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ABSTRACT 

Layered double hydroxide (LDH)-mediated topical delivery of dsRNA for 

protection against Tomato yellow leaf curl virus (TYLCV) in Nicotiana benthamiana 

 

Edith Sánchez Hernández 

 

Cell wall is the major barrier in the delivery of biomolecules such as nucleic acids into the 

plant cell. Biological (bacteria or viruses) and biolistic (particle-based) methods are used 

to deliver nucleic acids into the plant cell. However, these methods have significant 

limitations when it comes to species range, scalability, and field assays. In this work, we 

report the use of layered double hydroxide (LDH) topically applied to deliver RNA 

molecules into the plant cell. LDH were assembled by methanol-based co-precipitation of 

magnesium and aluminum nitrate solution with sodium hydroxide and finally dispersed in 

deionized water. The assembled LDH were physically characterized by AFM, zeta-sizer 

and their binding to RNA was confirmed by gel electrophoresis. LDH complexed with 

double stranded RNA (dsRNA) was topically applied to Nicotiana benthamiana leaves. As 

a model system, virus specific dsRNA-LDH complexes were used to activate cellular 

RNAi machinery against Tomato Yellow leaf Curl Virus (TYLCV) in N. benthamiana 

plants. Our results demonstrated that topical application of the TYLCV specific dsRNA-

LDH complexes reduce viral genome accumulation and viral symptoms development. 

Similarly, dsRNA-LDH protected plants produce typical leaves, flowers, and seeds, 

confirming efficient virus resistance compared unprotected TYLCV infected plants. 

Topical application and noninvasive delivery of nucleic acid has several advantages, as 

these methods are specie independent, easy to scale up, applied with low-pressure spray, 

requires no tissue culture and no sophisticated equipment. The LDH based noninvasive 
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delivery of nucleic acids has the capability to overcome the cell wall barrier limitations and 

will open new opportunities to exploit the full potential of cellular machinery to produce 

resilient plants and insure sustainable food production.  
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Layered double hydroxide (LDH)-mediated topical delivery of dsRNA for 

protection against Tomato yellow leaf curl virus (TYLCV) in Nicotiana benthamiana 

 

Chapter 1: Introduction 

Climate change and phytopathogens are the main threats to sustainable food production 

and food security. New crops and new methods of crop improvement are important to feed 

the burgeoning human population.  The Food and Agriculture Organization (FAO) states 

that “Food security exists when all people, at all times, have access to sufficient, safe and 

nutritious food to meet their dietary and preferential needs for an active and healthy life” 

[1]. Despite enormous efforts, sustainable production and food security are still the major 

issues to feed the present and future populations. 

The 21st century carries profound challenges regarding agricultural productivity and food 

security as the demand for food is increasing with the population growth. Additionally, the 

unpredicted climate changes i.e. increase in the average global temperature, decrease in the 

freshwater sources, soil salinization and extreme weather are badly effecting agricultural 

productivity [2]. Similarly, the demand for plant raw materials to produce energy or 

clothing is growing continuously [3]. Since plants are sessile and cannot escape from 

environmental conditions, it is estimated that crops reach only 20% of their potential yield 

[4] and pathogens alone are causing 10 to 16% losses of the global harvest are making the 

situation more complicated [5]. 

New methods to develop better and stress-tolerant crop plants to use the natural resources 

optimally even in adverse situations can overcome the challenges of future global demand 
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for food and plant commodities [6]. Thus, it is necessary to dig further and to design new 

technologies to exploit the full biological potential of plants to improve crop production.  

Genetic engineering is one of the major tools that can be used to generate high-yield crops 

with resistance to stress conditions, insects, pathogens, herbicides, and with a better 

nutrition profile [7]. However, delivery of genome engineering reagents via plant cell wall 

is a major barrier in the effective use of these technologies for creating novel traits [8]. In 

contrast to animal cells, plant cells possess a rigid wall that surrounds the plasma membrane 

giving them tensile strength, providing the first line of defense against pathogens and 

mechanical and osmotic stress and acts as a filtering mechanism [9].  

The plant cell wall is composed of cellulose microfibrils network cross-linked with 

hemicellulose and interpenetrated by pectin. The fibrillar nature of the cell wall permits the 

movement of molecules through the porous matrix. However, the tightly knitted fiber 

structure cell wall with pore size (5 – 10 nm) allow the movement of only small size 

particles [10]. 

In the last decades, there has been an increment in the use of nanomaterials to overcome 

the challenges associated with the delivery of biomolecules across the plant cell wall [11]. 

The American Society for Testing and Materials (ASTM) standards, defines nanoparticle 

(NP) as “a sub-classification of ultrafine particle with lengths in two or three dimensions 

greater than 0.001 µm (1 nm) and smaller than about 0.1 µm (100 nm)  and which may or 

may not exhibit a size-related intensive property” [12]. Nanoparticles (NPs) can be 

categorized into several classes based on their chemical and physical properties, shapes, 

sizes, and source of materials. However, there are three main categories of nanoparticles: 

organic, inorganic and carbon based [13]:  
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1. Organic nanoparticles are biodegradable, non-toxic, and some particles such as 

micelles and liposomes have a hollow core. They are widely used in the biomedical 

field as drug delivery systems [14]. 

2. Inorganic nanoparticles are particles that are not made up of carbon. Metal and 

metal oxide-based nanoparticles are contained in this category [15]. 

3. Carbon-based nanoparticles can be classified into fullerenes, graphene, carbon 

nanotubes (CNT), carbon nanofibers and carbon black [16]. 

Recently, nanoparticles were shown to accelerate plant adaptation to climate changes [17] 

and to have an essential role in plant tissue culture [18]. Similarly, nanomaterials have been 

used as sensing materials, nano-fertilizers, pesticides, herbicides, carriers for controlled 

release of agrochemicals and nutrients for crop improvement [13]. These studies endorse 

that plant cells can take up nanoparticles through their cell walls even though the 

mechanism is still not well defined [19]. 

Some studies have estimated the cell wall pore size to be generally ≤10 nm and 

nanoparticles larger than 10 nm may not be able to pass through the cell wall and therefore 

cannot be used to deliver biomolecules to plant cell. However, a number of studies with 

different plant species have reported the uptake and movement of NPs of sizes up to 200 

nm [20]. This suggests that NPs ability to permeate the cell wall depends on other 

properties such as shape, surface charge and agglomeration [10]. Multiple nanoparticles 

and nanostructures were recently applied to deliver nucleic acid both RNA and DNA into 

plant cell [21]. This delivery has been reported using various nanomaterials, targeting 

different parts of the cell, and using different tissues and plant species. 
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In 2014, Dong et. al. engineered small layered double hydroxide nanoparticles with 

diameters about 40 nm which were capable of transfecting dsDNA into HEK 293T cells 

[22]. Following these achievements, Mitter et. al. demonstrated the ability of layered 

double hydroxide nanoparticles to carry dsRNA and deliver RNAi as a stable spray 

application for protection against Cucumber mosaic virus (CMV) [23] which possess a 

ssRNA (+) genome [24]. 

Regarding the use of Single-Walled Carbon Nanotubes, Golestanipour et. al., reported in 

2018 the use of nanotubes functionalized with arginine to successfully transfer GFP 

expressing plasmids to root cells in Nicotiana tabacum [25]. A year later, in 2019, Kwak 

et al. designed chitosan-complexed single-walled carbon nanotubes for the delivery of 

plasmid DNA to chloroplasts in Eruca sativa, Nasturtium officinale, Nicotiana tabacum 

and Spinacia oleracea [26]. On the same year, Demirer et. al., reported the delivery of 

DNA into intact plants from species Nicotiana benthamiana, Eruca sativa, Triticum 

aestivum and Gossypium hirsutum using pristine and chemically functionalized carbon 

nanotubes [27].  

Zhang et al. (2019) reported the delivery of siRNAs mediated by DNA nanostructures with 

different shapes, stiffnesses and dimensions that varied from 2 to 320 nm and the 

subsequent silencing of the GFP transgene in Nicotiana benthamiana [28]. Recently, in 

2020, Demirer et al., reported the delivery of siRNA to intact plant cells for efficient gene 

knockdown using carbon nanotubes to silence endogenous genes in Nicotiana 

benthamiana [29]. 
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1.2 Objectives and contributions 

The contributions of this thesis fold in the following streams: 

Objective 1: To assess the use of nanoparticles, specifically layered double hydroxide 

(LDH), also known as clay nanosheets, for RNA delivery by topical application in 

Nicotiana benthamiana leaves. 

Objective 2: To explore the protection against the plant virus TYLCV conferred by the 

complex dsRNA-LDH after its topical application. 
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Chapter 2: Review of the literature 

2.1 Nanoparticles and nanostructures as tools for the delivery of nucleic acid into 

plant cell.  

Since the conventional delivery methods are inefficient or damaging tissues, different 

groups have developed multiple nanoparticles and nanostructures designed to introduce 

cargoes into plants in the last two decades [21].  

Some of the technologies that have been used successfully in the delivery of nucleic acids 

in plants are discussed here.  

1. Single-Walled Carbon Nanotubes (SWCNTs): Biocompatible allotropes of carbon that 

have high-aspect ratio cylindrical nanostructure with diameters of 0.8 to 1.2 nm and lengths 

of 500 to 1000 nm [29]. Carbon nanotubes show exceptional mechanical strength which 

make them very attractive for use in many applications. However, they tend to hold 

together as ropes and bundles due to van der Waals interactions. To prevent such behavior, 

they are functionalized, improving their chemical compatibility and dissolution properties 

[30]. Multiple techniques are used to functionalize SWCNTs: 

a. PEI functionalization: PEI increases the positive charge on the surface of SWCNTs, 

allowing carbon nanotubes to interact electrostatically with the negatively charged 

nucleic acids such as siRNAs [31]. 

b. Arginine functionalization: Solubility and biocompatibility are increased and 

studies suggest that SWCNTs acquire the ability to interact with DNA and pass 

through cell wall pores and plasma membrane [25]. 



19 
 

 

c. Chitosan complex functionalization: Chitosan-wrapped SWNTs (CS-SWNTs) 

possess sufficiently high surface charge to passively pass through the plasma 

membrane for successful gene delivery [26]. 

2. Nanodiamonds (ND): Diamond nanoparticles with the unique properties of bulk 

diamonds but at a nanoscale: high hardness, high thermal conductivity and electrical 

resistivity, chemical stability, biocompatibility, a tunable surface structure [32], this last 

characteristic means that the ND surface can be modified with a wide variety of functional 

groups to control interaction with water molecules and other conjugates, for this reason, 

they have been widely studied in the drug delivery field [33]. 

3. DNA nanostructures: DNA nanotechnology makes use of the programmability of DNA 

Watson-Crick base pairing to assemble DNA nanostructures into custom predesigned 

shapes via sequence-specific hybridization of a template and staple DNA strands. Even 

though different DNA nanostructures of variable sizes and shapes have been synthesized 

and have shown functionality in biotechnology for delivery applications in animal systems, 

they have been explored very little in plant systems [28]. 

4. Carbon dots: These nanoparticles represent a green alternative to quantum dots because 

they are not made of heavy metals. There are reports about the use of carbon dots for 

transfection of plasmids, long dsRNA, and siRNA into animal cells but their use for 

delivery of nucleic acids into plant cells has not been widely reported [34].  
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2.2 Biological cargo delivery into plant cells without external aid 

Currently, the biomolecule delivery tools into plant cells rely mainly on Agrobacterium-

mediated transformation (AMT) and biolistic bombardment [28].  But both methods have 

some major disadvantages limiting their broad use in agriculture (figure 1): 

 Agrobacterium: This method is dependent on the natural ability of the 

Agrobacterium to deliver T-DNA into the plant cell nucleus. But the method itself 

needs a long tissue culture process to recover transgenic plants, the frequency of 

stably transformed plants is very low, and Agrobacterium has a narrow range of 

crop species that can be transformed [35]. 

 Particle bombardment: As alternative to Agrobacterium, biolistic particle 

bombardment is used in the plant not amenable with natural transformation. But 

particle bombardment technology is very costly, causes tissue damage, integration 

patterns are unpredictable, the efficiency is very low, high input cost and the 

cellular target cannot be specifically controlled between the cytoplasm, nucleus, 

mitochondria, or plastids [35]. 

Methods such as nanomaterials that avoid the external aid (AMT and gene gun) and can 

cross the rigid cell wall are exciting developments and will pave the way to design and 

apply these methods in plant for biomolecules delivery. Recently, two studies have shown 

that carbon nanotubes and clay nanosheets enable intracellular delivery of DNA and RNA 
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through surface-grafting or encapsulation strategies, avoiding the use of any external force 

[28]. Specifically, clay nanosheets present an innovative approach with the possibility of 

the topical application of dsRNA for the control of plant viruses and pest control [23]. 

 

Figure 1. Summary of the limitations of the most used methods for transformation in plants 

and the approaches with LDH nanoparticles [36-39]. Created with BioRender.com 

2.3 LDHs for topical delivery of RNAi in plants 

The layered double hydroxides (LDHs), also known as clay nanosheets, hydrotalcite-like 

materials or as anion exchanging clays, are natural or synthetic materials produced when 
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mixtures of metal salts are exposed to base. In nature, they are formed from the weathering 

of basalts or precipitation in saline water sources. They consist of layers containing the 

hydroxides of two or more different kinds of metal cations and possessing an overall 

positive charge, which is neutralized by the incorporation of exchangeable anions [40]. 

Following, the chemical, physical properties and low cytotoxicity make the LDHs a 

favorable delivery system for biological systems.  

 Lamellar architecture: therapeutics can intercalate between LDH interlayers and 

be physically protected from degradation. 

 Distributed array of positive charges: the negatively charged therapeutics cannot 

transcend cellular membranes which are negative too and their intercalation into 

LDHs leads to efficient uptake. 

 Ability to escape endosomes through endolysosomal pathway: cellular delivery 

efficiency is benefited through LDH-mediated endosomal buffering, which 

ultimately leads to counterions and water ingress, rupture of endosomal vesicles 

and release of intact therapeutics into the cytoplasm.   

 Particulate size: nanoparticles with size around 50 nm are more efficiently 

internalized and the most efficient cellular delivery vehicles. 

Based on these properties multiple LDHs were developed to deliver anionic drugs and 

nucleic acids [22]. 

The instability of naked RNA is the main limiting factor in sprayed based application of 

RNA technology for crop improvement [23]. Uslu, et. al., provided evidence supporting 

that high-pressure-sprayed naked dsRNA did not induce silencing of a green fluorescent 

protein (GFP) reporter gene in a transgenic Nicotiana benthamiana line, indicating that 
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dsRNA was insufficiently taken up by plant cells [42]. But a study conducted by Mitter et 

al., has shown that dsRNA can be loaded on non-toxic, degradable, layered double 

hydroxide (LDH) clay nanosheets showing sustained release and being detected 30 days 

after application, they showed that virus protection can remain for at least 20 days when 

challenged on spray and newly emerged unsprayed leaves [23]. Related to LDH, there is a 

new study that reports efficacy in the use of dsRNA bound to clay nanosheets against 

aphid-mediated transmission of Bean Common Mosaic Virus (BCMV) RNA virus [41]. 

Taken this into account, new generation vehicles such clay nanosheets can help improving 

the stability and efficient delivery of exogenous dsRNA. 

2.4 Plant viruses 

Plant viruses infect crop species and cause long-lasting economic losses thus endangering 

food security worldwide [43]. Viruses have small genomes encoding only a few proteins 

which allow the virus to use cellular resources to complete its lifecycle [44]. According to 

their genome organization, plant viruses are divided into six major types: dsDNA viruses, 

ssDNA viruses, dsRNA viruses, ssRNA+ viruses and ssRNA- viruses [45]. 

Geminiviruses infect a wide range of plant species including crops such as cotton, tomato, 

cassava, tobacco, potato, pepper, watermelon, melon, cowpea, soybean, common bean, 

mung bean, barley and banana [46]. Damages attributed to geminiviruses include over 

$300 million in loss in the Indian bean industry, up to 100% loss of tomato crop in Italy 

and the Dominican Republic and nearly $2 billion loss in African cassava production [47]. 

The family Geminiviridae includes plant-infecting viruses whose genomes are composed 

of one or two circular ssDNAs (+) of about 2.5-5.2 kb each in size [48]. To hijack the host 

cell molecular machinery, geminiviruses produce between 4 and 8 small, fast-evolving, 
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multifunctional proteins, encoded by bidirectional and partially overlapping open reading 

frames [49]. The family Geminiviridae has nine genera based on viral genome structure 

and insect vectors. In the case of begomoviruses, genomes can be mono or bipartite, with 

each circular DNA (around 2.5 Kb) packaged in a twinned icosahedral particle [47]. 

Monopartite begomoviruses encode six proteins: C1/Rep, C2/TrAP, C3/Ren, C4, V2, and 

V1/CP [50]. 

Tomato yellow leaf curl virus (TYLCV) is a monopartite begomovirus with a genome 

consisting of six overlapping transcribed open reading frames (ORFs) transcribed in 

opposite directions from two promoters situated at either end of an intergenic region (IR). 

Two ORFs are expressed in viral (sense) orientation V2 (pre-coat protein) and V1 (coat 

protein), and four ORFs in the complementary orientation (C1 to C4) (figure 2). All viral 

functions (replication, expression and movement) are determined by the IR and the sense-

oriented genes. The complementary-oriented viral genes have auxiliary roles in the late 

phase of the virus “life cycle” [51]. 

Due to its importance in fundamental viral functions, this study focuses on developing 

dsRNA fragments that triggers RNAi mediated interference against the coat protein ORF. 

Figure 3 highlights the localization of V1-CP among the different ORFs. 

 



25 
 

 

 

Figure 2. Genome organization of TYLCV. The six partially overlapping ORFs are represented 

by green filled arrows and the IR by an open box. Created with BioRender.com. 

2.5 RNAi triggered by dsRNA as a tool for viral resistance 

Viruses are among the most devastating biotic factors that significantly threaten world food 

safety. Developments in plant-virus interaction research have led to improvements in 

different strategies to improve crop plants resistance via genetic modifications [52]. Plants 

defend themselves from viruses by two types of natural mechanisms [53]:  

a) Virus resistance independent of gene silencing, which includes resistance R genes 

mediated inactivation of coat protein, movement protein and replicase or natural variants 

of susceptibility S genes unable to interact virus protein [77]. 

b) Virus resistance dependent on gene silencing via Post Transcriptional Gene Silencing 

(PTGS), which includes pathogen-derived resistance, antisense RNA mediated resistance 

and RNA-mediated resistance [78]. 

PTGS is an evolutionarily conserved mechanism in plants against viruses and transposons. 

Plants exploit the requirement of the RNA viruses to replicate using a double-stranded, 
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replicative intermediate (dsRNA) [53]. Once present in the plant cell, dsRNAs are 

processed by Dicer-like (DCL) endonucleases into 21-24 short interfering RNAs 

(siRNAs).  siRNAs exhibit 3’ 2-nucleotide overhangs and become stabilized through 3’ 

methylation by Hua-Enhancer1 (HE1). After this modification, and depending on its 5’-

terminal nucleotide, one of the two sRNA strands will be loaded onto an Argonaute (AGO) 

protein, the other single-stranded named passenger strand will be degraded during the 

RNA-induced silencing complex process. Generally, 21-nt sRNAs with 5’-U are loaded on 

AGO1 and scan the cytoplasm for complementary transcripts for cleavage and degradation 

in PTGS. Twenty-two-nt sRNAs are also loaded on AGO1 but they generate secondary 

siRNAs in “transitive silencing” and finally, 24-nt sRNAs with 5’A are incorporated on 

AGO4, they recognize cognate DNA or its nascent transcript and recruit DNA 

methyltransferases to methylate the cytosine residues of both DNA strands in the process 

“RNA-directed DNA methylation” [54]. 

Since the discovery of RNA interference (RNAi) more than 20 years ago, it has been 

extensively used in crop protection platforms. RNAi approaches have been widely based 

on the use of transgenic plants expressing dsRNAs. However, the use of transgenes and 

genetically modified organisms (GMOs) has raised public concerns [54]. The value of the 

use of RNAi technologies triggered by exogenous dsRNA as a promising tool for crop 

protection relies in the high specificity of dsRNA and the fact that transgenic crops 

expressing dsRNA would not contain altered proteins that could lead to concerns about 

allergies [55]. 

A key step in a successful RNA-silencing strategy is the identification of suitable target 

genes in the infectious agent. Many studies seem focus on the coat protein of the virus 
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targeting it partially or full-length to confer viral disease resistance [79], therefore this 

study will be conducted by targeting the coat protein of TYLCV wholly and partially. 

Chapter 3: Materials and methods 

The detail procedure of this study is summarized in six main steps (figure 3) as follow: 

1. Selection of targeted gene fragments: which can vary from targeting pathogens, 

pests, transgenes, and endogenous genes. 

2. Design and production of dsRNA fragments: this step includes the design of 

dsRNA fragments, PCR amplification, in vitro transcription and annealing to form 

dsRNA. 

3. Synthesis and characterization of LDH: Synthesis by non-aqueous precipitation. 

AFM and TEM used for characterization purposes. 

4. Loading of dsRNA on LDH 

5. Spraying of dsRNA-LDH on the leaf surface 

6. Analysis: varies according the targeted gene and include but it is not limited to 

symptoms evaluation and molecular analysis. 

 

Figure 3. Schematic representation of the methodology followed to assess the delivery of 

dsRNA by LDH. Created with BioRender.com 
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3.1 Preparation and characterization of LDH nanosheets 

The LDH nanosheets were synthesized by modified non-aqueous precipitation, followed 

by heat treatment, purification and water dispersion, according to the method described in 

Dong, 2014.  

Methanol solution of magnesium nitrate hexahydrate (6 mmol) and aluminum nitrate 

nonahydrate (2 mmol) was added dropwise to a methanol solution containing sodium 

hydroxide (16 mmol) under vigorous stirring to allow the next chemical reaction to occur 

at RT and atmospheric pressure during 30-40 min: 

 

3Mg(NO3)2 + Al(NO3)3 + 15H2O + 16NaOHexcess + CH3OH → 

→ Mg3Al(OH)8NO3∙xCH3OH∙yH2O↓ + (1-x)CH3OH + 8NaNO3 + 8NaOH + (1-y)H2O 

 

The precipitate was separated by centrifugation, re-dispersed in methanol (40 mL) and 

transferred into 100 mL Teflon®-lined autoclave for solvothermal treatment in closed 

autoclave under autogenous pressure at 60°C or 100°C for 18 hours for the Ostwald 

ripening chemical process to take place: 

 

Mg3Al(OH)8NO3∙xCH3OH∙yH2O↓ + MeOH → Mg3Al(OH)8NO3∙(x+z)CH3OH∙(y-

z)H2O↓ + (1-z)MeOH + zH2O 
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This process allows the re-crystallization into nanometer-sized particles. After the 

syntheses are completed both mixtures are washed twice with deionized water and 

followed by the final redispersion in 40 mL of deionized water [22].   

The morphology and size of LDH nanoparticles were examined by Atomic Force 

Microscopy (AFM) using the XE-100 AFM. 

An approximation of the concentration of the LDH was obtained by evaporating the water 

in the suspensions and weighting the remaining solid nanoparticles. 

3.2 Template DNA synthesis 

All PCR products were synthesized using TYLCV genomic DNA as a template. A primer 

containing T7 promoter and TYLCV specific sequence and reverse TYLCV specific 

primer were used to produce different length DNA fragments (212, 452, and 775 bp) 

targeting the Coat Protein of TYLCV in order to optimize the best RNAi templates. The 

details for the primers used to synthesize these fragments are presented in figure 4. 

 

Figure 4. DNA amplification of the necessary products to obtain the six fragments of ssRNA 

with three different lengths. T7 promoter is included in all the DNA products because it is 

necessary for in vitro transcription to proceed.  

 



30 
 

 

PCR reactions consisted of T7 promoter primer and a gene specific sequence forward 

primer and a gene-specific reverse primer to produce the top strand of the dsRNA. To 

produce the lower strand the T7 promoter sequence attached to the 5’ reverse primer and a 

gene specific forward primer was used in PCR as detailed in table 1, Phusion® High-

Fidelity PCR Kit (New England Biolabs) and the following PCR parameters: 98°C for 3 

min; 40 cycles of 98°C for 10 s, 64°C for 20 s, 72°C for 10 s; a final elongation step of 

72°C for 10 min. The PCR reactions were purified, concentrations measured with 

NanoDrop 8000 and the quality of the products was checked on a 1% agarose gel stained 

with 1X GelRed® Nucleic Acid Gel Stain (Biotium). 

Table 1. Sequences of the primers used for the amplification of the different DNA fragments 

T
em

p
la

te
  

Primer 

 

Sequence (5’ → 3’) 

T
Y

L
C

V
 

Y66 Capsid Protein Upper 

strand F (T7 promoter) 

GATAATACGACTCACTATAGGATGTCGAAG

CGACCAGGCGATATAATCATT 

EE56 Capsid Protein 212 nt 

Upper strand R 

CCTTCACATCCACGGGGAACATCAGGGC

TTCGATA 

EE57 Capsid Protein 452 nt 

Upper strand R 

GGGCTGCTTCCATAAGGCCTTCTATCACG

GACCAA 

EE55 Capsid Protein 777 nt 

Upper strand R 

TTAATTTGATATTGAATCATAGAAATAGA

TGCGTAT 

EE54 Capsid Protein Lower ATGTCGAAGCGACCAGGCGATATAATCA
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strand F TT 

EE49 Capsid Protein 212 nt 

Lower strand R (T7 

promoter) 

GATAATACGACTCACTATAGGGCCTTCACA

TCCACGGGGAACATCAGGGCTTCGATA 

EE50 Capsid Protein 452 nt 

Lower strand R (T7 

promoter) 

GATAATACGACTCACTATAGGGCTTCCATA

AGGCCTTCTATCACGGACCAA 

EE48 Capsid Protein 775 nt 

Lower strand R (T7 

promoter) 

GATAATACGACTCACTATAGGGTTAATTTG

ATATTGAATCATAGAAATAGATGCGTAT 

- Italicized nucleotides represent the T7 promoter sequence 

  

3.3 ssRNA synthesis 

ssRNA was produced from the DNA purified products using the HiScribe™ T7 High Yield 

RNA Synthesis Kit (New England Biolabs). Reactions and purifications were according to 

the manufacturer with an incubation period of 8 h. Purified ssRNA was quality checked on 

a 1% agarose gel stained with 1X GelRed® Nucleic Acid Gel Stain (Biotium) and 

quantified with a spectrophotometer (NanoDrop 8000).  
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3.4 Annealing of ssRNA to obtain dsRNA 

For the annealing, sense and antisense dsRNA, corresponding ssRNAs were combined in 

a 1:1 molar ratio in IDTE buffer (10 mM TRIS, pH 7.5; 0.1 mM EDTA), heated to 95°C 

for 5 minutes, and allowed to slowly cool to room temperature. 

3.5 dsRNA loading on LDH nanosheets 

The loading of the dsRNA on the LDH nanosheets was performed following the protocol 

in Mitter, et al. (2017): To define optimal and complete loading of respective dsRNA into 

LDH nanosheets, the ratio of in vitro transcribed dsRNA to LDH (dsRNA-LDH (w/w)) 

was assayed at 1:0, 1:10, 1:15, 1:20, 1:30 and 1:50. To load, dsRNA-LDH was incubated 

in a total volume of 10 µL at room temperature for 30 min with intermittent gentle agitation. 

Complete dsRNA loading was assessed by retention of dsRNA-LDH complexes in the well 

of a 1% agarose gel.  

3.6 Plant material 

About 3 - 5-weeks-old wild type Nicotiana benthamiana plants were grown on soil in the 

greenhouse. Each experiment consisted of at least three plants for all the treatments. The 

seeds were germinated in Stender® soil with a rocks mix. The mixing ratio was three parts 

of soil: 1 part of rocks. 

3.7 Greenhouse assays of leaves spraying 

The greenhouse assays were conducted at 11 h/13 h day/night cycle, and temperature 

ranges from 23°C to 27°C. The spray treatments were conducted at approximately 125 µL 

per cm2 (1.25 µg of dsRNA and 3.75 µg of LDH) as described in Schwartz et al. (2020) 



33 
 

 

[34]. The loading ratio of LDH varied according to the evaluations performed. The ratio 

selected was the one that offered immediate availability of some free dsRNA for direct 

protection against. 

3.8 Challenging of N. benthamiana with TYLCV 

The assessment of the effectiveness of dsRNA-LDH to provide protection mediated by 

RNAi was tested by delivering different length dsRNA loaded onto LDH particles by low-

pressure spray technique on the leaf surface (at least three leaves per plant). Ten days after 

the spraying of the plants, a second application was performed. The same day, the plants 

were challenged with TYLCV by infiltration of one leaf per plant.  

Two separate cultures of TYLCV transformed into Agrobacterium tumefaciens were 

inoculated on plates with the appropriate antibiotics and grew for 48 h at 27°C. An 

individual colony of each Agrobacterium is selected and inoculated into a culture tube 

containing LB media and the proper antibiotics. The cultures are grown for 48 h at 27°C. 

A volume of 0.5 mL was taken and transferred into a 250 mL flask to start a new subculture. 

The new subculture is allowed to grow at 27°C for 24 h more. Each culture was 

centrifugated at 6000 rpm at RT for 15 min. The pellet was resuspended in 5 mL of MES 

infiltration buffer. The OD600 is measured and cell suspensions are adjusted with MES 

infiltration buffer to reach OD600=0.05, 200 µM acetosyringone was added and 

preparations were incubated for 2 hours. Both cultures were mixed at a 1:1 ratio. The 

suspensions were infiltrated with a 1 mL needleless syringe.  
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The infiltrated plants were monitored daily until 30 days post infiltration (dpi) for viral 

symptoms development, such as marginal leaf yellowing, upward or downward leaf 

cupping and reduction in leaf size. 

 

3.9 TYLCV symptom severity rating 

Symptom development was evaluated 30 days after inoculation according to the symptom 

severity scale described in Friedman (1998) [56]:  

 0= no visible symptoms, inoculated plants show same growth and development as 

non-inoculated plants 

 1= very slight yellowing of leaflet margins on the apical leaf 

 2= some yellowing and minor curling of leaflet ends 

 3= a wide range of leaf yellowing, curling, and cupping, with some reduction in 

size, yet plants continue to develop 

 4= very severe plant stunting and yellowing, and pronounced cupping and curling; 

plants cease to grow 

3.10 Southern blot for TYLCV genome accumulation 

Southern blot is a technique used to detect the presence of a specific DNA in a tissue 

sample. The DNA fragments are separated by gel electrophoresis and transferred from the 

gel to a membrane which is later exposed to a DNA probe labeled with a radioactive or 

chemical tag. If the probe binds to the membrane, then the probe sequence is present in the 

sample [57]. 
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Nonradioactive southern blotting was performed for the detection of the DNA of TYLCV. 

The label used was digoxigenin (DIG). Probes were prepared by amplifying the coat 

protein (CP) and the intergenic region (IR) fragments of TYLCV and labelled with 

digoxigenin by random primed DNA synthesis with DIG DNA Labeling Mix (Roche 

Diagnostics GmbH). 

Genomic DNA from Nicotiana benthamiana leaves (WT, TYLCV control, TYLCV-212 

dsRNA-LDH, TYLCV-452 dsRNA-LDH and TYLCV-777 dsRNA-LDH) was extracted 

and separated on a 1.0 % agarose gel using TAE 1x buffer. Three µg were run per lane. 

Then DNA was transferred by capillary transfer onto a positively charged nylon membrane 

from Roche and fixed by UV cross-linking. 

Prehybridization was performed for 4 h and hybridization for 17 h with DIG EasyHyb 

hybridization buffer by Roche Diagnostics GmbH. The temperature was 42°C. After 

hybridization, the membranes were washed with washing buffer. Subsequently the 

membranes were detected using 1x malate buffer and 1x blocking solution, after 1 hour the 

blocking solution was replaced by fresh solution supplemented with the α-DIG-antibody 

alkaline phosphatase (AP) conjugate, then the membrane was washed with antibody 

washing buffer, incubated with 1x detection buffer and visualized with CDP-Star®, ready 

to use from Roche Diagnostics GmbH under the Molecular Imager® Gel Doc™ XR 

System from Bio-Rad. 
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Chapter 4: Results 

For the convenience of results interpretation.  The results part is divided into four groups 

(figure 5). The first part includes the LDH synthesis, and characterization of the 

nanosheets, such as its morphology, size, zeta potential and concentration. The second part 

describes the DNA and RNA synthesis, and the annealing of the ssRNA fragments. The 

third part involves tests related to the loading capacity of the LDH nanosheets. The fourth 

part is about dsRNA-LDH complex application, evaluate symptoms and to detect the 

presence of the viral genomic DNA. 

 

Figure 5. Overview of the results obtained in different steps of the methodology. Created with 

BioRender.com 

 

4.1 Synthesis, characterization, and determination of the concentration of LDH 

nanosheets in suspension 

According to the data presented by Choi et. al., 2011, the temperature and the time of the 

solvothermal treatment impact directly on the characteristics that make LDH good 

nanocarriers [58]. Dong et. al. reported the LDH sizes obtained under different heat 
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treatments (60°C, 80°C and 100°C) and concluded that a heat treatment at 80°C for 18 h 

resulted in the smallest Z-average particle size and the narrowest particle size distribution 

(around 38 nm) [22].  

In this study, two initial samples were produced in the extremes of the ranges tested for 

heat treatments by Dong et. al., 2014 to better analyze and contrast the properties of the 

nanosheets produced. A diagram summarizing the methodology for the synthesis of the 

samples has been included (figure 6). 

 

Figure 6. Synthesis of LDH nanoparticles. Created with BioRender.com 

After the syntheses were completed, the resulting mixtures were homogeneous transparent 

solutions that needed further assessment of the quality of the nanoparticles produced. The 

characterization of the nanosheets included evaluations of their morphology, size, and zeta 

potential. This characterization process is needed because the structure, charge, shape, and 
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size of LDH are closely related to their capacities to load biomolecules and to deliver these 

cargoes into the cell [58]. 

Regarding the morphology, images obtained during the analysis with AFM (figure 7) allow 

to confirm that the LDH nanoparticles typically possess a well-established hexagonal 

nanosheet shape [22-23]. 

 

Figure 7. AFM image of an LDH suspension synthesized at 60°C for 18 h.  

The next parameter evaluated was the size of the nanosheets, studies conducted by Choi 

and Choy, have shown that nanoparticles with size around 50 nm are the most efficiently 

internalized cellular delivery vehicles [58]. Therefore, it is desired that the size range of 

our nanoparticles remain near those limits. Figure 8 presents the particle size distribution 

of two suspensions synthesized under different solvothermal treatment conditions. The 

solution synthesized at 60°C showed a peak of nanoparticles size distribution at 46.7 nm 

and the solution synthesized at 100°C showed one at 47.8 nm. With this, it is confirmed 

that for both treatments the sizes remain within the ranges desired and matching the 
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description made by Choi and Choy (2011) to obtain optimal delivery vehicles efficiently 

internalized into the cell. 

 

Figure 8. Particle size distribution of two LDH suspensions synthesized at 60°C and 100°C for 

18 h.  

The third characteristic evaluated was the zeta potential (ZP) which shows the degree of 

repulsion between the charged particles in the dispersion. High ZP implies highly charged 

particles, which prevents aggregation of the particles due to electric repulsion. If the ZP is 

low, it is likely that the mixture forms coagulates. Nanoparticles with high ZP values 

between 20 and 40 mV provide stability and are less prone to form aggregates or increase 

particle size [59]. 

Figure 9 shows a ZP distribution peak found at 49.9 mV for the solution treated at 60°C 

and at 69.9 mV for the solution treated at 100°C. This is a good insight into the stability, 

dispersion and the positive charge of the nanosheets. 
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Figure 9. Zeta potential distribution of two LDH suspensions synthesized at 60°C and 100°C 

for 18 h. 

Along with the characterization of the nanoparticles, it is necessary to know the quantity 

of the nanoparticles contained in a certain volume to proceed with the methodology for the 

loading of the cargoes. The concentration of the LDH was calculated by the evaporation of 

the water in the suspensions and the weighting the remaining solid nanoparticles. Table 2 

details the different concentrations and the temperature of the solvothermal treatment of 

each suspension. As it is shown, the estimated concentrations varied in a range from 477 

ng/µL to 5883 ng/µL. The concentrations show the average and the standard deviation of 

three independent measurements. 

 

 

 



41 
 

 

Table 2. Approximate concentration of LDH per µL in 6 different suspensions with 

solvothermal treatments at different temperatures.  

Sample number Temperature of 

synthesis 

Concentration 

average (ng/µL) 

1 60°C 2360±227 

2 100°C 477±277 

3 60°C 4437±195 

4 80°C 5463±162 

5 60°C 5883±217 

6 80°C 5863±446 

The concentrations show the average and standard deviation of three independent measurements. 

The data for the concentrations have been plotted to facilitate their comparison (figure 10). 

It is to be noticed that the higher concentrations are obtained in the samples treated at 60°C 

and 80°C. However, the sample 4 which has treated at 80°C shows the lowest standard 

deviation.  Even though, the 80°C treated samples were not characterized, the results 

obtained for the samples with treatment at 60°C and 100°C show acceptable ranges to be 

considered good nanocarriers and the 80°C samples must not be the exception. Moreover, 

80°C samples show a higher concentration of LDH nanosheets when compared to the other 

samples. This contributes to consider 80°C samples as the optimal for the subsequent steps. 
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Figure 10. Concentration of LDH nanoparticles in samples with solvothermal treatment at 

different temperatures. 

4.2 Template DNA production, RNA synthesis and hybridization.    

Upon the production of the LDH nanosheets, the synthesis of nucleic acids followed. To 

produce a dsRNA fragment, it is necessary to start from two DNA templates that include 

the T7 promoter and that can produce complementary ssRNA fragments. T7 promoter is 

necessary for in vitro transcription to proceed because T7 polymerase will bind in this 

region during the transcription initiation. After the two ssRNA fragments are obtained, 

their capacity to anneal is used to form one dsRNA fragment. 

4.2.1 Template DNA production 

In the first step, the DNA templates were produced by PCR amplification of different 

length fragments targeting the coat protein of TYLCV. Their quality was assessed by 

0

1000

2000

3000

4000

5000

6000

7000

60 °C 100°C 60°C 80°C 60°C 80°C

C
o

n
ce

n
tr

at
io

n
 (

n
g/

u
L

)

Temperature of the solvothermal treatment

Concentration of LDH nanoparticles in 
samples with solvothermal treatment at 

different temperatures 



43 
 

 

electrophoresis. The six fragments produced are shown in figure 11, it is observed that all 

the fragments reached similar intensity of the band except the fragment CP-TYLCV-US 

(777 bp). 

 

Figure 11. Six amplified TYLCV coat protein fragments with different lengths. US=Upper 

strand, LS=Lower strand. Those sharing the same color code will produce fragments that will 

hybridize together. A. Fragments that will produce the upper strand of the dsRNA. B. 

Fragments that will produce the lower strand of the dsRNA. 

To obtain optimal final products, it is necessary to ensure that every step is performed under 

the best quality conditions. Figure 11 shows that the amplification of the fragment CP-

TYLCV-US (777 bp) did not reach the best yield possible. Therefore, to obtain a higher 

concentration of the desired product, the PCR annealing temperature was optimized for 

this fragment in a temperature gradient. As shown in figure 12 A, the gradient of 

temperatures goes from 65°C to 55°C. The selected temperature for amplification was 

56°C which reported the highest concentration and showed no unspecific bands. The 

amplified optimized products are shown in figure 12 B. It is important to ensure the quality 
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of the DNA templates when doing in vitro transcription because the purity of the DNA 

fragments directly influences the yield of the transcription. Common contaminants can be 

ethanol, salts or RNases. 

 

Figure 12. A. Gradient of annealing temperature for the fragment CP-TYLCV-US (777 bp). B. 

Amplified CP-TYLCV-US (777 bp) products at annealing temperature of 56°C. 

4.2.2 ssRNA synthesis  

Having all the DNA templates ready and reaching their maximum yield, the in vitro 

transcription was carried to obtain the six ssRNA fragments subsequently hybridized. As 

observed, there are two strands corresponding to each size. The fragment CP-TYLCV-US 

(212 bp) will be hybridized with CP-TYLCV-LS (212 bp); CP-TYLCV-US (452 bp) will 

be hybridized with CP-TYLCV-LS (452 bp) and CP-TYLCV-US (777 bp) will be 

hybridized with CP-TYLCV-LS (777 bp). Figure 13 shows the names of the strands which 

are color coded based on their hybridization. The sizes are compared to the ladder Riboruler 

HR. The sizes of the fragments are positioned in the place of the expected size and this 

evaluation allows us to proceed to the next step which is the annealing. 



45 
 

 

 

Figure 13. In vitro transcribed purified ssRNA fragments. Each pair of ssRNA will be 

hybridized according to the color code and the length. Ladder: Riboruler HR. 

4.2.3 Hybridization to obtain dsRNA 

After assessing that the generated ssRNA fragments were the correct ones, they were 

hybridized with the complementary strand which shares the same size and the result was a 

dsRNA fragment. Figure 14 shows both, ssRNA fragments and their correspondent 

dsRNA. The two first lanes in each of the three groups show ssRNA fragments and the 

third one corresponds to dsRNA formed by annealing of both ssRNA. The sizes are 

compared to the ladder 1 Kb Plus. The slight difference in the movement of the ssRNA 

compared to the dsRNA fragments of the same length, is most likely caused by the 

denaturation treatment of the ssRNA fragments to avoid the formation of structures that 

can affect their mobility in unidentified patterns. 
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Figure 14. Comparison between ssRNA and annealing forming dsRNA  

4.3 RNA loading on LDH nanosheets 

After producing the correct dsRNA fragments, the next step was to load them onto the 

LDH nanosheets. To ensure that the dsRNA fragments were optimally carried, the loading 

capacity of LDH was determined by agarose gel electrophoresis.  

When a current is applied, the dsRNA (negatively charged) migrates through the gel to the 

cathode. In contrast, when the dsRNA intercalates into the LDH interlayers or is adsorbed 
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onto the LDH surface, the negative charge is effectively neutralized, and the dsRNA-LDH 

complexes are expected to remain in the loading well, unaffected by the current applied. 

[22] 

The total amount of dsRNA was kept constant (500 ng) in all the lanes, the quantity of 

LDH varied according to the pre-set ratio. Figure 15 shows the loading of dsRNA on LDH 

at different ratios.  

 

Figure 15. Agarose gel assay of dsRNA intercalation into LDH nanoparticles. A. LDH 

synthesized at three different solvothermal temperatures (60°C, 80°C and 100°C) bound to 

dsRNA with lengths of 212 or 283 bp. B. LDH synthesized at 80°C bound to dsRNA with 

lengths of 777 bp or 283 bp. 

It is observable how using the same ratios, the LDH nanoparticles synthesized at 80°C 

show higher carrying capacity compared to the ones synthesized at 60°C and 100°C (figure 

15 A., it is also to be noticed that when employing the same ratios, LDH synthesized at 

80°C show better loading capacity when carrying the smaller fragment (283 bp) (figure 

15B). This provides good insight about the optimal properties of the LDH treated at 80°C 

along with the stable measures of the concentration of the samples (figure 10). 
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4.4 dsRNA-LDH application for virus resistance.  

Mitter et al. reported that the best ratio of dsRNA to LDH is where some of the dsRNA 

remained free for translocation to the plant cell was selected to confer immediate protection 

against the virus [23]. Therefore, the experiments conducted here were performed under 

the ratio 1:15 of the 80°C treated LDH. Following the application of the complexes and the 

challenge with the virus, the symptom development was analyzed daily and rated after 30 

days of the infiltration with TYLCV. The plants received the spraying of LDH-dsRNA 

complexed twice before the viral challenge, the time for the treatments, infiltration and 

evaluation of the symptoms is described in figure 16. 

 

Figure 16. Time diagram of the spray of LDH-dsRNA complexes and viral challenge. 

Symptom development was evaluated 30 days after inoculation of TYLCV. The plants 

inoculated with virus without any protection ceased growing and showed pronounced 

cupping and curly leaves (figure 17), consistent with 4 in the scale of Friedman [56]. Figure 

17 shows also how plants with a score of 4 have a lack in the development of flowers. 
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Figure 17. Detail of a curly leaf from a plant challenged with TYLCV without topical 

application of dsRNA-LDH complex. 

Regarding the evaluation of the size of the plants that contained the different length dsRNA 

fragments bound to LDH, it was found that the sizes remained similar for the plants treated 

indistinctly of the length of dsRNA applied. However, there was an apparent difference 

between the size of all of them compared to those of the controls (figure 18). According to 

the scale of Friedman, some reduction in size but with plant development (flowering is 

observable) is attributed to a score of 3 [56]. 
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Figure 18. Comparison of the sizes of the plants after 30 days of the challenging with TYLCV. 

For leaves proceeding from TYLCV control plants, there is a wide range of leaf curling 

and cupping in the young leaves, compared to the leaves of the plants treated with dsRNA-

LDH complexes and the WT ones (figure 19). 

 

 

Figure 19. Comparison of the symptom development in leaves.  
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As shown in figure 20, curling is also observable in flowering tissues. We evaluate two 

stages of flowers separated in two rows. The first row presents young flowers and it is 

observable that the formation of new flowers is maintained. In contrast, in the second row 

we present flowers in a more advanced stage, we can see that meanwhile flowers coming 

from WT and treated plants have a considerable size, the one coming from plants without 

treatment but challenged did not reach a comparable size. 

 

Figure 20. Comparison of the symptom development in flowers. 
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4.5 Molecular confirmation dsRNA-LDH based TYLCV resistance in N. benthamiana 

Total DNA has been extracted from 7 different plants with different treatments or without 

treatment. TYLCV has a ss-DNA genome of around 2781 bp [60]. Therefore, the presence 

of bands around 2000 bp shows that a DNA sequence homologous to the probe DNA is 

present in the clones challenged with TYLCV after 7 days of the application of the 

treatment. However, even when the virus is present the quantity is apparently diminished 

for plants with the treatment.  

Amplification of the viral genome within the nucleus involves an efficient DNA replication 

process which occurs in three distinct stages. First, the conversion of the genomic circular 

ssDNA into supercoiled covalently closed circular dsDNA intermediates. Second, the 

amplification of the dsDNA intermediates by a rolling-circle mechanism. Third, the 

production and encapsidation of mature genomic circular ssDNA into viral particles [51]. 

Due to the fact that DNA can be either in ssDNA or the intermediate dsDNA form, we 

would probably be able to see two bands in the region expected. According to the migration 

patterns in an electroforesis gel, we expect to see a supercoiled intermediates band in an 

upper position and circular and ssDNA in a lower one. For TYLCV-777 dsRNA-LDH 

sample it is observable a faint band only in the lowest position. This may be because of the 

decreased ability of the virus to generate as many intermediates as in the TYLCV control 

samples.  

Little is known about the relation between the length of exogenous dsRNA and their 

efficiency triggering RNAi. Eventhough the results showed in figure 23 report a faint band 

coming from the longest fragment used and no band in fragments of sizes 212 bp and 452 
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bp, there are other factors that can influence in the capacity of this fragment to induce RNAi 

such as their ability to be loaded onto LDH nanoparticles (figure17 B.) 

  

Figure 21. Southern blot of the different samples extracted. 
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Chapter 5: Discussion 

Genetic engineering and RNAi are well-established antivirus strategies for crop protection. 

But they rely mainly on the use of recombinant viruses, Agrobacterium transient 

transformation, and transgenic plants that enable the production of dsRNA molecules 

against selected viral targets [54]. These methods have certain disadvantages i.e.  they are 

time consuming, host range is limited, tissue culture protocol are not established for many 

crop varieties, and the transgenic nature make it more complex in term public concerns 

regarding the security of Genetically Modified Organisms (GMOs) for human 

consumption. 

In 2017, the transgenic maize SmartStax Pro, engineered to express dsRNA against corn 

rootworm, was approved by the U.S. Environmental Protection Agency, the U.S. Food and 

Drug Administration, and the U.S. Department of Agriculture. However, despite their 

demonstrated success, RNAi-based transgenic crops have not been commercialized as 

much as one might have expected. Transgenic plants have met such severe criticism that 

their chances for widespread approval are little. According to some estimates, it costs 140 

million USD to bring a transgenic crop to commercialization, and even when that happens, 

several anti-GMO responses follow [54].  

For this the reason, efficient delivery methods are needed to enhance the usefulness of 

RNAi technology without the use of transgenes. We aim to overcome these limitations 

with the use of nanotechnology for the delivery of nucleic acids into the plant cells. As our 

first approach, we inclined our research towards the evaluation of a technology that allows 

the sustained release of dsRNA fragments for RNAi. This method makes use of LDH, 

which are widely tested nanostructures that protect dsRNA from degradation, give RNA 
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the capacity to be introduced into the plant cell and confer protection to the plant against 

plant viruses. The main goal of this project was to deliver dsRNA into the plant cells, this 

also allowed us to explore and proved that the low-pressure spraying of dsRNA-LDH on 

the leaf surface is an effective technique to achieve this delivery. 

The most used methods for the synthesis of LDH nanoparticles involve solvothermal or 

hydrothermal aging treatments [61]. These treatments include events, such as 

disaggregation, individual particle growth (via Ostwald rippening) and re-aggregation. The 

high temperature increases the Brownian motion of LDH particles and enables them to 

escape from the aggregate and to be suspended as individual nanoparticles. It also makes 

the metal cations (M2+ and M3+) distribute more evenly within the hydroxide layers and 

form better crystallized LDH particles [62].  Hydrothermal treatment also leads to a more 

ordered structure of the interlayer species [63]. 

Prolonged thermal treatments may cause reaggregation, due to the formation of big 

particles overcoming the electrostatic repulsion between particles [62]. 

Xu et. al., found a way to control the LDH sheet dimensions in 40-300 nm by varying the 

hydrothermal treatment time and temperature for a wide range of LDH compositions. They 

found that the particle size and the dispersion state are highly dependent on the 

hydrothermal treatment [62]. 

In our study, two samples were treated at 60°C and 100°C to explore the effects of 

solvothermal treatment in the characteristics of LDH, both showed a typical hexagonal 

morphology and the size distribution peaks at 46.7 nm and 47.8 nm respectively and the 

ZP was 49.9 mV and 69.9 mV correspondingly. These characteristics make both samples 

good nanocarries [22, 23, 58].  
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Following the characterization of these samples, the concentrations were measured in 6 

different samples. The samples treated at 80°C and 60°C showed the highest 

concentrations. Moreover, one sample synthesized at 80°C showed the lowest standard 

deviation in the measurements. Considering the literature [22, 58] and the fact that the 80°C 

samples has intermediate values of the samples treated at 60°C and 100°C regarding size 

and ZP, the samples at 80°C are optimal for further applications. 

Regarding the ability of LDH nanoparticles for carrying dsRNA, we performed an 

electrophoretic mobility assay where LDH samples with solvothermal treatments at 60°C, 

80°C and 100°C were compared when bound to similar dsRNA length (212 and 283 bp) 

(figure 15A). Dong et. al., 2018 reported that the heat treatment at 80°C resulted in the 

smallest particle size (approximate 38 nm) with the narrowest particle size distribution 

[22], as observed in figure 15A LDH with solvothermal treatment at 80°C carrying dsRNA 

fragments of 283 bp length showed total retention of the dsRNA in ratio 1:10 compared to 

the total retention observed at 1:50 for those treated at 60°C and 100°C. The highest loading 

capacity could be explained since the 80°C treated LDH are expected to be the smallest 

particles and therefore, to have the highest surface area. 

Moreover, figure 15B compares LDH treated at 80°C and their capacity to bind to different 

length dsRNA fragments (283 and 777 bp). LDH shows an apparent higher ability to bind 

dsRNA of 283 bp since the dsRNA is totally retained at ratio 1:10 compared to 1:20 when 

using 777 bp length fragments. Little is known about the effect of the length of the nucleic 

acids when binding LDH. However, it is of general knowledge that small fragments can 

diffuse faster in a mix and since dsRNA has the same amount of charge per mass, smaller 

fragments will move faster towards the positive LDHs [64].  
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RNAi is thought to protect eukaryotic cells against invasive nucleic acids such as viruses 

and transposons. RNAi can be engineered to target viral RNA in plants and animals. 

Pooggin et. al., reported that the DNA of a replicating virus can also be a target of RNAi. 

They studied the potency of RNAi against Vigna mungo yellow mosaic virus (VMYMV), 

a bipartite DNA geminivirus. They cocultivated V. mungo germinating seeds with an 

Agrobacterium tumefaciens transformant harboring the DNA viral genomes. Seven to ten 

dpi, infected young seedlings were bombarded with an interfering DNA construct designed 

to express dsRNA cognate to the bidirectional promoter of VMYMV DNA A (209 bp 

long). The bombardment resulted in complete recovery from infection. The curing effect 

lasted until natural senescence of the plant and correlated with the abolishment of viral 

DNA amplification [65].  

In order to explore the effects of RNAi in DNA viruses triggered by the exogenous delivery 

of LDH-dsRNA complexes, the Coat Protein of the TYLCV virus was selected as a target. 

Mitter et al., previously reported the targeting of CMV and the PMMoV [23], both RNA 

viruses [24, 66]. 

Based on the results obtained regarding the symptoms development and the southern blot, 

this work has provided insight that combining both technologies, RNAi, and exogenous 

dsRNA delivery with LDH nanoparticles, we can achieve crop protection against DNA 

viruses too. 

When analyzing the effects of TYLCV on the challenged plants (figures 18-21), it is to 

notice that plants with induced protection showed no apparent height difference between 

them but got a 3 in the scale of Friedman, which relates to some reduction in size (as 

compared to the WT plants) but with plant development (flowering is observable) [56]. In 
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contrast, the plants without protection suffered from severe plant stunting. To be more 

precise, these got a 4 in the scale of Friedman, compatible with very severe plant stunting, 

yellowing, and pronounced cupping and curling [56].  

To confirm the protection conferred by the LDH-dsRNA complexes, molecular tools are 

necessary. In this case, a Southern blot analysis was done to minimize the effect of the 

amplification of the virus such as in RT-PCR and RCA techniques. The Southern blot 

detects the existence of the viral DNA and their results (figure 21) complement the findings 

in the physical characteristics of the plants. The detection of a faint band in the TYLCV-

777-dsRNA-LDH complex suggests that it is possible that this complex containing the 

longest dsRNA fragment induces the lowest degree of protection against TYLCV. This can 

be associated with the reduced loading capacity of the LDH to carry fragments of this size 

(Figure 15 B). 

Regarding the plants sprayed with TYLCV-212-dsRNA-LDH and TYLCV-452-dsRNA-

LDH complexes, no fragment of the virus was detected. This is compatible with a better 

loading affinity of the LDH for smaller dsRNA fragments, even though additional factors 

such as the ability of the length of the dsRNA to trigger RNAi can be the influencing this 

behavior.  

Many factors can affect the efficiency of exogenously applied dsRNA-induced RNAi in 

plants, including concentration, length of dsRNA, application method, delivery technique, 

plant organ-specific activities, plant age, time of the day for the application and soil 

moisture [67].  

Even though recent studies have reported that foliar application of dsRNAs encoding 

specific genes of plant pathogens triggered RNAi-mediated silencing of the gene targets, 
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only three studies and one patent have reported a downregulation of a plant endogenous 

gene after direct exogenous application of the gene-specific dsRNA molecules without 

accessory techniques. Possibly, the selection of appropriate physiological and 

environmental conditions for plant perception of RNA molecules and optimal dsRNA 

application modes are critical for exogenously induced RNAi and target gene silencing in 

plants [67]. 

The results observed for the synthesis of the LDH nanosheets, the ones regarding the 

synthesis of the dsRNA, the loading of the RNA onto the LDH nanoparticles and the 

evidence of the reduced symptomatology and viral DNA presence, showed that antiviral 

resistance induced by exogenous RNA is achievable. This work provoked our desire to 

continue investigating new approaches in nanotechnology for the successful delivery of 

nucleic acids as genome engineering reagents. 

Currently, precise technologies such as CRISPR/Cas systems are widely used in genome 

engineering and they can be exploited to overcome challenges present in RNAi 

technologies. Therefore, in future steps we long for the delivery of sgRNA which along 

with Cas9 overexpressing plants could be able to tackle important limitations regarding the 

knowledge in crop improvement.  
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Chapter 6: Future research insights 

This work focuses on the delivery of exogenous dsRNA into plant cells to trigger RNAi. 

The delivery of exogenous dsRNA is growing as an approach to avoid the creation of 

transgenic lines overexpressing dsRNA. As mentioned previously, transgenic lines can 

generate public concern. There is no doubt that RNAi is an efficient tool for controlling the 

expression of genes. However, the delivery of nucleic acids into the cell is not limited to 

the application of these techniques.  

As a next step, we are planning to deliver genome engineering machinery via LDH.  As a 

first step we aim to deliver engineered sgRNAs into the cells of Cas9 overexpressing plants 

for targeted modification in the plant genome. These reagents can produce a highly precise 

edition of the genome. In 2012, following the identification of an RNA-guided DNA 

endonuclease system called Clustered Regularly Interspaced Short Palindromic Repeats-

associated (CRISPR/Cas9), site-specific genome edition applications were accelerated in 

the field of biotechnology [68]. Bacteria and archaea evolved this adaptive defense system 

against invader biotic agents like viruses. The system is based on the detection and 

silencing of foreign nucleic acids by small RNAs [69]. 

CRISPR system works through a Cas9 protein, which is led by a single RNA (sgRNA) 

complementary to the target genomic sequence and causes double strand breaks (DSBs). 

Such breaks are repaired by either error-prone non-homologous end joining (NHEJ) or 

homology-directed repair (HDR) pathways [70]. 

With the rapid progress in sequencing technologies, genomic information of more plant 

species is becoming available and genome editing systems are offering the opportunity to 

edith genes with precision and creating new opportunities for crop improvement [71]. 
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Transgenic crops are polemic regarding the public debate on their acceptance as a food 

source. However, they have proved to be powerful tools in the study of various aspects of 

plant sciences. Plant transformation methodologies along with genomics-based 

technologies have opened many opportunities for functional genomics analysis [72]. 

Functional genomics is a powerful technique to identify gene function, through assessing 

cellular phenotypes arising from genome perturbations. Historically, two opposing yet 

complementary methods have been established for this purpose: gain-of-function, 

including cDNA expression cloning; and loss-of-function, including siRNA knockdown 

experiments. However, these conventional screening methods have lacked a certain degree 

of control over expression levels [73]. 

Previous studies conducted in our laboratory have demonstrated the use of CRISPR/Cas9 

for in planta viral interference against TYLCV. Both the TYLCV ORFs and the IR 

sequence could be targeted for cleavage and mutagenesis and the targeting results in 

significant attenuation of disease symptoms. To achieve this, Ali et al, 2015 delivered 

sgRNA molecules via tobacco rattle virus (TRV) into N. benthamiana plants 

overexpressing Cas9 endonuclease (NB-Cas9OE) [6]. 

The authors designed sgRNAs specific for different TYLCV sequences and inserted them 

into the TRV RNA2 genome. Next, they delivered the sgRNAs via agroinfection of TRV 

into NB-Cas9OE plants. Seven dpi with TRV, they challenged the NBCas9OEV plant 

systemic leaves for various molecular studies. They demonstrated that all tested sgRNAs 

exhibit interference activity, abolishing or attenuating symptoms of infection [6]. These 

techniques have exploited the efficiency of virus-mediated delivery of sgRNAs but the 

delivery of sgRNAs continues to be limited to a range of host plant species [74]. 
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For this reason, the study and development of tools that allow the delivery of nucleic acids 

into the plant cell remain a field to explore to broaden the possibilities for genome 

engineering studies. 

Currently, new Cas systems are arising to facilitate genome engineering in plants. One 

example is the one related with Cas12 nucleases which are guided mainly by a single 

crRNA with an approximate length of 42 nt, compared to the Cas9 guide RNA which is 

made of about 100 nt. Cas12 effectors lack HNH domain but possess only RuvC-like 

domain that can cleave both strands of the DNA target site generating a staggered cut with 

a 4–5 nt 5′ overhang [75]. The most used Cas12 variant used for gene-editing in plants is 

LbCas12a (Cpf1) that recognizes a T-rich PAM “TTTV” [76]. 

Under these considerations, the coming steps of this project focus on the exogenous deliver 

of crRNA using nanotechnology approaches. Delivering crRNA in plants expressing Cas 

12 represents an opportunity for the exploration of the function of endogenous genes, the 

modification of transgenes and the conference of protection against different pathogens. 
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Figure 22. Schematic representation of the exogenously delivery of crRNA in plants expressing 

Cas12. Created with BioRender.com 

As discussed before, limitations with the size of the materials delivered through the cell 

wall are important, however, the minimal length requirements for the Cas12 crRNA 

represent a big opportunity for the use of nanotechnology in the delivery of engineered 

crRNAs. With this in mind, we started the Agrobacterium-mediated transformation of 

tobacco leaf disc to create a Nicotiana benthamiana transgenic line expressing Cas12. The 

plants will go through acclimatization and testing processes in the coming weeks (figure 

25). 

 

Figure 23. Rooting of the shoot on ½ MS medium. 

 

Emerging techniques allow the exploration of new approaches for genome editing in plants. 

This study has combined nanotechnology and genome engineering into a single purpose: 

explore new ways for better crop production and it will continue to do it. 
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