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Abstract 

RNAi has shown great potential for applications in crop protection. However, 

double stranded RNA (dsRNA) is quickly degraded in the environment and 

particularly in soil. Cationic polymers can be used as vectors to transport and 

efficiently protect the nucleic acids. The aim of this thesis was to synthesise well-

defined cationic 2-dimethylaminoethyl acrylate (DMAEA)-based copolymers using 

RAFT polymerisation to improve the protection and delay the release of the dsRNA 

in soil. 

Firstly, four pDMAEA 4-arm stars were synthesised by RAFT polymerisation 

to compare them to previously reported pDMAEA stars, synthesized by Cu(0)-RDRP, 

and further study their potential as dsRNA vectors for soil stability and study the effect 

of the molecular weight. But results showed no prolonged protection of dsRNA in soil 

and only little effect of the polymer molecular weight on the complexation. 

The influence of the composition on the hydrolysis of pDMAEA and time for 

the release of dsRNA was investigated by incorporating 2-dimethylaminoethyl 

methacrylate (DMAEMA) as a non-hydrolysable co-monomer. The DMAEMA 

content was increased by up to 50% leading to slower and lower hydrolysis of the 

DMAEA side chains and slower dsRNA release (with 20% DMAEMA, the dsRNA 

was release in about 15 days). However, the binding was not strong enough to give an 

efficient protection of the dsRNA in the presence of nucleases or in soil conditions, 

although good complexation was observed with linear copolymers in water. 

The successful chain extension of p(DMAEA80-stat-DMAEMA20) with 

acrylamide monomers allowed the preparation of stars by the arm-first approach to 

investigate the influence of the architecture on the complexation of dsRNA. Soluble 

stars with a high number of well-defined arms (Narm ~ 55 – 100) were obtained with 

the introduction of non-cationic N-acrylmorpholine (NAM) prior to the crosslinking 

step. The influence of the architecture on the hydrolysis was studied, with only small 

differences observed compared to the corresponding arm. The binding of the dsRNA 

with the stars was weaker than with the linear copolymer as the dsRNA interacts only 

at the surface of multiple dense stars. Therefore, these architectures were not able to 

extend the stability of the dsRNA in soil. 
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Chapter 1: Introduction 

1.1. RNAi for pest control 

Every year, an estimate of 20 to 40% of crops are lost, mainly due to pathogens, 

weed and insect pests.1, 2 Insect pests represent a significant part of this damage, 

affecting crop yield and quality. Currently, the main approach to solve this problem is 

the use of broad-spectrum chemical pesticides as they are easily available, reliable and 

fast acting. However, in recent years there has been a rise in pest resistance to existing 

chemical pesticides, as well as a need to address societal concerns about the impact of 

pesticides on the environment and non-target organisms.3-5 Therefore, to balance the 

needs of farmers, consumers and the environment, it is vital to find novel and effective 

alternative approaches with increasing pest specificity that manage resistance and 

reduce residues. 

RNA interference (RNAi) has been shown to have great potential as an 

alternative to chemical pesticides because of its high specificity. It was first 

demonstrated in Caenorhabditis elegans in 1998 by Fire, Mello, and co-workers, 

where by introducing double stranded-RNA (dsRNA), it was able to specifically 

silence genes.6 By selectively targeting, using dsRNA, the expression of an essential 

gene or a group of similar genes in one particular species can be silenced. Depending 

on the gene targeted, RNAi can lead to pest mortality while leaving other non-target 

organisms unaffected.7, 8 A proof of concept study was published in 2007 by Baum et 

al.9 It showed transgenic corn crop expressing dsRNA against Western corn rootworm 

Diabrotica virgifera virgifera V-ATPase gene ingestion resulted in larval stunting and 

death. 

In recent years, further work has been done on design, synthesis and delivery of 

dsRNA for plant protection10 and therapeutics.11 Its use in pest control can be done in 

two ways; either induction of the dsRNA expression in the plant itself or directly apply 

it like conventional pesticides.3 Oral delivery of dsRNA from the environment has 

shown to have the greatest potential, as it is probably the easiest and most efficient 

delivery method for application.12 However, further investigation is needed on the 
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practical application due to the instability of dsRNA, especially in the gut lumen of 

insects. This may explain the differing efficiency of RNAi among various insect 

species.13 While Orthopteran (grasshopper and locusts), Blattodean (cockroaches and 

termites) and most Coleopteran8, 14 (beetles) species are generally responsive to 

environmentally delivered dsRNA, Hemipteran15-17 organisms (aphids, leafhoppers, 

psyllid, whiteflies) have very variable responses and Lepidopteran8, 18 (butterflies and 

moths) and dipteran19 (flies) species are more refractory to RNAi. Many factors are 

responsible for this variation, thus no single method can be applied. As the stability of 

the dsRNA is a critical parameter to obtain successful silencing, nanoparticles (NPs) 

can be a useful tool to help protect the nucleic acids from degradation as well as 

facilitating cellular uptake.20 Application of RNAi-based technologies is rapidly 

expanding, but there are still some knowledge gaps. Notably, not many papers are 

reporting on delivery vectors like cationic polymers, which are able to complex 

dsRNA. These vectors have been extensively studied on mammalian cells but not as 

much for pest management applications.11, 21  

In this chapter, the mechanism of RNAi after dsRNA introduction is first 

presented, followed by its use as pest management with limitations ouside and inside 

the insect. Finally, novel strategies to overcome these obstacles and improve stability 

and uptake of dsRNA are discussed. 

1.1.1. RNA Interference 

RNAi is a natural mechanism conserved in the vast majority of eukaryotic 

organisms. It is an important tool in the defence against invasive nucleic acids, such 

as viruses, as well as, for regulation of endogenous gene expression. This mechanism 

is able to silence almost any gene and studies have shown that this technique can be 

used in agrochemical applications as a new generation of pesticide targeting specific 

harmful insects with very high specificity.3 

DsRNA can be applied by spraying the plant crop or via different delivery 

methods such as trunk injection and root soaking.3 When ingested, the nucleic acids 

must be transported into the gut lumen to reach gut epithelial cells.12 Once the dsRNA 

is inside the cell, it is then processed by the enzyme DICER to give fragments (20-30 

nucleotides long) known as small interfering RNA (siRNA). The siRNA can then be 

incorporated into the RNA-induced silencing complex (RISC), a protein complex. The 
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protein unwinds the two strands of siRNA, and the sense strand is cleaved, this gives 

the activated RISC. The single strand now functions as a template that allows 

interaction with the complementary target messenger RNA (mRNA), leading to its 

degradation, thus preventing expression of a specific gene (Figure 1.1).22 RNAi 

pathways have been identified in all insect orders.3 However, the mechanism has been 

particularly studied in-depth in the model organism; Drosophila melanogaster. 

 

Figure 1.1: RNA interference mechanism inside cell processing dsRNA. When dsRNA enter 

the cell, it is fragmented by DICER. The resultant siRNA is loaded into proteins members of 

the ARGONAUTE (AGO) family to generate the RNA induced silencing complex (RISC). 

The sense strand is then cleaved to obtain the activated RISC. This complex is then able to 

target a specific messenger RNA (mRNA) leading to its degradation. 

1.1.2. Use of RNAi for pest management 

The use of RNAi to create a new generations of pesticide holds great promise 

due to its high specificity. Choosing the best method to deliver the dsRNA for each 

case is crucial to obtain good results. The practical and economic aspects are also very 

important and need to be taken into consideration. Moreover, the method needs to be 

accessible to farmers at a field scale. 

In the laboratory, a commonly used technique is microinjection directly into 

hemolymph. This is a good approach as a proof of concept, to study the response to 

one dsRNA without the issues related to oral ingestion (instability in the gut mainly),7, 

23-25 however, in practice for application in fields, injection is not possible. Therfore, 

oral delivery seems to be the most efficient approach in most cases. Nevertheless, 
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insects have different feeding behaviour, feeding on the plant leaves, stem, phloem 

sap or roots. Hence adapting the delivery method is crucial.26 

1.1.2.1. Transgenic and transplastomic crop plants 

A common way to deliver dsRNA orally to insects is with the use of transgenic 

plants, where the plant is expressing the dsRNA. It is a promising approach as shown 

by multiple studies investigating genetically modified crops resistant to pests, 

including western corn rootworm,9 aphids,27 Leptinotarsa decemlineata,28 among 

others. In 2016, SmartStax, a transgenic corn, was approved by the Canadian food 

inspection agency (CFIA) and in 2017 by the US environmental protection agency 

(EPA). In this product the action of a dsRNA (DvSnf7) is combined with the action of 

two insecticidal proteins to minimise root injury by corn rootworms.29 However, the 

development of dsRNA-transgenic plants is limited as the RNAi response is dependent 

on the dsRNA dose and dsRNA length.3, 23 Since the plant possesses its own RNAi 

machinery, in most cases the dsRNA is processed into short siRNA before it is 

ingested by insects.20, 30 Short dsRNA and siRNA are known to be less efficient to 

induce a good RNAi response.3 Yet, a way to overcome these difficulties is by 

expressing dsRNA in chloroplasts. These organelles are lacking RNAi machinery so 

dsRNA stay intact and a higher dose of dsRNA can be delivered to the target insect. 

For instance, chloroplast-expressed dsRNA in potato plants induced 100% mortality 

in Colorado potato beetles, whereas no response was observed with conventional 

transgenic plants where the dsRNA is not contained in the chloropast.31 Transgenic 

plants could be an attractive method to deliver dsRNA to phloem-feeding insects as 

shown with Nilaparvata lugens by Zha et al..32 

Public opposition to GMOs (Genetically Modified Organisms) limits the 

broader use of transgenic crops, particularly in Europe. Moreover, the generation of 

the genetically modified plant is a long and expensive process, therefore, delaying the 

release and use of such products. An alternative is the use of non-transformative 

approaches by directly applying synthesised dsRNA onto the crop plant. 
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1.1.2.2. Direct applications 

1.1.2.2.1. Foliar spray and artificial diet 

San Miguel et al. showed naked dsRNA was stable enough to be used as foliar 

application under greenhouse conditions.33 In these conditions, the dsRNA on the 

leaves was preserved in an active state for at least 28 days against Colorado potato 

beetles. Once dried on the potato leaves, it is not readily removed with water. Under 

UV exposure, dsRNA seems to be more stable on leaf surfaces than on glass surfaces, 

with it being retained for two weeks and degrading in less than two hours, respectively. 

However, it is important to note, that UV light intensity in the study was 44% of that 

of the outdoors. Additional studies need to be carried out to determine the half-life of 

dsRNA in situ field conditions with different key plant species. A main concern is that 

farmers may not want to apply the dsRNA extensively to keep their crop protected. 

Formulations with the use of nanoparticles (NPs) might be essential in most cases to 

mitigate the degradation of the pest control agent.34 

dsRNA can be formulated into sprayable forms, or artificial diets (bait) to induce 

RNAi in a variety of species such as Colorado potato beetle,35 S. Exigua36, H. heros,37 

B. Germanica38 among others. However, in most cases, naked dsRNA has very low 

silencing efficiency due to degradation in the insect digestive tract.12 To overcome this 

obstacle, carriers are essential to protect and deliver the dsRNA into the cells.14, 19, 39 

Transdermal delivery for gene silencing has proved to be efficient as well. This is an 

interesting approach for phloem feeders, such as aphids, because they ingest very low 

amounts of plant tissue compared to chewing insects. It has been demonstrated that 

topically applied dsRNA formulation could penetrate the cuticles of the insects to 

induce gene silencing and mortality.15, 16 Both studies with different dsRNA-carrier 

systems showed around 80% decrease of aphid population. However, the ability of 

dsRNA to penetrate into the body is different among insects and is not an efficient 

delivery method for all insect pests. On the other hand, aerosols have shown some 

promise with Thairu et al. introducing siRNA-NP complexes into aphids 

successfully.40 
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1.1.2.2.2. Irrigation and soil 

For pests feeding on roots, like corn rootworms, dsRNA can be applied in soil. 

The dsRNA is either ingested directly from the wet soil or through the roots.20 This 

method has shown to be able to trigger RNAi in hemipteran insects by root 

drenching.41 The dsRNA could be detected in the Citrus plants for 7 weeks after a 

single exposure of 2 g of dsRNA in 15 L of water. With these methods, other insects, 

such as those feeding on phloem, could be targeted as the dsRNA can move through 

the vascular system of the plant. The irrigation method or soil drenching is a simple 

method in practice. However, its application is limited due to the instability of the 

dsRNA, which has a half-life in soil of less than 30 hours regardless of its 

concentration.42, 43 Dubelman et al. studied the degradation of DvSnf7 dsRNA in 3 

representative agriculture soils (loamy sand, silt loam and clay loam). These types of 

soil differ in their physicochemical properties such as percentages of sand, silt and 

clay, USDA textural class, bulk density, percentage of organic matter, pH, cation 

exchange capacity, field moisture capacity and a number of chemical elements and 

nucleases. Only small differences of degradation were observed between the different 

types of soil, with time for 50% degradation to occur between 15 hours to 27 hours. 

Interestingly, there is always an initial period with very low degradation (less than 10 

hours), corresponding to an acclimation phase, followed by rapid degradation. These 

results were assessed by loss of biological activity (mortality of the target organism). 

This suggests that the resident soil microbial community and RNases rapidly interact 

with the dsRNA and degrade it. Advances in formulations with regards to improving 

life-time of dsRNA in soil is key to the success of these delivery strategies.44 
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Figure 1.2: Delivery methods for RNAi-mediated insect pest control. All these strategies have 

their own advantages depending on the condtions and targets. 

1.1.3. From ingestion to RNAi in the cells: DsRNA inside the 

insect environment 

After the application of dsRNA to the crop, the orally ingested dsRNA has to go 

through the insect gut (Figure 1.3). This is the biggest barrier for the dsRNA due to 

differring environments found in the digestive tract of insects.45 Nucleases are present 

in the saliva, the hemolymph but especially in the different parts of the gut where their 

activity is the highest.7, 46, 47 And in some insects extreme shifts in pH occur causing 

denaturation of the dsRNA.36, 47 
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1.1.3.1. Digestive nucleases 

Different types of enzymes, essential for digestion, can be found throughout the 

insect gut. Nucleases (DNases and RNases) play an important part in processing the 

nucleic acids that are naturally present in most species’ diet. These nucleases are the 

predominate reason for the poor RNAi response after oral administration as evidenced 

by the observation that a better RNAi efficiency was obervered after knocking out the 

gene encoding for dsRNase in the gut.7, 46 The different RNAi responses among insects 

might suggest the activity or ability to degrade the dsRNA by these digestive nucleases 

vary among insects as well. Peng et al. studied dsRNases activity in four different 

insect species from different orders (Spodoptera litura (Lepidoptera), Locusta 

migratoria (Orthoptera), Periplaneta Americana (Blattaria) and zophobas atratus 

(Coleoptera)). The structure and quantities of RNAses vary between insects.12 The 

nucleases activity for all insects was higher in alkaline environment (above pH 9.0) 

and at optimal Mg2+ ion concentrations.47 However, these optimal conditions and 

kinetic parameters differ among insect species as well as their physiological 

conditions. Moreover, chemical environment within the different areas of the gut, such 

as foregut, midgut, hindgut, fluctuate. These nucleases are also present in saliva, with 

some madibulate insects spreading saliva onto leaves when feeding.48 Hence, some 

degradation can occur before it is even ingested.17, 12 

To enhance the stability of dsRNA, NPs can again be the key to the RNAi 

success.3, 28 Another method is to use Ethylenediaminetetraacetic acid (EDTA) as 

chelating agent. The presence of EDTA in addition to a liposome carrier, improved 

the stability of the dsRNA as shown by the higher mortality of the target insects. The 

chelating agent acts as a protein inhibitor to the nucleases as it binds to divalent cations 

such as Mg2+.37 This is in agreement with other reported studies on degradation in the 

hemolymph plasma of M. Sexta49 and midgut of C. puncticollis.50 

Even if the activity of the nucleases in the different species can be used as an 

indicator to estimate RNAi sensitivity, many factors have to be taken into 

consideration. Only in vivo assays will confirm the preliminary ex vivo tests such as 

degradation in gut juice or saliva assays. 

  



Chapter 1 

 

9 

1.1.3.2. Gut pH 

RNA is more stable in acidic conditions. Single-stranded RNA (ssRNA) can be 

degraded via a two-step reaction: a transesterification (concomitant cleavage of the 

RNA strand) followed by hydrolysis. Although, the alkaline hydrolysis of dsRNA has 

not yet been investigated in detail, it is believed that by the presence of the double 

helix it can be limited to some degree. 12 Hence, the pH in the gut acts twofold against 

RNAi; optimising nucleases for cleavage and through alkaline hydrolysis. Moreover, 

it can strongly vary in the different areas of the gut and among species depending on 

the physiology. For example, Lepidoptera very often have highly alkaline pH (pH 10 

to 11). Associating the dsRNA with NPs such as cationic polymers could be of use to 

improve stability. However, the electrostatic interaction between the two needs to 

withstand decomplexation at high pH to prolong the stability of the dsRNA long 

enough so it can enter the cells. A strong basic group, with high pKa, such as a 

guanidine group (pKa 13.6), is required so the polymer stay protonated at alkaline 

pH.36, 51 

1.1.3.3. Peritrophic matrix 

For most insects, when in the gut lumen, the dsRNA passes through the 

peritrophic matrix, which separates food particles, digestive enzymes and pathogens 

from epithelial cells (Figure 1.3).52 It protects against mechanical damage and is also 

a biochemical barrier to inactivate ingested toxins. This membrane is composed 

mostly of chitin and glycoproteins and this is another obstacle for the dsRNA to reach 

the gut epithelial cells. Proteoglycans present in the peritrophic matrix are negatively 

charged, thus it may create a repulsive force against the negative charge of the dsRNA. 

Shielding the negative charges with NPs can improve the efficiency of the transport 

through the matrix. When Drosophila were fed with dsRNA complexed with cationic 

core-shell fluorescent NPs, the dsRNA crossed the membrane more efficiently than 

the naked dsRNA.39 However, the pore size of this membrane needs to be taken into 

consideration to design the NP carriers. The size of the apertures range from 7 nm to 

36 nm and can change throughout the day depending on ingested meal.53 The current 

literature on the peritrophic matrix is limited and cannot really provide enough insight 
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on how the pore size could affect dsRNA transport.12 More studies are necessary to 

understand the role of this membrane and the way it interacts with dsRNA. 

1.1.3.4. Uptake of dsRNA 

Once it passes the peritrophic matrix, the dsRNA needs to enter the gut epithelial 

cells. Two main pathways are reported for the dsRNA uptake from the environment: 

the transmembrane channel protein-mediated uptake pathway and the endocytic 

pathway (Figure 1.3).54 A family of genes encoding for proteins involved in the 

transmembrane channel pathway named SID-1-like (systemic RNA interference-

deficient-1-like) or SIL has been identified in some insect species but not all.3, 12, 55, 56 

The involvement of this pathway was demonstrated by looking at the expression level 

of SIL genes that are increasing after exposure to dsRNA through feeding. These 

proteins are also important for cell-to-cell movement of dsRNA, thus a local 

administration of dsRNA can lead to an RNAi response into different tissues of the 

insect body.5, 16 However, this systemic spread has also shown to be triggered in 

insects lacking SIL proteins suggesting that other mechanisms are involved for dsRNA 

uptake and spread. Clathrin-dependent receptor mediated endocytosis has also been 

reported to mediate dsRNA uptake in different insect species.57-59 Studies showed that 

inhibiting this endocytic pathway leads to a decrease of dsRNA uptake. After 

endocytosis, the dsRNA has to escape the endosome to reach the RNAi machinery 

into the cytosol. Accumulation of dsRNA in endosomes due to inefficient endosomal 

escape and subsequent degradation, could be one of the major factors explaining 

moderate gene silencing effects in lepidopteran insects.59 If the dsRNA is not able to 

move inside the cell and enter the cytosol, the access to the RNAi machinery is limited 

and almost no siRNA can be produced. This is what was demonstrated by Shukla et 

al., with no siRNA being detected in S. frugiperda’s (Lepidopteran) cells even after 

dsRNA was taken up.8 The association with NPs can help avoid degradation in these 

endocytic vesicles. The escape with the help of amine-based polymers or peptides is 

assumed to occur via ‘proton sponge’ effect. With the acidification of the organelle, 

the tertiary amine groups become more protonated. To restore neutrality, Cl- counter 

ions are pumped into the endosome and through osmosis, an excess of water enters, 

causing membrane rupture.12, 60 Although, the exact mechanism is not fully understood 

and the process is considered controversial in the literature.61, 62 
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It is still unclear if these two uptake pathways can operate simultaneously and 

what are their relative contributions to the dsRNA uptake process.56 More work still 

needs to be carried out to understand fully all mechanisms involved in dsRNA uptake, 

RNAi machinery and systemic spread. This will provide better insight to develop more 

efficient strategies to optimise RNAi-based technologies for insect pest control.22 
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Figure 1.3: Schematic representation of the dsRNA way from the environment to RNAi 

machinery inside the insect cell. After ingestion by the insect pest, the dsRNA enters the gut 

lumen. It will have to cross the peritrophic matrix to enter the epithelial cell. The uptake is 

essentially accomplished by clathrin-dependent receptor-mediated endocytosis (RME) 

(Clathrin coat is represented by the blue dotted lines) and by SID-1-like (SIL) proteins. Once 

the dsRNA entered the cell, it can be processed by the RNAi machinery leading to target gene 

silencing. 
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1.1.3.5. Others factors impacting the stability of the dsRNA 

Great variations of RNAi efficiency can be observed among insect orders. For 

some species, an excess of dsRNA is required to obtain small results.41 The instability 

of the dsRNA in the gut is a factor contributing to this small response. Another factor 

that is not well studied is the potential effect of the microbiota in the gut. The 

microbiome of the insect gut influences the pH, while some bacteria also secrete 

nucleases. This could have an impact on dsRNA stability and cellular uptake.12 

The developmental stage can have an influence as well on the efficiency of 

external administration of dsRNA.63, 64 Again, it seems that the differences in stability 

of the dsRNA in the gut is the main reason for these observed variations between adult 

and larvae. Albeit, another factor is their rate of food consumption.12 Even intraspecies 

variations of sensitivity have been observed. Sugahara et al. showed these variations 

with different populations of Locusta migratoria (orthopteran).65 This supports the 

idea that resistance could become a problem with this method as well. But further 

research on the mechanisms causing the development of resistance is required in order 

to provide insight and possible strategies to counteract this.5 Consequently, due to the 

variability between insect pests, there are no clear rules that govern the sensitivity of 

a particular species towards RNAi. 

1.1.4. New strategies to improve stability and uptake 

The variability in RNAi efficiency is particularly dependent on dsRNA stability 

inside the insect body. The dsRNA can be degraded by nucleases in the saliva, the gut 

fluids and in hemolymph or even before ingestion in the field (UV light, rain or 

enzymes in soil).7, 33, 36 In order to deliver intact dsRNA into the cells, the use of 

formulation is essential. Delivery vectors can be used to reduce dsRNA degradation, 

to increase the cellular uptake but also to promote translocation of dsRNA across the 

peritrophic matrix and insect cuticle.12, 15, 16, 20 DsRNA can be carried by viral or non-

viral vectors. Viral systems provide positive results for transfection but because of 

safety concerns, such as potential mutation, applications are limited.5 Non-viral NP 

vectors such as cationic polymers, peptides, lipids, sugars or metals have attracted 

more and more attention because their physical and chemical properties can be tuned 

(Table 1.1). The NPs are usually positively charged to interact electrostatically with 

the negatively charged phosphate group of the dsRNA and form a complex. The 
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NPs/dsRNA complex is overall positively charged and this net positive charge can 

facilitate the interaction with negatively charged cell membrane surface and help with 

the transit through the peritrophic matrix. 

 

 

Table 1.1: Overview of cationic polymers, liposomes and peptides used as delivery vectors 

and their effect on RNAi efficiency. 

Nanoparticle Insect pest dsRNA 
Delivery 

method 
effect Ref. 

Chitosan 

A.gambiae 

A.aegypti 

(Dipteran) 

dsCHS1 

dsCHS2 

Artificial 

diet 

34% knockdown 

40-60% 

knockdown 

Zhang 201066 

Zhang 201567 

Chitosan 
A.aegypti 

(Dipteran) 

siRNA 

sema1a 

Artificial 

diet 

Disruption of 

olfactory system 

development.  

Mysore 201368 

Cationic core-shell 

fluorescent nanoparticles 

(FNP) 

O.furnacalis 

(Dipteran) 

CHT10-

dsRNA 

Artificial 

diet 

High gene 

delivery. 

Effect on larval 

development 

He 201339 

Chitosan 
A.aegypti 

(Dipteran) 

dsAaSNF7 

dsAaSRC 

Artificial 

diet 

Mortality  

up to 47% 
Das 201519 

PEI coated Carbon quantum 

dot 

A.aegypti 

(Dipteran) 

dsAaSNF7 

dsAaSRC 

Artificial 

diet 

Mortality up to 

75% 
Das 201519 

Amine functionalised silica 
A.aegypti 

(Dipteran) 

dsAaSNF7 

dsAaSRC 

Artificial 

diet 
No mortality Das 201519 

Guanidinium functionalised 

polymer 

S.frugiperda 

(Lepidopteran) 
dsvATPase 

Oral 

delivery 

>80% gene 

knockdown 

Protection against 

degradation at 

high pH 

Moderate larval 

death after 29 

days (30%) 

Parson 201851 
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Nanoparticle Insect pest dsRNA 
Delivery 

method 
effect Ref. 

Guanylated and DMAEMA 

copolymers 

S.exigua 

(Lepidopteran) 
dsCHSB 

Spray for 

oral 

delivery 

Strong protection 

against 

nucleolytic 

degradation at pH 

11 

Enhanced cellular 

uptake 

Increased 

mortality to 53% 

Christiaens 

201836 

Cationic dendrimer 

(fluorescent perylene diimide 

core and peripheral amino 

acid arms) formulated with 

detergent 

A.glycines 

(adults) 

(Hemipteran) 

dsHem 

Transder

mal 

delivery 

(spray) 

High knockdown 

effect (95.4%) and 

80% mortality 

Zheng 201916 

pDMAEMA 4-arm stars 

formulated with detergent 

A.glycines 

(adults) 

(Hemipteran) 

dsATPD 

dsATPE 

dsCHS1 

Transder

mal 

delivery 

(spray) 

High mortality 

(82%) with 

combination of 

dsRNA 

Yan 201915 

pDMAEMA star polycation 
A.ypsilon 

(Lepidopteran) 
dsV-ATPase 

Oral 

feeding 

70% gene 

knockdown 

Reduced larvae 

body length 

Li 201969 

Ribonucleoprotein particle 

(RNP) 

A.grandis (adults) 

(Lepidopteran) 
dsCHS2 

Oral 

delivery 

Improved dsRNA 

stability 

80% knockdown 

but no mortality 

Gillet 201714 

Branched amphiphilic 

peptide capsules (BAPC) 

T.castaneum 

(Coleopteran) 

A.pisum 

(Hemipteran) 

BiP-dsRNA 

Armet-

dsRNA 

Solid 

artificial 

diet 

Liquid 

artificial 

diet 

75% larvae death 

 

Faster premature 

death 

Successful 

delivery of 

dsRNA to 

knockdown the 

genes 

Avila 201870 

Lipofectamine 2000 

D.melanogaster 

D.pseudoobsurra 

D.sechellia 

D.yacuba 

(Dipteran) 

Gus-dsRNA Soaking 

GUS gene 

knockdown (52%) 

Species-specific 

mortality (30-

65%) 

Whyard 200971 
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Nanoparticle Insect pest dsRNA 
Delivery 

method 
effect Ref. 

Lipofectamine 2000 
D.suzukii 

(Dipteran) 

dsVha26 

dsrps13 

Artificial 

diet 

Significant 

silencing and 

mortality. 

22-42% mortality 

after 5h exposure 

Taning 201663 

GenJet lipoplex 
B.germanica 

(Blattodean) 
dsTub 

Oral 

delivery 

12h protection 

against nucleases 

60% mortality 

after 16 days of 

continuous 

feeding 

Lin 201738 

Lipofectamine 2000 

formulated with EDTA 

E.heros 

(Hemipteran) 
dsvATPase 

Artificial 

diet 

Longer protection 

in saliva 

Increased 

mortality (51%) 

Castellanos 

201937 

 

1.1.4.1. Cationic polymers 

Cationic polymers have been proven to transport and protect nucleic acids for 

therapeutic applications and pest control. They are usually protonated, positively-

charged amine-based polymers. The “gold standard” for gene delivery in therapeutics 

is polyethylenimine (PEI) as it is a inexpensive and commercially available material. 

It proved to be an efficient delivery vector in multiple studies, however, its application 

is currently limited due to high cationic charge density causing high cytotoxicity.72, 73 

Other polymers such as chitosan, poly(2-dimethylamino ethyl methacrylate) 

(PDMAEMA), poly-l-lysine (PLL) and poly(N,N-dimethylaminopropyl acrylamide) 

(PDMAPAAm) are frequently used (Scheme 1.1). 
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Scheme 1.1: Cationic polymers commonly used for nucleic acids complexation in the 

litterature. 

Although cationic polymers have been widely studied in human medicine, this 

is not the case for pest control applications with literature being more limited. Proof 

of concept was reported in 2010 by Zhang et al., where chitosan was used to complex 

dsRNA, improving the RNAi efficiency in mosquitoes. In this study, the authors were 

able to reduce chitin synthase genes by up to 60% by feeding the larvae with agarose 

gel-coated mixture with dsRNA entrapped in chitosan-based nanoparticles. Even 

though this did not lead to mortality, this study proved the ingestion of protected 

dsRNA could induce gene knockdown.66 Other studies are also suggesting that 

chitosan could be a good candidate to complex dsRNA67 or siRNA68 in order to trigger 

RNAi more efficiently in dipteran insects. Comparative studies have started being 

done directly comparing the chitosan vector to PEI-coated carbon quantum dots 

(CQD) and amine functionalised silica nanoparticles (ASNP). They evaluated the 

ability of the systems to increase stability of dsRNA and to facilitate its uptake and 

endosomal release in order to trigger an efficient silencing of target genes in dipteran 

insect pest. All the nanoparticles were able to complex the dsRNA but the stability of 

these complexes varied. In gut conditions, the pH can go from acidic to alkaline, 

therefore the complex needs to remain stable in a large pH range. Only the PEI-coated 

CQD complex was stable at pH 10, 7 and 4, while the chitosan complex was stable 

only at pH 4 and 7 and ASNP vector was only stable at pH 7. This stability in a range 

of pHs is one factor explaining why the oral administartion of ASNP/dsRNA 
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complexes did not lead to mortality compared to chitosan and PEI-coated CQD 

complexes led to a 47% and 75% increase in mortality, respectively. It is interesting 

to note the small size of the PEI-coated CQD complexes (3.7 nm) compared to the two 

other systems (both 15.5 nm).53 The small size of the particles could help with the 

passage through the peritrophic matrix. He et al. followed on from this work targeting 

genes responsible for chitin synthesis, studying the effect of oral feeding on dipteran 

larvae. Here, the authors complexed the dsRNA with a cationic core-shell fluorescent 

nanoparticle (FNP). The cationic shell composed of primary amine polymers was able 

to complex, protect the dsRNA and improve the uptake efficiently to knock down key 

developmental gene expressions and kill the insect pests. The fluorescent property of 

the core enabled them to monitor the ability of the particles to cross the cell membrane. 

The results showed that by increasing the FNP concentration it was possible to 

accelerate the uptake of the complex.39 In another study, a similar fluorescent structure 

was used to deliver transdermally dsRNA to the aphid A. glycines. The cationic arms 

were composed of peripheral amino acid groups which were able to complex the 

dsRNA. As aphids are sap-sucking insect pests, they developed a formulation that is 

able to deliver the dsRNA by soaking the insects. By combining the dendritic polymer 

with a detergent, the surface tension of the hydrophilic complex droplets was reduced, 

thus helping it adhere quickly to the oily surface of the aphids and infiltrate the body 

wall (in an hour). The dsRNA was then systematically delivered throughout the aphids 

as shown by the high fluorescence detected in various tissues across the body. It 

resulted in a 95% decrease of the target gene and 80% population suppression.16 In a 

second paper, the group investigated the efficiency of a cheaper nanocarrier, a 4-arms 

star pDMAEMA polymer, to reduce the economic cost. The star polymers 

(Mn,GPC=18300 g/mol, Ð=1.07) were synthesised by atom transfer radical 

polymerisation (ATRP) and the star-shaped structure had a high density of functional 

group to efficiently condense the dsRNA. This system as well as the previous 

dendrimer structure led to a high RNAi efficiency. Up to 82% mortality of the aphid 

population was obtained with a combination of two dsRNA molecules through topical 

application (drop of formulation directly applied to the aphid body) and 78.5% lethal 

effect through spray method.15 In another study, they investigated the use of this 

inexpensive pDMAEMA 4-arm star nanocarrier for lepidopteran A. ypsilon larvae. 

Oral feeding was used as the delivery method and visible effects were observed after 

4 days on body length.69 Overall, these results show dendrimeric/star architectures are 
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suitable as effective gene carrier for dsRNA delivery. As previously mentioned, soil 

and leaves are environments to be considered as well. The ability of this type of 

architecture to complex dsRNA and to protect it in soil was investigated by Whitfield 

et al. According to this report, the use of pDMAEA 4-arms star polymers to complex 

dsRNA improved the stability of the nucleic acid in soil to up to two weeks. The 

hydrolysis of the DMAEA side chains in this polymer plays an important role in this 

work, as the system was designed to be able to release the dsRNA in soil over time 

and make naked dsRNA available for ingestion by worms. The star structure was also 

compared to a linear polymer equivalent. The latter did not improve performance 

compared to the star configuration. No differences in speed of hydrolysis was observed 

which could have explained this difference in protection efficiency.74 However, 

weaker binding between the linear polymer and the dsRNA was reported, as a higher 

N/P ratio (the ratio of positive charges on the nitrogen of the polymer to negative 

charges on the phosphorus of the dsRNA) was required to fully complex the dsRNA. 

Moreover, simulation of binding showed star polymers were bending and wrapping 

nucleic acid more efficiently and were forming a more compact complex compared to 

the linear equivalent.75 DMAEA-based branched polymer systems have also been 

studied for soil stability of dsRNA. Better stability was observed (up to 7 days) 

compared to linear equivalent. However, the structure is not well controlled compared 

to the star polymers. Again, the structure does not seem to have an impact on the 

hydrolysis rate but the incorporation of non-hydrolysable co-monomer was able to 

slow down the hydrolysis and the release of dsRNA.76, 77 This supports the idea that 

the architecture of the polymer has an impact on the binding and stability of the 

dsRNA. Nevertheless, more results would be necessary to determine if the rate of 

hydrolysis has an effect on protection and release of dsRNA in soil as well as RNAi 

response in insects. 

Most polymer complexes that are commonly used to improve stability of the 

nucleic acid are not stable at the high pH found in the gut of some species, typically 

lepidopteran.19 Yet, guanylated polymers, with their high pKa (12.5-13.5), are 

potential candidates to withstand decomplexation even at high pH as shown by Parson 

et al.51 and Christiaens et al.36 In both works, they used guanylated based polymers, 

poly[N-(3-guanidinopropyl)methacrylamide] (pGPMA) synthesised by aqueous 

radical addition-fragmentation chain transfer (RAFT) polymerisation (Mn,GPC=20,000 
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g/mol, Ð=1.09)51 and poly[(guanylated methacrylate)0.87-co-(2-(aminoethyl) 

methacrylate)0.13] (pGUMA0.87-co-AEMA0.13) made by free radical polymerisation 

(Mn,GPC=45,000 g/mol, Ð=1.41). Both polymers were able to increase protection at 

alkaline pH (pH 10 or 11) but high content of guanylated functions is required to 

preserve the interaction for more than 30 hours.36 Moreover, guanidinium 

functionalised polymers can facilitate uptake of nucleic acids through endocytosis 

mechanism.78 Better gene suppression was observed in the RNAi refractory cell line 

with pGPMA/dsRNA complexes than with naked dsRNA. The ingestion of the 

complex by the S. frugiperda larvae led to high gene knockdown and moderate 

mortality.51 Similarly, ingestion of pGUMA0.87-co-AEMA0.13/dsRNA 90% silencing 

efficiency was obtained leading to 50% decrease of S. exigua population.36 

1.1.4.2. Liposomes 

Liposomes have also been reported as good protective vectors for oral ingestion 

of dsRNA in insects.41, 71 They are typically composed of a positively charged 

hydrophilic head that can interact with the dsRNA and a hydrophobic tail.53, 79 Because 

of the ease of synthesis, their non-toxicity and biodegradability properties, it makes 

them very attractive as delivery vectors.80 Different liposomes are now available on 

the market and some are already used in drug formulation.81 Successful encapsulation 

of dsRNA was demonstrated for species of Drosophila. The larvae fed with 

encapsulated dsRNA in Lipofectamine 2000 liposome suffered high mortalities after 

ingestion while larvae fed with naked dsRNA did not show any response.71 DsRNA 

combined with Lipofectamine 2000 also showed better results than naked dsRNA on 

D. suzukii63 or with GenJet lipoplex on B. Germanica.38 More recently, Castellanos et 

al. showed that Lipofectamine 2000 combined with EDTA has great potential to 

protect the dsRNA against degradation by enzymes. The chelating agent inhibit the 

metal-dependent enzyme responsible for the degradation as shown by the saliva 

assays. The presence of EDTA in addition to the liposome prolong the stability and 

stronger RNAi effects are observed.37 

1.1.4.3. Peptides  

The use of cell-penetrating peptides as delivery systems for dsRNA is also an 

interesting approach to enhance silencing activity. As well as being able to provide 
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protection, they facilitate cellular uptake. By combining peptide transduction domain 

(PTD), to promote endosomal escape, with dsRNA binding domain (DRBD) to 

complex the dsRNA, Gillet et al. were able to improve the knockdown of chitin 

synthase II compared to naked dsRNA. The dsRNA stability is higher in gut conditions 

and the silencing efficiency is enhanced significantly (80%) compared to naked 

dsRNA (30%).14 Amphiphilic peptide capsules (BAPCs) have also been reported as 

efficient nanocarriers to facilitate uptake of dsRNA in two different diet mediums with 

T. castaneum and A. pisum feeding on a solid flour diet and an artificial liquid diet, 

respectively. Delivery of dsRNA is observed as transcript levels and population 

dramatically decreased. As this approach proved its efficiency in both Coleopteran, T. 

castaneum and Hemipteran, A. pisum, it suggests that it could be widely applicable to 

other insects.70 Cell-penetrating peptides represent a wide diversity of possible 

potential nanocarriers for oral dsRNA delivery. 

1.1.5. Summary 

These recent results on combination of dsRNA with cationic vectors are 

highlighting the importance of formulation to develop successful RNAi-based pest 

control. Cationic polymers are particularly attractive due to their variety, ease of 

synthesis and cost. Composition, functions and architecture can be easily adjusted to 

optimise the system in each desired target. A good carrier needs to be able to protect 

the dsRNA in various conditions from the field to the insect’s cells through the gut, to 

deliver it to knockdown the target gene. The complexation needs to be able to 

withstand the binding in all of these conditions. First assessing the good binding in 

ideal conditions (water) is necessary, without the presence of any competing and 

degrading species. The ability of the polymer to efficiently protect the dsRNA can be 

assessed by putting the polyplex in presence of nucleases or competing species (for 

example Heparin) and also in more real conditions ex vivo (gut juice assay, soil 

assay…) before doing bio assays in vivo by applying the formulation on the plant or 

in the soil so the target insect are in contact to the dsRNA. An important aspect to take 

into consideration are the toxicity of the cationic polymer for the target pest, the plant 

but also non-target insects and animals without forgetting the fate of the polymers in 

the field. Concerns can be made about accumulation in soil, presence in the food 

chain… 
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RNAi used for pest management using direct application is believed to soon 

reach the market as more and more progress are made in this area of research. 

Moreover, the cost of dsRNA production has decreased in recent years.26 The patents 

landscape is still very limited for nontransgenic plants in terms of formulations, with 

some examples of chitosan polymers to complex and protect dsRNA.82-84 But a large 

number of patents can be found on the RNAi field in general (Figure 1.4) focusing 

more on specific dsRNA to target pest or use for GMOs.85 

 

Figure 1.4: Number of patent applications, filed for RNAi technology for plants in the United 

States (US), Europe (EP) and China. Figure adapted from ref.85  
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1.2. Cationic polymers for dsRNA complexation 

This second part focuses on the synthesis of cationic polymers which can be 

used for dsRNA complexation. Controlled radical polymerisation is a powerful 

technique to prepare a wide range of polymers with specific composition, molecular 

weight and architecture, such as star-like structures. 2-dimethylaminoethyl acrylate 

(DMAEA)-based cationic polymers, which are the focus of this work, are interesting 

candidates for efficient complexation of nucleic acids through electrostatic interaction. 

They hydrolyse over time inducing a charge shift and leading to the release of the 

negatively charged material as described below.75, 77, 86-88 

1.2.1.  Controlled radical polymerisation 

Radical polymerisation is a versatile technique that is comptatbile with a wide 

range of monomers and enables the synthesis of various functional polymer materials. 

It is the most widely used polymerisation process in industry to synthesise low cost 

materials.89 With the development of reversible-deactivation radical polymerisation 

(RDRP)90 in the 1990s, also known as controlled radical polymerisation , it is now 

possible to synthesise well-defined polymers with controlled architectures such as star, 

brush, or branched polymers,91, 92 structures which used to only be accessible by ionic 

polymerisation.The radical process in RDRP allows the reaction to work in less 

stringent conditions and with a wider range of monomers. The polymeric architecture 

strongly affects the material properties, thus the ability to control this parameter makes 

RDRP highly attractive for a broad range of applications such as nanocarriers for 

encapsulation of active components, lubricants, emulsifiers, rheology and surface 

modifiers or adhesives.93 The control afforded by RDRP is achieved through the 

reversible deactivation of the radical active species to a dormant species through a 

control agent.89, 90, 94, 95 The equilibrium is strongly in favour of the dormant form, 

meaning only a small proportion of the chains are active and growing at any given 

time. The instantaneous concentration in radical is therefore very low so termination 

and transfer events are limited. As the radical is exchanged very fast between dormant 

and active chains, polymer chains are able to grow simultaneously as the monomer is 

consumed.96 The main RDRP techniques are Nitroxide-mediated polymerisation 

(NMP),97 Atom Transfer Radical polymerisation (ATRP)91 and reversible addition-



Chapter 1 

 

24 

fragmentation transfer (RAFT).90, 98 They all have their advantages and disadvantages 

as described in the next paragraphs. 

1.2.1.1. NMP 

NMP is based on the reversible termination mechanism by combination with a 

stable nitroxide radical (Scheme 1.2).95, 99 At high temperature the alkoxyamine bond 

is cleaved, to release the active species capable of reacting with monomers, and a 

stable nitroxide radical. The species recombine to reform a dormant compound. The 

equilibrium is strongly in favour of the dormant state, thus keeping the radical 

concentration low to have a good control of the polymerisation and obtain well defined 

materials. 

 

Scheme 1.2: The NMP mechanism. 

Although NMP has significant advantages, such as the simplicity of procedures 

and polymer purity (due to the absence of metal catalyst or thiols), its application is 

limited due to slow polymerisation kinetics requiring high temperatures and long 

reaction times, limited monomer compatibility and susceptibility to side reactions.100 

1.2.2. Metal-mediated RDRP: ATRP and Cu(0)-mediated 

RDRP 

The ATRP activation-deactivation equilibrium is based on the reversible 

reaction between a dormant alkyl halide and a transition metal complex to form an 

oxidised transition metal complex and an active propagating radical (Scheme 1.3).101, 

102 This method has been developed by Matyjaszewski using copper since 1995,103 and 

Sawamotto using Ruthenium, but it has also been developed using many other 

transition metals including iron, osmium, nickel, palladium, silver, molybdenum and 
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zinc.101 Copper is still the most widely used transition metal due of its low cost, 

availability and efficiency.102, 104 

 

Scheme 1.3: ATRP mechanism with copper as the transition metal. X is a halogen atom and 

L is a ligand. 

ATRP has been successfully used in academic laboratories for the past 20 years 

as shown by the number of research articles and patents published.95 But commercial 

use has been delayed by many reasons including the high concentration of Cu catalyst 

required for the reaction to maintain a high polymerisation rate. New techniques have 

been developed to considerably reduce this concentration in the final material with a 

number of different activator regeneration processes (ICAR (initiators for continuous 

activator regeneration) using initiators, ARGET (activators regenerated by electron 

transfer) using a reducing agent, electrochemical and photo-mediated ATRP using free 

ligand).105, 106 

Cu(0)-RDRP has shown great potential to reduce the amount of copper required. 

The introduction of a zerovalent metal has been reported to be an interesting solution. 

Two models are presented in the literature: supplemental activator and reducing agent 

(SARA ATRP) and single electron transfer living radical polymerisation (SET-LRP). 

Both represent the same components resulting in the same reaction, but the mechanism 

is still under debate since the two are based on two different assumptions (Scheme 

1.4).107 The SARA ATRP mechanism is based on the Cu(I) being the major activator 

of alkyl halides and Cu(0) acting as supplemental activator reducing the excess of 

Cu(II) to Cu(I) via comproportionation,108 while in the SET-LRP mechanism Cu(0) is 

the major activator and Cu(I) instantaneously disproportionate into Cu(0) and Cu(II) 

in water in the presence of aliphatic amine ligands.109, 110 However, despite this, 

commercial application remain limited. 
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Scheme 1.4: Mechanisms of SARA ATRP and SET-LRP. Bold arrows indicate major 

reactions, whereas soil arrows indicate supplemental or contributing reactions and dashed 

arrows indicate minor reactions that can be neglected from the mechanism. ref. 107 

1.2.2.1. RAFT polymerisation 

The RAFT process is similar to classic radical polymerisation, but the 

propagating radical is constantly transferred from one polymeric chain to another via 

a degenerative mechanism of addition and fragmentation in the presence of a chain 

transfer agent (CTA or RAFT agent) (Scheme 1.5).94, 98, 111, 112 Unlike other RDRP 

techniques, RAFT requires the presence of an external radical initiator; its 

concentration will determine the instantaneous concentration of radicals and thus the 

propagation/termination rate. The design of the RAFT agent is fundamental, matching 

its activity to that of the monomer(s) to achieve good control over the molecular 

weight distribution in a given system.113 
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Scheme 1.5: RAFT polymerisation mechanism 

RAFT is a highly versatile, simple and robust method to polymerise a wide range 

of monomers.98 It allows control over the growth of the polymeric chains obtained by 

conventional radical polymerisation. By modifying the ratio of monomer to CTA 

([M]/[CTA]), narrow dispersity polymers with tuneable molar mass (Mn) can be 

obtained.98 As it is a pseudo-living polymerisation, most of the chains will retain the 

thiocarbonylthio moiety at the chain-end (called living chains) allowing further chain 

extension to produce block copolymers.113-115 Furthermore, this property can be 

exploited to prepare complex architectures such as stars or brushes.77, 92 

1.2.3. Star polymers 

Star-shaped polymers are macromolecules with three or more polymeric arms 

connected through a central core.116 These polymers have been extensively studied in 

recent years because of their interesting physical and chemical properties: compact 

structure, flexibility, low viscosity and high surface functionality. Their synthesis can 

be divided into three categories using divergent or convergent approaches.117-119 
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In the core first approach, a multifunctional initiator is used as the core from 

which arms are grown to form the star (Figure 1.5A).74, 120-122 The number of arms can 

easily be tuned as it corresponds to the functionality of the initiator, however, it can 

be challenging to ensure arms grow at the same rate due to sterics around the tightly 

packed core affecting initiation efficiency with same DP. This approach is also limited 

by the possibility of the obtention of multifunctional RAFT agents with high purity 

for instance, to get a well-defined star polymer with a certain number of arms. 

Another method is the arm-first approach, in which the linear polymeric arms 

are first synthesised using a controlled polymerisation technique such as RDRP, and 

then a bifunctional crosslinker is introduced to covalently interconnect the end of the 

arms to form the star-shaped structure (Figure 1.5C).116, 123, 124 Compared to the core-

first approach, the structure, composition and functionality of the arms are better 

controlled as the arms can be characterized separately prior to chain extension with 

the crosslinker.125 It also allows for the synthesis of star polymers with higher number 

of arms, however, the molecular weight distribution is often broader and it can leave 

residual unattached arms.118 Parameters such as the crosslinker to CTA (or initiator) 

ratio, radical concentration and the nature of the crosslinker are crucial to optimise the 

synthesis and obtain high arm incorporation and narrow molecular weight 

distribution.126, 127 

Finally, the grafting-to strategy uses preformed linear arms with end functional 

groups that are able to react with a multifunctional core through an efficient coupling 

reaction (Figure 1.5B).116, 128, 129 One of the most used chemistries for the coupling are 

the so-called “click” reactions, which have numerous advantages such as high yield 

and fast reaction times.130, 131 
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Figure 1.5: methods to synthesise stars. A) Core-first approach, B) grafting to, C) Arm-first 

approach. 

In this thesis, the core-first approach was first used (Chapter 2) using RAFT 

polymerisation, in order to assess the potential of 4-arm star structures already 

investigated using Cu(0)-mediated RDRP for dsRNA protection and to compare it to 

core-crosslinked star structures (Chapter 3 and 4). The arm-first approach has been 

chosen for ease of preparation and the higher achievable arm density. Ideally, the 

polymeric arms are synthesised in a first step with full monomer conversion, so that 

the synthesis can be done in one-pot by direct introduction of the crosslinker without 

any purification step.126 

1.2.3.1. Star polymer characterisation 

Characterising complex architectures requires more advanced techniques than 

traditional ones employed for the analysis of linear polymers, such as gel permeation 

chromatography (GPC) (also known as size exclusion chromatography (SEC)) with 

conventional calibration or nuclear magnetic resonance (NMR). These techniques 

only provide limited information with regards to the polymeric architecture.118 

Conventional GPC uses a concentration sensitive detector - typically a refractive 

index (RI) detector, or alternatively a UV detector. After injection of the sample into 
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the GPC column,the polymer molecules are separated based on their molecular 

size/hydrodynamic volume in the solvent. The detector situated after the column 

determines the amount of material at a given retention time. By using a calibration 

curve, the retention time can be corresponded to a molecular weight and then used to 

give a molecular weight distribution for the sample of interest. This curve can be 

generated by using polymer standards with known molecular weight and narrow 

dispersities. Although conventional GPC is widely used as an analytical tool to 

determine average molecular weigth of polymers and their dispersity, it has some 

limitations. The standards used for the calibration are typically linear PMMA, PS or 

PEO, but if the sample is composed of a different polymer, the results are only 

comparative and inconsistencies and deviations are observed. Moreover, star or 

branched polymers in general are more compact structures, therefore they have a 

smaller hydrodynamic volume than their linear equivalent with corresponding 

molecular weight. This means the molecular weight is underestimated with the use of 

conventional linear calibration standards. 

Triple detection GPC combines light scattering and viscosimeter detectors with 

the refractive index (RI) detector. The RI detector gives a concentration profile and 

the light scattering (LS) allows for calculation of the absolute molecular weight, while 

the viscometer measures the viscosity of the sample giving access to more structural 

data. The combination of the complementary data can give access to more information 

on the behaviour of the polymer in solution such as absolute molecular weight, 

structural data without the need for a calibrant. The so called universal calibration is 

based on the fact that intrinsic viscosity and molecular weight are related to the 

hydrodynamic volume of the macromolecules, as described by the following equation. 

𝑉ℎ = 𝑘[𝜂]𝑀𝑊 or [𝜂] = 𝑘′
𝑉ℎ

𝑀𝑊
 

Where [η] is the intrinsic viscosity, k and k’ are constants and Vh is the 

hydrodynamic volume of the polymer. Therefore, any calibrant can be used to generate 

calibration (Figure 1.6) regardless of chemistry or architecture. 
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Figure 1.6: Plot of Log[η]MW=f(elution volume) for different polymers with different 

molecular weight, chemistry and architectures. Figure adapted from ref.132, 133 

The viscometer detector also allows the production of a Mark-Houwink plot 

(Figure 1.7), showing the relationship between molecular weight and intrinsic 

viscosity: [𝜂] = 𝐾𝑀𝑊𝛼 plotted as log[𝜂] = log𝐾 + 𝛼 log𝑀𝑊. The two parameters 

K and α are constants and provide structural information specific to the polymer-

solvent system. K is the intercept value, and is related to backbone structure. α is the 

slope, describing the density of the macromolecules in solution, it ranges from 0 (solid 

sphere) to 2 (rigid rod). Values of between 0.5 and 0.8 are typical for a polymer in a 

theta solvent or a random coil in a good solvent, while lower values are observed for 

more compact dense structures such as stars and branched polymers. 
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Figure 1.7: Mark-Houwink plot. 

Light scattering detectors can be used to determine the absolute average 

molecular weight, independent of calibration standards. The amount of scattered light 

measured by the detectors at different angles is proportional to the size of the 

macromolecules, with larger molecules displaying stronger scattering intensity. Light 

scattering analysis does not only generate information on the molecular weight, but 

also on size (radius of gyration, Rg). 

1.2.3.2. Other techniques to determine the size and shape 

Given their small size (size < 20 nm), star polymer particles are difficult to 

characterise with common techniques such as dynamic light scattering (DLS) or direct 

imaging techniques (transmission or scanning electron microscopy (TEM/SEM) and 

atomic force microscopy (AFM)). Structural details are difficult to observe as they are 

often below the resolution limits or the material is in a collapsed globular structure.118 

AFM enables the measurement of height, length, width and volume of a molecule 

deposited onto a substrate, by building up a height profile map of the sample’s surface 

and data are then treated to form an image.134 Successful imaging of star copolymers 

using AFM has been achieved, as demonstrated in work by Yoshizaki et al., who were 

able to measure the size of single molecular particles of poly(p-methoxystyrene) stars 

(Narm = 67) on mica discs. A radius of approximately 20 nm and heights of about 2.5 

nm were determined.135 Other high quality imaging has been obtained for star-like 

structures with brush-like arm polymers with good resolution of the arms.136, 137 Small 
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angle X-ray scattering (SAXS) can also be used to characterise the structure (size, 

shape, internal structure etc) of polymeric materials, and has been applied to star 

polymers. 138, 139 Felberg et al. were able to observe the structural transitions with the 

change of pH for their polyelectrolyte star cross-linded star polymers.139 Additionally, 

Moinard et al. have shown the influence of the counter ion and 4-arm star 

concentration on the maximum intensity.140 

1.2.4. Poly(2-dimethylaminoethyl acrylate) (pDMAEA) as 

hydrolysable polymer 

McCool and Senogles were the first to highlight the self-catalysed hydrolysis of 

pDMAEA forming poly(acrylic acid) (PAA) and N,N’-dimethylaminoethanol 

(DMAE) (Scheme 1.6).141 Ros et al. suggest that the hydrolysis involves a 5-

membered ring interaction under basic conditions and 7-membered ring coordination 

under acidic conditons as shown in Figure 1.8.142 

 

Scheme 1.6: Hydrolysis of pDMAEA 

 

Figure 1.8: proposed interactions of dimetylamino substituent with the ester of pDMAEA 

under basic and acidic conditions by Ros et al.142 

It is usually reported that in water at room temperature, there is a fast initial rate 

of hydrolysis and a slower rate reaching the plateau within a few days (around 5-10 

days).141, 143 Even though some studies74, 143 have reported a pH-independent 

pDMAEA hydrolysis rate over a range of pH from 1 to 10, it has been demonstrated 
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recently by Ros et al. that it is in fact highly a pH-dependent mechanism, as shown in 

Figure 1.9.142, 144 We can see that the initial rate of hydrolysis decreases dramatically 

between pH 13.3 and pH 3.9, with hydrolysis half-lives of about 14 min and 2.7 years, 

respectively (Figure 1.9b). This is consistent with a hydroxide-catalysed hydrolysis 

process. The initial hydrolysis rate reaches a minimum between pH 3 and 4, but 

increases again for strongly acidic conditions with a half-life of about 9 days at pH 

0.31. After this fast initial period, the hydrolysis dramatically slows down and reach a 

plateau. The plateau of hydrolysis % at each pH corresponds approximately to a 

polymer chain with zero net charge. The reduction in hydrolysis rate can be explained 

by the change in electrostatic environment as reaction proceeds. The local 

environment is changing throughout hydrolysis with formation of the carboxylates, 

creating a polyampholyte. This can cause more electrostatic repulsion of the hydroxide 

anion, change in conformation and more hydrophobic environment. This is not a 

problem in the case of the acid-catalysed hydrolysis at pH 0.3 as no repulsion is 

expected.142 At acidic pH at 70°C, the hydrolysis did not plateau and reached 88% 

after 8 days. However the experiment was not conducted further to prove it could reach 

full hydrolysis. In this study, they used solutions with strong buffer capacity and the 

pH was measured and adjusted after dissolution of the polymer. The earlier reports 

that showed no influence of pH were probably not adequately controlling the pH 

during dissolution and hydrolysis. With weak buffer capacity the solutions have 

similar pH, around 9 and results are in agreements with rates at pH 9 as shown in 

Figure 1.9a. 
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Figure 1.9: a) Hydrolysis of pDMAEA at pH from 0.31 to 13.31 at room temperature (22°C). 

Natural pH refers to a 0.5 wt % solution of pDMAEA (free-base form) in unbuffered D2O b) 

Log k against pH plot for initial pseudo-first order rates (kinitial) of pDMAEA hydrolysis at 

room temperature (22°C) c) Hydrolysis of pDMAEA at pH 0.3 (acid-catalysed) and pH 7 

(base-catalysed) at 70°C. Figure adapted from ref.142 
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1.3. Scope of this thesis 

The aim of this work was to develop novel cationic polymers for the 

complexation of dsRNA, able to improve its stability in soil environment, and to 

control its release in order to induce RNAi in corn rootworms. Intact nucleic acid needs 

to be available for the pest to ingest, therefore its protection is essential to increase its 

viability. Hydrolysable DMAEA-based polymers have shown to be interesting 

materials for this application as they are able to complex dsRNA and release it over 

time thanks to their hydrolysis, making free dsRNA available for corn rootworms.75, 

77 However, the hydrolysis and release of the dsRNA with linear homopolymers of 

DMAEA are very fast, thus leading to poor soil stability of the nucleic acids. The aim 

was to protect the dsRNA long enough so farmers do not have to spray their fields too 

often. In chapter 3, pDMAEA 4-arm stars of various molecular weights made by 

RAFT were studied as controls, to compare their performance to new materials 

synthesised (Chapter 3) and used for complexation of dsRNA and pDNA (Chapter 

4). First, the influence of the composition on the hydrolysis and control release of 

dsRNA was investigated by incorporating a non-hydrolysable comonomers, 2-

dimethylaminoethyl methacrylate (DMAEMA) at different ratios. The influence of the 

architecture was also investigated with dense and compact star copolymers of 

DMAEA and DMAEMA made by the arm-first approach. The materials were 

synthesised using RAFT polymerisation and characterised for dsRNA complexation 

using agarose gel electrophoresis and ethidium bromide displacement assays as 

described in the next chapters. The stability of the polyplexes in soil was assessed by 

incubating them in soil for up to 28 days. Heparin displacement assays can be 

performed to simulate the impact of the presence of competing species on the binding 

and nucleases assays to test the ability of the cationic polymers to protect the dsRNA 

against degrading species. 
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Chapter 2: Method 

2.1. Materials 

Sodium Hydroxide (Sigma-Aldrich), agarose (Sigma-Aldrich), Tris-Borate-

EDTA buffer (TBE), Gel loading dye purple (6X) (BioLabs), GelRed (Biotium), 

ethidium bromide (Sigma-Aldrich, 500 mg/mL), heparin (Sigma-Aldrich), TRI 

Reagent (Sigma-Aldrich), Polyvinylsulfonate solution (PVS, Sigma-Aldrich, 30 wt. 

% in water, technical grade), EGTA (Sigma-Aldrich, 97%), chloroform-d (Sigma-

Aldrich, 99.8% D atom), sterile water molecular biology reagent (Sigma-Aldrich). 

DsRNA and soil were provided by Syngenta. 

2.2. Analytical techniques  

Gel permeation chromatography (GPC) was performed in DMF as eluent, an 

Agilent infinity II MDS instrument equipped with differential refractive index (DRI), 

viscometry (VS), dual angles light scattering (LS) and variable wavelength UV 

detectors was utilised. The system was equipped with 2 x PLgel Mixed D columns 

(300 x 7.5 mm) and PLgel 5 µm guard column. The eluent used was DMF with 5 

mmol NH4BF4 additive. Samples were run at 1 mL/min at 50°C. Poly(methyl 

methacrylate) standards (Agilent EasyVials) were used for calibration between 

955,000 – 550 g.mol-1. Analyte samples were filtered through a nylon membrane with 

0.22 μm pore size before injection. Respectively, experimental molar mass (Mn,SEC) 

and dispersity (Đ) values of synthesised polymers were determined by conventional 

calibration using Agilent GPC/SEC software (version A.02.01). 

Proton nuclear magnetic resonance spectra (1H NMR) were recorded on a 

Bruker Advance 300 or 400 (300 or 400 MHz) at 27°C using CDCl3 or D2O as 

solvents. Chemical shift values (δ) reported in ppm, and the residual proton signal of 

the solvent used as internal standard. 
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2.3. Agarose gel electrophoresis 

Polyplexes were prepared at various N/P ratios by mixing the correct amount of 

polymer stock solution with 25 µL of a stock solution of dsRNA at 0.1 mg/mL for a 

total solution of 50 µL. Polyplexes were vortexed and incubated for 30 min. Prior to 

loading, 25 µL of loading dye was added to each sample. Agarose gel was prepared 

by heating agarose (2 g) dissolved in 200 mL of 10% TBE buffer in the microwave 

until complete dissolution. The solution was cooled down for 20 minutes and 22 µL 

of GelRed was added. The mixture was poured into the gel caster and combed was 

inserted. The gel was left to set for 25 minutes at room temperature. The agarose gel 

electrophoresis were run in 10% TBE buffer. 15 µL of polyplexes were loaded into 

the agarose gel wells. Gel electrophoresis was performed at 100 V for 30 minutes with 

dsRNA. The final gels were visualised under UV illumination. 

2.4. Ethidium bromide displacement assay 

DsRNA or pDNA (15 µg/mL) and ethidium bromide (1 µg/mL) were incubated 

for 10 minutes at room temperature. And 50 µL of this solution was transferred to a 

96 wellplate containing polymers at different concentrations corresponding to the 

different N/P ratios. After 20 minutes incubation before measuring fluorescence 

intensity (λEx = 525 nm, λEm = 605 nm) using Biotek instruments Citation 3 cell 

imaging multi-mode reader. The maximum fluorescence was defined with controls 

containing only dsRNA or pDNA with ethidium bromide. 

2.5. Soil stability assay 

Method 1: 

200 µL of polyplexes (N/P 5) was added to 0.5 g of soil in a tube and the samples 

were incubated for 0, 1, 2, 3, 7, 10, 14, 21 and 28 days. 50 µL of a 10 mg/mL heparin 

solution was added to the sample and incubated for 2 minutes at room temperature. 1 

mL of TRI Reagent was then added and the samples was vortexed well followed by a 

5 min incubation. The sample was then stored at -20 ◦C. At the end of the 28 days, all 

samples were let to warm up to room temperature and 200 µL of chloroform was 

added. The samples were vortexed and incubated for 3 minutes at room temperature. 
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Samples were centrifuged for 15 minutes at 12 000 g. The supernatant (400 µL) was 

transferred into a new tube and isopropanol was added to precipitate the dsRNA. After 

10 minutes incubation, the tubes were centrifuged for 10 minutes at 12 000 g. After 

removal of the supernatant, the pellet was washed twice with 500 µL of 70% ethanol 

and centrifuged 5 minutes at 12 000 g. After removal of the supernatant, the samples 

were centrifuged 1 minute at 12 000 g. The pellet was left to dry for 5 minutes and 

resuspended in 200 µL water. Agarose gel electrophoresis was used to visualise the 

results of the assay. 5 µL of the dsRNA solution was mixed with 5 µL water and 5 µL 

of loading dye. 

Method 2: 

200 µL of polyplexes (N/P 5) was added to 0.5 g of soil in a tube and the samples 

were incubated for 0, 1, 2, 3, 7, 10, 14, 21 and 28 days. The degradation reaction was 

stopped by freezing the samples (-20 ◦C). At the end of the 28 days, all samples were 

let to warm up to room temperature. 5 µL of 25% Polyvinylsulfonate (PVS) solution, 

80 µL of 0.5 M EGTA solution and 315 µL of water are added in the tubes. After that 

the soil had been resuspended by mixing vigourously the tubes, the samples were 

centrifuged at 12 000 rpm for 15 min at room temperature. The supernatant was 

transferred into a new tube and 5 µL into a black 96-well plate with 100 µL of water 

and 20 µL of 200X GelRed. The plate was gently mixed on a thermos-mixer at 350 

rpm for a few second and incubated in the dark for 10 min. The plate was read on a 

fluorescence plate reader (λEx = 300 nm, λEm = 590 nm). 
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Chapter 3: PDMAEA 4-arm Stars by RAFT  

3.1. Abstract 

PDMAEA 4-arm stars made by Cu(0)-RDRP are reported in the literature to be 

able to delay the degradation in soil by up to two weeks compared to one week for the 

linear equivalent and to release the dsRNA and make it available for ingestion by the 

pest.1 The potential of these structures was further studied here; four 4-arm stars with 

different molecular weights (7 500 – 15 700 g/mol) were synthesised using RAFT 

polymerisation. Stable polymers were obtained with high conversions (80 – 90 %) and 

no star-star coupling. All stars were able to efficiently complex the dsRNA as shown 

by the agarose gel electrophoresis results and ethidium bromide displacement assays. 

Little effect of the molecular weight was observed on complexation, with slightly more 

polymer needed to fully complex the dsRNA with the smaller star (N/P 2) compared 

to the higer molecular weight star (N/P 1). However, no prolonged protection of 

dsRNA was observed in the presence of dsRNases or in soil with any of the stars, due 

to the fast hydrolysis of the DMAEA side chains resulting in the fast release of the 

dsRNA. Therefore, the change in architecture was not enough to obtain a good 

protection of the nucleic acids. 
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3.2. Introduction 

As seen in chapter 1, RNAi is an efficient tool to replace the classic broad-

spectrum chemical pesticides by targeting specifically one or a range of pest species.2 

However, dsRNA is quickly degraded in the environment, especially in live soil.3, 4 

Nucleases, ions and the microbial community present in live soil are mainly 

responsible for the degradation of dsRNA. Therefore, the use of a vector to transport 

and protect the nucleic acids from the enzymes present in soil is essential.5 Cationic 

polymers have shown to be efficient vectors to transport RNA and DNA by binding 

electrostatically to form a polyplex.6 They are interesting for their ease of synthesis 

and production as well as good reproducibility, their low immunogenicity and their 

tuneable physical and chemical properties. Among cationic polymers, poly(2-

dimethylaminoethyl acrylate) (pDMAEA) is a good candidate for the complexation of 

dsRNA, and its ability to hydrolyse to poly(acrylic acid) enables the release of the 

nucleic acids without any external trigger.7, 8 However, the protection of dsRNA in 

soil environment is particularly challenging as many competing species (mainly ions) 

are present, thus inducing low stability of the complex. Whitfield et al. reported 

improved protection in soil with the use of pDMAEA polymers with a 4-arm star 

architecture (Mn= 6 200 g/mol, Ð=1.14) compared to a linear equivalent (Mn= 5 600 

g/mol, Ð=1.18).1 The stability of dsRNA in soil was improved and delayed to up to 2 

weeks as shown in Figure 3.1 wherease the linear chain was only able to delay it to up 

to 7 days. In this work, the materials were synthesised using Cu(0)-mediated RDRP 

for its fast rate of reaction with low amount of catalyst required to obtain polymers 

with good control over molecular weight and dispersity. The polymerisation of 

DMAEA was stopped at low conversion in order to avoid side reactions leading to 

termination due to the high reactivity of the tertiary amine functionality and to keep 

the dispersity low, at around 1.1. When the reaction was left longer, a high molecular 

weight shoulder was observed, with dispersity increasing significantly. The 

polymerisation of DMAEA has always been reported to be problematic compared to 

other acrylate or similar monomers due to side reactions and chain transfer regardless 

of the technique used. The range of molecular weight is usually limited to a maximum 

of around 10 000 g/mol due to side reactions, with dispersities around 1.2 to 1.3 until 

very recently when Ros et al. reported the polymerisation of DMAEA using RAFT in 



Chapter 3 

 

56 

a mixture of dioxane and water at pH 3-4 resulting in a higher molecular weight 

polymer (Mn=31 200 g/mol, Ð=1.25). 8-12 However, reports on the synthesis of 

DMAEA-based polymers is still limited. 

 

Figure 3.1: Evaluation of naked dsRNA, linear pDMAEA/dsRNA complex and star 

pDMAEA/dsRNA complex in no soil, baked soil and live soil. Samples were formed and 

incubated at room temperature for different time periods (d = day 0, 3, 7, 10, 14, 21). DsRNA 

was extracted from soil and samples loaded onto 2% w/v agarose gel (100 V, 30 min) for 

subsequent analysis. Figure adapted from ref.1 

The promising results reported by Whitfield et al. were encouraging, thus, in 

this present chapter, we are looking at the potential of pDMAEA 4-arm star structures 

of different molecular weights (7 400 – 15 700 g/mol). The aim was to then investigate 

the design of new potential materials to improve complexation, control of the release 

of the dsRNA and stability of the polyplexes in live soil. In this work, the pDMAEA 

materials were reproduced using RAFT polymerisation to compare them with the 

materials reported in the next chapters. RAFT polymerisation was chosen for its high 

versatility toward a wide range of monomers13 and the ability to reach higher monomer 

conversion and higher molecular weight for the synthesis of pDMAEA.10, 14 
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3.3. Results and discussion 

3.3.1. Synthesis of 4 arms pDMAEA stars 

In order to compare the new materials to the 4-arm stars synthesised previously 

by Cu(0) RDRP,1 RAFT was used to synthesise similar stars with DMAEA. Four stars 

of molecular weight going from 7 400 to 15 700 g/mol by targeting DPs up to 80 were 

synthesised using the core-first approach. 

A tetra functional (propanoic acid)yl butyl trithiocarbonate (PABTC) RAFT 

agent was synthesised since it controls of the polymerisation of acrylate monomers, 

including DMAEA. The tetra functional PABTC was synthesised by the esterification 

of pentaerythritol with 2-bromopropionyl bromide. The product was then reacted with 

the product of the reaction of butanethiol and carbone disulphide in acetone (Scheme 

3.1). The resulting 4-arm CTA was purified by flash column chromatography to give 

a clean product as evidence by 1H NMR (Figure A3.1) with 23% yield. 

 

Scheme 3.1: Multifunctional RAFT agent synthesis 

The 4-arms CTA was used to polymerise DMAEA in dioxane at various arm 

DPs from 13 to 80, by varying the ratio of monomer to CTA ([M]/[CTA]). The 

monomer concentration was kept low enough to avoid star-star coupling ([M]= 2 M). 

No initiator was used as the reaction was performed under blue light at room 

temperature. The blue light is able to fragment the CTA without the need of an external 

source of radical. The reaction was performed under blue light, which triggers the 

fragmentation of the CTA, and therefore avoid the use of a free radical initiator.15-17 

Moreover, this allows to work at lower temperatures, thus preventing termination and 
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chain transfer reaction. Polymers with higher conversion (89%) and slightly narrower 

dispersities (1.28) were obtained with blue light compared to thermal initiation (81%, 

Ð=1.35) for a targeted DP of 13. Conversions were determined by 1H NMR 

spectroscopy by following the decrease of the peak corresponding to the vinyl protons 

of DMAEA at 5.5 ppm. Molecular weights were determinded by gel permeation 

chromatography (GPC) in DMF with PMMA calibration, using an RI detector. 

The 4-arms star pDMAEA were obtained with conversions varying from 80% 

to 90% (Table 3.1). Increasing the DP seemed to increase the dispersity (up to 1.7) 

with more tailing at low molecular weight (Figure 3.2). Additionally, lower conversion 

was obtained for higher molecular weight. Compared to Cu(0)-mediated RDRP, 

polymers were obtained with higher dispersities.18 However, RAFT allows the 

reaction to proceed to high conversion with no observation of major star-star coupling 

as evidenced by GPC results, no shoulder at high molecular weight could be observed. 

Yet, the limitation in molecular weight and higher dispersities can be observed at the 

higher targeted DPs due to side reaction and transfer to dimethylaminoethanol small 

molecules. 

Table 3.1: 4-arm star pDMAEA. Conversion was determined by 1H NMR and molar mass 

were determined by DMF-GPC with pMMA standards. 

Polymer 
DP 

targetted 

Conversion 

(%) 

Mn,th 

(g.mol-1) 

Mn, GPC 

(g.mol-1) 

Mw, GPC 

(g.mol-1) Ð 

4-pDMAEA_11 13 89 7 500 7 400 9 500 1.28 

4-pDMAEA_38 40 90 22 700 16 700 25 000 1.49 

4-pDMAEA_47 50 90 28 100 15 500 24 100 1.59 

4-pDMAEA_67 80 80 44 500 15 700 26 800 1.71 
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Figure 3.2: DMF-GPC traces of the 4-arms pDMAEA stars at final DP of 11, 38, 47 and 67. 

3.3.2. Complexation and characterisation of polyplexes 

The 4 star pDMAEA polymers were used for the complexation of dsRNA. This 

was assessed by agarose gel electrophoresis and ethidium bromide assay. 

Gel electrophoresis is based on negatively charged species such as the nucleic 

acids moving down with the current while a positively charged complex will stay in 

the well at the top of the gel. By varying the ratio of nitrogen from the polymer to 

phosphorus from the nucleic acid (N/P ratio), the amount of polymer necessary to fully 

complex the dsRNA can be determined. Complexation was assessed with dsRNA at 

N/P ratios from 0 to 10. Full complexation was observed at N/P 1 for the three higher 

molecular weight star polymers (Figure 3.3b-c), while an N/P ratio of 2 was necessary 

to fully complex the dsRNA with the star pDMAEA with an arm DP of 11 (Figure 

3.3a). 
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Figure 3.3: Agarose gel electrophoresis pictures of complexation of dsRNA with a) 4-

pDMAEA_11 b) 4-pDMAEA_38 c) 4-pDMAEA_47 d) 4-pDMAEA_68. 

Fluorescence spectroscopy can also be used to measure the interactions between 

the polymer and dsRNA. When the fluorescent cationic dyes ethidium bromide (EtBr) 

or GelRed, intercalate with the base pairs of the nucleic acids, an increase in 

fluorescence is observed.19, 20 Therefore, the formation of the polyplex can be observed 

by a decrease of EtBr fluorescence as the dsRNA interacts with the cationic polymer 

instead. The relative percentage of displaced nucleic acids which is then binding to the 

cationic polymer chains can be calculated. By using PEI as a reference, we observed 

good complexation at N/P 2 and the displacement stayed the same at higher N/P ratios. 

The three stars with higher arm DP were able to bind a maximum of 89 to 92% of 

dsRNA at N/P 1, while 4-pDMAEA_11 could bind a maximum of 87% of dsRNA at 

N/P 2 (Figure 3.4). This is in agreement with what was observed for the complexation 

with the agarose gel electrophoresis. The binding of dsRNA was slightly stronger for 

higher molecular weight 4-arms pDMAEA polymers. A decrease in relative bound 

dsRNA could be observed with the pDMAEA polymers as 91% of the dsRNA was 

displaced at N/P 1 for 4-pDMAEA_38 and 75% at N/P 10. This was likely to be due 

to the increasing concentration of polymer required to target higher N/P ratios which 

lead to increasing pH (from around 7.1 for N/P 1 to 8.3 for N/P 10) thus leading to 

less charged polymers. 
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Figure 3.4: Ethidium bromide displacement assay for 4-arm star pDMAEA with arm DP of 

11, 38, 47 and 67 and branched PEI. 

3.3.3. Heparin displacement assays 

The stability of the polyplex in the presence of competing species can be 

estimated using heparin dissociation assays.21 Heparin is a competing polyanion with 

high negative charge density disrupting the electrostatic interaction and leading to 

dissociation when the concentration is high enough.22, 23 Heparin was added at 

increasing concentration in the polyplex solution and agarose gel electrophoresis was 

used to observe any decomplexation of the dsRNA after 20 minutes incubation (Figure 

3.5). Results showed stability of the polyplexes up to medium concentrations for all 

stars. When concentration was close to 0.3 mg/mL, free dsRNA could be observed, 

except in the case of the complex obtained with the star with the highest molecular 

weight. This observation supports the idea that the high molecular weight might help 

to give a better binding and protection of the nucleic acids. 
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Figure 3.5: Heparin displacement assay. 5 µL heparin solution of increasing concentration 

were added to the polyplex solution at N/P 5 and incubated for 20 minutes upon gel 

electrophoresis run (100V, 30 min). 

3.3.4. Soil stability 

The soil stability assay allows us to test the polymers’ ability to protect the 

dsRNA in environmental conditions. Stability in the live soil is particularly 

challenging since it is composed of many chemicals, nucleases and a microbial 

community, that can lead to decomplexation and degradation of the nucleic acids.3, 24 

The ability of these materials to protect the dsRNA in soil conditions was assessed in 

order to compare to the results obtained by Whitfield et al.1 The dsRNA was 

complexed with the polymers in sterile water at a N/P ratio of 5, and added to a sample 

of live soil, enough to humidify it. Samples were incubated for up to 10 days at room 

temperature and were frozen at chosen time points to stop any further degradation. It 

is expected some dsRNA is released in the soil, and quickly degraded, while some 

dsRNA remain complexed and thus protected from degradation by the polymer. Naked 

dsRNA is used as a negative control and PEI as a positive control, since it is known to 

provide good protection, and no release of the dsRNA. PVS was then added to induce 

the dsRNA decomplexion. GelRed dye was used as a dye in order to measure 

fluorescence and quantify the amount of dsRNA left. 

Results presented in Figure 3.6 show that the fluorescence of the samples with 

formulated dsRNA were higher than the one of the naked nucleic acids at day 1, 

indicating the polymers were able to limit the degradation. However, it quickly 

decreased at day 2 and beyond, thus indicating that most dsRNA has been degraded. 

The positive control with PEI showed high fluorescence, which suggests the dsRNA 
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was well protected during the time of the experiment. Therefore, we can conclude that 

very little protection was provided. This result was surprising as it is in contradiction 

with previous results from Whitfield et al. where pDMAEA stars provided good 

protection for up to 14 days (Figure 3.1).1 The experiment was repeated for 4-

pDMAEA_11 and 4-pDMAEA_38 as a controls, the same results were obtained, the 

dsRNA was completely degraded after 3 days. However, it was also shown by 

Whitfield et al. that the dsRNA was fully released in about 3 days in sterile water at a 

N/P of 5,1 these results are supported by Cook et al.. 25 Therefore, it is unlikely that 

the release would be slower in soil than in pure water, especialy considering all the 

competing species present in soil. This results could be explained by a difference in 

activity between the soil used by Whitfield et al. and the soil used in this study, it 

could also be due to experimental. Thus, it seems the protection is still not strong 

enough with this type of architecture using simply DMAEA units as the nucleic acids 

is released too quickly in the soil. 

 

Figure 3.6: Soil stability assay. Fluorescence of GelRed after incubation (for 1, 2, 3, 5,7 and 

10 days) in soil with naked dsRNA (negative control) and dsRNA formulated with pDMAEA 

4-arm stars at arm DP 11, 38 and 67 and PEI (positive control) at N/P 5 with a final 

concentration of dsRNA of 1 mg/mL.  
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3.4. Conclusion 

4-arm pDMAEA stars were successfully synthesised using RAFT 

polymerisation in order to compare their ability to protect dsRNA in soil to the one 

previously reported by Whitfield et al. using Cu(0)-mediated RDRP.1 Four different 

molecular weight polymers were produced to investigate if the size / arm length would 

affect complexation and protection of dsRNA in a soil environment. Compared to the 

polymer previously reported, the dispersities of the RAFT star polymers were higher, 

with more tailing at low molecular weight, but the reactions were performed to higher 

conversions without significant star-star coupling. Star polymers made by RAFT were 

stable after purification and could be stored dry which represent a significant 

advantage over Cu(0)-mediated RDRP. 

Successful complexation with dsRNA was evidenced with the four different 

stars, with the low molecular weight star (4-pDMAEA_11) being slightly less efficient 

at low N/P ratio as evidenced by agarose gel electrophoresis and ethidium bromide 

displacement assays. However, the increased stability in soil compared to linear chains 

reported in the litterature1 has not been observed with this architecture, with the 

molecular weight having no effect. This can be explained by the release of the dsRNA 

is still fast (less than 3 days). The key aspect might be to first control the release of the 

dsRNA in a solution such as water before testing it in soil. Previous work in our group 

suggests that a combination of branched type architecture and the introduction of a 

non-hydrolysable monomer would give a delayed release, with good stability of 

polyplex.14, 25 The copolymerisation of DMAEA with 20% of (2-dimethylaminoethyl 

methacrylate) DMAEMA showed that the dsRNA was fully released after 7 days 

instead of 1 day for the fully hydrolysable homopolymer.14 These materials showed 

promising results, despite exhibiting high dispersities. 

The next two chapters will investigate the effect of incorporating DMAEMA in 

a polymeric architecture, by first focusing on the hydrolysis of linear copolymers 

(Chapter 3) and the release of dsRNA and protection in soil (Chapter 4). Then, novel 

dense and branched architectures, based on arm-first p(DMAEA-DMAEMA) star 

polymers, which exhbit better control over structure and molecular weight, will be 

investigated.  
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3.5. Experimental 

3.5.1. Materials 

Pentaerythritol (Sigma-Aldrich, 99%), 2-bromopropionyl bromide (Sigma-

Aldrich, 97%), triethylamine (TEA; Sigma-Aldrich, 99.5%), butanethiol (Sigma-

Aldrich, 99%), carbone disulfide (Sigma-Aldrich, 99.9%), 2-(Dimethylamino)ethyl 

acrylate (DMAEA; Sigma-Aldrich, 98%), dry dichloromethane (DCM; Sigma-

Aldrich), Sodium Hydroxyde (Sigma-Aldrich), agarose (Sigma-Aldrich), gelred 

(Biotium), Tris-Borate-EDTA buffer (TBE), Orange G/blue loading dye (6X) (Alfa 

Aesar), chloroform-d (Sigma-Aldrich, 99.8% D atom), sterile water (Sigma-Aldrich). 

DsRNA was provided by Syngenta. The soil was provided dried by Syngenta and sieved 

through a 2mm sieve and used within one year. The DMAEA monomer was passed 

through alumina prior to use. 

3.5.2. Analytical techniques  

Refer to method chapter. 

3.5.3. Synthesis 

3.5.3.1. Synthesis of the tetrafunctional PABTC 

The pentaerythitol (1.18 g, 8.69 mmol, 1 eq.) was dissolved in 120 mL dry 

dichloromethane, and TEA (7.3 mL, 52.1 mmol, 6 eq.) was added to the solution 

which was then cooled down in an ice bath. The 2-bromopropionyl bromide (7.3 mL, 

69.5 mmol, 8 eq.) was added slowly into the cold solution. The solution quickly turned 

to clear orange upon addition. The reaction was left overnight. The solution was 

filtered and washed with acid (HCl) 3 times, base (NaOH) 3 times and water and brine. 

The organic phase was dried over anhydrous magnesium sulfate, filtered and the 

solvent was removed under reduced pressure to give the intermediated product as an 

orange-brown solid. The IR showed no residual alcohol at 3 300 cm-1 and a ester bond 

at 1736 cm-1. 

The second step was adapted from the synthesis of PABTC reported in the 

literature.26 
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Butanethiol (3 mL, 28.5 mmol, 1 eq.) was dissolved in 20 mL acetone and a 

sodium hydroxide solution (1.25 g in 6 mL water, 31.3 mmol). The resulting solution 

was stirred for 30 minutes at room temperature. The solution is then treated with 

carbon disulfide (1.8 mL, 29.2 mmol, 1.025 eq.) to give a yellow solution that is stirred 

for 30 min. The solution is then cooled down with an ice bath. The product from step 

1 was dissolved in 20 mL acetone and added drop-wise to the reaction mixture. The 

reaction was left to stir overnight. The product was extracted with DCM and washed 

with brine. The solution was dried over anhydrous magnesium sulfate, filtered and the 

solvent was removed under reduced pressure to give an orange oil. The product was 

purified by silica gel column chromatography (eluent: Hexane/ethyl acetate) to yield 

a viscous orange liquid with 26% yield. 1H NMR (400 MHz, CDCl3): δ=4.82 (1H, t, 

J=7.4 Hz, -CH-CH3), 4.06 (2H, m, -CH2-O-CO-), 3.35 (2H, m, -S-CH2-CH2-CH2-

CH3), 1.68 (2H, m, -S-CH2-CH2-CH2-CH3), 1.58 (3H, d, J=7.3 Hz -CH-CH3), 1.43 

(2H, m, -S-CH2-CH2-CH2-CH3), 0.93 (2H, t, J=7.4 Hz, -S-CH2-CH2-CH2-CH3). 
13C 

NMR (400 MHz, CDCl3): δ (ppm) = 221.8, 170.5, 62.8, 47.3, 42.2, 37.1, 29.8, 22.1, 

16.4, 13.6 (Figure A3.2). 

3.5.3.2. Synthesis of star polymers 

For a typical polymerisation in which [DMAEA]:[CTA] = 52:1, tetrafunctional 

PABTC (39.14 mg, 0.04 mmol), DMAEA (286.4 mg, 2.0 mmol), and dioxane (1.70 

mL) were added to a vial equipped with a magnetic stirrer and deoxygenated by 

bubbling with nitrogen for 20 minutes. The vial was place in a blue light reactor (460 

nm) at ambient temperature for 15 hours. Monomer conversions are determined by 1H 

NMR. The polymer is precipitated 3 times in Hexane and dried under vacuum. The final 

material was analysed by DMF-GPC (Figure 3.2) and 1H NMR (Figure A3.3). 

3.5.4. Agarose gel electrophoresis 

Refer to method chapter. 

3.5.5. Ethidium bromide displacement assay 

Refer to method chapter. 

3.5.6. Heparin displacement assay. 

Refer to method chapter. 
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3.5.7. Soil stability assay 

Refer to method 2 in method chapter.  
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3.7. Appendix 

 

Figure A3.1: 1H NMR spectrum (400 MHz, CDCl3, 128 scans) of the multifunctional RAFT 

agent after purification by column chromatography. 

 

Figure A3.2: 13C NMR spectrum (400 MHz, CDCl3, 512 scans) of the multifunctional RAFT 

agent after purification by column chromatography. 
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Figure A3.3: 1H NMR (400 MHz, CDCl3, 128 scans) spectrum of 4-pDMAEA_11 after 

precipitation in hexane. 
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Chapter 4: Synthesis and Hydrolysis of Linear 

and Star pDMAEA-DMAEMA Copolymers. 

4.1. Abstract 

In this work, a series of copolymers of DMAEA and 2-(dimethylamino)ethyl 

methacrylate (DMAEMA), as a cationic non-hydrolysable comonomer, were 

synthesised by RAFT polymerisation with different ratios of hydrolysable monomers 

from 100% to 50% DMAEA. Increasing amount of DMAEMA resulted in slower and 

lower hydrolysis. In order to study the influence of the architecture on the hydrolysis 

of the copolymers of DMAEA and DMAEMA (DMAEA:DMAEMA = 80:20), dense 

and compact star copolymers were prepared using RAFT, by the arm-first approach. 

Successful chain extensions of p(DMAEA80-stat-DMAEMA20) were achieved with 

acrylamide monomers, therefore, a bisacrylamide crosslinker was used for the 

formation of the stars. N-Acrylmorpholine (NAM) was incorporated before 

crosslinking as a non-cationic monomer, either as a block or statistically integrated, to 

obtain soluble stars after purification and drying. Stars with a high number of well-

defined arms (Narm ~ 55 – 100) and dispersities between 1.7 and 2.3 were obtained. 

The architecture had a small impact on hydrolysis with slightly lower hydrolysis 

percentages observed for the stars compared to their corresponding arms. This is likely 

to be because of their compact structures, as access to chains closer to the center of 

the core may be more limited. These results have shown the hydrolysis could be tuned 

by incorporating DMAEMA and that the dense star architecture had only a small 

impact on the hydrolysis of the DMAEA side chains, reducing slightly the proportion 

of hydrolysed fraction. 
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4.2. Introduction: Effect of composition and 

architecture on pDMAEA hydrolysis 

Given the fast hydrolysis of pDMAEA in water1-7 discussed in chapter 1, 

attempts to tune the hydrolysis and the effect of comonomers on the hydrolysis have 

been reported in a few studies. Ros et al. studied different systems with a cationic 

comonomer 3-aminopropylmethacrylamide (APM), a neutral/hydrophilic comonomer 

hydroxyethylacrylate (HEA), and an anionic comonomer acrylic acid (AA) (Figure 

4.2b). The copolymers containing the cationic APM units displayed the fastest 

hydrolysis, with higher APM content leading to increased DMAEA hydrolysis (Figure 

4.2a). APM is non hydrolysable, but its positive charge plays a role in the net charge 

of the polymer chain. For the copolymer with only 24% DMAEA, the hydrolysis went 

to completion at 37°C. This polymer still possessed a significant net cationic charge 

(calculated from the fraction of cationic (APM+DMAEA) and anionic (AA) units), 

whereas copolymers with 88% DMAEA reached a zero net charge at just 55% 

hydrolysis (Figure 4.2c). Hydrolysis slowed as the chains were getting closer to zero 

net charge but none of them crossed zero to become negatively charged.5 With the 

introduction of anionic AA comonomer, the hydrolysis of DMAEA was slower than 

the other polymers, as only 14% was reached in 20 days. This was explained by the 

net charge being close to neutral when the polymer may be more hydrophobic and in 

a collapsed conformation. This corresponds to the composition at which the hydrolysis 

of pDMAEA reaches a plateau. The AA units might also interact with the DMAEA 

and disrupt the intramolecular activation pathways of the hydrolysis. On the other 

hand, the copolymerisation with the neutral and hydrophilic HEA comonomers had 

very little impact. 

The effect of the hydrophilicity/hydrophobicity was also studied by 

copolymerising DMAEA with a second hydrolysable comonomer, 2-hydroxymethyl 

acrylate (DHMA). The homopolymer of DHMA hydrolysed faster than pDMAEA, 

with about 80% of the side chains hydrolysed in 2 days at pH 7, at room temperature, 

whereas less than 20% were hydrolysed for pDMAEA in the same conditions. The 

hydroxymethyl substituent might interact with the ester carbonyl oxygen and increase 

the electrophilicity as well as increasing the hydrophilicity of the polymer. When 

DHMA and DMAEA were copolymerised, the speed of the hydrolysis of the resulting 
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copolymer increased when the ratio of DHMA to DMAEA increases.6 Gurnani et al. 

further studied the influence of the hydrophilicity by copolymerising DMAEA with 

either a hydrophilic (HEA) or hydrophobic, butyl acrylate (BA), comonomer . Higher 

hydrolysis is reached for the more hydrophilic copolymers. By spacing the DMAEA 

units with BA, the pH dependency of pDMAEA was increased whereas by spacing 

them with HEA the pH dependency was reduced.8 The copolymerisation of DMAEA 

with its methacrylate version DMAEMA which is nonhydrolysable6 was also seen to 

slow down the hydrolysis. Two different compositions were reported, 80% DMAEA 

and 20% DMAEA relative to DMAEMA. When the copolymer with 80% DMAEA 

reached a plateau at about 60% hydrolysis of DMAEA, the one with 20% DMAEA 

reached only 25% in 20 days.9 From these studies we can conclude the addition of 

comonomers or substituents (DHMA or DMAEMA) and change of environments 

(hydrophilicity/hydrophobicity, pH and net charge) can have a strong effect on the 

hydrolysis rates of the DMAEA side chains. 

  

Figure 4.1: DMAEA and its different comonomers studied in literature: DMAEMA, HEA, 

APM, AA, BA, DHMA. 
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Figure 4.2: Hydrolysis of DMAEA units for a) p(DMAEA-co-APM) at pH 7 and 37°C shown 

as percent of DMAEA hydrolysed for different ratios of DMAEA:APM from 88% to 24% 

DMAEA adapted from ref 46.5 b) for p(DMAEA-co-APM) (PAD49), p(DMAEA-co-HEA) 

(PDH46), p(DMAEA-co-AA) (pDA58) and pDMAEA at pH 7 and room temperature (22°C) 

adapted from ref. 43.7 c) Overall net charge (or excess of cationic groups) calculated from 

fractions of cationic (APM + DMAEA) and anionic (AA) adapted from ref.5 

Studies on the effect of the polymeric architecture have shown minimal effect 

on the hydrolysis. Whitfield et al. reported four and eight arms pDMAEA star 

homopolymers made by the core-first approach compared to linear equivalent.4 Cook 

et al. looked at branched architectures copolymers of DMAEA and DMAEMA.9 Both 

these studies concluded there was no effect of these architectures on the hydrolysis of 

the DMAEA side chains. The impact on hydrolysis of DMAEA units localised in the 

core of star polymers has been studied by Rolph et al.. The polymer was synthesised 

by the arm-first approach (polyacrylates arms), chains were extended with DMAEA 

and a diacrylate cross-linker. Monomers were fed to produce stars with approximately 

20, 15 and 10% crosslinking density. It was expected that by increasing crosslinking 

density to give a less mobile core, thus less mobile pendant functionality and more 

localized build-up of negative charge, the kinetics would be slower and maximum 
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hydrolysis lower. However, little difference was observed between star and linear 

polymers, in 300 minutes at room temperature, 26% hydrolysis was reached whereas 

34% for the linear polymer, though, at 50°C, the difference is more apparent.10 

Since the hydrolysis of homopolymers of DMAEA and the release of nucleic 

acids are too fast to observe a prolonged protection of dsRNA in soil conditions, even 

with a 4-am star architecture as evidenced in chapter 2, the incorporation of 

DMAEMA as non-hydrolysable comonomers to slow down the hydrolysis was further 

investigated in this chapter. Linear copolymers with different ratios of 

DMAEA:DMAEMA were prepared to study the influence on the hydrolysis profile. 

In a second part, new architectures of copolymers of DMAEA and DMAEMA were 

investigated. Dense star copolymers were synthesised by the arm-first approach in 

order to obtain a structure with a high number of arms and with improved control 

compared to the branched polymers previously studied.9 The branched structures of 

DMAEA and DMAEMA showed promising results but the poor control over the 

molecular weight and structure makes it difficult to determine how it is more efficient 

at protecting the dsRNA. The arm-first approach enables good control over the arm 

size and composition. The hydrolysis of such architecture was compared to the one of 

their arms to investigate the impact of architecture as demonstrated in the literature.4, 

9 
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4.3. Results and discussions 

4.3.1. Synthesis of p(DMAEA-co-DMAEMA) linear 

copolymer 

4.3.1.1. Polymer synthesis and characterisation 

RAFT polymerisation was used for its fine control over the molecular weight, 

dispersity, chain-end fidelity, and also for its compatibility toward amine 

functionalised monomers.11, 12 A series of poly(DMAEMA-co-DMAEA) were 

synthesised (Scheme 4.1) with ratios of monomers DMAEA:DMAEMA of 100:0, 

90:10, 80:20, 70:30 and 50:50 in order to finely tune the rate of hydrolysis and final 

fraction of hydrolysis. A homopolymer of DMAEMA was synthesised as control. As 

acrylates and methacrylates were copolymerised, (4-cyano pentanoic acid)yl ethyl 

trithiocarbonate (CPAETC), a CTA that has been shown to efficiently control the 

polymerisation of both acrylate and methacrylates9, 13 was used, with 4,4′-Azobis(4-

cyanovaleric acid) (ACVA) as initiator at 70°C over 24 hours (Scheme 4.1). To obtain 

molecular weights of 7,500 g.mol-1, a degree of polymerisation (DP) of 50 was 

targeted. The amount of initiator was kept low at a ratio of control transfer agent to 

initiator ([CTA]:[I]) of 20, in order to reduce the fraction of dead chains. 

 

Scheme 4.1: RAFT copolymerisation of DMAEA and DMAEMA ([M]=4M, [CTA]/[I]=20, 

DP=50). 

Conversions were determined by 1H NMR spectroscopy by following the 

decrease of signal for vinyl protons of DMAEA and DMAEMA at 5.5 ppm and 5.8 

ppm respectively (Figure A 4.1). Copolymers were obtained with conversion between 

80 and 86% and almost full conversion (>99%) was obtained for the pDMAEMA 

homopolymer. Molecular weights were determined by GPC, in DMF eluent with 
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PMMA standards, using RI and UV detectors. Results are presented in Table 4.1 and 

showed dispersities around 1.2 and a good overlap between RI and UV traces at λ=309 

nm is observed (Figure A4.2) indicating the presence of the trithiocarbonate 

functionality at the chain end. 

Table 4.1: Characterisation data of the different copolymers p(DMAEA-co-DMAEMA)50. 

Conversion is determined by 1H NMR and molar mass are determined by DMF-GPC with 

PMMA standards. 

Polymer 
DMAEA 

content (%) 

Conversion 

(%) 

Mn,th 

(g.mol-1) 

Mn, GPC 

(g.mol-1) 

Mw, GPC 

(g.mol-1) 
Ð 

L100 100 80 7 400 7 100 8 600 1.23 

L90 90 83 7 500 6 600 8 100 1.22 

L80 80 86 7 600 6300 7 600 1.20 

L70 70 85 7 600 6 500 7 800 1.20 

L50 50 81 7 800 6 200 7 500 1.21 

L0 0 >99 8 100 8 000 9 300 1.16 

 

4.3.1.2. Optimisation of the polymer synthesis 

Star synthesis following the arm-first approach in one-pot requires the system 

to reach full conversion. Parameters such as the choice of initiator, temperature, 

concentration of the monomer and CTA to initiator ratio ([CTA]/[I]) were varied in 

order to modify reactivity and kinetics to improve the final conversion of the 

polymerisation (Table 4.2). Neither the nature of the initiator nor temperature 

improved the final conversion (entries 01-03), slightly higher final conversions were 

obtained by decreasing the amount of initiator (entries 03-06), or by increasing the 

monomer concentration from 3 M to 4 M (entries 02 and 07), up to a maximum of 

95%. It was then decided to keep the [CTA]/[I] ratio at 20 to keep initiator 

concentration low and decrease the number of dead chains (entry 07). The monomer 

concentration was increased to 4 M instead of 3 M as reaction was a slightly faster and 

the control was still good (Ð <1.25). These parameters were chosen to keep a good 

balance between conversion, reaction time and livingness which is required to proceed 

with the next steps. As full conversion was not reached even after optimisation, 

intermediated purification steps were conducted for the star synthesis.  
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Table 4.2: Conditions of polymerisation of 80% DMAEA and 20% DMAEMA copolymers 

and final conversion results after 24 hours determined by 1H NMR spectroscopy. 

Entry 
T 

(°C) 

[M] 

(molar) 
[CTA]/[I] I 

Conversion 

(%) 

01 90 3 20 V40 85 

02 90 3 20 V86 85 

03 70 3 25 ACVA 90 

04 70 3 30 ACVA 90 

05 70 3 40 ACVA 86 

06 70 3 15 ACVA 95 

07 70 4 20 ACVA 92 

08 70 4 15 ACVA 93 

09 70 4 40 ACVA 75 

10 70 4 30 ACVA 90 

11 60 4 20 ACVA 70 

12 80 4 20 ACVA 75 

13 80 4 20 V40 85 

 

With these new conditions, polymerisation of 80% DMAEA and 20% 

DMAEMA was followed by 1H NMR spectroscopy and GPC (Figure 4.3). DMAEMA 

was incorporated faster into the polymer than the acrylate, meaning that the copolymer 

will possess a light gradient composition. These results are in agreement with the 

reactivity ratios determined in previous work in the group: rDMAEMA = 2.13 and rDMAEA 

= 0.69.9 While DMAEMA went to full conversion, DMAEA reached a plateau at only 

70%. The linear increase of molar mass with conversion and low dispersities (Ð <1.25) 

are characteristic features of controlled radical polymerisation. 
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Figure 4.3: Kinetic study of the copolymersisation of DMAEA and DMAEMA with 80% 

DMAEA [DMAEA]:[DMAEMA]:[CTA]:[I] = 40:10:1:0.05. a) evolution of conversions of 

DMAEA and DMAEMA as a function of time, b) evolution of Mn and Ð with conversion, 

c)DMF- GPC traces of p(DMAEA-co-DMAEMA) at different conversions. 

 

4.3.2. Hydrolysis study: influence of the composition 

The hydrolysis of the polymers were performed in situ in NMR tubes, at a 

concentration of 10 mg/mL in D2O, and the reaction was followed by 1H NMR 

spectroscopy at room temperature. Figure 4.4 shows the spectra of homopolymer of 

DMAEA over 13 days. When hydrolysis of the DMAEA side chain occurs, intensity 

of the peaks at 4.2 ppm, 2.7 ppm and 2.3 ppm decrease and sharp peaks appear (3.8 

ppm, 2.9 ppm and 2.6 ppm) due to small molecule by-product DMAE. The 

integrations of DMAE peaks in comparison to peak at 4.2ppm were used to calculate 

the fraction of hydrolysis. 
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Figure 4.4: 1H NMR spectra of pDMAEA50-DMAEMA0 in D2O at room temperature for 0 

hours, 6 hours, 1 day, 2 days, 6 days, 13 days. 

Figure 4.5a shows the resulting overall side chains hydrolysis kinetic profiles 

for the five different copolymers. pDMAEMA homopolymer was used as a control, 

no hydrolysis could be observed even after 60 days. For all polymers with DMAEA, 

after a fast initial period, the hydrolysis dramatically slowed down and reached a 

plateau within a few days in all cases. This is consistent with what has been observed 

in the literature.2, 4-9, 14 

The hydrolysis of the homopolymer of DMAEA reached the highest plateau 

(75% hydrolysis after 29 days) which is consistent with the results showed in the 

literature at a natural pH (around 9).7 The ratio of DMAEA:DMAEMA clearly has an 

effect on hydrolysis as shown in Figure 4.5. Lower final fraction of hydrolysis are 

observed when the proportion of DMAEA in the polymer decreases; for 100% 

DMAEA, 70% hydrolysis is reached after 29 days whereas only 20% is reached for 

the copolymer with 50% DMAEA. Alternatively the data can be considered in terms 

of the % of DMAEA hydrolysed specifically, rather than all monomer units, which 

gives a better comparison of the ease of hydrolysis for different comonomer 

compositions. For all polymers with more than 70% DMAEA, about 70% of the 

DMAEA side chains were hydrolysed after 29 days, whereas for the copolymers with 

50% DMAEA only 50% of the DMAEA is hydrolysed. Nethertheless, the rate of 

DMAEA hydrolysis at the beginning seems to decrease with increasing DMAEMA 

content. A reason could be the increased hydrophobicity of the methacrylate polymer 
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backbone units reducing access of water to the ester units. Compared to what have 

been observed with other cationic comonomers by Ros et al. a decrease in hydrolysed 

DMAEA side chains was observed with DMAEMA.5, 7 If all the side chains were 

charged, there were still 75% of positive side chains, therefore the assumption that the 

plateau is reached when the overall charge is neutral was not verified here. Given the 

pH (pH around 9) at this polymer concentration (10 mg/mL), it is likely that not all 

DMAEA or DMAEMA side chains are positively charged. Moreover, DMAEMA is 

more hydrophobic and flexible. 

 

Figure 4.5: Hydrolysis kinetics of copolymers of 100%, 90%, 80%, 70% and 50% DMAEA 

in D2O determined using 1H NMR spectroscopy. percentage hydrolysis a) of all side chains b) 

of DMAEA side chains. 

4.3.3. Star copolymers 

The objective here was to synthesise well-defined star-shaped copolymers of 

DMAEA and DMAEMA in order to compare the kinetics of hydrolysis and release of 

dsRNA with their linear equivalents. The arm-first approach enables the synthesis to 

start from the already characterised linear pDMAEMA-DMAEA copolymers and 

directly chain extend them with a suitable crosslinker to interconnect the arms to form 

stars.15-18 The composition of the arms was chosen at 80% DMAEA and 20% DMAEA 

since the hydrolysis was slowed down and lowered down significantly, enabling a 

slower release of the dsRNA (see chapter 4). 
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4.3.3.1. Investigation of chain extension of pDMAEA-based 

polymers 

The synthesis of stars by the arm-first approach requires an efficient chain 

extension, to ensure arm crosslinking and to minimise the quantity of unattached linear 

side products. A range of difunctional crosslinking monomers are available, and the 

choice of monomer family can have a large impact on chain extension efficiency due 

to the RAFT fragmentation mechanism. An acrylate monomer was first considered as 

DMAEA has the same polymerisable function and diacrylate crosslinkers have been 

used to make branched copolymer structures9 or stars10 with DMAEA, however no 

chain extension are reported in the literature using RAFT. Whitfield et al. successfully 

chain extended pDMAEA with methyl acrylate (MA) using Cu(0)-mediated RDRP.19 

To make sure acrylates are suitable for chain extension of the p(DMAEA-stat-

DMAEMA) copolymer, MA was used as a model monomer. However, the chain 

extension with MA ([M]/[mCTA]=50) from pDMAEA homopolymer showed poor 

reinitiation. The GPC trace revealed only small fraction of the first block shifted to 

higher molecular weight (Figure 4.6a). For the pDMAEMA homopolymer, the chain 

extension was slightly improved but still unsatisfactory (Figure 4.6b). The same trend 

was observed from chain extension of p(DMAEA-stat-DMAEMA) copolymer, a 

limited shift was observed with tailing at low molecular weight (Figure 4.6c). Chain 

extension from a statistical copolymer of MA and methyl methacrylate (MMA) was 

performed as a control. The GPC results showed a clear extension, even if some tailing 

could still be observed (Figure 4.6c). It was concluded that the poor chain extension 

came from the functionality of the monomers and particularly in the case of DMAEA. 
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Figure 4.6: DMF-GPC traces of chain extension with methyl acrylate (MA) ([M]=0.5 M) of 

a) pDMAEA homopolymer b) pDMAEMA homopolymer c) p(DMAEA80-co-DMAEMA20) 

copolymer d) p(MA80-co-MMA20) copolymer. 

As the reinitiation with an acrylate was not efficient, an extension of p(DMAEA-

co-DMAEMA) with an acrylamide monomer, N-acryloylmorpholine (NAM), was 

performed to assess macroCTA reactivity. The reaction reached almost full conversion 

of NAM as shown by 1H NMR with almost total disappearance of the vinyl peaks at 

6.5, 6.3 and 5.7 ppm. The GPC traces (Figure 4.7) showed a much improved chain 

extension, with a clear shift to higher molecular weight, although a small amount of 

macroCTA still did not reinitiate. From these results, the usage of an acrylamide based 

crosslinker was identified as the most suitable choice. 
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Figure 4.7: DMF-GPC traces of chain extension of p(DMAEA80-co-DMAEMA20) with NAM 

([M]=0.5M). 

4.3.3.2. From linear to star copolymers the arm-first approach 

Methylenbis(acrylamide) was chosen as crosslinker (CL) to synthesise the stars 

by the arm-first approach. Purified linear copolymer L80 composed of 80% DMAEA 

previously synthesised was used as macroCTA (mCTA) for chain extension.20 ACVA 

was used as initiator (I) at 70°C over 5 hours (Scheme 4.2) and a [CL]:[mCTA] ratio 

of 3, a [CTA]:[I] ratio of 20 and a crosslinker concentration of 0.2 M were chosen for 

this reaction. The chain extension was followed by 1H NMR spectroscopy and DMF 

GPC (Figure 4.8). This showed that 90% the double bonds of the crosslinker was 

consumed in four hours. GPC clearly provides evidence of the arms crosslinking into 

star copolymers, with the formation of a higher molecular weight species increasing 

in size over the course of the reaction as seen in Figure 4.10. At the end of the reaction, 

star copolymers were obtained with a good dispersity (Ð=1.30) and molecular weight 

of 152 000 g.mol-1. Stars were then precipitated in cold diethyl ether to remove the 

non-incorporated arms and dried (Figure 4.9). However, this purification resulted in a 

material that was completely insoluble after drying. This might be due to the high 

charge of the polymer as this has been observed with other 100% cationic core-

crosslinked stars. 
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Scheme 4.2: Crosslinking of linear arm copolymers to form stars using a bisacrylamide 

difunctional monomer (Methylenbis(acrylamide)). 

 

 

Figure 4.8: GPC traces of arms and stars after crosslinking reaction for 4 hours. 

 

 

Figure 4.9: DMF-GPC traces of the final product before and after precipitation. 
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Introducing a block of non-cationic NAM prior to the crosslinking of the 

purified block copolymer in a second step enabled to solubilise the stars (Scheme 4.3). 

Since the introduction of the second block of NAM led to higher molecular weight 

materials (the DP of NAM was 30 in addition to the DP 50 of the first block), two new 

stars were synthesised, with a first block of DMAEA and DMAEMA of DPs 25 and 

12 (80% DMAEA), respectively, instead of a total DP of 50, and chain extended after 

purification with NAM targeting a DP 15 and 7, respectively. The stars were purified 

by precipitation in a mixture of solvents, 70% cold diethyl ether and 30% 

dichloromethane, to selectively remove the unreacted arms. 

 

Scheme 4.3: a) Chain extension of pDMAEA-stat-DMAEMA with NAM ([M]= 2 M, 

[M]/[mCTA]=15 or 7, [mCTA]/[I]=20) and b) crosslinking with bisacrylamide monomer 

([CL]=0.2M, [CL]/[mCTA]=3, [mCTA]/[I]=20). 
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Table 4.3: Kinetic data for the crosslinking of the pDMAEA-stat-DMAEMA-b-NAM arms 

([CL]=0.2M, [CL]/[mCTA]=3, [mCTA]/[I]=20). 

Time Conv. Mn, GPC CHCl3 Mw, GPC CHCl3 Ð 

min (%) (g/mol) (g/mol)  

0 0 12 800 15 800 1.23 

25 18 40 400 48 200 1.19 

35 40 56 400 68 300 1.21 

55 60 68 000 90 400 1.33 

90 80 93 300 128 000 1.37 

180 95 119 900 194 300 1.62 

 

 

Figure 4.10: GPC traces of the kinetic of star formation ([CL]=0.2M, [CL]/[mCTA]=3, 

[mCTA]/[I]=20). 
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4.3.4. Star copolymer characterisation 

The batch of star copolymers described above were characterised by DMF-GPC 

and 1H NMR spectroscopy, and results are presented in Table 4.4 and Figure 4.12. For 

the block-copolymers and the stars, triple detection was used allowing the 

determination of different constants such as α and K values. The core crosslinked star 

copolymers made of the well-defined block copolymers (Ð < 1.1) showed higher 

dispersities (Ð=2.2 - 2.35) as it is sometimes expected from such structures. Mark-

houwink plots yielded lower alpha values (α=0.24-0.31) than their respective arms 

(α=0.35-0.41). 

The number of arm per stars, Narm, can be calculated using the absolute 

molecular weight of the stars, it corresponds to the ratio of the average molecular 

weight of the stars (Mw,star, MALS) to the average molecular weight of the arms 

(Mw,arm,GPC) : 

 

The arm incorporation can be calculated from the output of the RI detector by 

plotting dw/dlogM out of absolute molecular weight squared determined by light 

scattering against retention time (Figure 4.11) with equation below: 

 

Where Astar and Aarms are the areas under their corresponding peak (Figure 

4.11) 
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Figure 4.11: Integration of arm peak and stars peak from RI signal. Plot of dw/dlogM out of 

absolute molecular weight square determined by light scattering against retention time. 

 

Stars with longer arms have an average of 100 arms per star while the one with 

smaller arms have an average of 65 arms per star as calculated. For the stars with 

longer arms, 75% of the linear chains were incorporated and 83% for the one with 

shorter arms. Shorter arms were easier to incorporate as there was less steric hindrance, 

and the number of arms per star was lower. Hydrodynamic radius (RH) of the 2 stars 

are in agreement as RH of the bigger one is double (11 nm) the one of the smaller one 

(5.5 nm). 
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Table 4.4: Characterisation of star polymers. Conversion is determined by 1H NMR and molar 

mass are determined by DMF-GPC, absolute molecular weight from light scattering detection, 

α=Kuhn-Mark-Houwink-Sakurada parameter from viscometry detector, Narm = number of 

arms per star, arm incorporation is calculated from RI detector. 

 Code Mn,th Conv. 
Mn, GPC 

DMF 

Mw, GPC 

DMF 
Ð α RH Narm 

arm 

incorp. 

  g/mol % g/mol g/mol   nm  % 

𝑳(DMAEA−𝑠𝑡𝑎𝑡−DMAEMA)𝟐𝟓  3500 91 11100 11300 1.02 - - - - 

𝑳(DMAEA−𝑠−DMAEMA)𝟐𝟓−𝑏−NAM𝟏𝟐
  5500 95 15300 16600 1.09 0.41 - - - 

𝐒(DMAEA−𝑠−DMAEMA)𝟐𝟓−𝑏−NAM𝟏𝟐
 Star 1 - 99 383900 868800 2.26 0.31 11 100 75 

𝑳(DMAEA−𝑠𝑡𝑎𝑡−DMAEMA)𝟏𝟐  1800 89 9100 9900 1.09 - - - - 

𝑳(DMAEA−𝑠−DMAEMA)𝟏𝟐−𝑏−NAM𝟕
  2800 97 6200 6500 1.06 0.35 - - - 

𝑺(DMAEA−𝑠−DMAEMA)𝟏𝟐−𝑏−NAM𝟕
 Star 2 - 99 41300 95800 2.32 0.24 5.5 65 83 

𝑳(𝐷𝑀𝐴𝐸𝐴−𝑠−𝐷𝑀𝐴𝐸𝑀𝐴−𝒔−NAM)𝟒𝟎  5600 91 12500 13900 1.11 0.55 - - - 

𝑺(𝐷𝑀𝐴𝐸𝐴−𝑠−𝐷𝑀𝐴𝐸𝑀𝐴−𝒔−NAM)𝟒𝟎  Star 3 - 98 228 800 380 800 1.66 0.28 10 55 50 

 

 

Figure 4.12: DMF-GPC traces of formation of stars from first block of pDMAEA-stat-

DMAEMA to star with a first block of a) DP 25 and b) DP12 after chain extension with NAM 

([CL]=2M, [M]/[mCTA]= a)15 and b)7, [mCTA]/[I]=20) and crosslinking with bisacrylamide 

([CL]=0.2M, [CL]/[mCTA]=3, [mCTA]/[I]=20). 
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In order to make the synthesis simpler, NAM was copolymerised with DMAEA 

and DMAEMA in one-step to yield a statistical copolymer, rather than a block as 

previously described. The reaction kinetics were followed by 1H NMR spectroscopy 

and DMF-GPC (Figure 4.13). All three monomers were incorporated, DMAEMA was 

still incorporated the fastest, then NAM and DMAEA making the copolymer slightly 

gradient. The linear increase of molar mass with conversion and low dispersities 

(Ð=1.3) are characteristic features of controlled radical polymerisation. After 

purification, the linear chains were crosslinked with the same conditions as used 

previously and then purified to remove the unreacted arms. Alpha values for the 

formed stars are in the range of the others: 0.28 in agreement with star formation as a 

compact structure (Table 4.4). 

 

Figure 4.13: Copolymerisation of NAM with DMAEA and DMAEMA 

([DMAEA]:[DMAEMA]:[NAM]:[CTA]:[I]= 20:5:15:1:0.05) a) evolution of conversion with 

time, conversion calculated by 1H NMR b) Mn=f(conversion ) plot. c) DMF-GPC traces of 

copolymerisation. 
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Figure 4.14: GPC traces of star formation from the statistical copolymer of DMAEA, 

DMAEMA and NAM. 

Stars were further characterised using SAXS and AFM. SAXS data were fitted 

to a polydisperse star polymer model (Figure 4.16). This model describes the 

scattering from linear Gaussian polymer chains crosslinked to a central core. The zero-

angle intensity (𝐼0) is proportional to the concentration and size of the individual stars. 

Other input parameters include the radius of gyration (𝑅𝑔) of the individual polymer 

chains within the star, and the number of arms. Here, the number of arms was fixed 

according to the number of arms determined through GPC analysis. The 𝑅𝑔 was fit to 

a lognormal distribution, where the number averaged 𝑅𝑔 and the standard deviation 

were fitted parameters. The number average 𝑅𝑔̅̅̅̅  was calculated for the three stars 

(Table 4.5), Star 1 had a 𝑅𝑔̅̅̅̅  of 77 Å, while Star 3 with the same arm length had a 𝑅𝑔̅̅̅̅  

of 98 Å but with a higher standard deviation (0.59). Star 1 was better defined with a 

standard deviation of 0.22 (Figure 4.16b). This was supported by AFM images (Figure 

4.17), more aggregation could be observed with Star 3 whereas better defined spheres 

could be observed for Star 1. Star 2 had a smaller 𝑅𝑔̅̅̅̅  (71 Å) with a higher standard 

deviation of 0.50. This could also be observed with AFM, where small stars could be 

seen but also bigger aggregates. 
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Figure 4.15: Star representation. Light blue circles represent DMAEA, darker blue circles 

correspond to DMAEMA monomer, red circles corresponds to NAM and the pink center 

represent the crosslinked core linking the arms with the bisacrylamide difunctional monomer. 

 

Figure 4.16: SAXS analysis in DMF ( 2 mg/mL, 25°C). of star 1, star 2 and star 3. a) overlay 

of raw data and fittings (polydisperse star polymer model), b) Radius of gyration fit to a 

lognormal distribution. 
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Figure 4.17: AFM pictures of a) Star 1, b) Star 2 and c) Star 3. The samples were prepared at 

0.025 mg/mL onto freshly cleaved mica. 

 

Table 4.5: Structural parameters obtained by fitting SAXS data of the star copolymers. Error 

values represent the standard error associated with the fitted values. 𝑁𝑎𝑟𝑚𝑠 represents the 

number of arms within each star and was held constant throughout the fitting procedure based 

on the number of arms determined via SEC analyses. 𝑅𝑔̅̅̅̅  represents the number averaged 

radius of gyration of individual polymer chains within the star. σ represents the standard 

deviation of the lognormal distribution in 𝑅𝑔. 

 

 

  

Parameter 
Polymer 

Star 1 Star 2 Star 3 

𝑰𝟎 / cm-1 1.23 ± 0.01 1.13 ± 0.01 1.74 ± 0.02 

𝑵𝒂𝒓𝒎𝒔 100 65 55 

𝑹𝒈̅̅ ̅̅  / Å 77.32 ± 0.16 70.77 ± 0.21 97.89 ± 0.46 

𝝈 0.22 ± 0.01 0.50 ± 0.01 0.59 ± 0.01 
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4.3.5. Study of the hydrolysis of DMAEA: influence of the 

architecture 

After successful synthesis of the desired star copolymers, the impact of the 

compact star architecture on the hydrolysis of the DMAEA side chains was 

investigated in the same conditions as those used for the linear chains. 

The change from a linear to star structure is not expected to have significant 

influence on the hydrolysis, as indicated by previous research on branched 

architectures and stars with low number of arms.9, 10, 21 To confirm this, the hydrolysis 

of these structures were compared to their linear arms. Initially, all star copolymers 

hydrolysed quickly, exhibiting 30% hydrolysis in 2 days (Figure 4.18a). Following 

this initial rapid phase, the rate of hydrolysis decreased, especially for the smaller star, 

Star 3, which continue to slowly hydrolyse from 33% at 2 days to 52% at 62 days. The 

star made of statistical DMAEA, DMAEMA and NAM arms reached 68% hydrolysis 

in 62 days. This might be due to the presence of the hydrophilic NAM units which 

improve accessibility of water molecules inside the dense structure. Compared to their 

arms, the hydrolysis of the stars was slowed down more for the stars and the final 

hydrolysis was lower as hydrolysis reached 56% and 52% for the two stars whereas it 

reached 62% for both the arms (Figure 4.18c and d). The accessibility to the reactive 

units and hydrophilicity of the polymer seems to influence the rate and extent of 

hydrolysis after the initial period. 
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Figure 4.18: Hydrolysis study of stars compared to linear arms at room temperature in D2O 

a) comparison of the 3 different stars b) comparison of the 3 different arms c) comparison of 

bigger stars with DP 25 of DMAEA and DMAEMA arms with corresponding arms d) 

comparison of smaller stars with DP 12 of DMAEA and DMAEMA arms with corresponding 

arms. 
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4.4. Conclusions 

The aim of this chapter was to synthesise different copolymers of hydrolysable 

DMAEA and non-hydrolysable DMAEMA in order to study the influence of the 

composition on the hydrolysis of the DMAEA side chains and to look at the influence 

of the architecture with dense and compact star pDMAEA-DMAEMA structure. 

A series of well-defined linear copolymer of DMAEA and DMAEMA were 

obtained (Mn ~ 7000 – 8 000 g/mol, Ð <1.25) with conversions between 80 and 85% 

and with varied ratios of DMAEA:DMAEMA monomers from 100% DMAEA to 50% 

DMAEA. As expected, the hydrolysis was lower and slower with increasing amount 

of non-hydrolysable DMAEMA comonomers in the chain. Only 20% of the side 

chains are hydrolysed for a copolymer with 50% DMAEA while 70% is hydrolysed 

when the chain is composed of 100% DMAEA. This can be attributed to the 

hydrophobic nature of DMAEMA which is not compensated by the non-switchable 

cationic charge it brings. 

In a second part, the influence of the architecture was studied. Star-shaped structures 

were synthesised using the arm-first approach by chain extending linear preformed 

arms with a crosslinker to bind the end of the arms covalently. The chain extension 

from DMAEA units showed to be challenging since only satisfactory results were 

obtained with acrylamide monomers (NAM and bisacrylamide crosslinker). 

Moreover, in order to obtain stable and soluble stars after purification and drying, a 

block of NAM was introduced before crosslinking to reduce the positive charge. This 

non-cationic part composed about 40% of the chain. Two different stars were 

synthesised with this non-cationic block, a star with a first block of DMAEA and 

DMAEMA with a DP targeted of 25 (Mn ~ 3 500 g/mol) and a smaller star with a first 

block with a targeted DP of 12 (Mn ~ 1 800 g/mol). A third star was synthesised with 

arms made by statistical copolymerisation of NAM with DMAEA and DMAEMA (Mn 

~ 5 600 g/mol). All the stars were obtained with a high number of arms (Narm ~ 55 – 

100) and satisfactory arm incorporation (50 – 83%). Better arm incorporation was 

observed with smaller arms and with arms chain extended from NAM and not 

DMAEA. Their hydrolysis was then studied. Small differences were observed after 

the initial period as the hydrolysed fraction of side chains were slightly higher for the 
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arms compared to the stars. This can be explained by the dense and compact structure 

making the access for water more difficult for hydrolysis to occur. 
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4.5. Experimental 

4.5.1. Materials 

Ethanethiol (Sigma-Aldrich, 97%), sodium hydroxide (Sigma-Aldrich), carbone 

disulphide (Sigma-Aldrich, 99%), iodine (Acros Organics),2-(Dimethylamino)ethyl 

acrylate (DMAEA; Sigma-Aldrich, 98%), 2-(dimethylamino)ethyl methacrylate 

(DMAEMA; Sigma-Aldrich, 98%), methyl acrylate (MA; Sigma-Aldrich, 99%), 

methyl methacrylate (MMA; Sigma-Aldrich, 99%), N,N'-methylenbis(acrylamide) 

(NAM; Sigma-Aldrich, 99%), 4,4′-Azobis(4-cyanovaleric acid) (ACVA; Alfa Aesar, 

98%), 1,1'-azobis(cyclohexane-1-carbonitrile) (V40; Sigma-Aldrich, 98%), 2,2'-

azobis[N-(2-hydroxyethyl)-2-methylpropionamide] (VA86; Wako chemicals). 

DMAEA, DMAEMA, NAM monomers were passed through alumina column 

prior to use. 

4.5.2. Synthesis 

4.5.2.1. Synthesis of the CTA, (4-cyano pentanoic acid)yl ethyl 

trithiocarbonate (CPAETC) 

Ethanethiol (9.0 mL, 121.5 mmol, 1 equiv.) was added to diethyl ether (100 mL) 

under strong stirring at room temperature, to which a 27 wt % aquous solution of 

sodium hydroxide (about 20 g of solution containing 4.86 g of NaOH, 121.5 mmol, 1 

equiv.) was added. The clear, colourless solution was stirred for 30 min. It was then 

treated with carbon disulphide (9.1 mL, 151.9 mmol, 1.25 equiv.) to give an orange 

solution. After further 30 minutes stirring, a solution of iodine (9.6 g, 76.0 mmol, 0.5 

equiv.) in 30 mL diethyl ether was slowly added via a dropping funnel. After 1.5 hours, 

diethyl ether (60 mL) was added and the ether phase washed twice with an aqueous 

solution of sodium thiosulfate (100 mL) and once with water (100 mL). The ether 

phase was dried over magnesium sulfate, filtered and the solvent removed under 

reduced pressure to give the intermediate product bis-(ethylsulfanylthiocarbonyl) 

disulfide as an orange oil. 1H NMR (400 MHz, CDCl3): δ=3.3 (4H, t, -CH2-S), 1.4 

(6H, m, -CH3). 
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As the intermediate product is more stable than the final product, only a part of 

it was used for the second step, the rest was stored in the fridge. 

To a solution of bis-ethylsulfanylthiocarbonyl) disulphide (2.04 g, 7.8 mmol, 1 

equiv.) in 50 mL of dioxane, 4,4′-azobis(4-cyanovaleric acid) (ACVA) (4.5 g, 16.3 

mmol, 2.1 equiv.) was added and the mixture was stirred for 20 hours at 75°C. The 

solvent was removed under reduced pressure and chloroform (100 mL) was added, the 

phase was washed 3 times with water (75 mL). The organic phase was dried over 

magnesium sulfate, filtered and the solvent removed under reduced pressure. The 

product was purified by silica gel column chromatography (eluent: n-hexane/ethyl 

acetate, gradient from 100/0 to 20/80 over 30 min). After drying under vacuum, a 

yellow powder was obtained with a yield for the second step of 80%. 1H NMR (400 

MHz, CDCl3): δ (ppm) = 3.3 (2H, q, J=7.2 Hz, -CH2-S), 2.7 (2H, t, J=7.2 Hz, -CH2-), 

2.6 (1H, dd, -CH-H-), 2.7 (1H, dd, -H-CH-), 1.9 (3H, s, -CH3), 1.4 (3H, t, J=7.2 Hz, -

CH3) (Figure A4.4). 13C NMR (400 MHz, CDCl3): δ (ppm) = 216.6, 176.9, 118.9, 

46.2, 33.5, 31.5, 29.5, 24.8, 12.7 (Figure A4.5). Analysis were matching what was 

reported in the literature.13, 22 

4.5.2.2. Synthesis of P(DMAEA-co-DMAEMA) 

For a typical polymerisation in which [DMAEA]:[DMAEMA]:[CTA]:[I] = 

40:10:1:0.05, CPAETC (31.6 mg , 0.12 mmol), DMAEA (687.3 mg, 4.80 mmol), 

DMAEMA (188.6 mg, 1.20 mmol), ACVA (1.7 mg, 0.01 mmol) and dioxane (1.07 

mL) were added to a vial equipped with a magnetic stirrer and deoxygenated by 

bubbling with nitrogen for 25 minutes. The vial was place in an oil bath at 70°C for 24 

hours. Monomer conversions are determined by 1H NMR. The polymer is precipitated 3 

times in n-Hexane and dried under vacuum. The material was analysed by GPC and 1H 

NMR (400 MHz, CDCl3): δ (ppm) = 4.1 (-CO-O-CH2-CH2-), 2.5 ((-CO-O-CH2-CH2-

), 2.3 (-C-(CH3)2 + -CH(CH2-)(CO-O-)), 2.0 – 1.2 (backbone) (Figure A4.3). 

4.5.2.3. Chain extensions: p(DMAEA-stat-DMAEMA-b-NAM) 

For the synthesis of the first block (mCTA) refer to the synthesis of p(DMAEA-

co-DMAEMA). A typical synthesis is given here for an extension of the chain with 

NAM in which [NAM]:[mCTA]:[I] = 15:1:0.05. The mCTA (3 500 g.mol-1) (1 223 
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mg, 0.35 mmol), NAM (740 mg, 5.25 mmol) and ACVA (0.22 mg, 0.001 mmol) were 

dissolved in dioxane (1.95 mL) in a vial equipped with a magnetic stirrer and 

deoxygenated by bubbling with nitrogen for 25 minutes. The vial was place in an oil 

bath at 70°C for 6 hours. Monomer conversions are determined by 1H NMR and the final 

material analysed by DMF GPC and 1H NMR (400 MHz, CDCl3): δ (ppm) = 4.1 – 3.2 

(-CO-O-CH2-CH2- from DMAEA and DMAEMA + -O-CH2-CH2-N-), 2.2 – 2.8 ((-

CO-O-CH2-CH2- from DMAEA and DMAEMA + -CH2-CH-CO- from NAM), 2.3 – 

1.5 (-C-(CH3)2 + -CH(CH2-)(CO-O-) from DMAEA and DMAEMA + -CH2-CH- 

NAM backbone), 2.0 – 1.2 (backbone). 

4.5.2.4. Synthesis of star polymers 

For the synthesis of the arms (mCTA) refer to the synthesis of p(DMAEA-co-

DMAEMA-b-NAM). For a typical synthesis, [Bisacrylamide]:[mCTA]:[I] = 3:1:0.05, 

the mCTA (5 500 g.mol-1) (910 mg, 0.17 mmol), bisacrylamide (76.5 mg, 0.50 mmol), 

ACVA (2.32 mg, 0.008 mmol) in dioxane (2.50 mL) were added in a vial equipped 

with a magnetic stirrer and deoxygenated by bubbling with nitrogen for 15 minutes. 

The vial was place in an oil bath at 70°C for 5 hours. Monomer conversions are 

determined by 1H NMR and the material analysed by DMF GPC and 1H NMR (400 

MHz, CDCl3): δ (ppm) = 4.1 – 3.2 (-CO-O-CH2-CH2- from DMAEA and DMAEMA 

+ -O-CH2-CH2-N-), 2.2 – 2.8 ((-CO-O-CH2-CH2- from DMAEA and DMAEMA + -

CH2-CH-CO- from NAM), 2.3 – 1.5 (-C-(CH3)2 + -CH(CH2-)(CO-O-) from DMAEA 

and DMAEMA + -CH2-CH- NAM backbone + bisacrylamide), 2.0 – 1.2 (backbone). 

4.5.3. Hydrolysis study 

The hydrolysis studies of the copolymers were performed in NMR tubes at 10 

mg/mL in D2O at room temperature. The reaction was followed by 1H NMR 

spectroscopy. 

4.5.4. AFM 

AFM images were taken using an Asylum Research MFP-3D stand alone atomic 

force microscope. Samples were prepared by drop casting 5 µL of aqueous polymer 

solution at 0.025 mg/mL onto freshly cleaved mica, leaving to stand for 1 minute, 

tipping substrate and drying with filter paper, then under a stream of nitrogen.  
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4.7. Appendix 

 

Figure A 4.1: 1H NMR spectrum (400 MHz, CDCl3, 128 scans) of unpurified p(DMAEA70-

co-DMAEMA30). 

 

 

Figure A4.2: DMF-GPC traces of RI and UV signals of p(DMAEA-co-DMAEMA). 

10 12 14 16 18

time (min)

 IR

 UV



Chapter 4 

 

108 

 

Figure A4.3: 1H NMR spectrum (400 MHz, CDCl3, 128 scans) of purified pDMAEA in 

CDCl3. 

 

Figure A4.4: 1H NMR spectrum of CPAETC (400 MHz, CDCl3, 128 scans). 
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Figure A4.5: 13C NMR spectrum of CPAETC (400 MHz, CDCl3, 512 scans). 
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Chapter 5: Assessing the Ability of pDMAEA-

DMAEMA Copolymers to Bind, Protect and 

Release Nucleic Acids. 

5.1. Abstract 

Here, the impact of the incorporation of DMAEMA as a non-hydrolysable 

comonomer on the release of dsRNA was studied. By increasing the DMAEMA 

content, the release was slowed down. Full release was delayed to up to 15 days for 

the copolymer containing 20% DMAEMA, whereas only 2 days were necessary to 

fully release the dsRNA in the absence of the non-hydrolysable comonomers. 

However, although the release could be delayed by incorporating DMAEMA 

statistically, limited protection in soil was obtained with the linear copolymers, 

including the non-hydrolysable homopolymer of DMAEMA. 

Additionally, the influence of the architecture of pDMAEA-DMAEMA 

copolymers on the complexation with nucleic acids and soil stability was studied. 

Dense and compact star structure were made by the arm-first approach, with arms 

composed of 80:20 DMAEA:DMAEMA. Three stars were studied for complexation, 

Star 1 and 2 were composed of p(DMAEA-stat-DMAEMA)-b-NAM arms (Mn ~ 5 

500 g/mol and 2 800 g/mol respectively) and Star 3 was composed of pDMAEA-stat-

DMAEMA-stat-NAM (Mn ~ 5 600 g/mol). All stars were able to complex dsRNA at 

N/P ratios of 3 and higher, as well as plasmid DNA (pDNA) at N/P 2 as shown by 

agarose gel electrophoresis. The resulting polyplexes were positively charged (15 – 29 

mV). The study of the release of dsRNA over time showed a less gradual and faster 

release with the stars than with the linear copolymers. Very limited protection against 

dsRNase and easy displacement by heparin was observed and no improvement of the 

stability of dsRNA in soil was observed. These results suggest the binding was weaker 

than with the linear copolymer because of the dsRNA interacting only at the surface 

of multiple dense stars, thus forming big polydisperse aggregates (200 – 500 nm) as 

observed by TEM and SEM. Finally, the three stars and linear copolymers composed 
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of 80% DMAEA were tested for transfection of pDNA encoding for green fluorescent 

protein (GFP) into mammalian cells. Poor transfection rates were observed, likely to 

be due to considerable aggregation. Nevertheless, the copolymers were not toxic to 

HEK293T even at high concentrations up to 1 mg/mL.  
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5.2. Introduction 

Protection of dsRNA/DNA is necessary to avoid its degradation in the 

environment.1-3 Cationic polymers such as pDMAEA or pDMAEMA have shown to 

efficiently complex nucleic acids through electrostatic binding, thus forming a 

polyplex that is positively charged.4-6 In the case of pDMAEA, the ester bond 

hydrolyses over time in aqueous conditions (Chapter 3), releasing the group 

containing the positive charge and renders the polymer negatively charged. Hence, 

this charge-shifting leads to the release of the complexed nucleic acids as evidenced 

for the first time by Truong et al.7, 8 The hydrolysis kinetics seems to play an important 

role in controlling the speed of the release and the composition seems to be the main 

parameter. The cationic moiety as well as the architecture seem to be affecting the 

binding efficiency as discussed below. 

5.2.1. Influence of composition on complexation and release 

Cook et al. reported the copolymerisation of DMAEA with non-hydrolysable 

DMAEMA, with ratios of DMAEA to DMAEMA of 80% and 20%. For the 80% 

DMAEA copolymer, full release was observed between 14 and 21 days, whereas no 

release was observed after 28 days for the 20% hydrolysable copolymer.9 According 

to Truong et al., it takes less than 2 days to fully release DNA from homopolymer of 

DMAEA.7 Therefore, these results are in agreement with the slower and lower 

hydrolysis seen for these two copolymers. As mentioned in the previous chapter, the 

hydrolysis of DMAEA-based polymers can be affected by the introduction of 

comonomers such as APM which is cationic but non-hydrolysable.10, 11 When APM is 

added, the hydrolysis is stronger and faster. To slow down hydrolysis, the 

incorporation of AA as anionic comonomers resulted in slower and lower hydrolysis 

of the side chains. However, no complexation with DNA or RNA have been reported 

in the literature to show how it was impacted, but from hydrolysis results we can 

expect the release speed to be directly related to the hydrolysis rate. 

The binding efficiency is also an important parameter affecting the ability of a 

polymer to provide good protection of the RNA or DNA during its transport into the 

cytoplasm as well as a good transfection efficiency. The nature of the cationic moiety 

was shown to have an impact on the strength of the binding, the complexation 
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efficiency and the transfection.12, 13 The introduction of aminoethyl acrylate (AEA) as 

comonomer, a primary amine cationic moiety, with DMAEA was observed to result 

in high efficiency of interaction with nucleic acids, better transfection efficiency and 

a reduced toxicity compared to pDMAEA. PAEA presented a similar hydrolysis 

behaviour to pDMAEA but at a much slower rate. 5.7% hydrolysis was reached after 

8 weeks at pH 7 and 37°C in D2O. The copolymer of 50:50 DMAEA:AEA fully 

complexed pDNA at N/P ratio of 2 and partial release of plasmid DNA (pDNA) was 

obtained after 7 days.14 

5.2.2. Influence of architecture 

Polymer architecture and molecular weight were shown to have an important 

impact on gene delivery efficiency.15-17 High molecular weight polymers tend to show 

better DNA/RNA binding, cellular uptake and transfection efficiency, whereas lower 

molecular weight polymers show less cytotoxicity.16 This trend has been observed 

again recently by Richter et al. with a systematic study on different types of cationic 

polymers and varied molecular weights. Longer linear polymers were found to have 

better transfection efficiency but also higher toxicity as the density of charge was 

higher. The binding was also improved with higher molecular weight polymers but to 

a lower extent, as only the smaller polymers were binding pDNA slightly less.12 Star-

shaped structures have shown promising results, having better transfection efficiencies 

compared to their linear version along with lower toxicity.18, 19 A decrease in 

cytotoxicity was observed with increasing number of arms for pDMAEMA polymers 

and a good transfection efficiency was obtained with molecular weight higher than 

20kDa.20 This can be attributed to the spherical shape of the polyplex and the better 

condensation of the DNA. It is important to note that to properly compare star 

polymers, the length of the arms as well as the number of branches have to be taken 

into account.21 Liao et al. also reported stronger binding of DNA with star-shaped 

pDMAEA polymers with longer arms.22 Increasing the size of the polymer showed 

increase of cytotoxicity, as expected, but the architecture did not have an impact in 

this study. Whitfield et al. reported the complexation of dsRNA with hydrolysable 4-

arm pDMAEA star polymer synthesised by the core-first approach. The polymers 

showed better binding with dsRNA and although the stars were found to have similar 

hydrolysis rate than their linear equivalent, slower release of dsRNA was observed 

compared to the linear pDMAEA equivalent at the same molecular weight (Figure 
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5.1).23 Cook et al. reported the complexation with branched copolymers of DMAEA 

and DMAEMA and observed protection in soil for more than 7 days.24 Again, soil 

conditions are particularly harsh for dsRNA as it is composed of a lot of competing 

species, disrupting the interactions between the cationic polymer and the nucleic acids. 

The half-life of naked dsRNA in soil is reported to be of less than 30 hours.25, 26 Good 

binding and resistance to competing species is again essential for a good protection in 

these conditions. 

 

Figure 5.1: Agarose gel electrophoresis of complexes dsRNA with linear pDMAEA and 4-

arm pDMAEA. Complexed were formed in sterile water at increasing N/P ratios (0.2, 0.5, 1, 

2, 3, 4, 5, 6, 7, 8, 9, 10) and evaluated after 0.5, 2, 4, 6, 24, 72 hours. Samples were incubated 

at room temperature and loaded onto a 2% w/v agarose gel (100V, 30 min). Figure adapted 

from ref.23  
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As demonstrated in chapter 2, the 4-arm star homopolymers of DMAEA was 

not as efficient as reported by Whitfield et al. in protecting dsRNA in soil conditions. 

In chapter 3, we demonstrated that the hydrolysis of DMAEA could be controlled by 

incorporating DMAEMA in different proportions. The more DMAEMA in the chain 

the less hydrolysis was observed. In this chapter, the aim was to study the effect of the 

composition of linear copolymers on the binding with dsRNA and its release in ideal 

conditions (in sterile water) and in soil. In a second part, the influence of the dense 

star architecture combined with the incorporation of DMAEMA as comonomer was 

investigated. Branched structures with higher content of DMAEMA were showing 

promising results for the binding and protection of dsRNA in soil.24 However, the 

controlled release of dsRNA was desired to make the dsRNA available in soil. 

Therefore, a higher content of DMAEA (80%) was chosen in order to guarantee its 

release in soil while extending its stability. 

5.3. Results and discussion 

5.3.1. Influence of the composition 

The linear copolymers with varying ratios of DMAEA:DMAEMA synthesised 

and characterised in chapter 3 were tested for complexation with dsRNA and to study 

the effect of the composition and their hydrolysis on the release of the nucleic acid. 

5.3.1.1. Polyplex formation 

To assess the binding of dsRNA with the cationic polymers agarose gel 

electrophoresis was used.9, 22, 23 Complexation was performed with dsRNA in sterile 

water at N/P ratios ranging from 0, corresponding to dsRNA only, to 20, with 

increasing amount of polymers (Figure 5.2). For ratios lower than 1, traces of non-

bounded dsRNA could be observed. For copolymers with higher DMAEMA content, 

a faint band could still be seen at N/P 2 implying a small part of the dsRNA was not 

incorporated in the polyplexes. 
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Figure 5.2: Complexation of the different copolymers at N/P ratios 0.2, 0.5, 1, 2, 5, 10, 20 in 

sterile water onto a 2 % w/v agarose gel (100V, 30 min). 

Ethidium bromide displacement assays were performed to bring complementary 

information on the binding efficiency with the dsRNA. Polyplexes were prepared at 

N/P ratios from 0 to 10 and the decrease of fluorescence was followed to calculate the 

percentage of displaced dsRNA by the cationic copolymers (Figure 5.3). Four 

different copolymers of DMAEA and DMAEMA were tested with branched PEI 

(bPEI) as a reference. All of them displaced 95-96% of the dsRNA at N/P 2. 

Differences could be observed at N/P 1 as all copolymers displaced more nucleic acids 

than bPEI. And polymers with more DMAEA were seen to displace dsRNA more 

efficiently. This is in agreement with what could be observed with the agarose gel 

electrophoresis as better complexation was seen with copolymers with higher 

DMAEA content. However, as the N/P ratio increased, the percentage of relative 

bound dsRNA slowly decreased for all four copolymers, while bPEI was stable at 

around 95-96%. This could be explained by the concentration of cationic polymers 

leading to increasing pH (from around 6.9 for N/P 1 to 8.2 for N/P 10), resulting in 

less cationic charges as the pKa was approached. 
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Figure 5.3: Ethidium bromide displacement assays for copolymers with 100, 80, 50 and 0 % 

DMAEA compared to bPEI 

For the following studies, a N/P ratio of 5 was chosen to guarantee a good 

complexation of the dsRNA. 

5.3.1.2. Release of dsRNA 

In order to investigate how the composition and the hydrolysis of the polymers 

could influence the release of the nucleic acids, polyplexes were formed at a N/P ratio 

of 5 in sterile water and incubated for different amounts of time, up to 30 or 50 days. 

Results were analysed by agarose gel electrophoresis (Figure 5.4). For the 

homopolymer of DMAEA, the dsRNA was completely released in less than 2 days, as 

expected from previous studies,7, 9, 23, 27 whereas the complex containing 90%, 80%, 

70% and 50% DMAEA took 3, 15, 30 and more than 50 days to release, respectively. 

For the 50% DMAEA, the release was very slow, some changes could be noticed only 

after 7 days incubation and no full release was reached even after 50 days. This can be 

explained by the very low amount of hydrolysed side chains (25% after 20 days) that 

are not enough to release the nucleic acids. Finally, no release at all could be observed 

in these conditions with the hopolymer of DMAEMA. 
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Figure 5.4: DsRNA release over 30 to 50 days (all polyplexes at N/P 5 in sterile water): 

Agarose gel electrophoresis (100V, 30 min) for pDMAEA, p(DMAEA90-DMAEMA10), 

p(DMAEA80-DMAEMA20), p(DMAEA70-DMAEMA30) and p(DMAEA50-DMAEMA50). 

In conclusion, these well-defined hydrolysable copolymers of DMAEA and 

DMAEMA can be used to tune the speed of hydrolysis and therefore to tune the time 

for the full release of dsRNA. By increasing the amount of non-hydrolysable 

DMAEMA, the release of dsRNA can be delayed by multiple days. 

5.3.1.3. Stability in soil 

After showing that the release of the dsRNA can be controlled in ideal 

conditions (sterile water), we are looking at how this affects the protection in soil. 

Method 1 (refer to method chapter) was used for the extraction of the dsRNA, 

involving phenols and heparin instead of PVS for the decomplexation of the dsRNA 

(method 2, refer to method chapter) and the results were analysed by agarose gel 

electrophoresis. This first method was used before the fluorescence analysis was 

developed and used for previous work by Cook et al.24 and Whitfield et al.23. Although 

the latter method is simpler, less time consuming and can give a better idea of the level 

of degradation, the former enables to investigate the soil stability of the dsRNA.  

After extraction and decomplexation, agarose gel electrophoresis (Figure 5.5) 

showed some dsRNA for all the copolymers after 2 or 3 days since they all showed a 

band after 3 days. However, the bands had variable intensity (implying less dsRNA) 
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and eluted lower on the gel (implying smaller dsRNA), an indication of the 

degradation of the nucleic acids. When using a homopolymer of DMAEA, the nucleic 

acids was completely degraded at 7 days, whereas the use of a non-hydrolysable 

pDMAEMA led to degradation, despite the fact that no release was observed in sterile 

water. Faint bands are observed up to 14 days (repeat of missing time points in the gel 

presented in Figure 5.5 because of experimental error showed strong intensity at day 

0 and low intensity bands at 7 and 10 days). Note that even if it was not clear how 

much dsRNA might still be intact, if pDMAEMA was protecting dsRNA efficiently, 

results would be comparable to bPEI, which exhibited strong dsRNA band even after 

28 days of incubation. 

 

Figure 5.5: Agarose gel electrophoresis (100V, 30 min) of extracted dsRNA from soil. Soil 

stability assays performed with polyplexes at N/P 5 with 100, 90, 80, 70, 50 and 100% 

DMAEA:DMAEMA linear copolymers and bPEI and incubated in soil for 0, 1, 2, 3, 5, 7, 10, 

14, 21 and 28 days and extracted from soil and decomplexed before analysis. Repeat of 

missing time points in the gel because of experimental error showed strong intensity at day 0 

and low intensity bands at 7 and 10 days. 

To confirm these results, the stability assays were repeated with method 2 (see 

method chapter) using the fluorescence-based analysis, for the copolymers with 70% 

DMAEA and the homopolymer of DMAEMA (Figure 5.6). The fluorescence results 
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showed less degradation of dsRNA after 2 days compared to naked dsRNA which is 

used as a negative control. Neither of these two copolymers were able to protect 

dsRNA efficiently, with results showing that ca. 70 to 80% of the dsRNA was 

degraded after 2 days. After 7 days, slightly more dsRNA could be detected when 

complexed to polymers, in particular pDMAEMA, when compared to naked dsRNA. 

However, efficiency was far poorer than that observed in the positive control based on 

bPEI, which showed almost no degradation of the nucleic acids even after 10 days. 

 

Figure 5.6: Soil stability assay, fluorescence results after incubation (for 1, 2, 3, 5,7 and 10 

days) in soil with naked dsRNA (negative control) and dsRNA formulated with linear 

p(DMAEA70-DMAEMA30) and pDMAEMA and bPEI (positive control) at N/P 5 with a final 

concentration of dsRNA of 1 mg/mL. The dsRNA is decomplexed before analysis. 

In conclusion, even if the release of the dsRNA could be tuned, none of these 

linear copolymers were able to give a good protection of the dsRNA in soil conditions. 

The strength of the binding was likely not good enough to give a sufficient protection 

and avoid degradation. In addition, interactions with elements in the soil could also be 

responsible for the displacement of dsRNA, thus releasing it without the need of the 

cationic polymers to hydrolyse. 
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5.3.2. Influence of the architecture on complexation of 

dsRNA. 

Tuning the hydrolysis by incorporating DMAEMA was not enough to control 

the stability of dsRNA in soil. Therefore, in addition to introducing DMAEMA in the 

structure, the architecture of the polymer was investigated.23, 24 Since, we observed 

that the incorporation of 20% DMAEMA delay the release of dsRNA to ca. 15 days 

instead of 2 for the DMAEA homopolymer in sterile water, we used this composition 

for this study. As described in chapter 3, dense and compact star architectures were 

prepared using the arm-first approach. Three stars were synthesised and are illustrated 

in Scheme 5.1. Star 1 is composed of longer arms (Mn ~ 5 500 g/mol) with a block of 

statistical DMAEA and DMAEMA and a block of NAM that corresponds to about 

40% of the total DP. Star 2 has arms with the same composition but with half the size 

of star 1 (Mn ~ 2 800 g/mol). Finally, star 3 is based on arms made of the statistical 

incorporation of NAM with DMAEA and DMAEMA and comparable arms’ size to 

star 1 (Mn ~ 5 600 g/mol). The three stars are obtained with a high number of arms 

(Narm ~ 55 – 100) giving very dense and compact high molecular weight materials. 

 

Scheme 5.1: Star representation. Light blue circles represent DMAEA, darker blue circles 

correspond to DMAEMA monomer, red circles corresponds to NAM and the pink center 

represent the crosslinked core linking the arms with the bisacrylamide difunctional monomer. 

5.3.2.1. Polyplex formation 

Since these stars were new materials, they were characterised for complexation 

with pDNA in addition to dsRNA to compare to assess the influence of nucleic acids 
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of variable size (10 000 base pairs (bp) in plasmid DNA versus 258 bp in dsRNA), 

and to test their transfection efficiency. The ability of the different star copolymers to 

complex pDNA and dsRNA were characterised by agarose gel electrophoresis and 

ethidium bromide displacement assays. 

Complexation was performed with pDNA and dsRNA at N/P ratios from 0 to 

10 (Figure 5.7). The three star copolymers were able to fully complex pDNA at a N/P 

ratio of 2 (Figure 5.7a). Smears can be observed on the gels at N/P 1, suggesting most 

pDNA was complexed to the polymers but some nucleic acids were still free. The 

same complexation process was used to complex the dsRNA (Figure 5.7b), full 

complexation was obtained only at N/P 3 or even 4. A higher N/P was necessary to 

fully complex the dsRNA for all three stars compared to the linear copolymers above 

or the 4-arms pDMAEA stars reported in chapter 2. 

 

Figure 5.7: Agarose gel electrophoresis pictures of complexation of a) pDNA and b) dsRNA 

with Star 1, 2 and 3 at N/P ratios of 0, 1, 2, 3, 4, 5, 6, 7 and 10. 

Ethidium bromide displacement assays were performed with both dsRNA and 

pDNA (Figure 5.8). Star 1 was able to displace the highest percentage of dsRNA 

(95%) at N/P 2, showing similar results to bPEI. Star 2 was able to displace 88% of 

the nucleic acids at N/P 3. This is in agreement with what could be observed with 

agarose gel electrophoresis as a stronger band was observed at N/P 2 for star 2 than 

for star 1 and full complexation was observed at N/P 3. Star 3 was only able to displace 

a maximum of 77% of dsRNA at N/P 1. This implied that the binding might be weaker 

for this star since full complexation can be observed on the gel at N/P 3 but the 

displacement was weaker. When compared to the complexation performed with the 

bigger pDNA, it is interesting to note the significant difference of ethidium bromide 

displaced. The displacement with bPEI reached 79% of pDNA at N/P 10. Higher N/P 

ratios (around 10) were required to complex a maximum of plasmids and displace the 
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ethidium bromide. The size of the nucleic acids seems to play an important role on the 

displacement. Even if most pDNA was still interacting with ethidium bromide at low 

N/P ratios, some complexation with the polymer might have happened. More polymer 

was required to compete with the dye. However, as observed by running agarose gel 

electrophoresis (Figure 5.7a), full complexation was observed at low N/P ratios. 

Compared to dsRNA, star 1 was still performing better than the others. However, the 

performance of star 2 was more comparable to the one of star 3 which even displaced 

slightly more pDNA. 

Overall, the stars did not perform as well as the flexible linear copolymer, the 4-

arms pDMAEA stars or the branched copolymer structures probably because of their 

dense structure. The nucleic acids probably stay mostly at the surface of the stars and 

more material was necessary to obtain similar displacement of ethidium bromide. 

 

Figure 5.8: Ethidium bromide displacement of a) dsRNA b) pDNA with star 1, 2 and 3. 

5.3.2.2. Polyplexes characterisations 

Polyplexes were also characterised by measuring their zeta potential. The 

formed polyplexes at N/P 5 all appeared to be overall positively charged (15,6 mV for 

Star 1, 27.8 mV for Star 2 and 29 mV for Star 3). DLS did not lead to usable data as 

polydispersities (PDI) were very high, which is due to the non-spherical shape and 

high dimension of the particles. The polyplexes were imaged using different 

techniques. Transmission electron microscopy (TEM) was able to demonstrate the 

presence of big non-spherical structures of 200 to 500 nm (Figure 5.9). This was also 

supported by scanning electron microscopy (SEM) (Figure A 5.2), showing 

polydisperse particles with aggregates of similar sizes to the one observed by TEM. 
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Figure 5.9: TEM pictures of polyplexes at N/P 5 of dsRNA with a) Star 1 b) Star 2 c) Star 3 

5.3.2.3. dsRNA release 

The release of the dsRNA over time was studied with the three stars (Figure 

5.10) and compared to their equivalent linear 80% DMAEA polymers (Figure 5.4). 

The release of dsRNA appeared to be less gradual than with the linear chains, lower 

bands could be observed within 1 or 2 days. Star 1 displayed slower release than the 

two other stars as the dsRNA was fully released after 14 days whereas it took only 7 

days for star 2 and 10 days for star 3, and some released dsRNA could be observed 

after only 2 days for both these stars. In comparison, with the linear equivalent, full 

release was obtained after 15 days and even after about 28 days for the high molecular 

weight linear copolymer (Mn=25 000 g/mol) (Figure A5.1). The comparison with a 

higher molecular weight linear copolymer showed the impact of the distribution of the 

charge similarly to the comparison between the linear pDMAEA and 4-arm star 

pDMAEA.23 For the longer linear chain, the cationic charges are concentrated on one 

chain instead of multiples when the polymer is smaller for the same amount of charges, 

and the density of charge is higher in a star structure. However, faster release was 

observed when using the stars obtained from the arm-first approach, probably due to 

the high density of the structure. The dsRNA is likely to be mainly complexed at the 

surface of multiple stars, rather than wrapped within one single chain. Moreover, since 

the hydrolysis is likely to happen first at the surface of the stars, the dsRNA would be 

released faster. Complexation with star 1 gave better delay of the dsRNA which is in 

agreement with results with ethidium bromide. Star 3, with the same arm length 

released the nucleic acids slightly faster; this could be explained by the difference in 

hydrophobicity brought by the NAM units throughout the arm and the slightly higher 
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hydrolysis. The smaller size resulted in faster release which could be explained by 

their smaller surface of contact with the dsRNA. 

 

Figure 5.10: DsRNA release over 10 to 28 days (all polyplexes at N/P 5 in sterile water) : 

Agarose gel electrophoresis (100V, 30 min) for star 1, star 2 and star 3. 

5.3.2.4. Polyplex stability in the presence of competing and/or 

degrading species 

In order to assess the ability of these stars to give a good protection against 

nucleases and hydrolysis in the presence of competing or degrading species, heparin 

displacement assays, nuclease stability assays and soil stability assays were 

performed. 

5.3.2.4.1. Heparin displacement assays 

The stability of the polyplex in the presence of competing species can be 

estimated using heparin dissociation assays.28, 12, 29 Heparin was added at increasing 

concentration in the polyplex solution and agarose gel electrophoresis was used to 

observe any decomplexation of the dsRNA after 20 minutes incubation (Figure 5.1). 

Results showed stability of the polyplexes at low concentrations, however as heparin 

concentration increased, release of the dsRNA could be observed (0.2 mg/mL for Star 

1, 0.1 mg/mL for Star 2 and 0.2 for Star 3). The same experiment was performed with 

plasmids, where surprisingly better stability was observed overall with the three stars 

as release of pDNA was observed at higher concentrations (0.3 mg/mL for Star 1, 0.2 

for Star 2 and more than 0.4 mg/mL for Star 3) 
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Figure 5.11: Heparin displacement assays with a) dsRNA complexes b) pDNA complexes .5 

µL heparin solution of increasing concentration were added to the polyplex solution at N/P 5 

and incubated for 20 minutes upon gel electrophoresis run (100V, 30 min). 

 

5.3.2.4.2. Nuclease protection assay 

The nuclease stability assay gives information on the ability of the polymer to 

protect the nucleic acids in the presence of dsRNases without the interactions of 

competing species that could cause more decomplexation. 

Polyplexes were prepared at N/P 5 by mixing a solution of dsRNA with a 

solution of polymer and added to a solution containing dsRNase, buffer and MgCl2. 

After incubation overnight at 37 °C, EDTA was added to stop the degradation and 

PVS to induce decomplexation. Controls were realised in pure water and incubated in 

the same conditions. Agarose gel electrophoresis was used to analyse the results 

(Figure 5.12). Naked dsRNA was used as control, without the presence of dsRNase. 

Strong bands corresponding to the dsRNA could be observed on the picture showing 

the dsRNA had not been degraded in the absence of nuclease. However, when nuclease 

was present, gels only exhibited faint bands showing the dsRNA has mostly been 

degraded. bPEI was used as a positive control for the protection of the nucleic acids. 

After incubation with nucleases, strong bands could still be seen on the gel showing 

that bPEI was able to protect the dsRNA efficiently. When the dsRNA was complexed 

with the stars, faint bands could be observed implying most of the dsRNA was 

degraded. Therefore, these star materials were not able to give a good protection by 

binding efficiently with the nucleic acids in these conditions. The linear copolymer 

p(DMAEA80-DMAEMA20) and the 4-arm star 4-pDMAEA38 were also tested (Figure 

A 5.3). While the linear copolymer was able to give a better protection than the dense 
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stars, but not as good as bPEI if intensities are compared, the 4-arm star did not give 

a good protection as most of the dsRNA was degraded. This supports the previous 

results showing weaker complexation with the dense structures compared to the linear 

copolymers and the faster degradation in soil for the 4-arm stars of DMAEA (Chapter 

2). However, even though linear copolymers appear to protect from nuclease activity, 

this was not sufficient to provide lasting stability in soil. 

 

Figure 5.12: a) dsRNA in sterile water b) Nuclease protection assay gel results for naked 

dsRNA and complexes with bPEI, Star 1, Star 2 and Star 3. Controls on the left are incubated 

in water at 37°C. 

 

This experiment only compares the materials in very specific conditions 

(concentrations) which can be different from real environmental conditions. The 

concentration of nucleases and their activity have shown to vary among insects30 

therefore tests in conditions closer to real conditions (soil environment, gut juice, 

hemolymph...) are necessary to assess the efficiency of one polyplex.2, 31-33 

Nonetheless, the heparin displacement assay or nuclease stability are still valuable 

assays in order to compare materials in simpler conditions, possibly as a screening 

method for libraries of materials. 

5.3.2.4.3. Soil stability assay 

The soil stability assay was used to test the polymers’ ability to complex and 

protect dsRNA in environmental conditions in the presence of competing species 

present in the soil environment as well as dsRNases which are able to degrade the 

nucleic acids.25, 26 The polyplexes (N/P 5) were added to live soil and were incubated 

for up to 14 days. Decomplexation was performed and fluorescence was used to 

determine the amount of dsRNA left (refer to soil stability method 2). Very small 

protection was observed with these three stars as shown in Figure 5.13. Star 1 and 3 
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produced similar results to bPEI and the linear copolymer after 1 day but after days 2 

and 3, stability quickly dropped similarly to previous DMAEA-based polymers tested. 

Star 2 seemed to give less protection than the others. This is in agreement with what 

was observed with ethidium bromide displacement assays and dsRNA release in 

sterile water. bPEI was used as a positive control and even if the fluorescence dropped 

to about 60% within 3 days it stayed stable up to 14 days contrary to the stars and 

linear copolymers. Therefore, these complex architectures do not result to better 

outcomes than the linear polymer. 

 

Figure 5.13: Soil stability assay, fluorescence results after incubation (for 1, 2, 3, 5,7 and 10 

days) in soil with naked dsRNA (negative control) and dsRNA formulated with Star 1, star 2, 

star 3, linear p(DMAEA80-DMAEMA20) and bPEI (positive control) at N/P 5 with a final 

concentration of dsRNA of 1 mg/mL. The dsRNA is decomplexed before analysis. 

5.3.2.5. Toxicity and Transfection efficiency in vitro 

Since the polymers were able to complex pDNA, cytotoxicity and their ability 

for transfection was investigated. The complexes need to penetrate the cell barriers to 

be able to induce transcription of the green fluorescent protein (GFP) by crossing the 

cell membrane.17 As this membrane is negatively charged, the interaction and 

internalisation is enhanced by the positive charge of the complexes. Internalisation 

mainly happens by endocytosis.34, 35 However, this cationic charge can also induce 

cytotoxicity; this is why finding a good balance between high transfection efficiency 

and low cytotoxicity can be often challenging.15, 36, 37 The complex then needs to be 
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released to be able to gain access to the cell machinery so the pDNA can be transcribed 

after dissociation from the cationic polymer.38 To improve transfection efficiency and 

balance toxicity, polymer composition, molecular weight and architecture are 

important parameters that can be manipulated.13, 17, 39 In particular star-shaped 

polymers were investigated with regards to pDNA transfection efficiency, as these 

types of structures often display high flexibility, which may allow for better 

complexation as well as usually having reduced cytotoxicity.17, 40, 41 

Cytotoxicity of the polymers was first established. This was evaluated using the 

XTT assay on HEK293T cells as a model (Figure 5.14). The XTT assay measures 

cellular metabolic activity, which is then used as an indicator for viability.42 Linear 

bPEI was used as a reference and showed toxicity even at low concentrations (0.125 

mg/mL) confirming what is reported in the literature.5 However, cells treated with the 

stars or the linear copolymer showed high viability of HEK293T cells at concentration 

up to 1 mg/mL. These results are promising for potential other applications especially 

for their high molecular weight since toxicity is usually an issue.43 

 

Figure 5.14: Toxicity of stars and linear copolymer of DMAEA and DMAEMA. Viability of 

HEK293T cells using XTT assay. 

Complexes of pDNA expressing GFP with Star 1, Star 2, Star 3 and 

p(DMAEA80-DMAEMA20) linear chain at N/P 20 were incubated with HEK293T 

cells. Cells were then incubated for 5 hours. After replacing the media the cells were 

incubated for a further 48 hours to measure the transfection efficiency with these 
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polymers compared to linear bPEI (Figure 5.15). Transfection efficiency is expressed 

as the percentage of cells expressing GFP, as measured by flow cytometry. Poor 

transfection rates were obtained for the stars compared to linear PEI (lPEI), as a 

maximum of 7.6 % transfection was measured for Star 1 and only 1.6% for Star 3 

while 31.8% was reached with linear lPEI. The linear copolymer of DMAEA and 

DMAEMA did not perform well either as only 1.8 % transfection was achieved. 

Imaging using optical microscopy (Figure A5.4) showed big non-spherical aggregates 

(size of about 2 to 40 µm) corresponding to the polyplexes in these conditions and 

aggregation with the cells. In comparison complexes with lPEI formed much smaller 

particles and caused less aggregation of the cells. Size is an important factor to obtain 

good transfection efficiency; usually particles under 500 nm result in efficient 

endocytosis mechanism.44, 45 It is therefore possible that the size of the polyplexes, or 

polyplex aggregates, was responsible for the low transfection rates, with only small 

polyplexes being taken up by the cells. 

 

Figure 5.15: GFP pDNA transfection inHEK293T cell-line with polyplex (N/P 20) incubated 

for 48 hours growth. Samples were analysed by flow cytometry to determine fluorescence.  
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5.4. Conclusion 

In this chapter, the influence of the composition of the copolymer and its 

hydrolysis rate on the release of nucleic acids was first established. By copolymerising 

DMAEA with its methacrylate version, DMAEMA, which is non-hydrolysable, the 

time for the full release of dsRNA could be tuned. With 100% DMAEA, 2 days were 

enough to lead to complete release while with only 20% of DMAEMA, this full release 

was delayed to approximately 15 days. Although these copolymers were able to 

complex the dsRNA efficiently as shown with agarose gel electrophoresis and 

ethidium bromide displacement assays, they were not enough to protect it efficiently 

in soil and delay its degradation by more than a couple of days. Even the non-

hydrolysable homopolymer of DMAEMA was not able to give a good protection for 

the dsRNA in soil. This implies that the strength of the binding was not strong enough 

to preserve it against competing species present in soil. 

In a second part of this chapter, the incorporation of DMAEMA to delay the 

hydrolysis was combined with a more complex architecture in order to try to improve 

the binding strength and protection in soil. Even if this type of architecture is better 

controlled compared to the branched copolymers previously studied for this 

application,9 since we have a control over the arms’ length and composition, there are 

still a lot of parameters to take into account when comparing these polymers: the 

molecular weight and arm length but also the number of arms per star, their density as 

well as their composition. The three stars were able to complex both dsRNA and 

pDNA at N/P 3 and higher. The size of the complexes was characterised using 

different microscopy techniques (SEM, TEM), with images showing some big 

complexes, probably aggregates (200 – 500 nm) but also small particles in the 

background. The release of dsRNA was faster and less gradual than with the 

equivalent linear chain with the same composition of DMAEA (DMAEA:DMAEMA 

80:20). This could be explained by the nucleic acids being at the surface of the stars 

because of their very dense structure, therefore the dsRNA was not well wrapped 

inside and hydrolysis of the end of the arms was enough to release it. Heparin and 

nuclease assays also supported a non-efficient binding and a very limited protection 

against nucleases. Thus, soil stability assays showed the stars did not perform better 

than the linear copolymers. The binding strength was not good enough to face 
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nucleases and competitive species present in soil. Previous results obtained with 

branched structures9 suggest a highly branched system can improve protection as it 

may act like a net. However, the present stars studied in this work were too dense and 

not flexible enough to shield the nucleic acids and bind to it efficiently. Another 

drawback with these structures was their stability in dry state over time even when 

stored at 4°C, as after some time, their solubility decreases. 

Finally, the stars were tested for transfection of pDNA encoding for GFP. Even 

though XTT assays displayed very low toxicity, the materials showed poor 

transfection efficiency compared to linear lPEI used as a reference. 

Flexibility and charge density seem to be key to improve the stability of dsRNA 

in more complex conditions. An interesting parameter to work on might be the stability 

of the polyplexes in water (size, size distribution) as in it was shown in this chapter 

that polyplexes were big and disperse in size. The cationic moiety might also play an 

important role to increase the binding efficiency. 

5.5. Experimental 

5.5.1. Materials 

Agarose (Sigma-Aldrich), GelRed (Biotium, 2000X), Tris-Borate-EDTA buffer 

(TBE), Orange G/blue loading dye (6X) (Alfa Aesar), sterile water (Sigma-Aldrich), 

ethidium bromide (Sigma-Aldrich, 500 mg/mL), PVS solution (Sigma-Aldrich, 30 wt. 

% in water, technical grade), EGTA (Sigma-Aldrich, 97%), Optimem® cell culture 

media (Thermo Fisher Scientific). dsRNA was provided by Syngenta. 

5.5.2. Characterisation 

5.5.2.1. Zeta-potential measurements 

Polyplexes (N/P 5) were prepared by mixing 5 µL of dsRNA solution of 

appropriate concentration to 795 µL of a solution of polymer at 0.1 mg/mL in water 

and incubated for 30 minutes at room temperature. The samples were analysed at 25°C 

using a Antoon-Paar Litesizer 500 DLS in an Omega cuvettes. 
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5.5.2.2. Transmission electron microscopy (TEM) 

Polyplex samples were prepared at a N/P ratio of 5 by mixing a polymer stock 

solution with a solution of dsRNA to obtain a final solution of 0.1 mg/mL polymer. 

Samples were vortexed and incubated for 30 minutes at room temperature. Before 

adding the sample, the grid formvar/carbon coated copper was treated by glow 

discharge to make the surface hydrophilic. 5 μl of sample was added to a grid for 1 

min. Then the sample was stained with 2 % uranyl acetate for a total of 3 minutes (3 

drops for 1 minute each). Imaging was done on a Jeol 2100Plus TEM fitted with a 

Gatan OneView IS camera. 

5.5.2.3. Scanning electron microscopy (SEM) 

Polyplex samples were prepared at a N/P ratio of 5 by mixing a polymer stock 

solution with a solution of dsRNA to obtain a final solution of 0.1 mg/mL polymer. 

Samples were vortexed and incubated for 30 minutes at room temperature. A drop of 

sample (40 µL) was added at the surface of the borosilicate glass coverslip and was 

left to dry for 2 hours in laminar flow cabinet. Imaging was performed on a Zeiss 

Gemini Scanning Electron Microscope equipped with a InLens detector at a voltage 

of 2 kV. 

5.5.2.4. Agarose gel electrophoresis 

Refer to method. 

5.5.2.5. Ethidium bromide displacement assays 

Refer to method. 

5.5.2.6. Nuclease stability assays 

Polyplexes were prepared at a N/P ratio of 5 by mixing the correct amount of 

polymer stock solution with a stock solution containing 10 µg of dsRNA. 10 µL of 

polyplex was added to a solution containing 87 µL of sterile water, 1 µL of 10X 

Shortcut reaction buffer, 1 µL Shortcut RNase III and 1 µL of MnCl2. The resulted 

solution was then incubated overnight at 37 °C. 1 µL of 10X EDTA was added to stop 
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the reaction and 4 µL of PVS solution to decomplex the dsRNA. The solution was 

loaded on the agarose gel and run for 45 min with 100V. 

5.5.2.7. Heparin displacement assays 

Refer to method. 

5.5.2.8. Soil stability assays 

Refer to method. 

5.5.3. In vitro transfection 

HEK293T cells were seeded in a 24 well plate at a density of 1 x 105 cells in 1 

mL per well and left overnight. The culture medium was replaced by 300 µL 

Optimem® cell culture media (Thermo Fisher Scientific) without foetal bovine serum 

(FBS). Polyplexes were prepared by mixing pDNA solution and polymer solution. 

The solution was then incubated at room temperature for 60 minutes. After 60 minutes 

the media was replaced by fresh Optimem® plus polyplex solution (350 µL 

Optimem® and polyplex with final concentration of pDNA of 10 µg/mL). The cells 

were incubated for 5 hours under 5% CO2 humidified atmosphere, then the wells were 

washed with warm medium. Media was replaced with fresh DMEM containing FBS. 

After 48 hours incubation (including 5 hours incubation with the polyplex), the cells 

were washed with PBS (0.5 mL). The cells were harvested using 150 µL of 

trypsin/EDTA. 300 µL of DMEM containing FBS was then added and the cell 

suspension was centrifuged. The cell pellet was resuspended in 100 μl PBS and 100 

µL of 8% formaldehyde was added. The samples were left for 15 min at room 

temperature to fix cells and centrifuged. The cell pellets were washed with cold PBS 

(200 µL) twice. Cells were analysed using LSRIII flow cytometer (using a 488 nm 

laser with a 530/30 filter and a 561 nm laser with a 585/15 filter). 

5.5.4. Polymer toxicity 

HEK293T cells were seeded in a 96-well plate at 10 000 cells/well and left to 

incubate for 24 hours at 37°C in DMEM. Polymers were dissolved in serum free 

DMEM at 1.1 mg/mL and filtered through 0.22 µm filter. FBS was added and the 

concentration of polymer adjusted to 1 mg/mL. The media was replaced by the media 



Chapter 5 

 

135 

containing the polymer, serial dilution was used to incubate the cells with polymers of 

different concentrations and incubated for 18 hours at 37°C. After dry exposure, cell 

viability was measured by using XTT assay. Cell viability was determined in triplicate 

in three independent sets of experiments and their standard deviation was calculated. 
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5.7. Appendix 

 

Figure A5.1: DsRNA release over 10 to 28 days (all polyplexes at N/P 5 in sterile water) : 

Agarose gel electrophoresis (100V, 30 min) with linear 80% DMAEA copolymer of 25 000 

g/mol. 
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Figure A 5.2: SEM pictures of polyplexes at N/P 5 of dsRNA with a) Star 1, b) Star 2, 

c) Star 3 
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Figure A 5.3: a) dsRNA in sterile water b) Nuclease protection assay gel results for naked 

dsRNA and complexes with linear p(DMAEA80-DMAEMA20) and 4-pDMAEA38 after 

overnight incubation at 37°C. Controls on the left are incubated in water at 37°C. 

 

Figure A5.4: Images of cell media containing polyplexes with lPEI, Star 1, Star 2, Star 3 and 

linear copolymer of DMAEA and DMAEMA before wash. 
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Chapter 6: Conclusions and perspectives 

The objective of this thesis was to synthesise new well-defined cationic 

DMAEA-based copolymers for the protection and controlled release of dsRNA in soil. 

RAFT polymerisation enabled the successful synthesis of polymers with specific 

molecular weight and architectures. Focus was made on stars with a high number of 

arms, as more defined branched structures, to improve the stability in soil and on the 

incorporation of DMAEMA to control the release of the dsRNA. 

In chapter 3, 4-arm stars of DMAEA of four different molecular weights were 

synthesised using the core-first approach as control. Studies of the influence of the 

molecular weight showed only little effect on the complexation, as the lowest 

molecular weight star was binding slightly less efficiently than the dsRNA at low N/P 

ratio than the other molecular weights. However, the release of the dsRNA initiated 

by the hydrolysis of pDMAEA was happening too fast to obtain a prolonged protection 

of the dsRNA in soil. 

The incorporation of DMAEMA as a non-hydrolysable monomer to control the 

hydrolysis and the release of the dsRNA was investigated in chapter 4 and 5. The 

composition of DMAEA and DMAEMA copolymers was varied from 100% DMAEA 

to 50 % DMAEA to tune the hydrolysis. With increasing amount of DMAEMA, the 

hydrolysis was lower and slower, going from 70% side chains hydrolysed after 29 

days for the copolymer with 100% DMAEA to 20% for the copolymer with 50% 

DMAEA. This difference in hydrolysis impacted the time for the dsRNA release in 

water. The full release could be tuned as it was delayed by about 15 days by 

incorporating only 20% DMAEMA compared to 2 days with the homopolymer of 

DMAEA. Therefore, it has been demonstrated that the hydrolysis and release can be 

tuned by simply incorporating DMAEMA as non-hydrolysable comonomers. 

However, even though these linear copolymers were able to complex the dsRNA, 

limited protection was observed in the presence of nucleases and the binding was not 

strong enough to protect the dsRNA efficiently and extend its stability in soil. 

To combine the controlled hydrolysis and release with the architecture, three 

dense and compact star copolymer with 80:20 DMAEA:DMAEMA were prepared by 
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the arm-first approach as presented in chapter 4. A diacrylamide crosslinker was used 

for the chain extension in order to bind efficiently the end of the arms together in a 

central core. A block of NAM (corresponding to 40% of the final DP of the arm) was 

added before the crosslinking step for Star 1 and 2, to obtain soluble stars after 

purification and drying. Star 3 was made by statistically incorporating NAM with 

DMAEA and DMAEMA in one-step. The arm length was kept constant for Star 1 and 

3, and Star 2 had an arm size corresponding to half of the others. Even if good control 

over the arms could be obtained, the number of arms per star varied greatly between 

the three different stars (Narm ~ 55 – 100) and high dispersities (Ð=1.7 – 2.3) were 

obtained. The hydrolysis was slightly impacted by the dense architecture of the stars 

compared to their corresponding arms. The hydrolysis was lower for the stars due to 

the possible difficulty of the water to access the side chains closer to the core of the 

star. The ability of these stars to complex dsRNA and pDNA was reported in chapter 

5. The three stars were able to complex dsRNA but a higher N/P ratio (N/P 3) was 

necessary to obtain the full complexation of dsRNA compared to the linear copolymer. 

Images of the polyplexes showed polydisperse particles in sizes with aggregates of 

about 200 to 500 nm. As dsRNA was probably complexed by multiple stars at their 

surfaces, the release happened less gradually and faster than for the linear chains with 

the same composition, thus implying less strong binding. This was supported by the 

heparin and nucleases assays, the poor binding resulted in very limited protection 

against nucleases and easy displacement by the heparin. Finally, these materials were 

not able to extend the stability of the dsRNA in soil. Moreover, when tested for 

transfection of pDNA encoding for GFP, poor transfection efficiency was observed 

compared to lPEI. This was probably due to the tendency of the complexes to 

aggregate creating too big particles to enter the cells. However, low toxicity was 

measured by XTT. 

A good balance must be found between the hydrolysis rate, by varying the 

composition, and the architecture to obtain an extended protection in soil. The 

flexibility and the ability of the cationic polymers to bind efficiently the nucleic acids 

are key parameters. The release of the dsRNA was seen as a key parameter at the 

beginning of this project in order to make the nucleic acids available for the pest before 

ingestion, yet, results have shown a release mechanism was not required to obtain 

good RNAi (results not shown). Good results were obtained with PEI for instance. 
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This is also supported by the literature (Chapter 1).1-3 However, one drawback of PEI 

is its poor mobility in soil (Figure A6.1), as the polyplex stays at the surface of the 

soil, instead of spreading, thus enabling the protection of the roots of the plant from 

the worms. Moreover, PEI is potentially toxic on its own to the pest and other 

organisms. Promising results have been obtained for soil stability assays with 

branched copolymers with a high DMAEMA content (80%) (Figure A6.2) as about 

60% of dsRNA could still be observed after 28 days of incubation in soil. Other non-

hydrolysable polymer such as 4-arms pAEA and poly(2-(dimethylamino)propyl 

acrylate) (pDMAPA) or quaternised linear homopolymer of DMAEA (pDMAEAq) 

have been tested for dsRNA soil stability and have not shown significant improvement 

compared to the negative control (Figure A6.3). This implies that the 4-arm structures 

are not more efficient in soil conditions even with non-hydrolysable monomers but it 

supports the superiority of the branched structures over the low and high density stars. 

Nevertheless, pAEA and particularly pDMAEAq were able to give a better protection 

against nucleases than the DMAEA-based copolymers (Figure A6.4). The branched 

pDMAEMA polymer was also able to give some protection against the dsRNase. It is 

difficult to really compare the materials with these results as this nuclease assay needs 

to be optimised to give more information and differentiate more accurately the 

polymers in terms of protection efficiency. This could be done by optimising the 

concentration of the samples, the volume loaded or the gel content. Using fluorescence 

to detect the dsRNA could be also investigated to enable the quantification of dsRNA 

left after incubation overnight with the dsRNase. 

More investigation could be carried to further study the influence of the 

architecture on the binding and soil stability. The star material presented in this thesis 

did not show good potential due to their high density and maybe their hydrolysable 

nature. Whereas branched structures with high content of DMAEMA showed higher 

potential. But the poorly defined structure of the branched polymers makes it difficult 

to really understand the structure-property relationship. Studying brush polymers 

could enable a control over the density of the structure by varying the side chain 

density, the backbone length or the side chain length and help understanding the 

parameters influencing the binding and protection of the dsRNA. Polyplexes with 

PAEA and pDMAEAq showed some promising results for stability in presence of 

nucleases, showing the importance of the cationic moiety. However, their soil mobility 
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was comparable to bPEI (Figure A6.5) and no efficient protection was observed in 

soil. Adding an outside hydrophilic block, such as poly(ethylene glycol) methacrylate 

for instance, able to help improving the mobility of the complex and reduce interaction 

with other species or soil particles, could also be an interesting future direction for this 

project. This could help as well with the stability of the complex and obtain a better 

control over their size, which is an important parameter to efficiently deliver the 

nucleic acid material. 
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Appendix 

 

Figure A6.1: Soil mobility assay results for dsRNA/bPEI complexes. In 5 mL syringes, pre-

wet soil was loaded and 500 µL of complex was added at the top. 1 mL of water was added to 

irrigate the soil. The syringes were left for 1 hour before slices of soil were collected for 

dsRNA extraction from the soil according to method 2 (see method chapter). Fluorescence 

was used to measure the quantity of dsRNA in each slices. Results are reported in relative 
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fluorescence intensity. Most of the dsRNA could be found in the top layer or in the second 

one indicating the polyplexes were not moving down with the water. 

 

Figure A6.2: Soil stability assay results for dsRNA complexed with branched pDMAEA20-

co-DMAEMA80 and naked dsRNA is used as negative control. After incubation method 2 was 

used for the extraction and analysis of the results (see method chapter). 

 

Figure A6.3: Soil stability assay results for dsRNA complexed with 4-arm stars of AEA and 

DMAPA and bPEI was used as a positive control and naked dsRNA as negative control. After 

incubation method 2 was used for the extraction of dsRNA and analysis of the results (see 

method chapter). 
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Figure A6.4: a) dsRNA in sterile water b) Nuclease protection assay gel results for naked 

dsRNA and complexes with bPEI, Star 1, Star 2 and Star 3. Gels were run after 

decomplexation with PVS. Controls on the left are incubated in water at 37°C. 

 

Figure A6.5: Soil mobility assay results for dsRNA complexes with branched pDMAEA, 

linear pDMAEAq and 4-arm pAEA. In 5 mL syringes pre-wet soil was loaded and 500 µL of 

complex was added at the top. 1 mL of water was added to irrigate the soil. The syringes were 

left for 1 hour before slices of soil were collected for dsRNA extraction from the soil according 

to method 2 (see method chapter). Fluorescence was used to measure the quantity of dsRNA 

in each slices. Results are reported in relative fluorescence intensity. Except for branched 

pDMAEMA, most of the dsRNA could be found in the top layer or in the second one 

indicating the polyplexes were not moving down with the water. 
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