&&24° Therefore, as polycation concentratismcreased
(i.e. N/P ratio is increasedhe resultingfluorescenceof the EB will bereducedas it is
displaced from the dsRNAs such, the eégradation of dsRNA assesgbdough agarose gel
electrophoresis was compated control sample, comparing the fluorescence intensity of the

dsRNA wherenzymewasaddedwith respect to when enzyme wassent

Agarose gel retardation assays were performed using the following methess, otherwise
statedAl i quots of polymer were added to 1 ¢€g
with solutions left to incubate at RT for 1.5 h to allow for complexation. 6X blue/orange
loading dye(2 uL) was added to sampteand each solutio(~17 pL)wasloaded onto a 2%
(w/w) agarose gel containing EB.5 pL), prepared with 1X TAE (Tris base, acetic acid and
EDTA) buffer. Assaysvere run for 25 min at 90 VA 100 bp DNA ladde(1 uL), alongside

6X purple norsodium dodecyl sulphat&DS dye (1 pL) and nucleaséee water(4 pL),

was run for compason. The gelsvere imaged under a UV transilluminateetat 365 nm.
When RNase A (0.5 pL, 5 mg mi. was added to the solutions, the samplese incubated

at 37°C for 30 min prior to analysi$¥henD. suzukiextractedenzymes were added to the
formulations, incubation was varied depending on the length of time required for complete

degradation of naked dsRNand samples were kept at 26 °C.
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2.3.4 Fluorescencespectroscopy
Ethidium bromide (EB) wassed as a nucleic aeintercalating fluorophoreEB fluoresces
strongly when intercalated between the base pairs of DNA or dsRNA, and fluoresces weakly
in aqueous solution. As mentioned abok® fluorescence can be quenched throitgh
displacemenby apolycation. Fluorescence quenching can therefore be used as a proxy for

the strength obinding of a polycation to DNA/dsRNAE 245

Fluorescence intensity was detedie&B exclusion ass&and RNase A degradation profiles
using an Omes FLUOstaf (BMG LABTECH GmbH) multimode micreplate reader, with
axs et at 32detansed nablBdolubon was stored in an opaque containerra 4
prior to use Samples were measured in a Corfii@gstar 96well opague microplateGain

was set at 1600 1900.

For equilibratedstatiddsamples, endpoint measurements were takenteviftashes per well.

The volume of each well was made up to 200 yL with nuctléasewater. For all samples,
dsRNA(8 ¢01468mg mL*) wasadded teeach well alongside ER(9 uL,0.4 mg mLY) to
provide sufficient fluorescence intensitythe ratio [EB]:[P] = 0.12 (molar concentration of

EB in relation to molar concentration of dsRNA phosphate groups, approximately one
molecule of intercalated EB péour pairs of dsSRNA bases). The dsRIES solutions were

left to incubate for at least 10 min prior to analysisallowfor full intercalation of EB. In EB
exclusion assay an equilibration time was incorporated after each polymer addition prior to

endpoint measurement.

Fluorescence intensityd was normalied usingEg. 2.19, with respect to the fluorescence

intensity of dSSRNAEB alone FEo), subtracting the weak fluorescence intensity of EB in water

(O
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° 00 Eqg.2.19
© O 0 %2

For timeresolved studiegwo flashes were used for each sample in theB& measurement
cycle. Aliquotsof polymersolution (1Img mL™?) were added to dsRNA (8 pL,rig mL™?) to
achievethedesired\/P ratig with 1.5 hcomplexation timerior to measurement. The volume
of each well was made up to 200 pL with nuclefise water. EBX pL, 0.4 mg mL?!) and
RNase A L pL, 5 mg mL') were added immediately prior to analysis if requiréde
incubator was set to 3 and he data weraormdised with respect to fluorescence intensity

att=0.

For fluorimetric NaCl titration assays, fluorescence intensity was detected using a
FluoroMax® (Horiba Scientific) spectrofluorometer, wihset at 320 nm, aran measured

over a3357 800 nm window. Polyplex samples were prepgredr to analysisthrough the
addition of polymer to dsRNA (120 pL, Ing mLY) to achieve a N/P ratio = 5. After
incubation at RT for 1.5 h, nucleaee water was added teachca.3 mL and EB (91.5 pL)

was addedo [EBJ:[P] = 0.25 (approximately one molecule of intercalated EB per two pairs
of dsRNA bases). An equilibration time of 5 min was incorporated after each NaCl addition

and prior to measurement.
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Chapter 3.Influence ofneutralblock
lengthon thecomplexaton andprotection
of dsRNA byhydrophilicdiblock

copolymers

A portion of thecontents of thé chapter has been publishedBiomacromoleculeander the
titl e, O6Pr o-Steanded RINA viacCompERxatioh wite Double HydrdjghBlock
Copol ymer s: I nfluence of Neutr al Bl ock Leng

10.1021/acs.biomac.2c001.36

3.1 Abstract

The interaction between the anionic phosphodiester backbdD&lAfRNA and polycations

is electrostatic in nature. The complexatiornaofucleic acid and a polymérased delivery
vehicl e, vyi elcdnibaaxploigu adaymnedneok dels/gying genetic material for
therapeutic and agrochemical applicatiomsdescribed in Sectiofh.7.1 In thischapterthe
synthesis of quaternised poly@dimethylamino)ethylmethacrylatéjockpoly(N,N-
dimethylacrylamide) (PQDMAEMA-PDMAmM, Q-b-D) diblock copolymersria reversible
additionfragmentatiorchain transfer (RAFT) polymersionis describegto be use@s non

viral delivery vehicles for doublstrandedRNA (dsRNA). The assembly othe diblock
copolymers withdsRNA formed distinct polyplexes that were thoroughtharacteried to
establish a fdationship between the length of the changaitral polymer block and the
polyplex size, complexation efficiency and colloidal stability. Dynamic light scattering
reveaed the formation of smaller polyplexeshen formed with diblock copolymer of

increasingneutralpolymer blockdengthandDrosophila suzukispecificvha26dsRNA, while
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agarosael electrophoresis confirdthat these polyplexes requadigher N/P ratio for full
complexation.The diblock copolymeibasedpolyplexes exhib#d enhanced stability in low
ionic strength environments in comparison to homopolybased polyplexesEx vivo
enzymatic degradation assays demongirateat both the homopolymer anddiblock
copolymers efficiently protect dsRNAgainsidegradation byhe sytheticRNase A enzyme.
In addition, the impact of dsRNA length (number of basersp was investigated,
corroborating that moreonsistentpolyplex stability is provided bythe diblock copolymer

with a longer natral polymer block.

3.2 Introduction

Typically, polycations such as polyethylenimine (PEI) or pold2nethylamino)ethyl
methacrylate) (PDMAEMA) have been employed for gene delitfy#e89.197.11PE| and
PDMAEMA contain amine groups capable of protonation at physiological pH and have, as a
result,favourableelectrostatic interaction with DNA/RNA phosphate groups driving efficient
complexation. However, cationic homopolymers can exhibit high levels of cytotoxicity, and
the polyplexes they form with DNA/RNA can be unstable, with the likeliness of electro
neutralsation upon complexation leading to increased aggreg&tiGht1®120.24&€48 Thysg,
tailored polymer architectures including brancked®24® dendritid®> or block
copolymer§t*259252have recently been evaluated for improving the stalitin of polyplexes

for the protection and targeted release of genetic mafsgalSetion1.7.7).

In this chapter attentionis focusedon hydrophilic diblock copolymergalsoreferred to as
double hydrophilic block copolymers, DHB®r the stabikkation and protection of dSRNA
upon complexationNovel diblock copolymershave been syhesisedvia aqueous RAFT
polymersation,  containing quaternised poly(2-(dimethylamino)ethyl methacrylate)

(PQDMAEMA, Q) and poly(,N-dimethylacrylamide) (PDM#n, D) polymer blocks
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There are swathes of literature devoted to the study of amphiphilic diblock copolymers that
selfassemble into micelles (or othaggregatedtructures such as vesicles or worms) due to
phase separation of the separate polymer biBe&k¥25* However, mixtures of oppositely
charged polyelectrolytes (for example, dsRNA and polycation) can alsasselible into

micellar aggregates based on phase separatiéi 252

The interaction obppositely chargegolyelectrolytes was first reported in 1949 by Fuelss

al., andthe resulting complexes hagarnered attentioonder a plethoraf names, suchs
polyplexes (usually associated with complexes formed with DNA RNA),
interpolyelectrolyte complexes (IPECs), block ionomer complexes (BICs) or polyion
complexes (PICs)The charged polymers alone in aqueous solution do neasstimbldoy
themselvesTheyaresurrounded by oppositely charged small counteriwhi;h arereleasd

upon complexation with an oppositely charged polyelectrpigthicing an entropic gain that
providesthe driving force behind theomplexation Figure 3.1 shows a coarsgrained
simulation of the complexation between a polycation and polyanion, performed byZhan
al.?®®> The ineraction of two oppositely charged polyelectrolyte chains forms a hydrophobic
complex, which can bmore readily disperseay incorporation of a hydrophilic, neutral block

onto one of the polyelectrolyte chains.
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(I (IT) (I11)
Figure3.1. Snapshots of the complexation of a polycation (blue) and polyanion (red), in the presence
of small counterions, as coafgmined simulated by Zharet al. Reprintedwith permission fronB.
Zhan, K. Shi, Z. Dong, W. Lv, S. Zhao, X. Han, H. Wang and H. Liu, Ce@raged Simulation of
Polycation/DNALike Complexes: Role of Neutral Blockjol. Pharmaceutics2015,12, 2834 2844.

Copyright 2022 American Chemical Society.

In designing the dibck copolymer constructsin this thesis,we hypothesisé that
condensation of t he pol y positiveodhgrgeisd mditdided by t he
regardless of pH%) polyelectrolyte, PQDMAEMAQ), will form the interpolyelectrolyte core

of the polyplex. The hydrophilic, neionic polymer block, PDMAn (D), covalently attached

to Q, will thusform a corondo provide steric stabilisain, prevering aggregation between

the formed polyplexe¥€?® This hypothesis is corroboratéu coarsegrained simulationdy

Zhanet al, Figure 3.2, which shows an entangled core of oppositely charged polyelectrolyte

chains(blue and redyurrounded by hydrophilic, neutral chains that extend out into the solvent

(shown in pink)?®3
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Figure3.2. Snapshots of the complexatiorpaksitively chargediblock copolymers (blue ihecationic
block and pink is the hydrophilic, neutral block) and a polyanion (blue), as egratised simulated by
Zhanet al Reprintedwith permission fron8. Zhan, K. Shi, Z. Dong, W. Lv, S. Zhao, X. Han, H. Wang
and H. Liu, Coars&rained Simulation oPolycation/DNALike Complexes: Role of Neutral Block,

Mol. Pharmaceutics2015,12, 2834 2844.Copyright 2022 American Chemical Society.

Prior experimental studies, as well as coaysmined simulation, have indicated that
hydrophilic neutral blocks incqrorated alongsida cationicpolymer blockcan significantly
impact polyplex morphology, stability and transfection efficief#c2265268 Typically, a
poly(ethylene glycol) (PEG) chain has been usethastabilising polymer block 248269271
However, sme studies suggest that PEG reduces the cellular uptake of SiRNA/BNA.
Ensuring the use afationic and neutrgbolymerblocksthat are both hydrophilic in nature
enhanceshe biocompatibility and dispersibility ahe resultingpolyplexes2®22%8Therefore,
PDMAmM (D) was chosen as an alternative polymer blezPEG due to its uncharged,

hydrophilic and biocompatible natut®.

Aqueous RAFT polymesation enables facile control ovére degree of polymerisati¢bP),
allowing tailored variation of block lengtfas discussed in Secti@il.2 Therefore,the D
polymer block length was varie@nd a systematic comparison of the physicochemical
propertieswas conductedincluding investigatingthe impactof neutral block lengthon
morphology and stability of the resulting polyplexes with déRkM both therapeutic and

agrochemical applications, the influence of environmental conditions such as electrolyte
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concentratior{driving competitive adsorption/desorption of counter)ansd the presence of
nuclease enzymgs.g. RNaseshould be takeimto account to create an effective formulation
of dSRNA-basedpolyplexes.Thereforethe polyplexesare testedindervaryingconditions to
determire their potential stability in the challenging environments found in pesticide

formulaions and upon theapplication.

In this chapter polyplex size, stability and efficienayf dsRNA protecton are specifically
probedas a function of the diblock copolymer characteristiseng dynamic light scattering
(DLS), fluorescence spectroscopy, electrophoretic htpbiassays and agarose gel
electrophoresisThe complexation of homopolymer/diblock copolymers with alterndtive
vitro transcription (IVT) dsRNAgs also investigated, using DS explore thampact of

dsRNA length omolyplex size and stability.

3.3 Materials and methods

3.3.1 Materials
[2-(Methacryloyloxy)ethyl] trimethylammonium chloride solution (QDMAEMA, 80 wt% in
H20), N,N-dimethylacrylamide (DMAn, 99%), sodium chloride (NaCl, 99.5%),@(99.9%)
and hydrochloric acid (HCI, 12 M) were purchased from SigAddrich. 4-((((2-
carboxyethyl)thio)carbonothioyl)thie}-cyanepentanoic acid (CCCP, 95%) was purchased
from Bor on Madbis(4cyahozaleric acid) (AGVA, 97%) was purchased from
Acros Organics. VATPase 222 bp dsRNA was synthesidy Genolutin AgroRNA (4.68
ug pLY), sequence specific to the pest insBegsophila suzukiiEthidium bromide (EB, 10
mg mL?) and regenerated cellulose dialysis (membraokecular weight cut off (MWCO) <
3,500 g mot) were purchased from Fisher Scientific. XODNA ladder (500 pg i) and
RNase A (20 mg mt) were purchased from New England Biolabs. Blue/orange loading dye

(6X) was purchased from Promega. Ultrapure Mjliwater (resistivity of minimum 18.2
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MY. cm) was used f or s od, and nudeaskee watepwas wsedifon n

biological assay# avoid the accidental degradation or contamination of dSRNA

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

The PQDMAEMA macreCTA (Qu10 was synthesed byaqueoudRAFT polymergation, as

shown in the scheme Figure3.3A.

A CN

HO S S OH
f [CCCPJ;[ACVA] = 10:1 Wm\g \/if
070 » 070
(‘ H,0 H
cl -

NT 70° Cl

/|\ /f\ll"'\
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700 I
CN
HO S\[]/S\/\H/OH
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O
Figure3.3. Reaction scheme of RARIolymergation of the (A) PQDMAEMA macrCTA (Q110 and
subsequently the (B) PQDMAEMAy-b-PDMAM (Quio-b-Di) diblock copolymersFigure created in

ChemDraw Prime 17.0.

QDMAEMA (100 g, 80 wt% in KO, 385 mmol), CCCP (0.94 g, 3.1 mmol) and ACVA (0.086
g, 0.3 mmol) were dissolved in MilQ water, at a ratio of [QDMAEMA]:[CCCP]:[ACVA]

=126:1:0.1 and 50 wt% in solution, pH = 4.3. The solution was degassedxitth4% min

and then stirred at 70C for 1.5 h. The reaction was quenched by exposure to air.

PODMAEMA macroCTA(Qugwa s st o rCtapreaent dégradation of RAFT chain
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end groups, prior to purification by dialysis against Mliwater (MWCO < 3,500 g md)
and lyophilisation The degree of polymedsion (DP), 110, and conversion, 88%, were
confirmed with'H NMR spectroscopy (400 MHz) through comparison of a peak from the

pendant amine group) to a peak from the RAF€nd groupd), as demonstrated Ifigure

3.4.
D,0
CN Q110
D,0
J b
A
D,0
CN :
HO d) S__S OH
0“0 O l\ll/ -
crbHa &
/,\|‘+\ D,O ¢
c \4
b
a
_JU_J
6 s y 3 2 p 0

Figure3.4. *H NMR spectroscopy (400 MHz) traces ofimacreCTA homopolymer, and each
diblock copolymerwith key peaks highlightethat were used for peak comparison analysis to

calculate degresof polymerisation.

3.3.1 Synthesis ofhydrophilic diblock copolymers
Hydrophilic diblock copolymersvere createdthrough chain extension of the previously
synthesised QomacreCTA, as shown in #h scheme ifrigure3.3B. Qi10macreCTA (10 g,
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0.38 mmol), ACVA (0.01 g, 0.038 mmol) and DMAm (amount varied to contrdD®)avere
dissolved in Mill-Q water at a ratio of [mact@TA]:JACVA] = 1:0.1 and 50 wt% in solution,

pH = 6.6. The concentration of DMAmM monomer was varied to control the lengthreutral
polymerblock. The solutions were degassed withfdd 45 min and then stirred at 7C for

3 h. The reactions were quenched by exposure to air. The solutions were then purified by
dialysis against MilkQ water to remove unreacted monomer (MWCO < 3,500 ¢ ynahd
lyophilised to yield the PQDMAEMA-PDMAM (Qii0-b-Di) block copolymers apale

yellow powdes. The DR (57, 89 and 219) and converssq86, 71, 91%, respectively) were
confirmed with'H NMR spectroscopy (400 MHz) through comparison of a characteristic peak

from theD block () with a peak from the pendant amine grobp(Figure3.4).

3.3.2 Characterisation
3.3.2.1'H NMRspectroscopy
Peak comparisowas conducted following measurement of samples@® G mg mL?') using
a Bruker 400 MHZH NMR instrument after purification anigophilisation Initial kinetic
analysis was conducted with a Spinsolve 60 MbizeFigure Al in the Appendixfor an
example of spectra from this instrumentonversion was calculateadrough Eq. 3.1, by
comparing the vinyl protons (5i 7 ppm no vinyl protons are visible iRigure3.4 as these
spectra werebtainedpostpurification) to pendant group protons @8 or 2.6 ppm for

exampleb or f peaks inFigure3.4, respectively,

0

e 7

6£&0QIB Qéptnmm p Eqg.3.1

-
C

Wherep represents the integral of the peak3(8 or 2.6ppm) of the pendant group protons
andv is the integral of the peaks &4 7 ppm) of the vinyl protons, withandO representing
each time point and the beginning of the reaction, respectively.

3.3.2.2Aqueougiel permeationchromatography
Molecular weight (MW) and molar mass dispersid) of the polymers were ascertained by

agueos gel permeation chromatographgRQ), using an Agilent 1260 Infinity 2 instrument
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equipped with a refractive index detector. Separation was achieved using two PL-&jdagel
Mixed-H columns and an 8 um guard column (Agilent Technologies). The eluent sechpri

0.8 M NaNQ, 0.01 M NaHPQ, 0.05 wt% NaM in Milli -Q water, adjusted to pH 3 using
37% (w/w) HCI. It was eluted at a rate of 1.0 mL rhiSamples were diluted to 0.5 mg mL

in the eluent and filtered through a 0.2 um syringe filter (Sartorius Minisart RC hydrophilic)
prior to analysis. MW was calibrated against PEG/PEO standards with molecular weights
varying from 106 to 1,500,000 g mo(EasiVial PEG/PEO calibration kit,L2080-0201,
Agilent Technologie€)® and therefore the MW values obtained for the polymers can only be

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

3.3.3 Preparation of Q110dsRNA and Qi10-b-Dm/dsRNA polyplexes
Q110 andQ110-b-Dm stock solutions were prepared by dissolving a known mass of polymer in
the appropriate volume of Mill) water. Solutions were stirred at ~800 RPM for 5 min to
ensure complete dissolutioBolutionsof dsRNAwere prepared through dilution of the 4.68
mg mL* stock solution witmucleaseree water. Qo or Qu10-b-Dr/dsSRNA polyplexes were
formulated by directly mixing specific volumes of the polymer and dsRNA solution to achieve
a desired N/P ratio. The N/Pti@ described in SectioB.2, expresses the ratio between the
number of ammonium groups present in the Q homopolyme® grolymer block(as
determined throughfH NMR analysis), and the number of phosphate groups present in the
dsRNA (or example 222 bpdsRNA provides444 phosphate groups pggRNAmMolecule).
The polymer solutions weradded tothe dsRNA solution and agitated to mix, before
incubating at room temperature (RT) for at least 1.%okequilibrak. The pH of the
formulations wereneasuredo bepH =7.4.

3.3.4 Light scattering
Dynamic light scatteringMeasuremenand ftting of the data was performeddescribed in

Section2.2.], vi scosity (d) -ErsteimeguatonStatic gbtdcatfermg: St okes

Collection and fitting of data was performed as described in S&t@oh
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For experiments where the salt concentra{ilGruc) was varied, a zeta potential arsgly
(Zetasizer NannZS, Malvern) was used. A backscatter (173°) detection angle was used wit
measurements performed in quintuplicate. Data fitting was performed as destizizd

3.3.5 Electrophoretic mobility
Agueous suspensions were prepared at a concentration ahd@.hL?, 24 h before
measuremenDetails of instrumentatioaredescribed irSection2.2.2.

3.3.6 Agarosegel electrophoresis
Aliquots of Qio0r Quich-Dmwer e added to 1 &g dsRNA, i n quaea
with solutions left to incubate at RT for 1.5 h to allow for complexation. When RNase A (0.5
uL, 5 mg mL') was added tthe polyplex solutions, the samples were incubated &€3a@r
30 min prior to analysigzurther details ofheassayaredescribed irbection2.3.3.

3.3.7 Fluorescencespectroscopy
Fluorescence intensity waseasured irEB exclusionassay,RNase A degradatioprofiles
andfluorimetric NaCl titration assays described iBection2.3.4.

3.3.8 Transmissionelectron microscopy

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

3.4 Results anddiscussion
3.4.1 Design andcharacterisation of homopolymer anddiblock copolymers
3.4.1.1Macro-CTAselection
The macrechain transfer agent (macf@TA), synthesisedirst, was chosen as quaternised
PDMAEMA. PQDMAEMA was selectetiecause ats oermanerdipositive charge, induced

through theguaternised monomeinit (which contains guaternaramine seeFigure 3.5).

75



Cl

NS
Figure3.5. Structure of the QDMAEMA repeating monomer uditawn in ChemDraw Prime 17.0.

As describedin Section 1.7.1.1 PDMAEMA has previouslybeen used as a linear
homopolymer fotthe delivery of DNA and RNA due to its proton sponge capabilitiddhe

pKa of PDMAEMAtypically liesbetween 7 8, thereforat is approximately 50% protonated

at physiological pH° However, withinthe haemolymph and guif manyinsecs andin the
environment where pesticide formulaticgapplied(such as on the soil or leaves of crops)

pH can be extremely variable. For example, Lepidopteran insects typically have very alkaline
gut contents®, andDrosophilahavevariable pH across the gut lumesith anacidic midgut
section**3 Without maintaining a positive chargbe premature release of dsRNéuldlead

to its degradatiorandrapid excretion Replacing PDMAEMA with the permanentbationic
PQDMAEMA eliminates this problemmaintaining an electrostatic interaction with

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

However, the strong binding @ah ammonium growbasedpolycationcould pose a problem
when consideringhe release of dsRN#or participation in the RNAi mechanismr with
respect tathe endosomal escape of the polypleXésnethelessthere isambiguity in the
literatureaboutthe true mechanism by whigndosomal escapcurs(outlined inSection
1.7.1). Therefore further research is required to understand which awrfunctionalities
incorporated within polymeric delivery vehiclase useful, and which are prohibitive. Insth
first instance,we chose to ensure strong cplexation and binding to dsRNA (artdus
protectionthroughout variable environmental conditgpby selecting germanently cationic
polymer blockcontaining ammonium groupghis is particularly importanihen considering

agrochemical applicatioris which pH conditionscan bemorevariable.
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An additionalbenefit of usinghe [2-(methacryloyloxy)ethyl] trimethylammonium chloride
monomer(QDMAEMA), and the resultinQDMAEMA homopolymey is that bothare
watersoluble.Watersolubility is desirable for applications such as-lisecticidesas it is
critical that the resulting pgmer is notinherentlytoxic, to avoid offtarget effects on other
speciessuch as the closely related spediesD. suzuki), Drosophila melanogasteWater
solubility also helps withfacile formulation procedures for target assagsdthe use of
agueais RAFT polymerisation Prequaternisd monomer waschosento remove the
requirement for @ostpolymerisation methylation stefsing methyl iodidein orderto avoid
potential remainingtoxic contaminantgsuch as iodide ions)eng presentin subsequent

formulations.

The dsRNA used in this research is significantly longer than the silRBtAsoften used in
studies concerned with therapeutic applicati$is®25%2"*Previous research has shown that
positively charged diblock copolymemshere the charged blodkngthclosely matctes the
length of the oppositely charged polyanion form more defined interpolyelectrolyte
complexeg®*2’” Unpublished data from our research group also indicated that a
PQDMAEMA DP of ~100i 120 was of sufficient legth to complex with 222 bp dsRNA.

is based orthese factorshata higher degree of polymerisatiomaschosenfor the charged

polymerblock (> 100)

3.4.1.2Kinetic profiling of QDMAEMARAFT polymerisation
Initially, the kinetics of the aqueolRAFT polymerisation oQDMAEMA was monitored to
determinghe optimal concentratioof reagents in solutiowith respect to conversion and rate
control. Monomer conversiomvas determined usingd NMR spectroscopy60 MHz). The
vinyl protons (~5 7 ppm)and pendant group protons (~ 3.8 ppmgre comparedttime=t

to time = 0, as described in Sectid3.2.]1 to calculate conversion amdactionrate. The
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conversios over time in 30 and 50 wt% reaction solutivare shown inFigure 3.6A, and

comparative rate plots are showrFigure3.6B.
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Figure3.6. (A) Conversion and (B) rate plot of QDMAEMA to PQDMAEMA over time when RAFT

polymerisation reactiawererun ateither30 wt%or 50 wt%reaction solution concentration.

The data indicated that a 50 wt% reaction solutioducesa faster polymerisation of
QDMAEMA, in comparison to a 30 wt% reaction solution, véthigher conversioachieved
(~90%). In the 30 wt%polymerisation a conversion of 80% is reached after 150 mamd

the conversion plateaus beyond this reaction time. As shown in the rgfegloe3.6B), this

is due to a loss of RAFT control after 150 maéthown by the deviation from a linear
relationship However, at 50 wt%, RAFT control is maintained throughout the reaction,
illustrated by the linear relationship kigure3.6B. Thereforea50 wt% reaction solution was

selected for the RAFT polymerisation of QDMAEMA.

3.4.1.3Hydrophilic diblock copolymer synthesis
As previouslymentioneg homopolymers such as PEI and PDMAEMA dygically used as
transfection agents. Howevénesehomopolymers havalsooftencausechigh cell toxicity.
Therefore, modificatiof polycationichomopolymersuch as PEI or PDMAEMAthrough
branching, pospolymerisation functionalisation or blodopolymer synthesjscan beused

to mediate toxicity and enhance cellular internalisation.
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The Qi10 macreCTA was chain extended by three monomersly(@thylene glgol)
methacrylate (PEGM#Aq), 2-methacryloyloxyethyl phosphorylcholine (MPC) aridN-
dimethyl acrylamide (DMAn, D); each of which would result the incorporation of aeutral,

hydrophilicpolymerblock.

In the first instance PEGMso was chosen,as PEG derivatives are often selected for
therapeutic applicationdue to their biocompatibilityHowever during thecourse of the
polymerisation white particulates became visible. The lower critical solution temperature
(LCST) of PEGMAqw had beenreached at the reaction temperature of 70 PEG
methacrylatédbased derivativesare amphiphilic with hydrophilic PEG groups and a
hydrophobic backbone of methyl groups. The overall hydrophobicity of PEGMA
monomers/polymers can ladteredby the number oincorporatedPEG units, and therefore
their LCSTsmay be tuned” Increasing the number of PEG units will increase the LE&T
example PEGM4ys (equaing to approximately 8 9 PEG units) has an LCST of 90 °C. At a
reaction temperature of 70 °C, PEGMA(as tested ére) becomes hydrophobic dke
hydrogen bonds are disrupteshd white particulateqvisible to the naked eyebemme
noticeable. Therefore, as shownHRigure 3.7, the chain extension of ymacreCTA with

PEGMAsqwas unsuccessful.
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Figure 3.7. GPC trace followingthe attemptedchain extension of Qy macreCTA by RAFT

polymerisatiorof PEGMAgy aftera4 h reaction time.

Secondly, MPC waisivestigatedor its ability to chain extend onto thei@macreCTA. MPC

is a biocompatible monomer, due to its similarity ttee phospholipid bilayer membrane.
Whilst theRAFT polymerisatiorbetween MPC and @ wasmoresuccessfu(in comparison
to PEGMAsog), with the GPC trace shifting tehorter retention time@-igure 3.8), there was

still the presence of a significant mae€Zd A shoulder. Thisis indicative of remaining,

unreacted macr&€TA present in the system.
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Figure3.8. GPC trace following attempted RAFT polymerisatimiweerMPC monomerand Q1o

macreCTA aftera2 h reaction time.

Finally, DMAm monomer wasexplored as the neutral polymer block, also due to its

biocompatibility?’® In this instance, thRAFT polymerisationchainrextendingDMA m onto

the Q110 macreCTA, was successful, séégure3.9.
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Figure3.9. GPC traces, following the kinetics of the RAFT polymerisatietweerDMA m monomer

and QiomacraeCTA, over a 3 h periad
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As the reaction proceeds from 30 min to 3 h,GRCpeak shifts to shorter retention times. A
small macreCTA shoulder can be seen at 30 min, howehisrappears to be absent frorh 2
onwards Figure3.9 highlights that thd(RAFT polymerisationis rapid, occurring primarily in

the first 30 minutesf the reaction time

3.4.1.4Synthesis dfiydrophilic diblock coplymersby aqueousRAFT
solutionpolymerisation

A series of thrednydrophilic diblock copolymersvere thus synthesied byaqueousRAFT
polymersation asillustratedin Figure 3.3. A batch of cationic homopolymeQi10 (Mn =

23100 g mat), was first synthesiseals a macrCTA.

The macreCTA wasthenchain extendedn aqueous solution by RAFT polymerisatjovith
N,N-dimethyl acrylamide (DM#n). The ratio of DMAM monomer to PQDMAEMA macro

CTA was varied in order to tailor the length of the neutral PDM@®) polymerblock as
approximately half, equal and double the length of the catjpolgmerblock (Qiio-b-Dsy,
Quiob-Dssand Qigb-D219 With M, = 28800, 31900 and 44800 g mpolespectively). Byirst
synthesisingPQDMAEMA as a macrCTA, a constant cationic block length was kept
betweerthehomopolymer and diblock copolymers, maintaining the same size ratio of dsSRNA
to cationic charge itaterexperiments. The influence of the neupalymerblocklengthcould

then beinvestigated in terms of the polymer physicochemical properties, complexation

efficiency and the stability of polyplexes formed with dsRNA.

Thepolycationic homopolymeiQiio, was purifiedby dialysisand lyophilsed separately. The

homopolymer andliblock copolymercompositions and molecular weights were determined

by 'H NMR spectroscopy (400 MHEjgure3.4), detailedn Table3.1.
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Table 3.1. Properties of the homopolymer (maged@A) and threehydrophilic diblock copolymers
synthesised in this workMW calculated using the following equatioh: I8 —

0 0 where M]o is the initial monomer concentratioM]: the monomer concentration at time

t, [CTA]o the initial CTA concentratiori, the molar mass of the monomer dvigra the molar mass

of CTA.
Data determined by*H NMR spectroscopy Data determined by
(400 MHz) aqueousGPC
Polymer code D
Monomer . Mnby NMR?2 | Mnby GPC/
conversion / % proportion / / g mol? g mol? B
mol%
Qui0(macreCTA) | 88 0 23100 8900 1.48
Q110-b-Ds7 86 34 28800 12600 1.39
Q110-b-Dsgo 71 45 31900 16400 1.33
Q110b-D21g 91 67 44800 31600 1.23

Molecular composition was calculated through comparison of the relative intensity of an
integrated peak (2.6 ppm) to the intensity of an integra@geak (~3.8 ppm).Conversion

was monitored over the reaction tinaes described in Sectid4.1.2 using a low resolution

(60 MHz) *H NMR instrument andEq. 3.1. The conversion increased rapidly in the first 30
min and therincreasedteadilyto >90% until the reaction was quenched by exposure to air

after approximately 3 h, seeigure3.10.
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Figure3.10. Conversion of eacbhain extensionf Qi10 macreCTA with DMAm (D, amounts varied
to alter final diblock copolymer compositiy to synthesise hydrophilidiblock copolymes (Qiio-b-
Dm). Conversion was monitoredver time (180 min total reaction timg)ascertained byH NMR

spectroscopy60 MHz).

Sincethe polymerssynthesised in this worre chemically differenin compaison to the
polymer standards.€. PEG/PEO) used to calibrate the aqueous GPC system, their interactions
with the column are expected to be different and the molecular weight values obtained with
this technique can only be considered as relative valti@hwus, to calculate N/P ratios in
polyplex formulations, molecular weights derived frdthNMR spectra were usedqueous
GPCat the end timgoint(3 h)of each RAFT polymerisatioffrigure3.11) showed negligible

presence of residu&iio macreCTA aftereachchain extension, indicating good blocking

efficiencies.
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Figure3.11. GPCchromatogram obtained for tha@macreCTA and the series of thrdsydrophilic
diblock copolymersvith varyingD polymer blockdegrees of polymerisatioifhey-axis represents the

arbitrary normalised signal from the RI detector.

Molar mass dispersityeY) of the hydrophilic diblock copolymersanged from 1.23 to 1.39
(Table 3.1). These values ardightly higher than typically observed focontrolled RAFT

polymerisations (wheré ~ 1.17 1.3)?2°but are suitable faheintended application.

3.4.2 Polyplexformation and size analysisover variable N/P ratio
The homopolymer and diblock copolymerence synthesised, wereomplexed with
Drosophila suzukispecificvha26dsRNA. Dynamic light scattering (DLS) was employed to
confirm the complexation beten the positively chargedhomopolymer or diblock
copolymerswith dsRNA, and to assess the variability in the resulting size of the assembled
polyplexes. DLS also confirmed that theves no sign of assembly of ti®mopolymer or
diblock copolymers in aqueis solution, prior to interaction with dsRINwith no larger scale
structures (e.g. greater than the expected radius of gyration of the polymers on their own)

measured
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Normalised intensity autaorrelation (IAC) data obtained fon{g Quigc-b-Ds7, Quio-b-Dsg and
Quob-D219 polyplexes with dsRNA at N/P raidrom 1i 10was collected across a range of
scattering anglesTo demonstrate the gress of extracting a mean siee N/P ratio of 5 is

shown here as an exampie=igure3.12 (full IAC dataat N/P ratio = 5 ishown inFigure A2

in the Appendix
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Figure3.12. Normalised IAC data with single exponential fits obtainsithgEg. 3.2 (continuous lines),
for 40°, 70° and 130° scattering angles of polyplexéth polymers of increasin® blocklengths: (A)
Qu10 (B) Queb-Ds7, (C) Quob-Dgg and (D) Qigb-D21e. All samples were measured after 24 h

equilibration time andormulated afN/P ratio = 5.

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

fitted toEq. 3.2with i = 1.

QT p

d QN Tl Eq.3.2
h
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The coherence factal, allows normakation of the data so that tlyaéntercept equals 1, and
(ki and A are the relaxation time and the relative amplitude associated with the relaxation
modei, respectively Further explanation of IAC data fitting can be foundrbfering to

Section2.2.1.2

The obtained relaxation timel, were then used to calculate the decay rates,—, which

were plotted against the square of the scattering vecforas shown irFigure 3.13A. (i
exhibits ag?dependence, characteristic of a diffusive behavidlenceEq. 3.3was used to
determine the diffusion coefficient with tlyeintercept,B, not restricted to account for the
small uncertainties in the determinationtofAssuming a spherical shape for the measured
objects, the Stokelinstein equation was subsequently used to calculate the hydrodynamic

radius,R4 (Eq. 3.9.

® of 6 Eq.3.3

Yo Eq.3.4
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Figure 3.13. (A) Plots of the decay raté ,as a function of the squared scattering veadr,for
polyplexesformed withpolymerscontainingincreasingD block lengths: Qi Qi10-b-Ds7, Qiig-b-Dsg

and Qigb-D21s. Dashed lines are linear fits of the data and allow the determination of theadiffus
coefficientD of the scattering objects. All samples were measured after 24 h equilibration tirae and
N/P ratio = 5. (B) Effective hydrodynamic radiRi, of QiiddsRNA, Qiob-Ds7/dsRNA, Qiocb-
Dsy/dsRNA and @i¢-b-D21ddsRNA polyplexes measured by dynamic light scatteongy N/P ratics

=171 10.
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The size of polyplex objects showed minimal variatieerd\/P ratic= 11 10 (Figure3.13B).

Note that ndry was determined at N/P ratio = 1 fQr:c-basegolyplexesas large precipitated
aggregates/clusters, visible to the naked eye, formed upon mixing at this particular N/P ratio.
Instability of polyplexes prepared throughthe mixing of two oppositely charged
homopolymers(polyelectrolytes)around the isoelectric point is commonly reported in
literature?®® and theseexperiments further demonstrate the importance of incorporating a
neutral block to sterically stalsi the polyplexes when close to charge neutrality. At higher
N/P ratios, the polyplexes obtained with the homopolymer appeared to be stable, likely as a
result of higher polyplex charge resulting from the imbalance of the overall number of charges

between the glymer and the dsRNA, in agreement with previous literaftire.

Figure3.13 shows that atheneutral block length is increased, the size of the polyplex objects
decreasesThe hydrophilic, neutral D polymer block is incorporated to provide steric
stabilisation and t likely surrounds the electrostaticaltpllapsed interpolyelectrolyte core
comprising the dsRNA an@ polymer block as previously predicted by coagmained
simulation?®® Beyond stericstabilisation, theassumechydrophilic corona formed by the
polymerblock has the potential to proviémhancegrotection for the genetic materfat.It

is important, however, to highlig that in all these systems, the number of dsRNA chains
within each of the polyplexes may not be constant, and this will play an important role in

determining the gi of the resulting polyplexes.

Previous studies on the structure and morphology of interpolyelectrolyte complexes formed
between cationic and anionic polyelectrolytes has revealed a dependence on the polymer
composition with respect to neutral block length. Their findings show thatpoiaiing a
neutralpolymer block into one or both polyelectrolyte chains reduces aggregation and can
shift the complex structure from vesicles/wotilike cylinders towards steshaped more
spherical morphologie$?28 In particular, Petersenet al. studied bPEQ-PEG/pDNA
polyplexes andound thatincorporatinglonger PEG blocks redeld in the formation of
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smaller sizd polyplexesvhen complexed to pDNA® However, as far ase are aware, th
work in this chapteis the first report of decreasing hydrodynamic raélipolyplexes formed

betweerdsRNA anchydrophilic diblock copolymerwith increasing neutral block length

Static light scatteringSLS)wasemployed tdurther investigate the size apdrticleshapeof
the polyplexegormedbetween homopolymear diblock copolymes and dsRNA. SLS was
measured at a range sfatteringanglesto allow the Guinier approximation to hused(as
explained in SectioR.2.1.3.22%230Guinier plotsat low-q values and their respective linear fits
and shown inFigure A3 in the Appendixacrossa range ofN/P ratics (17 10). Radi of
gyration(Ry) werecalculated from the gradient of the linear fits, according to SLS th€bey.
variation in radius of gyration witharyingN/P ratioacross the differemolyplexsampless

highlightedin Figure3.14A.
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Figure3.14. (A) Radi of gyration / nm, calculated from Guinier plotsbained througlsLS) across
anN/P ratio rangef 17 10 and (B) ratio of radius of gyratioR4) with respect to hydrodynamic radius
(Ru, measuredby DLS) acrossanN/P ratio rangef 17 10 for Qiio, Quiob-Ds7, Quio-b-Dsg and Qaob-

D219 polyplexes with dsRNA.

A similar trend is observed in the radif gyration to the hydrodynamic radii measured by
DLS, with the largest sizes measured for thgs@ased polyplexes and polyplex size
decreasings the neutral D polymer block lengthimereagd There is also no significant

variation inRy across the N/P ratio rangé1i 10for any particular polyplex
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The} (Ry/R4) of the polyplexes was calcuéat according tdq. 2.18, as this size ratio can
provide important structural information. {gdsRNA polyplexes appear to have more
spherical morphalgies, withy values closer to on&igure3.14B). Interestingly, atheneutral
polymer block length of the participating diblock copolymer is in@daghe resulting
polyplexes appear to become more-li@d in morphology, ag increases above one to up to
values of~ 1.5. Due to size of the hydrodynamic radii measured, the polyplexes are unlikely
to be forming simple micelles. Instead, they are rfikedy to be forming vesicles or structures
containing multiple micelles joined together. Thus, the more spherical 1) Q.io-based
polyplexes could be forming vesicles, and the diblock copolsased polyplexes
(particularly as the neutral block lengghincreased) could be forming rtile morphologies,

possibly through the combination of multiple micellar structures.

These results are corroborated by TEM imag(Rggure 3.15) that visually shows the

increasingy rod-like morphologie®f polyplexeformedwith diblock copolymers witltonger

neutralD block length
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Figure 3.15. Representative TENmages of polyplexesfdrmulatedat N/P ratio = 2)preparedwith

dsRNA( 2 5

€ mg,mL'{) and (A) Qio, (B) Quiob-Ds7, (C) Quigb-Dsgand (D) Qig-b-D219 (0.1 mg

mL™1, volume of polymer solution varied to maintain N/P ratio =S)lutions were diluted ta final

volume of2 5 0

coatel copper grids were preparedwith ¢ L o f

gL,

p r oall padyplex goncantratiam wfe3d 0

sampl e,

€ g. 40@mesh carbon

p r-Q water andataining s hi ng

with 1% uranyl acetatémages were captured using an FEI TecnaiSp&it microscope, with a Gatan

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

Imagingvia TEM of systems such as these is challenging and requires a uranyl acetate stain.

Images of sy'ems with longer PDMAmM chains appear to show more limited contrast (contrast

decreases moving frormagesA through to D inFigure3.15), perhaps dueo less efficient

staining of PDMAmM with uranyl acetate. The process of drying the polyplexes onto the TEM

grid may also have an impact on the morphology of the system, and therefore it is worth

appreciating that the structures could be different fronm tiegive states when in solution.
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3.4.3 Surfacecharge of polyplexesover variable N/P ratio
The anionic backbone of dsRNA is a prohibitive factor for cell entry due to repulsive
electrostatic interactions with negatively charged-seiface glycosaminoglycad®whereas
gene delivery vectors with a positive surface charge can promotgcgeragerial entry into
cells 248285288 However cationic homopolymers can be cytotoxic if their surface charge is too
high2%> Hence, a balance must be found to mitigate against toxicity by lowering cationic

charge, whilst still promotingassiveentry of dsRNA into cells.

Thus,the electrophoretic mobility (proportional to surface charge) of pexgd as a function
of N/P ratiowas measuredAs the N/P ratio was increased from 1 to 10, the polyplex

electrophoretic mobility increaseBigure3.16).
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Figure3.16. Electrophoretic mobility of polyplexes formed with each polymeti¢@ii0-b-Ds7, Quio
b-Dggand Qio-b-D219) over an N/Ratio range of 1 to 10. Note that no electrophoretic measurement was
conducted on polyplexes formed withi:@at N/P ratio = 1 where precipitation/aggregation was

observed.

At N/P ratis O3, the electrophoretic mobility of 1@-b-Dsg/dsRNAand Qio-b-D21ddsRNA

polyplexesareseen to plateau, likely as a result of no furtherease in thpolymerto dsRNA
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chain ratio Therefore polyplexsamples with N/P ratios >@aycontain fregpolymer chains
Qu/dsRNA and Q@iob-Ds7/dsRNA polyplexes reach thiplateau at higher N/P ratios,
suggesting that the polyplexes formed with these two polymers, in comparises-beligy
and Qiob-Dxigs-basedolyplexes,are able to accommodate additional polymer chairs in
their structure at higher polymer concentmasio In these cases, the additional chains
incorporated within the QYdsRNA and Q.o-b-Ds7/dsRNApolyplexes, relative to Qyb-
Dsy/dsRNAand Qigb-D21ddsRNApolyplexes, are likely to increase polyplex particle size,
which correlates with the largét values, asneasured by DLS. At this stage, polyplexes
preparedvith Qui0-b-Dse and Qig-b-D2igat N/P ratios 2 seem to be the lesandidates for
our application sincetheir electrophoretic mobility values are lower whilst still endowing a

positive suréce charge to aid endocytosis.

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

of the DNA/dsRNA is complexebly a polycatiorf*©-24*

3.4.4.1Agarosegel retardation
Gel electrophoresjsusing agarose gel stained WIEB, was performed to assess the
complexationof polymers to dsRNA at N/P rasdrom 1 to 5. Successful complexatio
dsRNA witha polymeris confirmed bythe retardation of polyplexes, witthe fluorescence
from dsRNAEB confined to the well of the cesponding gel lane, as opposed to migration
of free dsRNA. Whereupon parti al compl exation oc
observed, as only a fractiontbedsRNA chains are retarded against migrat®8figure3.17

investigates the complexation of each of the polymers with increasing N/B fati®.
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Figure 3.17. Agarose gel electrophoresis of polyplexes formed with each polymey(({@hes 37),

Qui0b-Ds7 (lanes 1014), Quiob-Dgy (lanes 1721) and Qio-b-D219o (lanes 2827)) over an N/P ratio

range of 1 to 5. 100 bp DNA laddeaw/used in lane hakedd s RNA (1 e€g) was added
and 16, and polymersi6, Qii0-b-Ds7, Qi10-b-Dgg, and Qio-b-D219 alone were added to lanes 8, 15, 22

and 28, respectivelylhe image was collected four separate images of each part of the gel so that

greater focus of the observed fluorescence could be obtained; hence, subtle changes in background

colour occurs in different sections of the image.

As indicated by the fluorescent wells, the homopoly®Qep, retards dsRNA migration at N/P
ratios 17 5 (see @ddsRNA polyplexeson the left side ofFigure 3.17). The strength of
fluorescencen the wells however, is also observed to decrease as N/P ratio is increased. This
is indicative of stronger bindingf the polymeto dsRNA, and will be dis@sed in more detalil

in the next section.

Comparing @QiddsRNA to polyplexes formed with thdiblock copolymer with the longest
neutral D block Quig-b-D21g, a difference can be seenaastN/P ratio = 1. @Qio-b-D21ddSRNA
does not appear to retard the dgRidigration as successfully as/Q@dsRNA, as illustrated
by the smeared fluorescence down the gel lamgs partial migration of dsRNA was
reproducible. Multiple gel electrophoresis rumspecifically atan N/P ratio = 1 were
performed to confirm thisesult(seeFigure A4 in the Appendi) For diblock copolymer
based polyplexes a@&n N/P ratio = 1, aP polymerblock length is increaseanly partial

complexation is achieved. A similgghenomenonwas identifiel by Lam et al, with
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PDMAEMA-b-PMPC diblock copolymers when complexed with plasmid DRAAs the
length of the chargeeutral MPC block was increased, higher molar ratios of diblock
copolymer were required to reach full complexation. Similaglse N/P ratios > 1 are required
for full complexation of dsRNA chains by longer neutral blogkdthdiblock copolymers

(Quio-b-Dsgand Qio-b-D21g).

3.4.4.2EB exclusion &say
As qualitatively establishealy agarose gel electrophoresis, fluorescence of EB is quenched at
higher N/P ratios. Through complexation of an interacting polycation with DNA/dsRNA, EB
cannot intercalate as effectivebgtween the base paittsence a decrease in fluoresceisce
observed As a result, it is possible to uske quenching of fluorescence as a proxy for
monitoring polymer/dsRNA bindinfgomplexation This phenomenon has been well

documented in literaturi238.239.245,28291

Quenching of fluorescence can only be determined qualitatively usgagose gel
electrophoresisThus, fluorescence quenching titrations were performadiuores@nce
spectroscopy over the N/P ratiangeO i 10 (N/P ratio = O represents dsRNEB alone in
agueous solution and is used to quartiffluorescence intensity ime = 0 to quantitatively
interpret the exclusion of EB by each polymer. The propoxifoquenched fluorescence is
interpreted as an indicator of the strength of binding between the homopaolipoei
copolymerand the dsRNAThese data, presentedrigure3.18, suggest that an N/P ratid?=

I 3 is required for maximum fluorescence quenching.
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Figure 3.18. Ethidium bromide exclusion from intercalatitvetween dsRNA base paitsrough the
complexation of increasing amounts of polymer to dsRNA (increasing N/P ratio). Excluamn
quantitatively assessed through the quenching of fluorescereesured with a plate readeolyplexes
wereformedbetweeneach polymer: Qo Qiig-b-Ds7, Quicb-Dgg and Qiob-D2igandvha26dsRNA
Fluoresence intensity has been normeatiswith respect to initial dsSRNEB fluorescencélo). Dotted

linesare includedo guide the eye only.

Considering therror associated with tHé, data pointsthereis no significant difference in

the strength of binding between homopolymer each diblock copolymewith dsRNA (that

can be detected using this method). Complete EB exclusion (100% fluorescence quenching)
is not achieved with Qo northe diblockcopolymerswhich could imply that stronger binding

may be possible with alternative polymer designs. For example,eDey. reported EB
exclusion of 90i 98% between ctDNA and either poly([3-(methacryloylamino)propyl]
trimethylammonium chloride) (PMAPAC) homopolymer or a series of PMAPTAEPEG

diblock copolymerg However, such strong binding may also preclude the decomplexation

and thus release of dsRNA within cells to inpmmatewithin the RNAI machinery.
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3.4.5 Influence of Cnaci on polyplex binding
When considering the final application of exogenous dsiRiN&grochemical formulations,
one expects many inorganic ions to be present in these environmentevélop an
understanding of these systems urréévantconditions we have investigated the impact of
NaCl concentrationGnac) on polyplex stability. As demonstrated by fluorimetric titration
(Figure3.19A), increasinghe concentration of NaCl in the presence of dsRER\(without
complexation by a polymer) causasiecrease in the fluorescence intensityich has also

beenpreviously shownri literature?®
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Figure3.19. (A) Fluorescence intensity (a.u.) of polyplexaesned with either homopolymer diblock
copolymers(N/P ratio = 5) or nakeddsRNA with increasindCnac. The dRNA, in the absence of
polymer, is shown as the average spred data following experiments run in quadruplicate. Lines are
included to guide the eye only. (Byerage effective hydrodynamic radii (log scale)@fiddsRNA,
Q110b-Ds7/dsRNA, Qi10-b-Dgg/dsRNA andQiiob-D21ddsRNA based on repeat measurements with
increasing NaCl concentration. Dotted vertical liaesincludedo highlight crossover poinisith the

fluorescence data

Binding of EB to nucleic acids primarilgccursthrough the intercalation of base pairs.
Howevet there is also a contribution to bindititgoughelectrostatic interaction of the cationic
amine site of EB with the anionic phosphgteups.The addition of an electrolyt® naked
dsRNAEB, such as NaClyweakens the binding of EB through electrostatitetiaction,

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

on dsRNA than DN/&A0:241,245,292

The fluorescence intensity of polyplexes formed with dsRNA is plotted as a function of NaCl
concentration irfFigure3.19A. In order to explain thbehaviourof thesesystemsthe results

were analysedlongside size analysis to determine the decomplexation (s@afigure
3.19B and corresponding IAC curveshigure A6 in the Appenik). Prior to addition of NaCl
tothepolyplex formulations, relative fluorescence intensity of the polyplexes is low as a result

of the displacement of EB from dsRNAnd thus fluorescence quenchifity)®8.245.289.290.292

Transtioning from a salree environment t&naci = 50 MM, polyplexes appear to form
smallercomplexesdue to chain rearrangement. Similar effects in polyelectrolyte complexes
have been observed in literatdf&2°32% This rearrangement allows increased EB access to
intercalate with dsRNA, hence the laigerease in fluorescence intensitythe region where

Cnaci= 501 200 mM

From Cnaci = 50 mM, light scattering reveals an increase in polyplex size due to electrostatic
screening of charge by the addition of competing cations and anions. Chargengareases
swelling of the polyplexes due to osmotic repulsiithin the polyplexes themselvé¥
Charge screening will also lead to colloidal instability of the polyplexes. Increased ion
concentration leads to shortening loé tDebye length of charged partiglésus reducing the
barrier to aggregatiotf” Considering the (overall) positively charged polyplexes as charged
particles increasing ion concentration will lead to colloidal ingigbi This size increase is
more pronounced for polyplexes formed by polymers with sh¢otewithout) D neutral
polymerblocks. Peterseat al.also found that polyplexes formed between b§PEG and

pDNA swelled in size anaci= 150 mM2°
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Full decomplexations charactesed as the crossover point beyond which the polyplex
samples mimic dsRNAB fluorescence, with decreasing intensity upon further increase in
Cnaci228 Light scattering confirms the instability of polyplexes at this crossover point, beyond
which multimodal size distributions are observadgxample of which is shown Figure A6

in the Appendixand DLS data can no longerimed Qi10dsRNA reaches the crossover point

at Cnaci ~ 250 mM, whereathe diblockcopolymerbased polyplexedo not reach s point

until Cnaci~ 500 mM.

The swelling regime of QYdsRNA Cnaci= 501 250 mM) has greater fluorescence intensity
than the equivalent regim€yaci = 1007 500 mM) indiblock copolymetdsRNA samples.
Thisimpliesthatan increased proportion tfeedsRNAis available for EB intercalatioWe

can therefore conclude thaetaddition of steric stabilksing block pla a role in maintaining
complexatiorwith dsSRNA a<Cnaciis increased, particularly as faécomplexation ofiblock
copolymefdsRNA polyplexesis not achieved untiCyaci= 500 mM.In maintaining colloidal
stability, one can provide either electrostatic or steric stabilisation. In the case of polyplexes,
which are overall positively chargedgeetrostatics will maintain their stability until a certain

ion concentration is reached of the surrounding solution, leading to a reduced aggregation
barrier and thus colloidal instability. However, polyplexes formed with diblock copolymers
with longer netral polymer blocks will, in addition, posss steric stability. Thus, these

polyplexesmaintain their colloidal stability up to higher ion concentrations.

3.4.6 Protection of dsRNA againstdegradation by synthetic enzymes
A major barrier to the successfdélivery of exogenous genetic materialdgrochemical
applications is overcoming the fragility of dsRNA to environmental nucleases. RNase A
cleaves dsRNA after every cytosine and uracil, and was thus usetlaity investigate the

enzymatic degradaticand/or protection of dSRNA.ime-resolved fluorescence spectroscopy
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quantitatively highlights the dramatic, rapid degradation of dsSRNA by RNasee&kigure
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Figure 3.20. Timeresolved fluorescence spectroscopy of dsRNA (orange)/d@RNA polyplex
(green), Qiob-Ds7/dsRNA polyplex (grey), Qob-DsgdsRNA polyplex (red) and yb-D21ddsRNA
polyplex (blue), without (A) and with (B) the addition of RNaseFAuorescence oftkidium bromide
(EB) alone in water is shown in pinRolyplexes were left for 1.5 h to equilibrate. Detaormalised
with respect tdo (fluorescence intensity éitne = 0). Low fluorescence intensity of polyplexssiue

to quenching of EB fluorescence after displacement from dsRNA intercalation.

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

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

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

To further investigate the levelf grotection of dsRNA in polyplexes, complexation and
proportion of degradation were qualitatively assessed in agarose gel electrophoresis assays

over a range of N/P ratigseeFigure3.21, Figure3.22, Figure3.23, andFigure3.24).
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All dsRNA is V-ATPase, 222 bp

Figure3.21. Agarose gel electrophoresis ofi@dsRNA polyplexes at N/P ratio =2b, 0.5, 0.75 1, 2,
3, 4 and 5. Ds RNA ( 1 polypiexes Wweeenneubateflith @dichted3dy *Jaadn d t h e
without the presence of RNase A enzyh@0 bp DNA ladder was used in lanes 1 and 21, ane Q

alone was added to lane 20.

103



Qy10-b-Ds;/dsRNA

!—‘%

N/P=0.25 N/P-0.5 N/P=0.75

!—‘—H—‘—H_I_H_‘_H—‘—\ I’—‘—H_‘_H—‘—\

dsRNA + RNase A

T CI T g gy f— g

*addmon of RN;
All dsRNA is V-ATPase, 222

Figure3.22. Agarose gel eleciphoresis of Q¢-b-Ds/dsRNA polyplexes at N/P ratio = 0.25, 0.5, 0.75,
1,2,3,4and5 DsRNA (1 e€g, |l anes 2 and 3) and the polypl exe
and without the presence of RNase A enzyme. 100 bp DNA ladder was used indadeGhob-Ds7

alone was added to lane 20.
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Figure3.23. Agarose gel electrophoresis ofi@b-Dsg/dsRNA polyplexes at N/P ratio = 0.25, 0.5, 0.75,
1,2,3,4and5 DsRNA (1 ¢g, | polgpéeses Were anoubated With @ndichted bl 5
and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1 and 2%, and Q

b-Dggalone was added to lane 20.
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Figure 3.24. Agarose geklectrophoresis of Qu-b-D21ddsSRNA polyplexes at N/P ratio
0.75,1,2,3,4and5 DsRNA (1 ¢€g, |l anes 2 and 3) and the po

by *) and without the presence of RNase A enzyme. 100 bp DNA ladder was uaadsril and 21,

and Qiob-D2igalone was added to lane 20.

In all three diblock copolyméb ased pol ypl exes, an N/ P ratio
complexation and thus full protectionwiia26dsRNA. QiJ/dsRNA, however, also achieved

a full retardatiorof the migration of dsRNAtanN/P ratio = 1, likely due to the aggregation

at this N/P ratio, as described in Sect®A.2 Below these N/P ratios partial complexation

occurs, with some dsRNA retarded in the well and a portion of free dsRNA migratimg do

the gel lane. In these cases, it can be observed that whilst the free dsRNA is degraded (absent
fluorescence from sample with added RNase A), the complexed dsRNA remains intact

(fluorescence still maintained in well of the gel).

The outcome of these pariments are summarised Fable 3.2, which irdicates the
complexation state (none, partial or full) of dsRN¥x homopolymerand eachdiblock
copolymerat specified N/P ratios, as well as whether dsRNA was degradedgh the

addition of RNase A.
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Table 3.2. Summary of complexation and protection provided to dsRNAhbggolymer and

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

N/P ratio 0 1 02
dsRNA dsRNA degraded in presence of RNas¢ yes n.a. n.a.
Complexation level n.a. partial | full
QuddsRNA dsRNA degraded in presence of RNas
n.a. yes no
Quiocb-Ds7/dsRNA | Complexation level n.a. partial | full
dsRNA degraded in presence of RNas¢ yes no
n.a.
Qui0b-Deg/dsRNA | Complexation level n.a. partial | full
dsRNA degraded in presence of RNas¢ - yes no
Qii0-b-D21ddsRNA | Complexation level n.a. partial | full
dsRNA degraded in presence of RNas¢ - yes no

Where partial degradation is described, this corresponds to the degradation of dsRNA that was
not complexed in the control samples (free, migrated dsRNA)o @nd the diblock

copolymers provide full protection to dsRNA against degradation by RNase R#atN/at i o

2, which is promising foboththerapeuti and agrochemical applications.

3.4.7 Impact of dsRNA length onpolyplex size andstability
The dsRNA that was used in thigesiswasprimarily vha26dsRNA, with a length of 222 bp
andsequencspecific toDrosophila suzuki{synthesised by Genolution AgroRNAjowever,
there are numerous alternative mRNwanscriptsthat could be targetedwhich, when
specifically degradedyill induce mortality inD. suzukii The literature is sparse with respect
to changng length of nucleic acids, and the subsequent effect on complexation and protection

affordedby polymeric delivery vehicles. There are two studies by Jeray. that detail the
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impact of the length of linear and plasmid DNA, however there are no sudiesst
investigating the length of siRNA, hairpin RNA or dsRKPAZ%8 As such, it is importanto
investigate the impact of changing dsRNA length (i.e. number of base(pp)json the
resulting polyplexsize, stability, protective capabilities etas many of the desiretbsRNA

targetswill consist of differing numbers of base pairs.

To explorethe effect of changing dsRNA length, DLS analysis was conducted (in the same
manner as described in Secti8.9. Here, polyplexesare formed (at an N/P ratio = 5)

betweentwo GFB peci fi ¢ ds RNAs, with base pair | eng

target 6 ds BeNpaislengthgioft 53 ahda22Bhe dsRNAs were provided by

Syngentahence t he name 0 actadtthedr intellactugpeopeéty,as the us e d

length of the dsRNA is our only concern for this body of wddble3.3 describes the apparent
hydrodynamic radiiiG nm) of thepolyplexes, formed between the various dsRNAs afigl Q

Q110b-Ds7, Quiorb-Dseand Qigb-D219 polymersmeasured by DLS.

Table3.3. Apparenthydrodynamic radii / nm, by DLS measurement and subsequent fitting and analysis,
of polyplexes formed betweemomopolymer/diblock copolymerand dsRNA of varying base pair
numberg(i.e. length). Active target dsRNA is named as such as to maintain the IP rights of Syngenta,

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

dsRNA

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

All polyplexes were formulated anN/P ratio = 5. During the fitting and analygsigocedure

of the raw DLS data (described in detail in Secfidh1.3, some of the data required a multi
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exponential fit. In these cases, two exponentials were combined to fit the data, resulting in the
determination of two different hydrodynamic radihése are indicated by the presence of two

numberdn Table3.3.

In particular, complexation withthe shorter (228 bp) active target dsRNA caused the
appearance of multiple populations within #zemples. This could be due to the nature of the
dsRNA syithesis, as these dsRNAs were preparedhbyitro transcription (IVT). Despite
being purified by ethanol precipitation, the dsRNA may still contain a level of impurities that

are affecting polyplex formation.

Polyplexes formed wittdiblock cgolymers wih shorter neutraD blocksalsoappeared to
induce the formation of multiple populatigmsore often thapolyplexes formed with diblock
copolymers containing longer neutral block lengkigure3.25 provides a visual comparison

of the apparent hydrodynamic radii of the polyplexes. Polyplexes that formed multiple
populations have been excluded from the figure for clarity. Unfortunately, there digheatra

to be any significant trends in polyplex size, when comparing between different dsRNA
lengths. However, théiob-Daigbased polyplexes appedrto form the most stable

dispersionswith a singlepopulation consistentljormedacross the dsRNgtested.
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Figure3.25. A visual comparison of the difference in hydrodynamic radii / nm, by DLS measurement
and subsequent fitting and analysis, of polyplexes formed between homopolynidsak abpolymers
and dsRNA of varying base paiumbers(i.e. length). Active target dsRNA is named as such as to

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

The dsRNAs investigated may have different physmalperties. The shorter ~200 bp
dsRNAs will likely act as rigid rods, however the longer ~500 bp dsRNAs are beyond the
persistence length for dsRNA (~260 bp), so will likely be more flexblehe diblock
copolymersexplored herappear to form single populations of discrete polyplexes with the
longer dsRNAs. The flexibilitpf the longer length dsRNAmay allowfor more interaction
between the polymers and the dsRNA, inducing enhanced interaction and thus complexation.
It is also worth considering the dsRNA structure, as dsRNA is known to be able to form loops
and to contaimegiors of singlestranded chain. The full picture of theucture of each dsRNA

used in this work isinknown;therefore this could also contribute to some of the variability in

the size and dispersity of the polyplexes formed.
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The polydispersity of theolyplexes,Figure3.26, was measured by DLS through cumulant
analysis, as described in Secti@®.1.2 Cumulant analysis was not used to measure
hydrodynamic radii, as this method of analysis is more suited to monodisperse systems.

Polydispersity was calculated from DLS measured at a 90° angle.
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Figure3.26. A visual comparison of the difference in polydispersity, by DLS measurement performed
at 90°, of polyplexes formed between homopolymer or diblock copolymers and dsRNA of varying base
pair numbers(i.e. length). Active target dsRNA is named as such amdmtain the IP rights of

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

The homopolymer (Qo)-based polyplexes tended to produce the highest level of
polydispersity particularly when complexing witHonger dsRNA lengths. Withouttesic
stabilisation (and thus repulsion due to osmotic forces) provided by a neutral polymer block,
the complexes are free to form midomplex bridged particles, which will occur more readily

with longer dsRNAs.

110



Across all dsRNAs, Q¢b-D2ioe-based polglexes exhibited the lowest polydispersity values,
remaining below 0.2. Qyb-Ds; and Qigb-Dss-based polyplexes displayed similar
polydispersity valuethat were greater than the values fai®-D.1o-based polyplexes, but
usually lower than values f@.0-based polyplexedhese results suggest that incorporating
longer length hydrophilicneutral blocks into diblock copolymers for complexation with
dsRNA enhances the stability of the resulting polyplexesei8dD21obased polyplexes
consistently fomed polyplexes with hydrodynamic radi &ns, andwith the lowest leves

of polydispersity. Whereas, the diblock copolymers with shorter neutral blocks (or without a
neutral block in the case of the homopolymer) had at least one dsRNA with which theg for

a polydisperse system of polyplexes with multiple populations. Consistent size and stability of
polyplexes is crucial fothe formulation development of agrochemicals. It should be noted
that there cannot be one single block copolymer that will betaldemplex with all dSRNA
lengths. It is more likely that there are several candidates for different dsRNAs, but it is

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

3.5 Conclusion

In this chapter the synthesiof a polycationic homopolymer and a&eries ofhydrophilic
diblock copolymeravas successfullyachievedvia aqueousRAFT (co)polymerisation The
final hydrophilicdiblock copolymergonsisted o& cationic PQDMAEMA(Q) blockthat was
chain extended witlvarying lengths of PDM# (D), which acted asa stabilising,neutral

polymerblock.

Increasing the length of the changeutralD polymerblock was identified to have an inverse
relation to the hydrodynamic radir{) of polyplexeswhencomplexed withvha26 dsRNA,
ascharacteried by DLS. The absence aheutralpolymerblock led to the largest siz&{ ~

120 nm) polyplexes, whereas tfiblock copolymervith the longest D polymer blodkrmed

the smallest size (R- 60 nm) polyplexes with dsRNA. Ake N/P ratio was variedfrom 1

to 10) there was no significant impact on polyplex size. However, when formulating-at a 1
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to-1 charge ratio (N/P ratio = 1), a neutpallymerblock was required to sterically stabiks

the polyplexesto prevent aggregatiomd precipitation.

The electrostatic interaction between the diblock copolymers, or cationic homopolymer, with
vha26dsRNA induced the formation of polyplexes that retarded the migration of the nucleic
acid through agarose gel above an N/P ratioFhé&.resultsuggestdthatdiblock copolymers

with longerD polymerblocksrequire higher N/P ratios (increased amount of polymer) to fully
complex dsRNA, withonly partial complexation at N/P ratio 5 dsqualitatively identified

by agarae gel electroptresis.

Whilst the majority of the work in this chapter was conducted uBirasophila suzukii
specific dsRNA yYha2§, it is also important to understand the impact of changing dsRNA
length (number of base pairs) on the size and stability of polyplexés.is particularly
important when considerirgjternativemRNA transcriptargets thamay require dsRNAs of
different lengths to triggeRNAI. In exploring different dsRNAengths it was found that the
diblock copolymerwith the longest neutrgbolymer block (Quob-D21g was capable of
forming the most stable (lowest polydispersity) polyplexihk the most consistent sizii§g¢9

T 85 nm) It was also found that incorporating a neutral steric stabilising polymer block
provided greater protection agairistl decomplexation in the presence of competitive salt

ions, until Cnaci= 500 mM.

The cationic homopolymer anydrophilicdiblock copolymersvere all able to successfully
protect dsRNA against degradati on bshowRNase
through agarose gel electrophoresis and fluorescence spectroscopy. However, despite the
protective propertieexhibited by allof the polymers, the diblock copolymer with the longest
neutral polymer block formed the most stable and scnsistent plgplexes. This is
particularly important when considering the use of these polyplexes for future agrochemical
applications, as consistency across formulations is critiegpecially when there are
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limitations on the size dhe polyplexeswith respecto the target pest speciaad/or cellular

internalisation
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Chapter 4.Influence ofhydrophobicity
on thecomplexation angrotection of

dsRNA by ABCitriblock copolymers

A portion of the contents of thihapter has been publishedRplymer Chemistrynder the
titl e, 6Linear ABC amphiphilic triblock copol yr

d s RNXA039/D2PY00914E

4.1 Abstract

In this chaptetthe synthesisand charaterisation of linearABC triblock copolymersan
investigation of their selassembly in aqueowsolutionand of their complexation with and
protection ofdoublé strandedRNA (dsRNA) is herein reportedThe amphiphilic triblock
copolymers were synthesis@th reversible additiofiragmentation chain transfer (RAFT)
polymerisation. The precisely controlled polymerisation allowed for modification of the
degree of polymerisation of quaternise(inethylamino)ethyl methacrylate (QDMAEMA,

Q), tert-butyl acrylande ¢BAA, B) and N,N-dimethyl acrylamide (DM#An, D) polymer
blocks,thustailoring their affinity for the solvent and themselv&drstly, the polycationicQ
homopolymer was synthesised as a macromolecular-tlaasfer agerb allowelectrostatic
interaction with dsRNA The second blogkB, was designed to provide strong anchoring of
the assembled structureand thethird polymer block, D, was incorporated to enhance
biocompatibility andcolloidal stability. As illustrated by*H NMR spectroscopy, ©-B-b-D

linear ABC triblock copolymers were prepared with molecular weights 30, 37 and 44 kDa.
The selfassembly of the amphiphilic triblock copolymers in agueous solution was confirmed
by dynamic light scattering (DLS) and transmission electron microscopy ), Teirthermore,

the potential of these tailored block copolymers as vehicles for dsRNA delivery was
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demonstrated througtheir complexationwith dsRNA and subsequenprotection against
destabilisation at high salt concentration and enzymatic degradsti@hldise A, confirmed

by ethidium bromide exclusion and agarose gel electrophoresis dasagdition, the impact

of dsRNA length (numbeof base pairs) was investigated, highlighting the consistent sizing
and stability of triblock copolymebasedpolyplexes as opposed to complexes formed with
homopolymer or diblock copolyméChapter 3pver a range of dsRNAs for different mRNA

transcript targets.

4.2 Introduction

Amphiphilic block copolymers are suited as vehicles for cargo delivebptin therapeutic
and agrochemical applicatns. These polymers consist of at leasé hydrophilic and one
hydrophobic block, whichunlike the hydrophilic diblock copolymetisat were synthesised
and characteriseith Chapter 3self-assemble in aqueous environmetatform aygregated

objectssuch as micelles or vesicl&8:3%°

The advent of cont r drtHe eady20008as/brongbtéabout anurgbere r i s a
of reversible deactivation radicablymerisation (RDRP) techniquédescribed in detail in

Section 2.1) that allow the precise design of block copolym&fs?30l|n these block
copolymersfunctionality can be tailored through the choice of monomers to suit thrdatl
application3°3%3|n particular, these methods give researchers the ability to precisely control

the ratio of blocks within a polymer for a wide range of possible monomers, for example

allowing for control of charge density or amphiphitiature

Block copolymers with cationic moieties have been widely explored for their potential for
nucleic acid devery 135251308307 Nycleic acids are watesoluble molecules with negatively
charged phosphate groups along the backbone of the nucleotide chain. The hydrophilicity and

anionic character of nucleic acids make them suitable as t@rgolymeric micelles,with
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the nclusion of a cationic polymer block as a component of the block copoétioeing for
electrostatic interactioftf® The DNA or RNA can be carried within the hydrophilic corona of
amicelle, or within the hydrophilicore(or on thesurfacé of avesicle. In particular, RNA is

a fragile biomolecule that can be easily degraded by RNase nucleases present in the
environment(e.g. microbialproduced RNases in sal aquatic environmerf&®4¢7-¢§ and

within in vivo subjects(e.g. extracelldr enzymes in haemolymph arglit juices)®
Encapsulation of RNAvithin a polymeric delivery vehicle can provide protection agairst

vivoor in vivodegradation by RNasg>°

Thus farin the literaturetriblock copolymers have not yet been synthesised to complex the
longer biomolecule, dsRNAeven though they offer further options (as compared to
homopolymers odiblock copolymers) for adding functionality to a block copolymer delivery
system In particular, ABC triblock copolymers, in comparisonitomopolymersgdiblock
copolymers or ABA triblock copolymers, afford additional design opportunities through the
incorpomtion of threeunique polymer blocks. Each polymer block can be tailored for a
specific purpose, synthesisingiock cqolymers with enhanced propertid®esearchusing
triblock copolymershastypically focused on the complexation, protection and delivery of
either shorinterferingRNA (SiRNA) or plasmieDNA (pDNA). Brissaultet al.found that for
efficient nucleic aciddelivery, different polymer architecturesere requireddepending on
whether pDNA orsiRNA were beingcomplexed Their report investigateBA triblock
copolymers (where B refers to the hydrophobic polymer bjoEMEko-b-poly(propylene
glycol) (PPG)eb-IPElso and IPEl+-b-PPGg-b-IPElL4. The water soluble polymécontaining

a shorer hydrophobic block IPEke-b-PPGs-b-IPElsg) was more effective for pDNA
transfection, wherea$e selfassembhg triblock cqolymer (due tdhe incorporation ofa
longer hydrophobic blogPEL+b-PPGsg-b-IPEl4) was instead more effective at delivering
siRNA for gene knoatown?3°® Plasmid DNA, sRNA and long dsRNA will likely require
different polymer architectures for complexatjas they exhibit distinct physal properties
from one anothesuch as rigidity due to differenem their persistence length®
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Recent studies on the use of amphiphilic triblock copolymers have investigated theampact
the presence, dngth or structural arrangemenaf a hydrophilic, neutralpolymer block
(typically poly(ethylene glycol) (PEG)) on the sasembled objects themselves or when
complexed to pDNA, siRNA or messengeNA (mMRNA).251:289.305309.31f has beerfoundas

a general rulghat as hydrophilic block length is increased, the size of theasetfimbled
objects decreases (with or withathmplexation with anucleic acid) which we similarly
observed in Chaptenith diblock copolymers when complexed witha26dsRNA 251-309.310

A more compact complex is linked to improved complexation with nucleic®atidad the
incorporation of ehydrophilic, neutral block haseen shown to enhance colloidal stability
through steric stabilisatiofi**Reportsby Chenget al.and Garyet al. describedhe use of
ABC triblock copolymes, poly(DMAEMA -b-PEGMA-b-[diethylaminoethyl methacrylate
(DEAEMA)-co-BMA]) and PEGb-PnBA-b-PDMAEMA, for complexation withmRNA or
SiRNA, respectivelyBoth reportsfound thata longer hydrophilic, neutral blofPEGbased

in both casesprotected coplexesagainst destabilisaticeind enhanced gene silencii{g®®
However work by Sharmaet al. showed thatthe introduction of a PEG blockwhen
comparing PDMAEMA PDMAEMA-b-PEG and PEGDb-poly(n-butyl acrylate) (RBA)-b-
PDMAEMA complexes with pDNAJed toa weakened binding to pDNA aridss efficient

transfectiort®®

There is a clear need for further investigation into the impact of polymer block ,ength
configuration and chemistrgn the complexation, stability and protection of nucleic acids
when usingABC amphiphilic triblack copolymers, particularlyof the delivery of longer
dsRNA (in comparison to siRNAr pDNA). It is also worth exploring alternative polymer
blocks, such abl,N-dimethyl acrylamid¢DMAm), as some reports have suggested that PEG
reduces the cellular uptakof siRNA/DNAZ?2274 As a substitute PDMAm is easy to

synthesis&ia RAFT polymerisationand is relativel}cheap and biocompatibté.
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In Chapter 3the use of fully hydrophilic dilsick copolymers fothe complexationand
protection of dsSRNAwas describedwhilst these polymers wekery effective at providing
protection to dsRNA against enzymatic degradabipthe synthetic enzyme, RNasethey
suffered with a lack of stability in the presence of high salt concentrdans > 500 mM)

and when complexing different lengthsiofvitro transcription (IVT)dsRNA. These issues
were particularly noticeable ithe homopolymer and thdiblock copolymers with shorter
neutralpolymerblocks(D). In coarsegrained simulation by Zhaet al, Figure4.1, a triblack
copolymer (positively charged block is blue, hydrophobic block is green, and hydrophilic,

neutral block is pink) is shown interacting with a polyanion (red).

(1) (IT) (111)

Figure4.1. Snapshots of the complexation between a triblock copolymer (positively charged block is
blue, hydrophobic block is green, and hydrophilic, neutral block is pink) and polyanion (red), as coarse
grained simulated by Zhaat al. Reprintedwith permission fronB. Zhan, K. Shi, Z. Dong, W. Lv, S.
Zhao, X. Han, H. Wang and H. Liu, CoaiGeained Simulation of Polycation/DNRike Complexes:

Role of Neutral BlockMol. Pharmaceutics2015,12, 2834 2844.Copyright 2022 American Chemical

Society.

The structuring of ABC amphiphilic triblock copolymerdy seltassembly inducethe
formation of compact, discremomplexes with dsRNAas shown irFigure 4.1(1ll). Each
polymerblockhas a unique purpose. The hydrophilic, neutral block forms a corona, extending
into aqueous solution to provide colloidal stability through steric stabilisationcditoma
surrounds a core of hydrophobic block and an interpolyelectrolyte complex core of charged
polymer block anddsRNA The incorporation of a hydrophobic block is used to provide
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anchoring for the sefissembled structures, with the aim of enhancirglgyeof the resulting
complexes in the presence of increasing electrolyte concentration and when aogrnpitx

dsRNAs ofdifferentlengths.

In this chapterthe synthesis and characterisation of a series of novel linear ABC amphiphilic
triblock copolymers via RAFT polymerisationis described A cationic and hydrophilic
quaternised polydimethylamino) ethyl methacrylate) (PQDMAEMA, Q) block was first
synthesised as a macromolecular cheansfer agent (mactGTA). The macreCTA was
successively chaiextended with a hydrophobic poalg(t-butyl acrylamide) (EBAA, B)

block and a hydrophilic poli{,N-dimethyl acrylamide) (PDM#, D) block thereafter. The
degree of polymerisation (DP), and thus the length, of the B and D blocks were varied in order
to madify the extent of hydrophobicity of each amphiphilic triblock copolymer in the series,
as well as to explore the influence of each polymer block. The amphiphilic triblock copolymers
were characterised B4 NMR spectroscopy (400 MHz) in order to ascertanversion and
degree of polymerisation by characteristic peak analysis. Subsequently, dynamic light
scattering (DLS) and transmission electron microscopy (TEM) were employed in agueous
environments to determine the safsembling properties of the tidiok copolymers and to

perform size analysis.

Further to the synthesis and characterisation of the ABC triblock copdyrthe
complexation of dsRNA, in saftee and high salt concentration environments, and the
resulting protection against degradatiby a RNAspecific niclease (RNase AWwas
investigatedThe triblock copolymebased complexeshowed enhanced stability in high salt
concentration environmentfCnact > 500 mM) in comparisonto previous work on
homopolymer andliblock copolymer/dsRNA polyplexd¢€hapter 3312 A rangeof different
dsRNA lengths were explorefibr their complexation withthe triblock copolymersto
determinethe size and polydispersity of the resulting compledd® complexes showed
greater stability and lower polydispersity over the range of dsRNA targetsninastto
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homopolymer andiblock copolymer/dsRNA polyplexe$herefore, the triblock copolymer

based complexes with dsRNA may prove more blétéor commercial formulations.

4.3 Materials and methods

4.3.1 Materials
[2-(Methacryloyloxy)ethyl] trimethylammonium chloride solution (QDMAEM®, 75 wt%
in H20), tert-butyl acrylamide (BAA, B, 97%), N,N-dimethylacrylamide (DMAn, D, 99%),
sodium chloride (NaCl, 99.5%),.D (99.9%), methanal, (MeOD, 99.8%) and hydrochloric
acid (HCl, 12 M) were purched from Sigma Aldrich. 4(((2-
carboxyethyl)thio)carbonothioyl)thie}-cyano-pentanoic acid (CCCP, 95%) was purchased
from Bor on Madbis(4cyahozaleric acid) (AGVA, 97%) was purchased from
Acros Organics. VATPasgvha2§ 222 bp dsRNA was synthesised by Genolution AgroRNA
(4.68 pg pLY), sequence specific to thegt insectDrosophila suzukii Ethidium bromide
(EB, 10 mg mtY) and regenerated cellulose dialysis membrane (molecular weight cut off
(MWCO) < 3,500 g mot) were purchased from Fisher Scientific. 100 bp DNA ladder (500
ug mit) and RNase A (20 mg mfi) were purchased from New England Biolabs. Blue/orange
loading dye (6X) was purchased from Promega. Ultrapure -Rlillivater (resistivity of
mini mum 18.2 MY.cm) was used for sofreeti on prepa
water was used for biologicalsesy/sto avoid the accidental degradation or contamination of

dsRNA.

4.3.2 Synthesisof amphiphilic diblock copolymers

4.3.2.1Synthesis of quaternised polyginethylamino ethyl
methacrylate) macrahain transfer agent

The homopolymer Q maciGTA was synthesed by aqueousRAFT polymerisation, as

shown in the scheme Figure4.2.
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Figure4.2. Reaction schemesrfeach stage of the triblock copolymer syntheSISCP wa theinitial
chaintransfer gent (CTA) and ACVA wa the initiator.The scheme begingith the polymerisation of
QDMAEMA as themacreCTA, then thesynthesis ofan amphiphilic diblock copolymeby chain
extension withBAA, and finally the extensioof the diblock copolymemacraCTA with DMAm to

form thelinear,amphiphilicABC triblock copolymerFigure created in ChemDraw Prime 21.0.

QDMAEMA (6.6 g, 75 wt% in HO, 32 mmol), CCCP (78 mg, 0.26mol) and ACVA (7.1

mg, 0.025 mmol) were dissolved in M) water, at a ratio of
[QDMAEMA]J:;[CCCP]:[ACVA] = 126:1:0.1 and 50 wt% in solution, pH4:3. The solution

was degassed withoNind then stirred at 70C°for 1.5 h. The reaction was quenched by
exposure to air. Product was purified by dialysis against Milwater (MWCO < 3,500 g
mol?) and then underwent lyophilisation to produce a pale yellow powder. The resulting

macroCTA had a degree of polymerisation of 100, accordingittlMR characterisain.
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4.3.2.1Chain extension of quaternised pohdnethylamino ethyl
methacrylate) with terbutyl acrylamide

Amphiphilic (AB) diblock copolymers were preparei chain extension of the g macro

CTA with tert-butyl acrylamide tBAA, B) (see scheme ifigure 4.2). An example of the
reaction procedure is as followsig@macreCTA (0.40 g, 0.017 mmol), ACVA (1.0 mg,
0.0036 mmol) andBAA (0.11 g, 0.87 mmol) were dissolved in 100% ethanol to 30 wt%,
giving a ratio of {BAA]:[macro-CTA]:[ACVA] = 50:1:0.2. The solution was degassed with
N2 for 15 min and then stirred at 7G for 24 h before being quenched by exposure to air. The
product was purified by dialysis against 100% ethanol (MWCO < 3,500 d¢)mahd

remaining solvent was removed by rotary evaporation.

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

Linear, amphiphilic ABCtriblock copolymers were prepareth chain extension of the-Q-

B macreCTA (AB diblock copoymer) with N,N-dimethyl acrylamide PMAm, D, see
scheme irFigure4.2). An example of the reaction procedure is as followb:BmacreCTA

(0.22 ¢,0.0080 mmol), ACVA (1.0 mg, 0.0036 mmol) and D&X0.10 g, 10 mmol) were
dissolved in 100% ethanol to 30 wt%, giving a ratio of [DMJAmacro-CTA]:.[ACVA] =
250:1:0.4. The solution was degassed witifdd 15 min andhen stirred at 70C for 1.5 h

before eing quenched by exposure to air. The reaction solution became cloudy after ~ 1 h.
The product was purified by dialysis against M@liwater(MWCO < 3,500 g mo?). This
solvent switch induced particle formation, and the resulting particles were lyepkitis

produce a white powder

4.3.3 Characterisation
4.3.3.1'H NMR pectroscopy
'H NMR spectroscopy was conducted at 400 Mptzstpurification. Q homopolymerwas
diluted in DO, and Qb-B diblock copolymerand Qb-B-b-D triblock copolymemere diluted

in MeOD, (5 mgmL™?). The DP and conversidpo of target DPyvere confirmed in each case
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by comgrison of characteristic peafdescribed in detail in Sectid3.2.]). Examples of the
H NMR spectraFigure4.3) will be discussed in thResults and Discussi@ection(4.4.1).
Spectrafor the other two triblock copolymers canfoendin Figure A7 andFigure A8 in the
Appendix

4.3.3.2Transmission electronigroscopy

Transmission electron microscopy (TEM) was performed as described in Se2t@n

2.2.3Light scattering

4.3.3.3Triblock copolymer alone in agueous sadat
Triblock copolymer solutions were prepared by directly mixirg-B-b-D in Milli -Q water
to a concentration of thg mL L.

4.3.3.4Complexed solutions with dsRNA
Triblock complymer and dsRNA solutions were prepared through dilution of a mother solution
48 h before measuremeniriblock copolymetbased polyplexesere formulated at a low
concentration (0.ing mL™*) approx. 24 h before measurement to allow for equilibratine
Dynamic light scatteringFitting of the data was performed using the Leveniddagquardt
algorithm, with details described in Secti@r2.1.2 Static light scatteringCollection and

fitting of data was performed as described in Se@i@ri.3.

4.3.4 Electrophoretic mobility
Agueous suspensions were prepaféd mg mL?) 24 h before measurement. Details of
instrumentations described in SectioR.2.2.

4.3.5 Agarosegel dectrophoresis
Aliquots oftriblock copolymersver e added to 1 eg yeR/Rmto, i n
with solutions left to incubate at RT for 1.5 h to allomee for complexation. When RNase A
(0.5 pL, 5mg mL1) was added to thaolyplexsolutions, the samples were incubated @7

for 30 min prior to analysigzurther details ofhe assayaredescribed in SectioR.3.3.
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4.3.6 Fluorescence pectroscopy
Details of fluorescence spectroscopy technique and sample preparation are described in

Section2.3.4.

4.4 Results and dscussion

4.4.1 Linear ABC amphiphilic triblock copolymer synthesis
Linear, amphipilic ABC triblock copolymers were synthesised by reversible addition
fragmentation chain transfer (RAFT) polymerisatiatipwing control overeach polymer

blocklength to produce triblock copolymers with multiple blocks of differing functionalities.

The synthesis of amphiphilic block copolymers can be challengintipe combination of both
hydrophobic and hydrophiligolymerblocks demands careful consideration of solvent choice
for their synthesis and subsequent purification methbite solvent mude carefully selected

to ensure solubility of starting reagents and final products, and care must be taken to purify
the desired product at each stage of the syntHésiBhe solubility of monomers,
homopolymers, diblock andliblock copolymers werdrst tested in a variety of solvents to
determine the optimal conditions for each stage of the polymerisation, the results of which can

be found inTable4.1.
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Table4.1. Results of solubility assays with monomers and héuitdock co/triblock copolymers.é y 6

indicates that the monomer/polymis soluble in the solvenfy / n 6

denotes

pGodr t i al

indicates that the monomer/polymer is not soluble in the solvef@notes that the monomer/polymer

is only soluble in the solvent through thddition ofa small amount aéthanol.

Monomer/Polymer
Solvent | o)DMAEMA | PQDMAEMA | tBAA | Q-b-B [DMAM|Q-b-B-b-D| Q-b-D
HO y y n n y n y
Ethanol y y y y y y
Acetoneg y* n y n n
Hexang n n n n
Methanol y y y
IPA n y
Toluene n y/n
DCM n y
Diethyl
ether y N

RAFT polymerisation was first used to prepare the m&¥é, Q, in agueous solutiorrhe

product was purified by dialysis in Mi#{ water and lyophilised. The second polymerisation

of the hydrophobic B blogkvas conducted in 100% ethamdgth purification completedoy

dialysis against 100% ethanol. Thesultingamphiphilic diblock copolymer (@-B) was

isolated by evaporatioim vacuo The final polymerisation of the thirttydrophilic polymer

block (D) was conducted in 100% ethanol. Tihal purification was performed by dialysis in

Milli -Q waterprior tolyophilisation which isfurther discusseth the next ection(4.4.2.

Due to the charged nature and ssfembly of the triblock copolymersaqueous solutign

gel permeation chromatography (GPC) analysis was inacceddikleeaction efficiency was

instead assessed aspercentage othe targetdegree of polymerisationDP) achieved

calculatedvia *H NMR spectroscopy (400 MHz) as describe@@ttiord.3.3.1 The'H NMR

spectraateach stage of the synthesisooie ofthe triblock copolymes (Qoo-b-Bas-b-Dog) are

shown inFigure4.3 (spectra for th@ther twotriblock copolymers in the series can be found

in Figure A7 andFigure A8 of the Appendixbut appear very similar to thoseRigure4.3).
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Figure4.3. Example'H NMR spectra for each step of the triblock copolymer RAFT polymerisation
(Quoo-b-Bas-b-Dgg used asmnexample here)The chemical structures, drawn in ChemDraw Prime 17.0,
are shown on the left, with the correspondiigNMR spectrum on the righKey peaksareidentified

that were used for pealomparisoranalysis to calculatihe degree of polymerisation.

Peak b) was used toepresent the Q block of the triblock copolymer, with peakgif the

red spectrum) and) (in the blue spectrum) representing the B and D blocks, respectively.
Molecular weight (M) was calculatedria peak comparison analysié summary ofthe
percentage of target DP achieved and composition of each triblock copolydetailedin
Table4.2, highlighting the polymer block (Q, B or Dhat is of highest relative proportion in
each triblock copolymer. Achematic representation of each triblock copolyimshown in

Figure4.4.
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Table 4.2. Summary ofthe triblock copolymercharacterisationincluding molecular weigh{Mp),
conversion% of target DPandpercentagef eachmonomerblock (by number of unitsjvith respect

to the whole mlymer, as @termined throughtH NMR spectroscopy (400 MHz). The numbers
associated with each letter of the triblock copolymer name is related to the degree of polymerisation of
each polymer block. For example;g@b-Bi7-b-D2izindicates that a PQDMAEMA block of DP = 100

is connected to a DP = 171BAA block and a DP = 212 PDM#A block. The bold % values indicate

the highest proportion of that particular polymer block within the series of amphiphilic triblock

copolymers synthegsl in this work.

Triblock
Mn/ Q-block % B-block % D-block %
copolymer %Q | %B | %D
kDa | of target DP| of target DP | of target DP
code
Q1o0-b-B17-b-
44.1 80 64 85 30 5 64
D212
Q100-b-B2s-b-
29.7 80 50 22 56 14 31
Dss
Q100-0-Bas-b-
5 36.5 80 44 40 41 18 41
99

Figure4.4. Schematic to illustrate the relative proportions of each polymer block with respect to the
other triblock copolymers the seriesThe bptriblock cqpolymer represents@-b-Bi7-b-D212, the
middle polymerrepresents Qg-b-B2s-b-Dss, andthe bottomtriblock copolymerrepresents Qo-b-Bas-

b-Dgg.

4.4.2 Characterisation of triblock copolymers
Following RAFT polymerisation of the final D block of the ABC triblock copolymers00%
ethano] purification was accomplisheda dialysisagainst MillirQ water usinga MWCO <
3,500 g mol regenerated cellulose membrane. Throughout the dialysis procedure, some

precipitatiorwas observed durintge solveniswitch as the 100% ethanol was slowly liaeged
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with Milli -Q water. Lyophilisation of the purified polymer resultedhidried whitecoloured

powdetr which could besubsequentlyre-dispersed in pure water with no precipitation

observed. Direct mixing of the lyophilised particles into aqueous isolut desired

concentration was used to assess the characteristics of thesatibled triblock copolymers.

Particle size analysis was performeid DLS measurement of thhg mL* agueougpolymer

solutions(Table4.3).

Table4.3. Triblock copolymer characteristi¢gydrodynamic radius (/ nm) and electrophoretic mobility

(/& m. alandside treiy standard errprghen selfassembled in MilkiQ water at a concentration

of 1 mgmL™.

Triblock copolymer

Hydrodynamic radius of

objects in aqueous solution

Electrophoretic mobility /

code em.cm [/ V
= 0.1 mgmL?) / nmt
Qio0-b-B17-b-D212 119+4 2.3+0.2
Q1o00-b-B2s-b-Dss 214 +£10 351201
Q100-b-Basa-b-Dyg 154 + 20 3.2+£0.1

These measurements demonstrate thaatmghiphilictriblock copolymers fornsustainable
selfassembled objectgith a defined sizen aqueous solutiarThese can also be identified in
the transmission electron micrographs presentedrigure 4.5, which suggest a large
polydispersity of the selisserhled particlesparticularly in the case difie Qioo-b-B2s-b-Dss

triblock copolymer.

A B S o o
A oo |
.
a
5 4
o il
| e . .

Figure4.5. TEM micrographs of triblock copolymers, saéembled in Mill-Q water at 1Gng mL .
(A) Qo0-b-B17-b-D212, (B) Quo0-b-Bas-b-Dssand (C)Quoo-b-Baa-b-Dao.
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Theaverage radii (as measured by DLS and TBMhe selfassembledriblock copolymer
structures varies across the series of polymgf®llows QseB14D31 > Qu1B1sDa1 > Qz0BsDsa.
Thesubscripnumbersndicatingthepercentage of each monomer block (by number of units)
with respect to the whole polymérhe same order is followed with respect to polydispersity.
The triblock copolymer with the greateselative proportion of hydrophilic, notionic D
polymer block (Qoo-b-B17-b-D212, with 64% D) forms the smallest sizgructures with the
least polydispersityas measured HYLS and visually by TEMEFigure4.5A). The Qioo-b-Bos-
b-Dss triblock copolymen(with 31% D-block), on the other hand, resulted in the formation of
the largest polymeric objects with an average apparent radius of > 2GG nmmasured by
DLS. Theseparticles appeadto be the most polydisperse in size when investigated by TEM,
with some large objects present with radii ~ 500 Rigure4.5B. Similar results have been
reported in literaturawith the incorporation oionger hydrophilic, neutral blocksto triblock

copolymersnducingthe formation osmaller seHassembled obs.31°

Measuring the electrophoretic mobility of the sedfembledtriblock copolymergevealed a
posiive surface charge in atlaseshowever,the Qioo-b-B17-b-D212 particles had a lower
electrophoretic mobilityThis islikely due toa dampened positive surface chaagea result
of the hydrophilic, neutral block shieidy charge on the swate ofthe selFassembled

objects31?

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

polyplexes?62-313
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A common tool used to interpret the strength of dsRNA binding by polycations is the
quenching of ethidium bromide (EB) fluorescef®e&?°24> The relative amount of quenching

can be used as a measure of binding strength of the polycation to the genetic ratsrial.
methodwas used in the previous chapter to characterise the complexation of dsRNA with

homopolymeriblock copolymes andis descibed in detail in Sectio.3.4

For all three triblock copolymerssdhe N/P ratigs increasd from 0 (signifying no triblock
copolymer added to the dsRNEB) to 1 (equal proportion of ammonium to phosphate groups)
in Figure4.6, the fluorescence intensitiyasticallydecreases to 5065%. Asthe N/P ratio is
further increasetb 21 3, the normalised fluorescence intensity decreasasplateau (2%
35%).

1.0 4

—— Qy4g-b-Bys-b-Dss
0.8 4 Q100~0-B44-b-Dgg
e A Q100-b-B16-b'D212

(=]

0.6 1

o

I

|

A—-_:_\__- =
T E—y “__-i—-!—-""!-—-

024 T T T T
0 5 10

N/P ratio
Figure4.6. Normalised fluorescence intensity ¢JAvhere § is the fluorescence intensity of dsRNZB
complexes prior to triblock copolymer addition) pdlyplexesformed betweenlifferent amphiphilic
triblock copolymers (@gb-B2s-b-Dss, Qiog-b-Bas-b-Dgg and Qoo-b-Bi7-b-D212) and 222 bpvha26

dsRNA at varying N/P ratios010. Standard deviation is shown, n = 3.

Interestingly, the @ob-Bas-b-Dgs-basedpolyplexesappears tgquench EB fluorescence more

significantly over the N/P ratio = B 8, whereas Qob-Bzs-b-Dss and Qoo-b-B17-b-D212
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triblock copolymers are not significantly different from one another (exceatfetv N/P

ratios). These results suggest thaipaoportiorally) higher hydrophobicity of triblock
copolymer may strengthen binding to dsRNA. It has been previesbyted in literaturéhat

a hydrophilic, neutral blockouldweaken binding t@DNA. In the reportjt was suggested

that this is due to the strortydrophilicity of the neutral block (PEG in this case), which
inducesexcludedvolume interactions betweehe neutral block chains themselves ahe

pDNA molecules whichin turnweakers bindingbetween the cationic polymer block ahe

pDNA chains?®® However, in this present study it is clear thattlateeamphiphilic triblock
copolymers indeed complefficientywi t h ds RNA a tegaMles® ofthalengto O 2

of the hydrophilic polymer block (D)

In addition, the results of &EB assay suggest that the binding of triblock copolymers with
dsRNAis strongelin comparison tthvomopolymer or diblock copolymécontaining the same
hydrophilic polymer blocksQ and D complexationwith dsRNA (as describedn Section
3.4.4). The fluorescence quenchimgf EB is greaterin the case of triblock copolymer
complexation with dsRNA,with approximately 40%fluorescence at the platedor
homopolymer/diblock copolymer polyplexes, in comparison t85< 30% for triblack

copolymerpolyplexes

Based on these results, we chose to focus our attention and further characterighedid®n
ratios 1, 5 and 10 for each triblock copolyAbased polyplex to provide a broad
understandingf these systems. First we measureel hydrodynamic radii opolyplexes

formulated atheseN/P ratios usingDLS (se€Table4.4).
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Table4.4. Hydrodynamic radiand standard err@f nm), as measured by dynamic light scattering, of
triblock copolymerpolyplexes Concentation of formulations was 0.ing mL%. * denotes that DLS

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

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

copolymer code

Qloo-b-Bl7-b-D212 91+ 2 100+ 4 122+ 3
Q100-b-B2s-b-Dss * 126+ 6 160+ 7
Q100-b-Bas-b-Dog 92+5 120+ 3 134+ 4

The Qoob-B2s-b-Dss-basedbolyplexes(at N/P ratio= 1) formed aggregates thaeve visible

to the naked eye. II€hapter 3 a similar phenomenomwas observedvith the cationic
homopolymer Qi10, Wwhen electrostatically interacting witsRNAat a charg ratio close to
one(isoelectric point) This islikely due to electraneutralisation and thus precipitation of the
formed complexed? In the case ofhe Qioo-b-Bas-b-Dss triblock copolymey the neutral D
block is notlong enoughto counteract the hydrophobicity introduced by the B block and
electreneutralisation of the Q blockpon mixing with the polyanion, dsRNADespite the
longer hydrophobic B block in thei6g-b-Basa-b-Dgg polymer, therelativelength of the D block
appeardo besufficientto stabilise the complexes formed with dsRNAaaiN/P ratio = 1.
These results indicate that the length (DP) of the neutral, hydrophilic block is critical for the
stabilisation ofdsRNA-based complexes near the isoelectric point, anthe case of this

polymer block combinatiormust make u relative proportio®31%.

As the N/P ratio is increased from 1 to 10, the average hydrodynamic radii pbly@exes
increasesin comprison to the triblock copolymstructures whegelt-assembled in aqueous
solution(without complexation of dsRNAthepolyplexesneasured by DL&resmaller. This
suggests that significant chain rearrangement of the initially-assémbled triblock

copolymers occurs during the complexation process with dsRNA. This chain rearrangement
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is confirmed through TEMKigure4.7 andFigure4.8), which identifies significantly altered
structuresn comparisoro the micellar aggregatasbservef the triblock copolymers alone

in aqueous solutiofFigure4.5). The selfassembled triblock copolymer structuressasn in
Figure 4.5, are therefore not robust. Following combination with dsSRNA the structures easily
breakdown to form alternative structures, similar to those found of the diblock copolymer

based polyplexes in Secti@mnror! Reference source not found.

Figure4.7. Representative TEM images obtained for the three triblock copolymers when complexed
with dsRNA (A) Qoob-B17-b-D212, (B) Qiogb-B2s-b-Dss and (C) Qog-b-Bas-b-Deg at N/P ratio = 2.
Solutions were formulated atrhg mL™, with 5 gL dmgsloribdareattd coppéro 400

grids. Grids were then washed with Mifli water and stained with 1% uranyl acetate.

A B c

o’

«

— o S——
100 nm 100 nm 100 nm

Figure 4.8. Representative TEM images (at higher magnification) obtained for the three triblock
copolymers when complexed with dsRNA (A)o@b-B17-b-D212, (B) Quoo-b-Bas-b-Dss and (C) Qoob-

Bas-b-Dgg, at N/P ratio= 2. Solutions were formulated amdigmL?, wi t h 5 &L dmephosi t ed
carboncoated copper grids. Grids were then washed with Qillivater and stained with 1% uranyl

acetate.
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The radiusof gyration (Ry) of the polyplexeswas measured through static light scattering,
determined using cumulant analysis (Guinier pbtswnin Figure 29). The radii of gyration
present different picture to that given by the hydrodynamic ratible4.5. At anN/P ratio

of 10, the Quo-b-B2s-b-Dss-basedoolyplexes have thiargestsize, followed bythe Qioo-b-Bas-
b-Dgg and Qoc-b-Bi17-b-D212 polyplexes In the case of thpolyplexesprepared with triblock
copolymerswith longer B polymer block@Qioo0-b-B2s-b-Dss and Qog-b-Bas-b-Dgg), the radius

of gyration increases as N/P ratiorieases, similarly to theydrodynamic radiiTable4.4).

Table 4.5. Radi of gyration of triblock copolymepolyplexes(/ nm), as measured by static light
scattering Concentation of formulations ws 0.1mg mL™. * denotes that DLS was not possible due to

aggregation/precipitation of the sample.

Radii of gyration / nm
N/P ratio
Triblock

1 5 10
copolymer code
Q1o0-b-B17-b-Da212 177 158 141
Qu00-b-B2s-b-Dss * 180 198
Q100-b-Baa-b-Dgg 125 146 164

However, the most hydrophilic triblock copolymer{gb-B17-b-D212) has a decreasingdius
of gyrationas N/P ratiois increaséd. This canbe interpreted by considering the(Ry/R+)
values that describe the shape of the objects in the sy$tdnte 4.6). In all threetriblock

copolymerbasedoolyplexes the) value decreases towards one as N/P ratio increases to 10,

suggesting thatthe objes measur ed become more Ospherical 6
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Table 4.6. } Ry(R4), of triblock copolymerpolyplexes as measured by static light scattering
Concentration of formulations was Orbg mL™. * denotes that DLS was not possible due to

aggregation/precipitation of the sample.

}  oRRvalues
N/P ratio
Triblock
1 5 10

copolymer code

Q1o0b-B17-b-D212 1.90 1.58 1.16
Q1o0-b-B2s-b-Dss * 1.43 1.24
Q100-b-Bas-b-Dgg 1.36 1.21 1.22

The Quoo-b-B17-b-D21-basedpolyplexesat an N/P ratio= 1, however,have a very large}

value indicative ofa morerodlike morphology This could explain the large radius of
gyrationmeasuredt lower N/P ratiogor thesepolyplexesformed with Qogb-Bi17-b-D212, as

light scatteringanalysisassumes spherical morphologies. These results are corroborated by

TEM imaging(conducted aan N/P ratio = 2) that visually showish e mor e -likespher i ¢
shape of the Qo-b-B2s-b-Dss-basedpolyplexesin comparison to thpolyplexesformedwith

the triblock copolymer containing Enger neutral, stabilising block, which appetr have

|l ess 6spherical é, defined shapes.

Further studyof the detailed morphologies tfie complexes formed betweedhe triblock
copolymers andlsRNA is required and future work should focus on additional transmission
electron microscopy and smalhgle Xray/neutron scattering to elucidate theirdiepth
structurelnitial steps to perform these experiments were taken, but due to time limitagons

were not able to fully investigate.

As N/P ratio is increased fromil110, thepolyplexesundergo a negative to positive charge

inversion, as shown iRigure4.9.
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Figure 4.9. Electrophoretic mobility ofpolyplexes at N/P ratio 1, 5 and 10. Triblock copolymer
solutions were kept at constant concentration (0.1 mg)miith dsRNA concentratiowaried to alter
the N/P ratio. Formulations were prepared at least 24 h prior to measusentéoh were taken at 25

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

At an N/P ratio = 1, Qioorb-Bas-b-Dgs and Qog-b-Bi7-b-D21-based polyplexes have
electropho et i ¢ mobi litybés that are close to O
5 and 10, Qiorb-Basb-Deg and Qioorb-Bi7-b-D2i-based polyplexes have positive
electrophoretic mobility that is not significantly different over this N/P ratio radgeever
Quo0-b-B2s-b-Dss-basedpolyplexes show a slight increase in electrophoretic moltitityveen

N/P ratio 5 and 10. Th&l/P ratio at which an electrophoretic mobility plateau occurs
correspondt o 6 f ul | 6 i.e.dhe minienxra domcentrationf golymer able to
complex all dsRNAchainspresent in solution. These results suggest @hgdb-Bas-b-Dss
polyplexesmay require higher N/P ratios for full complexation, howevigh limited data one
cannot draw significant conclusions, particularlyE@sexclusion(Figure4.6) confirmed that

anN/P ratio =2 wassatisfactory for full complexation
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Quo0-b-B17-b-D21-basedpolyplexes similarly totheir unrcomplexed formhave a dampened
surface charge in comparisonQaoo-b-B2s-b-Dss and Qioo-b-Bas-b-Doeg polyplexes likely due

to shielding of charge by theydrophilic, norionic D polymer block251:309:310

4.4.4 Protection of dsSRNA againstenzymatic degradation
Following characterisation of theomplexatiorbetweerthe amphiphilidriblock copolymers
with dsRNA, the protection afforded tbe complexedisRNA was tested using the synthetic
enzyme, RNase A. As a biomolecule, RNA is inherently unstabte sasceptible to
degradation in the environment or upon application in agrochemical sétghus to
ensure successful delivery and to minimise loss of dsRNA during the delivery process, the

dsRNA must be suitably protected to prevent enzynagtizadation.

In the case of all thretiblock copolymerpolyplexes an N/ Pwasregtiredias O 2
demonstratecby EB exclusion assayFigure 4.6) for full complexation. This idurther
confirmed bytheretardatiorof dSRNAEB fluorescence iagaroseel electrophoresiat N/P

ratio O 2 (shown in Figure 4.10, Figure 4.11, and Figure 4.12, lanes 13, 14 and 14
respectively. Prior toan N/P ratio= 2, smearing is observedbwn the gel lane, indicating

only a partial complexationvith remaining free dsRNA able to migrate down the gel lane.
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All dsRNA is V-ATPase, 222 bp

Figure4.10. Agarose gel electrophoresis Qfoc-b-B2s-b-Dss/dsRNA polyplexesat N/P ratio= 0.25,
0.5, 0.75, 1, 2, 3, 4 and 5 polyiezxeRvéere infubated with | anes 2 a
(indicated by *) and without the presence of RNase A enzymebA@NA ladder was used in lanes 1

and 21, and Qob-B2s-b-Dssalone was added to lane 20.

Q100-5-Bus-b-Dyy/dsRNA

V—‘—\

N/P = 0.25 N/P=0.5 N/P=0.75

— —-f—wﬂ"" "\'ﬂ

100 bp DNA ladder
dsRNA + RNase A
100 bp DNA ladder

s G RS SN s— _\—-u__‘_‘

1 2 o 4

*addllmn of RNase A
X = empty lane
All dsRNA is V-ATPase, 222 bp

Figure4.11. Agarose gel electrophoresis Qiog-b-Bas-b-DogdSRNA polyplexesat N/P ratio = 0.25,
0.5, 0.75, 1, 2, 3, 4 and 5 polyileseRvéere inubated with | anes 2 a
(indicated by *) and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1

and 22, and Qob-Basb-Dggalone was dded to lane 21.
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Q00-b-By7-b-D;/dsRNA

N/P=0.25 N/P=0.5 N/P=0.75
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dsRNA + RNase A
100 bp DNA ladder

100 bp DNA ladder

1 2

X s
addition of RNase A
X = empty lane
All dsRNA is V-ATPase, 222 bp

Figure4.12. Agarose gel electrophoresis Qioo-b-B17-b-D21/dSRNA polyplexesat N/P ratio = 0.25,
0.5, 0.75, 1, 2, 3, 4 and 5 polyfexeRviere induldatedewgth |l anes
(indicated by *) and without the presence of RNase A enzyme. 100 bp DNA ladder was used in lanes 1

and 22, and @g¢b-B17-b-D212alone was added to lane 21.

The fluorescence intensity (normalised with respect to dsRNA alone), of the free dsRNA that
migrated through the gel, is shown kigure 4.13, as amore quantitative comparison of

complexatiorfrom the agarose gel images
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Figure4.13. Proportion of free dsRN&at has migrated down the gel landen complexed witkach
triblock copolymeyas deterrmed via agarosegel electrophoresis fluorescence intengkigure4.10,
Figure4.11andFigure4.12). Data wee normalised against naked dsRNA fluorescence and calculations

were run using ImageJ.

The intensityof free dsSRNAwas measuredia ImageJ analysis of the gel imagatsthe
corresponding- 200 bplocation of the gel laneThe sharp decrease time amount ofree
dsRNA at N/P ratio = 2 iffigure4.13 furtherdemonstrates thanN/ P r ati o O 2
for full complexation. There is a decreasé&@e dsRNA at N/P ratios = 0.75 and 1, particularly
in the case dDi00-b-Bas-b-Dog-basedpolyplexes This complements EB exclusion dafigure

4.6) that suggesta stronger bindindbetweenQioob-Bas-b-Dgg anddsRNAIN comparison to

the othertriblock copolymers in the series

Similar to both the homopolymer and diblock copolymer peltyges, when each triblock
copolymer was complexed with dsRNA, the proportmindsRNA that was complexed
appeared to remaimtact following incubation with RNase A. This is shown by the

maintenance of fluorescence intensity in the well of the gel lanenVdsRNA was not
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complexed with triblock copolymer (e.g. migrated daiwagel lane), it wagully degraded

by RNase Aasillustrated by the complete absence of fluorescence.

The protection of dsRNAgainst degradation by RNaseo&er time was assessed using
fluorescencespectroscopylikewiseto the homopolymer and diblock copolymer polyplexes
in Section 3.4.6 Figure 4.14 shavs the quenching of EB fluorescence through the

complexation of triblock copolymers with dsRNA

141



A) %ﬁ-.'.q...- -~.. oo -._ .
* it U!-M%.-M\\"h—ﬂ-g"—.a’onﬁ-,.“
20
S 15
]
<
o
-
x 10 1
w
5 4
‘M% "~ -
04 T l . +~ dsRNA
0 500 1000 1500 ¢ QypoBasDss/dsRNA
. Q,00B4sDgo/dSRNA
Time /s Q,00B47D51,/dSRNA
EB
B)

20

. . :
500 1000 1500
Time/s

Figure 4.14. Time-resolved fluorescence spectroscopy of dsRNA (r&dpo-b-Bos-b-Dss/dsRNA
polyplex @rey), Qioo-b-Basb-DegdSRNA polyplex ¢rang@ and Qoo-b-Bi7-b-D217dSRNA polyplex
(blue) without (A) and with(B) the addition of RNase ARolyplexeswere left for 1.5 h to equilibrate.
Low fluorescence intensity gdolyplexesis due to quenching of EB fluorescence after displacement

from dsRNA intercalation.

Whilst naked dsRNA (shown in red) exhibits a strong fluorescence in the absence of RNase A
(A), this fluorescence is rapidly #xguished within 5 15 min after thexdditionof RNase A

(B) as the dsRNA is fully degradeldl.is noted that there is a subtle decrease in fluorescence
of the Qocb-B2s-b-Dss/dsRNApolyplexesover time, but this is observed in both the presence

and absence of RNase A, and could be due to chairangament within the system, or it
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could be within experimental error as the decrease is miniinellevel of fluorescence of the
triblock copolymer/dsRNAolyplexeds maintained regardless of the presence (B) or absence
(A) of the synthetic RNase A enne. Thus, we can conclude that the dsRNA is protected

against enzymatic degradation.

4.4.5 Impact of salt concentration on polyplex stability
In addition toinvestigatinghe protection of dsSRNA against enzymatic degradabipiRNase
A, it was important to conder the impact of bulk salt concentration on the stabilityhef
polyplexes as formulations for both therapeutic and agrochemical applications typically
contain electrolytes gsart of a buffer solution, axdjuvants to aidpplication. HereNaClis
usedas a simple model salt to incredbe ionic strength othe aqueoushulk in which the
complexes are dispersaghdthe resulting changes in hydrodynamic radi# measuredia

DLS.

Despite the stronger binding betweero&®-Bas-b-Dgg and dsRNA in salfree, agueous

environments, the resultingplyplexesappear to be the least stable as NaCl concentration

(Cnac) increasesas shown irFigure4.15.
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Figure4.15. Apparent hydrodynamic radii golyplexesformed between dsRNA and each triblock
copolymer formulatedatan N/P ratio = bmeasured with DLS, as NaCl concentratiom@eased

from O to 700 mM.

Above Cnaci = 150 mM, the apparent average hydrodynamic radius dibyeb-Bas-b-Dog-
basedolyeplexesteadily increases, suggesting that charge screening from the increased ionic

strength of the solution is causing aggrematietween thpolyplexes

Qioorb-Bos-b-Dss  and  Qogb-Bi7-b-D2i-based polyplexes however, remain stahle
maintaining a consistent hydrodynamic radimsil Cnaci= 6507 700 mM. In comparison to
the resultspresented in Chapter ($ection3.4.5 on the salt stability of homopolymer and
diblock copolymetbasedoolyplexes, the two triblock copolymers with the highest proportion
of hydrophilic polymer blocks (Q or D, respectivelygre stableover a grater NaCl
concentration rang&? Sharmaet al. investigateda PEG15b-PnBA10-b-PDMAEMA 125
triblock copolymer in comparison ta PEG1s-b-PDMAEMA 14, diblock copolymer anc
PDMAEMA 127 homopolymer. Theyound, similarly to the results presented helegt the

amphiphilic triblock copolymebasedpolyplexesstabilisedpDNA more efficiently tharthe
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diblock copolymer or homopolymer polyplexeshey also discovered thahe tridock

copolymemore effetively protected the pDNAgainstdegradation bypNase enzyme¥?

Sharmaet al. demonstrate the resistance of their ABC triblock copolybasedcomplexes

with pDNA, to aggregation in salt ovarperiod oflL h. However, a salt concentration of 150
mM only is exanmed?® Whilst this may be suitable for some therapeutic applications (for
example, mammalian Nand Ci extracellularconcentrations reach 145 mM and 116 mM,
respectively'*313, demonstrating stabilitat higher salt concgration @s is shown hejds
valuable for assessing such formulations that might be required for commercial products
particularly in the agrochemical industtlyat requires the addition of adjuvants to product

formulations.

4.4.6 Impact of dsRNA length onpolyplex size and sability
As described in SectioB.4.7, it is important to investigate the impact of changing dsRNA
length (number of base pairs) on the resulting comp)asthere are mamifferent mMRNA
transcripts that can be targetigt a single pst insect speciesvhich requiredsRNAs of
different lengths to trigger RNAIt is likely thatdifferent polymer designs will be required
for varying dsRNA lengths howeverversatility is desirable and the ability @he triblock
copolymers to complex with different dsRNA lengthgthsis assessed hereh@ apparent

hydrodynamic radii opolyplexesformed(at N/P ratio = 5with in vitro transcrption (IVT)

dsRNAs (short and | ondgRNG Rh&¥e beemdeasdredantd iare e t ar ¢

compared irFigure4.16.
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Figure4.16. A visual comparison of the difference in hydrodynamic rddim) of polyplexesformed
betweenthe series ofriblock copolymersprepared in this workand dsRNA of varying base pair

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

Thedata show similar patns across the range of dsRN#sencomplexed with each triblock
copolymer. The most compaablyplexes as measured by DL®/ere those formed with the
Quoo-b-B17-b-D212 polymer, the most hydrophilic triblock copolymer of the series. This trend
is similar tothe patterrfound ofthe homopolymer/diblock copolymer polyplex@sscribed in
Chapter 3in whichthe diblock copolymer with the longesydrophilic,neutral block (@i

b-D219) formedthe mosicompact polyplexes (4985 nmacross the spectrum of dsRNAs

Triblock copolymer/dsRNAoolyplexesappear to besomewfat influenced by dsRNA length,
with the shorter (~200 bpinore rigiddsRNAsresulting in the formation giolyplexeswith
smallerapparenhydrodynamic radii thapolyplexesformed with the longef~500 bp) more
flexible dsRNAs. This trend is repeated acropslyplexesformed with all three triblock

copolymersof the seriesA similar patternwas observed in a study by Jiagtgal, in which
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the authors use@n AB diblock copolymer Kydrophilichydrophobic PDMAEMA.7-b-
poly(n-buty methacrylate) (RBMA)14) micelle to complex with linear and plasmid DNA
(IDNA and pDNA, respectively) of different lengthBhe authordound that increasing the
length of both IDNA and pDNA induced the formation of largemplexeswhen formulated
at NP ratio > 1. TRy suggesthat thisis due to increased bridging betwetiie complexes
and the formation amnultiple-complex particles. Jiangt al.also discovered that longer DNA
moleculesenhance the stability ofomplexesclose to the isoelectric pai due to the

additional steric repulsions from the longer chains/Ige}H%?-2%

The three shorte(~200 bp)dsRNAs,when complexed witlQio0-b-B2s-b-Dss (forming the
most hydrophobi@olyplexesafter complexation)formed the largespolyplexes This was
followed by Qoob-Bas-b-Dgg, and tha thesmallest{most compactpolyplexeswere formed
with the most hydrophilic triblock copolymer (§¢b-B17-b-D212). However, the trend is
alteredwhen longedsRNAs areused;the Qogb-Bas-b-Dyg triblock copolymer(the triblock

copolymerwith the longest hydrophobic B blacforms the largegpolyplexes

The polydispersityFigure 4.17, of each polyplex system was measurdy DLS (at a 90°
angle) and calculatethroughcumulant analysis as described in Sec#ichl.3 In alltriblock
copolymerbasedpolyplex samples the polydispersity remained consistgnbetween 0.10

and0.25.
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Figure4.17. A visual comparison of the difference in polydispersity, by DLS measurement performed
at 90°, ofpolyplexesformed between triblock copolymers and dsRiNA varying base painumbers

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

Polydispersityof the polyplexeswasgenerallymuchlower than the valuesf polydispersity
calculated for homopolymer/diblock copolymer polypleesned with the IVT dsRNAs
(except in the case @10-b-D2igbased polyplexgsThis sugges that triblock copolymer
basedpolyplexeswith dsRNA tend to be more stabdgainst aggregatioand have more
consistensizing across a range of dsRNA lengths, in comparison to homopolymer or diblock
copolymetrbasedoolyplexes (particularliwhencompared to complexes formed wittblock
copolymers with shorter neutral block length$his general resulcomplementslata in he
previous sectiomn the stability othe polylexes in increasing salt concentratigBSgction
4.4.9, where the triblockopolymerbasedolyplexeshowed greater stabiligt higher NaCl
concentrationsin comparison to homopolymer and diblock copolymer polyplexes. The
triblock copolymers may providgreaterstability to the resulting complexes with dsRNA due

to the presence of an anchoring hydrophobic polymer block, which inducesseihbling
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properties. Whilst chain rearrangement oseyoon complexation with dsRNAhe design of
the triblock copolymersatincorporate a hydrophobic polymer block has achi¢hedim of

providingadditional supportshownby the enhancestablity of the resulting complexes.

4.4.7 Comparison tohomopolymer anddiblock copolymers
Comparingthe complexation of théinear ABC amphphilic triblock copolymers to the
complexation ofhydrophilic 6 Alomopolymerand ACA diblock copolymes with vha26
dsRNA, a similar pattern was observé@the agarose gel electrophoresisaysre combined
in Figure4.18, to showacomparison ofhe partial/full complexation of polymers with dsRNA,

and their protection/degradation in the presence or absence of RNRigse A

N/Pratio|0 |0 Yl 1? L1 [2]2]3|3|4]|4[5]|5][=|0]0 Yal ¥ al%ull |1 2133|4455 |=
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RNase A | = | 1= || =)= ] =k) = {F =1F =] = | 2l=]E = L 2] = = L = ] = ]| =) ] =
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Figure4.18. Comparison of the complexation and protection provideth&26dsRNA by Qio, Quic
b-Ds7, Quiob-Dgg, Qui0-b-D21g, Quio-b-B2s-b-Dss, Qui0-b-Bas-b-Dgg, OF Quio-b-B17-b-D215, at N/P ratios =
0 (naked dsRNA), 1, i, 21, 2, 3, 4, 5 and B (polyn

or absence of polymer, dsRNA or RNasésMdicated by + (pesent) and (absent) symbols.

An N/P ratio= 1 wasonly sufficient to providedull 6 retardation of dsRNAy the Q1o
homopolymer however, full compl ex at formhremmaming ac hi e

polymers This phenomenon appears to be common throughout literature, where an N/P ratio
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of 2 is often found to correspond to efficient bindinghaf nucleic acid to polycation'g®-36

319 However, tle exact N/P ratiovalue can sometimedluctuate depending othe specific
polymer designéomposition; for example, Let al. found that a higher N/P ratid & was
required for their AC diblock copolyme(poly(2-deoxy-2-methacrylamido glucopyranose)
b-poly(methacrylate amineyyith secondary amine derivatives, in comparison to similar AC

diblock copolymers with either primary or quaternary amine grétips.

The hydrodynamic radii of polyplexes formed between the homopolymer/diblock copolymers
andvha26dsRNA ranged from 5Y 125 nm, and showed no significarariability in size
across an N/P ratio range ofi 110. In comparison, whilst the triblock copolymer/dsRNA
complexesexhibited similar hydrodynamic radito the homopolymer/diblock copolymer
based polyplexesheyindeedshowed variation in size with changing N/P i@t with an

increase irmydrodynamiaadii asN/P ratiowas increased

As expected,ite homopolymediblock copolymers did not exhibit sedEsembly prior to the
addition of dsRNA, whereas the triblock copolymers shwelfassembly in aqueous
solution. However the similarity in size othomopolymer ordiblock copolymer/dsRNA
polyplexesand triblock copolymer/dsRNAolyplexessuggests that the triblock copolymers
undergo substantial chain rearrangement in order to complex with dsRNA. This is
corroboratecby TEM imagingthat indicates the breakdown of the ssdsembled micellar
structures observed of the triblock copolym@vien formulated alone in aqueous solufjon

whencomplexedwith dsRNA.

The benefit olesigning amphiphilitriblock copolymers fothe complexation and protection
of dsRNA can only bebservedwvhen considering the stability of these complexes against
increasedNaCl concentratior{increased ionic strengthdnd when complexing with a variety
of dsRNA lengths forlternativemRNA transcipt targets. The more hydrophilic triblock

copolymerbasedoolyplexesshowed increased stability, in comparison to homopolymer and
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diblock copolymetbasedoolyplexesin the presence of salt concentrations u@ng: = 700
mM. All three triblock copolymebasedoolyplexesshowedgreater consistenayith respet

to sizz and polydispersityvhen complexed with dsRA$ of varying base pair length (other
than when comparing to the diblock copolymer with the longest neutiek t#ogth which
also showed consistesize/polydispersity when complexed with different dsRNA&is can
be understood as due to the anchoring aneassEémblynduced bythe hydrophobic polymer
block (B), as intended by the design of the triblock dgpwrs Thus, amphiphilic triblock

copolymersexhibit greater flexibilityfor complexationwith a wider range of dsRN#argets.

4.5 Conclusion

In this chapter the synthesis ofnovel linear ABC triblock copolymerdy RAFT
polymerisation and their formatiorof selfassembledbjects in aqueous solutidras been
demonstratedThe potential of thesemphiphilictriblock copolymers as polymeric delivery
vehicles for dsRNAvas examinedand the impact of the proportion of each polymer block
was investigatedhydrophilic, cationic PQDMAEMA (Q), hydrophobictBAA (B) and

hydragphilic, neutral PDMAn (D).

The D block was found to be the most importantfieformation of compagbolyplexesand
influencedthe electrophoretic mobilityof the particlesby dampening theoverall surface
charge. This proved beneficial in producipglyplexeswith greater stability at high ka
concentrationsieaching upgo 700 mMNaCI concentration before disassenfatjgregation

In comparison, the hydrophobic B block was found to indbeestrongest binding to dsRNA
by EB exclusion assay and agarose gel electrophphesigverthecorrespondingolyplexes
were only stable unt{Cnaci= 150 mM. The triblock copolymer with the highest proportion of
charged Q block formed the most polymisse and the largegiolyplex objects when

complexed with dsRNA. It was discovered that, in $keies oftriblock copolymers tested
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here a relative proportion d31 % hydrophilig neutralpolymerblock is required to stabilise

polyplexesatanN/P ratio = 1.

All threeamphiphilictriblock copolymerswvere able to complex wittha26dsRNA at N/P
rati os O 2, and thedsRNA @anstienzymatiy degradatibgeRNase A
Amphiphilic ABC triblock copolymers couldherefore be envisioned aseful delivery
vehicles for dsRNA, with optimised architecture to prevent destabilisation at high salt
concentrationand enhanced stability for complexes formed with a variety of dsSRNA lengths

for commercially viable agrochenal applications.
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Chapter 5.Efficacy of polyplexes in
biologically-relevant environmentgx
vivo dsRNA protection andn vitro andin

vivo delivery

A portion of thischapterhas beemublished as a prerint for peerreview inJournal of Pest
Science under thet i tEFfeetiveddelivery and selective insecticidal activity of double
stranded RNAvia complexation with diblock copolymer varies with polymer block

compositiord 10.21203/rs.3.k2272882/v1

5.1 Abstract

Chemical insecticides are an importaml to control damaging pest infestatioftowever,
lack of species specificity, the rise of resistance to these pesticides and the demand for
biological alternatives with improved etoxicity profiles meanshatformulationswith new
modeof-actions are requiredRNA interference(RNAi)-based strategieshat use double
stranded RNA (dsRNA) as a speeggecific bicinsecticide, offelan attractivesolutionthat
addresses these issukkny species, such #w Asiaticpestfruit fly Drosophila suzukiiare
recalcitrant to RNAiI wherdsRNA is orally administereddue to thedegradation by gut
nucleaseand slow cellular uptake pathways. Thus, delivery vehtblaiprotectdsRNA and
deliverit to insect gut dés are highly desirabldn thischapterto demonstrate the efficiency
of the polymemelivery systera developed in the previous chapi¢ing ex vivoprotection of
dsRNA against enzymatic degradation lmemolymph andjut enzymess studied Flow
cytomdry is thenused to investigate the cellular uptake of @3i3elled dsRNA, with confocal

microscopy confirming cytoplasmic delivery after complexati8mgnificantly decreased
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survival of D. suzukiilarvaewas induced follwing oral feeding of coplexes, aly when
formedwith a diblock copolymecontaining dong neutral block lengtfiL:2 cationic block:
neutral block Qi10-b-D219). However, there was no toxicity when the same formulation was
fed to the closely relate®rosophila melanogastern addition, D. suzukiigut imaging
demonstratec prolonged gut lumen exposure to dsRNA when complexed teb21s.
Despitein vitro cell uptake of @o-b-D2:1ddSRNA polyplexes in HER93T cells and specific

in vivoD. suzukiimortality, a luciferase protein assaya transformed Sf9 cell line with,¢
b-D21ddSRNA polyplexes revealed no significant induction of luciferase mRNA degradation.
Thus, we provide evidence that order to take full advantage of the promising stratefgy
complexingdsRNA with block coplymers for RNAibased pestontrol, optimisation ofthe

polymer composition is essential for RNAi success.

5.2 Introduction

Doublestranded RNA (dsRNA) is a versatile biomoleculéth applications in both
therapeutic and agrochemical fields.recent yeardhe use of dsRNAs a speciespecific
bio-insecticidehas been the subject of intense investigation due to the need for pest control
agents with new modef-actions and improved biosafety profiles to counter the rise in
resistance to commonly used cherigesticides and the widespread 4gxicity concerns

with the fielduse of such chemicat$?1:2426.29.321,32.322,322.323Tha gpecificity of RNAI induced

by the application of exogenous dsRNA offers a promising biological alternative to current

chemical insecticides to address the aforementioned concerns.

RNAI, induced by dsRNA, acts within the cell cytoptascausing postranscriptional
degradation of mRNA. The judicious choice of the dsRNA sequence can provide a bio
chemical that ishighly specific to the pest insect speciasth a low risk of off-target
toxicity.*%4! For an indepth explanation of theNAi mechanism, please refer $&ctionl.4

or published literature reviewg40:44.44.45.65304,324
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Prior work with Drosophilasuzukiihas shown a failed induction of RNAi when the insects
were fed naked dsRNA, whilst exhibitirdfective RNAi whendsRNA wasadministered by
microinjection>3%8 A similar issue in RNAI efficacy is observed in many other insect pest
species, such as those of the lepidopteracoleopteran ordefd3°37274This phenomenon
can be explained bthe degradation of dsSRNA by RNases in the haemolymph, saliva and
digestive tract othe insect, or within the environme(etg. by microbiaproduced RNases in
the soil)prior to ingestiory®6762:6466.70.216304Another cause of poor RNAI induction is the low
cellular uptake of dsRNA. This is particularly relevanDirosophilaas they lack the SH2-

like transporter protein thatdinarily provides a faster cellular uptake pathway in comparison
to endocytosig?115198.199.304.3253206 harefor, a method of delivery must be employed to
provide effective protection fodsRNA against enzymatic degradation, and faciliitde

efficient uptake through the cellular membrane.

For agrochemical bignsecticide applications, recent research by Parstnal!!* and
Christiaers et al!'®targetingSpodopteraused guanidiniurfunctionalised homopolymers or
(co)polymers, respectively, to orally deliver dsRN#escribed in detail in Sectidh7.1.3.
The strongly basic guanidine moieties are particularly important for lepidopteraies, due
to their alkaline gut conten$$5279113 jchtenberget al. also recently illustrated the delivery
of dsRNA, hovever their protocol utied the soakin¢rather than oral feedingf C. elegans
with chitosan as the protective vehiétéAs far aswe are awarethe work in this chapter
represents the firstudyto useblockcopolymers to orally deliver dsRNA for binsecticidal

applications.

Here we report the effectiveness tife polymethacrylatdbased homopolymer and series of
diblock and triblock copolymerssynthesied via RAFT polymergation (as describedin
Chapters 3 and)4o protectvha26dsRNA from nuclease attack in the gut@fosophika
suzukii,the important insect pest of frii#?2°Vha26codes for the 26 kDa E subunit of the
vacuolar H-ATPase and has been shown to be a valid insecticidal target for RNAi in several
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insect species, includird. suzukir®328The polymers contain quaternised ammonium groups
possessing a permanent positive charge in order to electrostatically interact with the anionic
phosphodiester backbone of dsRRfAThe resulting interaction forms polyplextt were
characteried in terms of their ability to complex witdsRNA at varying N/P ratiogsee

Sections3.4.4and4.4.3.

Following investigationinto the influence of N/P ratioon complexation characteristics in
Chaptes 3 and 4the formulations were anayd for their capacity to provide protection to
the dsRNAagainstex vivoenzymatic degradation Hyrosophila suzukiadultand3 instar
larvae(L3) gutenzymesThecell viability of eachpolymerwas assessdd mammaliarHEK-
293T andnsectSf9 cellsvia 3-(4,5-dimethylthiazol2-yl)-5-(3-carboxymethoxypheny-(4-
sulfophenyl)2H-tetrazolium MTS) assayFlow cytometry wa thenused to investigate the
enhancednteractionof polymercomplexedCy3-labelled dsRNAwith HEK-293T cells,and

confocal microscopywasemployed to confirnuptakeand perinuclear localisation

A luciferasebased assay in transformed Sf9 cells was performed with{D,:1ddsRNA
polyplexes to determine if specific mMRNA degradation could be induced in an insect cell line.
Finally, in vivo oral feedingof 1t and 2%instar (L1L2) larvaewas completed, witsurvival

rateof D. suzukiiandD. melanogasteassessed to identify specigsecific mortality.. Gut
sectionof D. suzukiiL3 larvaewere then dissected and imaged after feading with either
Quo-b-D21ddsRNA polyplexes or naked Cy8belled dsRNA, to reveal the tintesolvedin

vivo ingestion andexposure of larvae to Cylabelled dsRNA The resultsdiscovered here
suggest that block copolymers are a promising potentiadidate to protect and deliver
dsRNA for bicinsecticidal applications however, tailored polymer design and

characterisationptimisation is required for successful RNAI induction.
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5.3 Materials and methods

5.3.1 Materials
Homopolymer Q1o and block copolymer®iio-b-Ds7, Quio-b-Dss, Quig-b-D21g Q110-b-B2s-b-
Dss, Q110-b-Bas-b-Deg and Qao-b-B1>-b-D21owere synthesised as described in Chapter 3 and 4.
Dul beccobs Modi fi ed (fpptpientédswitideredtal Bavine(SErivirE M)
(FBS) and 1X Penicillin-Streptomycin (P/S), 10X phosphatduffered saline FBS),
paraformaldehyde (4%), ethanol (100%) and 3-(4,5dimethylthiazol2-yl)-5-(3-
carboxymethoxypheny2-(4-sulfopheny)2H-tetrazolium MTS, CellTiter 96® AQueous
One Solution Cell Proliferation Assawere purchased from Promeggha26(V-ATPase)
222 bp dsRNA was synthesised by Genolution AgroRNA (4.68 1),|equence specific to
the pest insectProsophila suzuki?® Long and short luciferase dsRNand poly(vinyl
sulfonatd (PVS)was provided by Syngenta. ESF 921 media was purchased from Expression
Systems7-Aminoactinomycin D (JAAD)andPr oLongE Gol d Ant4 Mj,agle Mo
diamidina2-phenylindole (DAPI) were purchased from Thermo Fisher Scientific.
Transformed Sf%ells were provided bpxford Expression Technologies LIdEK-293T
cells were provided by Dr Martin Stacey from the University of Lekds.b e | | TE Track
Intracellular Nucleic Acid Localization Kit Cy3 was purchased from Mirus RBigcleaseree
water (VWR) was used for biological assaye avoid the accidental degradation or

contamination of dsRNA.

5.3.1 Ex vivodegradation assays
Intestines were dissected fronf $star D. suzukiilarvae (L3), after 2 h starvation, and
homogenised in MilHQ water using a plastic homogenisgdX intestines 100s L . suzukii
adult male and female flies were starved by withholding food for 2 h before dissection. The
intestinewas removed from med sex flies and homogenised as described above inQilli
water (& intestines 100e L) . Al | Wwererwengyituged at £3900 RPigk 20 min

to remove debris, and the supernat@ascollected and stored 20 °C until required.

157



Predetermined kiquots of Q, Qb-D or Q-b-B-b-D polymerswer e added to 1 e€g dsRN
provide an N/P ratio = 2.5. Solutions were incubated at RT for 1.5 h to allow for complexation,

and a solution of dsRNA alone (naked) in nucl€ase water was also prepar&blutiors of

adultor L3 guts (7.1 or 1.6 uL, respectivelgquivalentto 2agyger 1 e€g dsRNA (i . e.
gel lane), sufficient to fully degrade naked dsRE# confirmed by gel electrophoresis in
Sectionb.4.22°3%) wasadded to polyplex antbkeddsRNA solutionsThe samplewerethen

incubated for 30 mifadult guts) or 24 h (L3 larvguts)at 26 °C. Each solution was loaded

(with 2 pL of 6X blue/orange loading dye) onto a 2%w\wdgarose gedtained withethidium

bromide EB, 20 ng mLY), prepared with 1X TAE (Tris base, acetic acid and EDTA) buffer.

Assays were run for 25 min at 90 VnAliguot of 100 bp DNA ladderd(uL, combined with

1 pL 6X purple norSDS dye and 4 pL nuclsafree watey NEB) was run for comparison.

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

5.3.2 Mammalian cell aulture
HEK-293T cells were cultured in 75 érflasks within a 37 °C, 5% Cnd95 % relative
humidity (RH) incubator. Media was Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with FB&L0% v/iv) and1% peni ci | | i n/ st rmmtloamyci n ( P/ S,
1 0 0 mi& gespectively). Cell confluence was monitored and cells were passaged as required
(approx. every-3 days).

5.3.3 Sf9 cell wlture
Sf9 cells(New England Biolabs (UK) Ltdand transformed Sf9 cells (Oxford Expression
Technologies Ltdyvere cultured in 75 cfhflasks within a26 °C, 60 %RHincubator Media
was ESF 92kupplementedvith 1% penicillin/streptory c i n ( P/nBla nldo 01 00y Og
mL?, respectively). Cell confluence was monitored and cells were passaged as required

(approx. every 8 days).
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5.3.4 Cell viability assays
5.3.4.1Mammalian HEK293T cells

HEK-293T cells were seedexhtoa 96well plate 24 h prior to treatment, at seeding density
~10,000 cells/well, to allow cells to reaeld0,000 cells/well. Qo, Qii0-b-Ds7, Q110-b-Dsg,
Quiob-D219, Quiocb-Bos-b-Dss, Quiob-Basb-Des and Qigb-Bir-b-D2i> at varying
concentrationsd,017 10mg mL?) were added to each well, with nucledisse water applied
as the untreated contr@d. €L of treat ment ( -frele wdtez contrplo | y me r
solution) was added to each well , w®tai nin
nucleasefree water addition to the cellBells were incubated at 37 °C, 5% £95 %RHfor
24 h. Media was then removed, and fresh DMEM media was addedsidlesgy4,5
dimethylthiazol2-yl)-5-(3-carboxymethoxypheny2-(4-sulfophenyl)2H-tetrazolium (MTS
20 E Cells were incubated with MTS for 2 h prior to analysis with a plate reader at 495 nm
(absorption) Cells treated with nuclesafree water only were normaéid to 100% cell
viability, and other treatments were normaliswith respect to theells innucleasdree water

The assay wasapformed in triplicate.

5.3.4.2Insect Sf9 cells
Sf9 cells (New England Biolabs (UK) Ltdyvere seeded onto 9&ell plates, 2ays prior, at a
seeding density 020,000 cells/well. Qi10-b-D219 was assessed as the most promising
construct due to the compactness of its resulting polyplex®srange of polymer
concentrationg0.017 2 mg mL?') were prepared iESF 921media Aliquots 1 00 e L/ we | |
at each concentratiomere added to Sf9 cell 98ell plateswith 3 replicates, and incubated
for 24hat 26 °C, 60 %RH SubsequentlyMTS (20¢ L was added to each well and the cells
wereincubated for 4 prior to analysis with a plate reader at 495 absorption) Cells treated
with ESF 921 media (1% P/8hly were normased to 100% celiability and other treatments
were normabed with respect toells inESF 921 mediaA complete repeaxperimentvas

conducted, containing triplicate wellstbie differentvariablesin each repeat.
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5.3.5 Labelling of dsRNA with Cy3 fluorophore
Labelling of dsRNAwith a Cy3 fluorophorevas conducted as per standard protocol according
totheL a b el | TE TrackerE Intracellular Nucleic Acid

performed by precipitation in etharenhd stored a20 °C until required.

5.3.6 Flow cytometry
HEK-293T cells were seededto a 12well plate, at seeding densityd0,000cells/well, 24 h
prior to allow cells to reach-50,000cells/well. Polyplexes were prepared 24 h prior to
treatment, througlhe addition of Cy3labeledvha26dsRNA @ 0 5 D0, nH toeach
polymer solution( 2 0 . Polyines were disolved in nucleaskee water atvarying
concentratios, in orderto maintainan N/P ratioof5when a 20 e L aQui=quot was a-f
163 nueDs;= 202 1, Qgeb-Bsb= 225 1, Qgeb-Balo= 3157*ng €L
Quob-Bas-b-Dss= 2 3 0 1, Q@ob-Bskb-Deo= 2 8 2 *, Qgorb-B1b-D21>= 342 ng
e L All solutionswereprepared usingNasefree and DNaséree Eppendorf tubes and filter
pipette tipsto minimise dsRNA degradatiorPolyplexes, Cydabelled dsRNAonly and
polymeronly solutiors were individually applied to wells containing HE}Q3T cells in the
12-well plate.Nucleasdree water was included in the absence of either polymer/dsRNA, and
a nucleaséree water control was conducteBiresh DMEM media was added to the wells
alongside thereatmenty 4 0 tenha)ntain< 5 v/v% nucleasdree water to mediaatio.
After 4 h, cells were placed on ice and then lifted from waliphysical disturbanceCells
were pelleted by centrifagion and media/treatment was removed before washing and
resuspension of cells in fresh, iceld DMEM media, alongside 1%a&afminoactinomyan D
(7-AAD) as a dead cell stainvhen required Cy3-positive cells were analgd by flow
cytometry using a CytoFLEX S (Beckman Coulter) Witters set ab61 nm excitation, 585
nm emissionwavelengths Datawere analygd using FlowJo software and akperiments

wereperformed in duplicate.
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5.3.7 Confocal microscopy
Cells were cultured on microscope slides introduced to theellZlate prior to cell seeding.
A polyplex lution of Qiig-b-D21d/dsSRNA wagpreparedhs a model exampland HEK293T
cells were seeded as descriladadve After a 4 h incubation perioof the cells with polyplex,
Cy3-labelled dsRNA, polymer or nucleaBee watey media was removed and tleles were
washed with 1X PB, beforefixing with 4% paraformaldehydeSlides were mounted with
DAPI-stain liquid mountantR r o L o @otg Antifade Mountant with DAPI) to prepare for

cell imaging ora confocal microscope (Zeiss LSM700).

5.3.8 Luciferase protein assay
Transbrmed Sf&ellswith eGFP and luciferase expression (Oxfordigégpion Technologies
Ltd) were seeded onto 96ell plates days prior, at a sgling density 0f20,000cells/well.
Cells were seeded in ESF 921 media (1% P/g)8D-1JddsRNA mlyplexes(used as a
promising construclvith the most compact polypleXesf varying N/P ratios (0.25, 0.5, 1, 3
and 5)were prepared withothh ong and short | uc,déRdA@movidedds RNA
by Syngentain TC-100 serurifree media, with-30 min for complexatiorRPolyplexsolutiors
(100 ¢ hddedww &9 eell 96vell plates with 3 replicateand incubated. After 4 h, the
media was removed from the cells and replaced with regular media (ESF 921 with 1% P/S).
The Sf9 cells were then incubated &t°Z, 60 %RHfor another 44 1§48 h totalincubatior).
Cells with rggular media (ESF 921 with 1% P/S) were includedaaontro] as well as
GeneldJuiceE solution (4 aketldngand shortlucferasisRNAO S i t i v
(N/P ratio = 0) was also incubated with cells at the same concentration as polypl@nsoluti
The 96well plate was read for eGFP fluorescence using a BioTek Cytation 3 imaging plate
reader. The Sf9 cells were subsequently lysed using cell lysis buffer for 30 min and incubated
at 37 °C. Cell contents were removed from wells through physistalrdance and pipetting.
25 €L of this solution was di |-bottomedl 96nellt h 175

plate. The bioluminescence was measured uspigte reader. This bioluminescence reading
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was then normalised against the BSA concentratioeach well (usingPi er ce E BCA

Protein Assay Kit) to calculate the reduction in luciferase expression

5.3.9 D. suzukiiand D. melanogastehusbandry
D. suzukiiand D. melanogastewere maintained on geastbaseddiet (Lancashire recipe
prepared througthe combination of the followindMilli -Q water (2L) fine oatmeal148 g)
molasses(100 g) yeast(16.8 g) agar (16.8 g) and theDrosophila antifungal agent
monohydroxybenzoic acid (MHPBJsoreferred to as Tegosept Nipagn, 68 mL,10% in
100% ethaol). Flies were kepin standard fly bottles or cages astdred in an incubator set

to 26 °C, 60 %RH Flies were transferredsingCO; as adults or with a paintbrush as larvae

5.3.10 Oral feedingof Drosophila
In order b collect synchronisethstarlarvae,D. suzukii(or D. melanogastgradults were
transferred to cages with fresh diet, amcubatedat 26 °C, 60 %RHo produce eggs. Adults
were removedafter 24 hand larvae were left to hatdtom the laideggs 1%t and 29 instar
(L2/L2) D. suzukiiandD. melanogastelarvaewere collected afte24 handisolatedto starve

on moist filter paper for 3 h prior to additibmtreated diets

Vha26222 bp dsRNA (4.68g mL?, 8, 37« Wywas complexedvith an equal volume (8

eL) of polymer i n each apNsFratip+ bywaryfing polyraelr at i on, en ¢
concentrationF o r e x a mp Que-b-Da8at 20.6mgmit L. Polyplexes weréncubated

for 1.5 hat RT to equilibrateseeFigure5.1 that illustrates the necessity for an equilibration

period(particularly when formulating at high concentrations, such as those used in biological

assaysjo allow complexes to rdispersaatfter their initialelectrostatiénteraction.
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Figure5.1. (A) Quigb-D21ddsSRNA solution upon initial mixingpeforeaddition to diet for oral feeding
of Drosophila (B) The sameQiiob-D21ddsRNA polyplexsolution after 1.5 h equilibration time

polyplexes have reispersedollowing complexation at high concentration in nuclefise water.

Eachsolution( 1 6 wasthgnadded tb0 mg of dief{asdescribed in previous sectioand
mixed thoroughlyfor an even distributionallowing 30 min to incorporateNucleasefree
water (16 ¢eL) waustreated doatFive starvddL14 P larnzae wetdlern
transferredto each 50 mg treatgar untreated controljliet, n = 25 totaper assay repeat
Larvae were removed from treated difier 24 h of feeding, and transfertedresh untreated
diet TheD. suzukiior D. melanogastgmwere thermonitored for the next 15 days furrvival
Larvaemortality was assessduy thefailure to reach the pupatage and the absence of any
live larvae in or on the surface of the food. Mortality i@gentified between the larval and
pupal stagehoweverDrosophilawere monitored until adult eclosida ensure all mortality
was accounted forSurvival results wereaveraged across assays epd in duplicate and
normalised againstuntreated diefed D. suzukii Standard deviation was calculated and
represented as error bars on plots. Statistical significance was determindanawgpgistic

regressiomperformedn SPSS Statistics 26.

5.3.11 Digestivetract in vivoimaging
3instar (3) D. suzukilarvae were starved for 3 h on moist filter pa@etutions of polyplex
(50 @ilob-D21yCy3labelleddsRNA), Cy3-labelleddsRNA and blue dye were prepared

ata 5% sucroseoncentrationTo prepare polyplerispersionsQuiocb-D21s( 2 0 € L,
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e M)wasaddedtoCyBabel | ed ds RNA)aphdaldwedthequilibratefonles € L
h for complexationalongside 20% sucrose solutignl 0 te dchieve5% final sucrose
concentration). Fivetarved L3 larvae were then transferred aispersionof polyplex (20

e L.N/P ratio =3 dsRNAQ 0 ,e L5 0 Hnogblue dye( 2 0 far LB, 4h and 24 h.
Feeding was confirmed by the presence of blue dye witigigut of the control(blue dye

fed) larvae. The larvaintestines (gutsyvere then dissectddom the bodyand submerged in

4% paraformaldehydw fix for 24 h before mounting with arfthde DAP}stain mounting

fluid. Fluorescenceand confocal microscogynageswerethentaken

5.4 Results and dscussion

5.4.1 Polymer synthesis
Linear homopolymem series of hydrophilidiblock copolymers and series ohmphiphilic
ABC triblock copolymers wee synthesised by RAFT polymeaifon, as described in detail in

Chapters 3 and dndin brief below.

The polymethacrylatbased polymer block was poly[thethacryloyloxy)ethyl]
trimethylammonium chlade (Q), possessing quaternised ammonium group and thus a
positive charge regardless of pH conditiopna 6 s t yelectralyte) TpedQl polymer block
was purified as a homopolymgpi10) for comparisorio the diblock and triblock copolymers.
To preparehehydrophilic diblock copgtmers, the Q block was synthesisas a macrohain
transfer agent (mactGTA) and chairextendedvith poly(N,N-dimethyl acrylamide) (D). The
cationic macreCTA length was kept constant (DP ~ 118nhd a series of three diblock
copolymerswvere synthesisedith varying neutral D polymer block lengths (DP ~ 57, 89 and
219). For the amphiphilicriblock copolymers, the Q macTA chain length was kept
constant (DP ~ 100) and chain extended first witlydrophobic polytert-butyl acrylamide)
(B) block to varying chain lengths (DP ~ 25, 44 and 17). Thé-® amphiphilic diblock

copolymers were piffred as new macr&€TAs and chain extended wifaryingchain lengths
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of hydrophilic D polymer blocks (DP ~ 55, 99 and 212, respectiveblymer characterisation

is described in detail in SectioBs3.2and4.3.3.

5.4.2 Ex vivoprotection of dsRNA againstdegradation by D. suzukiigut
enzymes

The cationic ammonium moieties of the polyn@@rblock (present in the homopolymer,
diblock copolymers and triblock copolymgrare the basis for the complexation of the
polymers with dsRNA, through the electrostati@matction with the anionic phosphate groups
of the phosphodiestéronded backbonélhe relative proportions of polymer/dsRNA were
varied in order to ascertain the optimal N/P rédidull complexationl © 2 ) , whi ch
in Sections3.4.4and4.4.3for the homopolymer/diblock copolymers andblnick copolymers,

respectively.

The protective properties of the homopolymer, diblock copolymergrénack copdymers

are evidentfollowing exvivo degradation assessmeint agaroseayel electrophoresishe first

of which isshown inFigure5.2.
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Figure5.2. Agarose gel electrophoresis of homopolymer (Q, lanes 4 and 5), diblock copolyter (Q

D, lanes 67 and 89 and 10,11) andtriblock copolymer (@b-B-b-D, lanes 1213 and 1415 and 16,

17) complexes with dsRNA an N/P ratio = 2.5. DsRNA wasin in lanes 2 and 3. Homogeeikgut

of adult flies(equivalent of ¥z guf) was added to lanes 3, 5, 7, 9, 11, 13, 15 an@diotatd with a

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

D. suzukiigut enzymes were collected through the tissue homogenisation and centrifugation

of the guts of starved®. suzukiadul t s and L3 | arvae.

enzymes was used per 1 eg dsRNA

(i

The

e .

equi val e

per

nakedvha26 dsRNA, as indicatedor the adult gut enzymesy the complete absence of

fluorescent band @he~200 bp location on the gétigure5.2, lane 3.

After 30 min (at 26'C) incubation with adulD. suzukiigut enzymes, the naketdla26dsRNA

was completely degradeBigure5.2, lane 3).In contrast gut enzymes extracted from LB

suzukiilarvae required bonger,24 h incubation wittvha26dsRNA for complete degradation

(seeFigureb.3).
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A dsRNA B dsRNA
alone ¥ gut 1 gut 2guts 3guts Yagut 1 gut 2guts 3 guts alone Yo g g 2guts 3 guts

Figure5.3. Agarose geklectrophoresis of dsRNA alom&ddsRNA incubatedwith the homogenised
guts of L3D. suzukilarvae added to the equivalent ofjit, 1 gut, 2 guts, or 3 guts. Samples of dSRNA
were incubated with the L3 larvae gut enzymes for eifgrl h, 2 hor (B) 24 h Image Bwas a
separate agarose gel, following incubation of the dsRNA for Béiie tle subtle background colour

changehatmaybe noticeable

As described by Yooet al, latestage L3 larvae (and pupae) express lower levels of dsRNases
in comparison to earigtage L1 or L2 larvae and the adult fl#8sThis explains why theha26
dsRNA was only partially degraded through incubation with L3 larvae gut enzymes after 1 h
or 2 h Figure5.3A), in contrast to the full degradatiadbtainedafter incubation for 30 min

with the adultD. suzukiigut enzymesKigure5.2). However, 24 h incubation with L3 larvae

gut enzymes appears to be sufficientctmmpletelydegradevha26 dsRNA (Figure 5.3B),

indicated by theotal absence of fluorescence

As shown in bothFigure5.2 andFigure 5.4, the homopolymer, diblock copolymers and the
triblock copolymersvere dle to formcomplexes with dsRNA at an N/P ratio = 2.5, illustrated
by the retardation of dsSRNA migration in the agarose gel (fluorescence is maintained in the

well of the gel, with no smear apparatingthe gel lane).
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Figure5.4. Agarose gel electrophoresis of homopolymer (Q, lanes 3 and 4), diblock copolyiber (Q
D, lanes 5, 6 and 7, 8 and 9, 10) and triblock copolymel-8b-D, lanes 11, 12 and 13, 14 and 15,
16) complexes with dsRNA anN/P ratio = 2.5. DsRNA was run in lanes 1 and 2. Homogenised gut

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

All of the complexes formed betweethe polymers and dsRNA maintained strong
fluorescencgand therefore stability of dsRNAh the wells of the agarose gel following
incubation withD. suzukiiadult gut enzymefor 30 min(Figure5.2), and incubation witiD.

suzukiiL3 larvd gut enzymes for 24 (Figure5.4).

Thereare limited examples in literature of the polyaraduced protection of dsRNA against
enzymatic degradatidit>>°Therefore the resultsshown heréllustrate the potentiadf these
block copolymers for thedelivery of intact dsRNA to D. suzukii for bic-insecticidal

applicatiors, as they are capable @irotecting the genetic material from degraokatby

enzymes in the gut after oral feeding
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5.4.3 Cell viability in mammalian and insectcells
HEK-293T cells are widely used in the studygehedelivery to cells in culture and are used
here for comparison with results from similar studies designed for therapeutic applie&tions
334 Thus, prior to an exploration ttfiein vitro capabilities of the polyplexe#t was important
to assess cell viabilitfollowing incubation with each of the polymer constructs. An insect
specific cell line, Sfowaslateracquiredand therefore cell viability was also perfornie&fo
cells withthe mostpromising diblock copolymer candidat@i10-b-D21s.

5.4.3.1Mammalian HEK293T cells

The cll viability of homopolymer, diblock copolymers and triblockpotymerswasassessed
via MTS assay with HER93T cells, in whichthe concentratioof stock polymer solipons

werevaried to assess the concentration dependence of patytotxicity, Figure5.5.
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Figure5.5. Cell viability of HEK-293T cells normalised with respect to untreated cefia MTS assay
with (A) homopolymer (@) and diblock copolymeiQi10-b-Ds7), (B) diblock copolymer$Qiio-b-Dsg
and Qigb-D219) and (C) triblock copolymers Qi10-b-B2s-b-Dss, Qiigb-Bas-b-Deg and Qigb-Bizr-b-
D212). Concentration of stock polymer solution added to cell culture was varied frori 000hg mL-

L, Cell viahility wasassesseih triplicateafter 24 h incubatiarError bars represent standard deviation,

and lines are drawn here to guide the eye.

The cells were incubated with the polymer solutions for 24 h. The highest stock solution
concentrations (10 mg mi). induced a significant decrease in cell viability. A tenfold decrease
in stock concentration (1 mg my.showed more variable results betwésmpolymers, whilst

0.1 and 0.01 mg mtstock concentrations showed >85% viability in all samples. There were
some cases of >100% cell viability, which are most likely due to cell proliferation due to

pipetting error as they were not significant and imiterror. In the case of 0.1 mg nlstock

concentration, the final pol ymer concentrat:i

ettfand thus confirmed that a pol yrm@susedmncentratic
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in vitro assays) is suitable in terms of cell viability, even after a 24 h incubation period. It is
notable that the triblock copolymers, even at a high stock concentration of 10-tnghuived

a greater cell viability than homopolymer or diblock copolymers.
5.4.3.2Insect Sf9 cells

Cell viability of the Qu10-b-D21gdiblock copolymerchosen as promising construct with the

most compact polyplexgsvasassessedia MTS assay irinsectSf9 cells, at concentrations

0.017 2 mg mL™.
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Figure5.6. Cell viability of Sf9 cellswith increasing polyme{Q110-b-D219) concentrationnormalised
with respecto untreated cellsia MTS assayConcentration ofliblock cgolymer solution added to
cell culture was varied from @17 2 mg mL. Thedifferentshade of colour represents a repeat with
Sf9 cells of different passage number, within each repability wasassessed in triplicat&rror bars

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

Acrossthe concentration range testaa Figure 5.6, the cell viability remains high (>70%)

throughout withno significant decreasespolymerconcetration is increased

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

Following confirmation thathe Q, Q-b-D and Qb-B-b-D polymers complex with dsRNA and

provide sufficient protection agairest vivoenzymatic degradatioand establishing suitable

171



concent r at iYpfar méintathingsudficieat Lcell viability, the in vitro delivery
potential of the polyplexesasdetermined Cellular uptake wathusassessed in HER93T

cells, using flow cytometry and confocal microscopy.

Flow cytometry After a 4 h incubation period with Cyl8belled dsRNAalone orcomplexed
with Q, Qb-D or Qb-B-b-D polymess, cells were fixedand analysed for fluorescence
intensityat 585 nm. There waslargeshift inthe mearfluorescence intensity of cells treated
with polyplexes(formulated at N/P ratio = 5Jn comparison, cells treated with naked Cy3
labelled dsRNAalonedid notcause aignificant increase in fluorescence intensiating
strategies to exclude dead cells and cell doublets are sh&iguie5.7, Figure5.8 andFigure

5.9.
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Figure5.7. Cells were killed by heating for 30 min at 90 °C in a heating blioosrder to confirm dead

cell appearance in dot plasd intensity plots(A) and (C) show FSC/SSC dot plots of sarapledead

cells and untreated cells, respectively, with live/dead gating shown. (B) and (D) show FSC/SSC dot
plots following #AAD discrimination of dead cells and untreated cells, respdgtiveith gating
illustrated in (E),which showsa histogram of “AAD fluorescencentensityin dead cells (red) and

untreated cells (blue).
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