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Abstract 

Aberrant gene expression is a hallmark of disease, so it is of great interest to develop 

targeted therapies that provide a means to regulate gene expression. The RNA interference 

pathway serves as a natural defense system against invasive genetic information and results 

in gene silencing by targeting and degrading mRNA. Synthetic short interfering RNAs 

(siRNAs) can use this endogenous machinery and have emerged as a novel class of gene-

silencing therapeutics. Unfortunately, the development of RNAi therapeutics has been 

hindered by several challenges associated with the nature and structure of RNA. To harness 

their full potential, siRNAs must be chemically modified to improve their pharmacokinetic 

profiles. This dissertation reports the use of two bioconjugates, cholesterol and folic acid, 

to improve the cellular uptake and delivery of siRNAs and explores the incorporation of a 

novel sugar moiety within siRNAs to assess its effect on gene-silencing activity. Cholesterol 

has been extensively used as a delivery vector for nucleic acids. In this work, we show a 

novel way to functionalize siRNAs with cholesterol, via a triazole linkage, and demonstrate 

the efficacy of these self-delivering siRNA. Despite their promise, lipid-conjugated siRNAs 

tend to accumulate in areas like the liver and kidneys, so there is great interest in developing 

siRNA-conjugates to target other cells and tissues. Based on this, we explored the use of a 

folate ligand to selectively deliver siRNAs to cancer cells via the folate receptor. This 

receptor is highly overexpressed in numerous cancers and has become an important 

molecular marker in cancer research. Here, we show that centrally modified folate-siRNA 

conjugates display enhanced gene-silencing activity and can be selectively delivered to 

folate receptor-expressing cancer cells. Lastly, we explore the incorporation of a novel 

glucose moiety, triazole-linked to uracil at position one, in the sense or antisense strand of 

siRNAs. The resulting siRNA duplexes contained a single 3′-6′/2′-5′ phosphodiester linkage 

and achieved good gene-silencing activity. Together, this dissertation demonstrates the 

efficacy of several chemical modifications at improving some of the limitations associated 

with siRNAs, providing new avenues for the development of safe and effective RNAi 

therapeutics. 
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Chapter 1. Introduction 

1.1 RNA Interference (RNAi) 

RNA interference is an endogenous pathway that utilizes small non-coding RNA 

molecules to target mRNA and inhibit translation [1]. This mechanism was discovered by 

Andrew Fire and Craig Mello in 1998 while studying the effect of single-stranded and 

double-stranded unc-22 RNA in the nematode Caenorhabditis elegans [2]. The unc-22 

gene encodes the myofilament protein twitchin and its downregulation results in a severe 

twitching phenotype. At the time, it was known that antisense RNA could repress the 

expression of a target mRNA [3] and that the expression of unc-22 could be reduced by 

introduction of sense RNA, which in turned produced antisense RNA in the cell [4]. Fire 

and Mello established that double-stranded RNA, but not single-stranded RNA, induced 

the twitching phenotype in C. elegans (Figure 1.1).  

 

Figure 1.1. Phenotypic effect of injecting single and double-stranded unc-22 RNA into C. elegans. 

Reduction in unc-22 activity produces a twitching phenotype, which was observed with double-

stranded, but not single-stranded, RNA. Adapted from [5]. Created with BioRender.com. 
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In a follow-up study, Fire provided evidence to support that dsRNAs achieve gene silencing 

at the post-transcriptional level [6]. Shortly after, it was shown that 21-nucleotide duplexes 

can suppress the expression of exogenous and endogenous genes in mammalian and plant 

cells [7,8]. The discovery of RNAi, and its gene-silencing applications, have been 

revolutionary and earned Fire and Mello the 2006 Nobel Prize in Physiology or Medicine.  

1.1.1 RNAi Mechanism 

The endogenous triggers of RNAi include short interfering RNAs (siRNAs) and 

microRNAs (miRNAs) (Figure 1.2). Long, dsRNA is processed by a Dicer family RNase 

III enzyme into ~21-23 nucleotide siRNAs, with 3′ overhangs, which are then incorporated 

into the RNA-induced silencing complex (RISC) [9,10]. It should be noted that the RISC 

relies on the action of the RISC-loading complex (RLC), a trimeric protein complex 

composed of Dicer, transactivation response element RNA-binding protein (TRBP) and 

Argonaute-2 (Ago2), which mediates siRNA loading [11,12]. In the latent complex, Ago2 

unwinds and cleaves the duplex between base pairs 9 and 10 relative to the sense strand 5′ 

end [13]. The active complex retains the antisense strand, which is used as a guide sequence 

to locate the target mRNA using Watson-Crick complementarity. This mechanism is 

slightly different with miRNAs. A pri-miRNA is cleaved by Drosha to form a pre-miRNA 

which is transported to the cytoplasm by Exportin 5 [14] and processed into ~19-25 

nucleotide miRNAs, with 3′ overhangs [15]. These miRNAs are loaded into the RISC which 

unwinds the duplex, retaining the antisense strand. Unlike siRNAs, however, miRNA 

molecules are only partially complementary to the target mRNA and mediate gene silencing 

via translational repression and mRNA cleavage [16,17].  
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Figure 1.2. Mechanism of RNA interference in mammalian cells mediated by siRNAs (left) and 

miRNAs (right). Created with BioRender.com. 
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1.1.2 Argonaute 2 (Ago2) 

Human Argonaute proteins can be divided into two subfamilies: AGO and PIWI. AGO 

includes AGO1, AGO2, AGO3 and AGO4, whereas PIWI includes HIWI1, HIWI2, HIWI3 

and HIWI4. AGO proteins are broadly expressed in most tissues whereas PIWI proteins are 

exclusively expressed in germ-line cells [18]. In the human AGO family, only Ago2 has 

catalytic activity and plays an essential role within the RNAi pathway [19]. Ago2 is 

composed of four domains (N, PAZ, MID and PIWI) which adopt a bi-lobe conformation 

consisting of N-PAZ and MID-PIWI. The N-terminal and PAZ domains are connected by 

linker L1 while the PAZ and MID domains are connected by linker L2 (Figure 1.3). The 

groove between the two lobes accommodates the guide strand of the siRNA and the 

complementary mRNA target [20].  

 

Figure 1.3. Schematic of the human Ago2 primary sequence (top) and model for the siRNA guide 

strand tethering by Ago2. Adapted from [21]. Created with BioRender.com. 
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Each Ago2 domain has a distinct role. The N domain is required for RNA loading and assists 

in unwinding the duplex [22]. The PAZ domain anchors the 3′ dinucleotide overhang. The 

MID domain provides a binding pocket, between the MID-PIWI interface, for the 5′ 

monophosphate group. Lastly, the PIWI domain plays a key role in RNA cleavage due to 

its slicer activity, similar to RNase H [23]. It also harbors a conserved DDH/DDD catalytic 

core that cleaves the passenger strand of the siRNA duplex [24].  

1.1.3 siRNA cleavage by Ago2 

The loading of an siRNA duplex into the RISC and subsequent selection of the guide strand 

are crucial steps for RNAi activity. Under normal conditions, Ago2 mediates the 

dissociation of the passenger and guide strands by cleaving the phosphodiester bond 

between nucleotides 9 and 10 from the passenger strand 5′ end [13]. This facilitates the 

removal of the passenger strand and leaves the guide strand bound to Ago2 (Figure 1.4). 

Although this is the dominant mechanism for siRNA loading and strand selection, passenger 

strand cleavage is not required for proper RNAi function. In fact, when mismatches or 

chemical modifications prevent Ago2 cleavage from occurring, a slower bypass mechanism 

removes the passenger strand without disrupting RNAi activity [13] (Figure 1.4). Notably, 

the incorporation of destabilizing chemical modifications within the central region of 

siRNAs has been shown to promote this bypass mechanism and, in many cases, boost gene-

silencing activity [25,26].  



26 

 

Figure 1.4. Removal of the passenger strand by Ago2 (left) and by the alternative dissociation 

pathway (right). Created with BioRender.com. 

1.2 Limitations of RNAi molecules 

Synthetic RNAi molecules can exploit the endogenous RNAi pathway to achieve sequence-

specific gene silencing. Because of this, they offer potential applications as both 

experimental tools and therapeutics. Nevertheless, there are many limitations associated 

with the inherent nature of RNA which poses challenges like low stability, immunogenicity, 

off-target effects, and poor cellular uptake.  
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1.2.1 Low Stability of RNAi molecules 

Ribonucleases make up one of the first biological barriers faced by RNAi molecules. 

Although RNA duplexes are more resistant to enzymatic degradation than single-stranded 

RNAs, they are still rapidly degraded in human plasma and have a half-life of only a few 

minutes [27,28]. RNAse A-like enzymes, which are prominently found in blood serum, 

degrade RNAi molecules by cleaving their phosphodiester backbones [29]. Reports show 

that local clustering of A/Us, particularly by the 3′ overhangs, strongly enhanced the 

susceptibility of RNAi molecules toward serum degradation [29]. Therefore, it is of crucial 

importance to consider both the siRNA design and sequence.  

1.2.2 Immunogenicity of RNAi molecules  

Another hurdle for RNAi molecules is their potential to activate an innate immune response. 

Pattern-recognition receptors (PRRs) activate downstream signaling pathways that induce 

the production of mediators like type I interferon (IFN) and pro-inflammatory cytokines 

[30]. Although several pathways recognize RNA molecules, the immune response can occur 

via a Toll-like receptor (TLR)-mediated or a non-Toll-like receptor (non-TLR)-mediated 

route. The family of TLRs is able to recognize structurally conserved regions associated 

with foreign pathogens. Out of the TLRs, only TLR3, TLR7 and TLR8 recognize RNA. 

TLR3 is expressed on the cell surface of blood endothelial cells and recognizes dsRNA [31]. 

TLR7 and TLR8, on the other hand, are phylogenetically related and are usually expressed 

in endosomal compartments. These receptors recognize GU-rich short ssRNAs [32,33]. 

Stimulation of TLR3, TLR7 or TLR8 by a ligand will then trigger the activation of 

downstream signaling molecules.  
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Non-TLR-mediated immune responses are triggered when RNA binds to sensor molecules 

such as protein kinase R (PKR) or retinoic acid-inducible gene I (RIG-I). PKR is an IFN-

inducible serine-threonine kinase activated by N-terminal binding to long dsRNA [34,35]. 

On the other hand, RIG-I is a cytoplasmic RNA helicase that binds to both ssRNA and 

dsRNA molecules containing uncapped 5′-triphosphates [36,37]. RIG-I activates the 

mitochondrial antiviral signaling protein (MAVS), which in turn recruits multiple signaling 

molecules like TRAFs, TBK1 and IRF3/7. This eventually leads the transcriptional 

upregulation of type I interferons and other proinflammatory cytokines. It should be noted 

that unlike TLR-mediated immune recognition, RIG-I and PKR recognize RNA in a 

sequence-independent manner.  

1.2.3 Off-target effects of RNAi molecules 

Off-target activity of RNAi molecules occurs when there is knockdown of unintended 

genes, rather than the target gene, and can lead to undesired phenotypes. Because miRNAs 

only require a 6-base match between their seed sequence (positions 2 to 7 from the 5′ end 

of the guide strand) and the mRNA 3′ untranslated region (3′ UTR), they can modulate the 

activity of numerous target genes [38]. On the other hand, siRNAs require a full 19-base 

match between the guide strand and the mRNA but can still trigger miRNA-like off-target 

effects if there is partial sequence complementarity of the siRNA to the 3′ UTR [39]. Other 

mechanisms leading to off-target activity include the induction of an immune response and 

the saturation of the RNAi machine [40,41].  

1.2.4 Cellular uptake and biodistribution of RNAi molecules 

Delivery of RNAi molecules to target cells and tissues remains one of the biggest challenges 

in the development of RNAi therapeutics. Due to their large size, hydrophilic nature and 
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polyanionic backbone, RNAi molecules are unable to cross the hydrophobic cell membrane 

and often depend on delivery vehicles or conjugates for transfection [42]. Regardless of the 

delivery strategy employed, RNAi molecules are generally internalized by endocytosis and 

must be translocated into the cytoplasm from the late endosome. Unfortunately, many 

oligonucleotides tend to remain trapped in endosomal compartments, highlighting the 

importance of optimizing oligonucleotide design not only for cellular uptake but also for 

endosomal escape [43,44]. Lastly, RNAi molecules display poor biodistribution, 

accumulating in the liver and kidney, after systemic administration, and resulting in rapid 

renal clearance [45]. 

1.3 Chemical Modifications  

Chemical modifications provide a means to overcome the limitations associated with the 

inherent nature of RNAi molecules and have opened doors for the development of safe and 

effective RNAi therapeutics. Oligonucleotides can be modified at three main sites: the 

sugar, the nitrogenous base, and the phosphodiester linkage between nucleotides (Figure 

1.5). Although numerous chemical modification strategies have been developed and 

documented, there is no universal modification that simultaneously addresses all the 

aforementioned challenges. Because of this, it is often necessary to strategically combine 

several modifications to achieve an optimal oligonucleotide design. However, the specific 

choice of chemical modifications employed will depend on the oligonucleotide sequence, 

the chosen delivery platform and intended application [46,47].  
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Figure 1.5. Common chemical modifications of the ribose sugar, nitrogenous base, and 

phosphodiester linkage of RNA. 

1.3.1 Backbone Modifications  

The native backbone has low stability toward nucleases and is commonly modified by 

replacing a non-bridging oxygen with sulfur (phosphorothioate) or boron 

(boranophosphate) groups. The sulfur atom found within the phosphorothioate linkage 

confers excellent resistance towards nucleases and increases the oligonucleotide′s 

hydrophobicity and affinity for serum transport proteins [48]. PS linkages are usually 

incorporated at key positions within the oligonucleotide sequence, as fully modifying the 

backbone with PS linkages leads to reduced gene-silencing activity [49,50]. Like PS, 

boranophosphate linkages are incorporated into oligonucleotides to confer resistance to 

nuclease degradation while maintaining RNAi activity. It has been shown that RNAi 
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molecules are very tolerant to boranophosphate modifications, as long as they are not 

incorporated within the central portion of the antisense strand [51].  

1.3.2 Nucleobase Modifications  

Several nucleobase analogs, with diverse properties, have been reported to date. For 

example, the incorporation of 2,4-difluorotoluene, an isostere of thymine, within the sense 

strand of siRNAs has been shown to destabilize nucleic acid duplexes and confer 

pronounced gene-silencing enhancement [52]. Similarly, pseudouracil modifications have 

been shown to increase gene silencing while also preventing the immunostimulatory effects 

often associated with siRNAs [53,54]. Other modifications that show protection against 

TLR-mediated immune activation include N6-methyl adenosine and 2-thiouridine [53]. 

1.3.3 Sugar Modifications  

Changes in the 2′-OH of the ribose sugar are well tolerated, as this group is not involved in 

the catalytic activity of the RISC [55]. Two common modifications are 2′-OMe and 2′-F 

which preserve the A-form helical structure of the duplex. These modifications also enhance 

nuclease stability and provide some protection against immune activation [56]. Locked 

nucleic acids (LNAs) feature a methylene bridge joining the C4′ of the ribose sugar to the 

2′-OH that locks the ribose sugar in the 3′-endo conformation [57]. A single LNA 

modification can increase the thermodynamic stability of the duplex by 5-10 °C [50]. When 

placed at the 3′ ends, LNA modifications also confer resistance against 3′-exonucleases [58]. 

On the other hand, unlocked nucleic acids (UNAs) lack the covalent bond between C2′ and 

C3′ of the ribose sugar, which destabilizes the duplex and can facilitate antisense strand 

loading into the RISC [59,60].  
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A more recent approach involves the replacement of the ribose with a six-carbon sugar. 

Altritol nucleic acids (ANA) have a six-membered sugar bearing a 2′-nucleobase and a 3′-

OH group [61]. ANA-modified siRNAs adopt the appropriate A-form helical structure 

recognized by the RISC and display potent activity compared to unmodified siRNAs, 

particularly when the ANA modification is placed at either 3′ end [62]. Cyclohexenyl 

nucleic acids (CeNA) and hexitol nucleic acids (HNA) have also shown increased potency 

well as nuclease stability [62,63], displaying a lot of promise for the development of siRNAs 

bearing non-native sugar modifications.  

1.4 Delivery Vehicles and Bioconjugates 

There are two main approaches to mediate the cellular uptake of RNAi molecules: the 

encapsulation of the oligonucleotide within a delivery vehicle and the conjugation of the 

oligonucleotide to a targeting ligand. Common delivery vehicles include cationic polymers, 

liposomes and nanoparticles [64,65]. Unfortunately, many of these require IV 

administration, display high toxicity in vivo, and can only target select tissues [66,67]. In 

addition, only a 1-2% of the total administered siRNA end up being release into the cytosol, 

with most of the siRNAs being removed from the cell via exocytosis [68,69]. Altogether, 

these factors have limited the clinical applications of encapsulated siRNAs.  

Another popular delivery strategy involves the conjugation of oligonucleotide to small 

biomolecules, including lipids, vitamins, and peptides. Some of these bioconjugates are able 

to mediate cellular uptake through natural transport mechanisms and many are able to 

improve the pharmacokinetic profiles of RNAi molecules [70]. One of the most well-studied 

bioconjugates for systemic siRNA delivery is cholesterol, which has been widely used for 

the functionalization of delivery vehicles and for direct oligonucleotide conjugation. Other 
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bioconjugates target cell-surface receptors and enable selective delivery to target cells and 

tissues. The most successful targeting ligand to date is GalNAc, which binds hepatic 

asialoglycoprotein receptors (ASGPRs) with high affinity [71]. The ASGPR has a recycling 

time of only 10-15 minutes and can rapidly internalize GalNAc conjugates by receptor-

mediated endocytosis [72,73]. A similar strategy involves the use of folate to target folate 

receptor α (FRα)-expressing cells and tissues. The FRα has become an important biomarker 

in cancer research, as it is highly overexpressed on the surface of numerous cancers despite 

being expressed at very low levels in non-malignant tissues. Because of this, there are many 

clinical applications for FRα targeting in oncology.  

1.4.1 Cholesterol 

Cholesterol is a hydrophobic biomolecule and an important structural component of cellular 

membranes. It was one of the first lipophilic conjugate employed for systemic siRNA 

delivery and it has been shown to increase the bioavailability and half-life of siRNA in 

serum [74]. Cholesterol conjugates can be internalized by endocytosis, since cholesterol can 

intercalate into the cellular membrane, or by interactions with lipoprotein receptors like 

HDL and LDL [75]. Although cholesterol conjugates primarily accumulate in the liver, 

there are several reports of extrahepatic delivery to tissues like the kidneys, muscles and 

placenta [76] (Figure 1.6). Cholesterol has also been used to functionalize lipid 

nanoparticles, including the FDA-approved RNAi-based therapeutic Patisiran [77].  
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Figure 1.6. Biodistribution of cholesterol-conjugated siRNAs. Created with BioRender.com. 

1.4.2 Folate  

Folate (vitamin B9) is an essential nutrient involved in mammalian one-carbon metabolism. 

It serves as a co-factor in the biosynthesis of purines, thymidine, glycine, serine and 

methionine [78,79]. The structure of folic acid is illustrated in Figure 1.7. At physiological 

pH, this molecule is anionic and cannot diffuse across the cellular membrane. Nevertheless, 

there are several transport mechanisms for folate, and folate derivatives, in mammals 

(Figure 1.8). The major transport system for folates is the reduced folate carrier (RFC), 

which is expressed ubiquitously and is responsible for the cellular uptake of folate from the 
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systemic circulation [80]. The RFC has a high affinity for reduced folates but a low affinity 

for oxidized folic acid, and it relies on a bidirectional anion-exchange mechanism [81]. On 

the other hand, the proton-coupled folate transporter (PCFT) functions optimally at low pH 

(5.0-5.5) and transports folates using a transmembrane proton gradient [82]. The PCFT is 

mainly expressed in the apical membrane of the duodenum and the proximal jejunum as 

well as in the placenta, the apical membrane of the kidney and the sinusoidal membrane of 

the liver [83].  

Folate receptors are cell-surface receptors that bind folates with high affinity. There are four 

known FR isoforms in humans: FRα, FRβ, FRγ and FRδ encoded by FOLR1, FOLR2, 

FOLR3 and FOLR4, respectively. The γ isoform is a soluble protein found only in 

hematopoietic cells whereas the α, β and δ isoforms are all glycosylphosphatidylinositol 

(GPI)-anchored receptors [84-86]. Although FRα and FRβ share ~70% homology, they 

have distinct tissue distribution profiles [87]. FRα is the most widely expressed and studied 

isoform in humans. Because this isoform has minimal physiological roles after 

embryogenesis, its expression is restricted to tissues involved in folate resorption or 

embryonic development, including placenta, kidney, and choroid plexus tissues [88-91]. 

FRβ is expressed on activated myeloid cells involved in inflammatory and autoimmune 

diseases [92,93] and FR-δ has been found on ova and regulatory T-cells [94]. 
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Figure 1.7. Chemical structure of folic acid, highlighting the glutamate moiety and the pteroate 

moiety (composed of pteridine and p-aminobenzoate). 

 

 

Figure 1.8. Folate transport systems in mammals. PCFT: proton-coupled folate transporter; RFC: 

reduced folate carrier; FRα: folate receptor α. Created with BioRender.com. 
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Leamon and Low first described the use of folate conjugation to deliver macromolecules 

via FRα in 1991 [95]. This has led to the development of numerous clinical applications for 

FRα targeting, ranging from imaging agents to drug conjugates [96]. Given the success of 

FRα targeting and the need for extra-hepatic RNAi delivery systems, folate is being 

investigated as a delivery vector for oligonucleotides.  

1.5 RNAi Therapeutics 

In August 2018, almost two decades after the discovery of RNAi, Alnylam′s ONPATTRO® 

(Patisiran) became the first RNAi-based drug to receive US FDA approval. Patisiran targets 

transthyretin (TTR) and is used for the treatment of hereditary transthyretin amyloidosis 

(hATTR), a rare genetic condition [77]. Since then, two more RNAi-based drugs, also 

developed by Alnylam, have received US FDA approval. GIVLAARI® (Givosiran) was 

approved in November 2019 for the treatment of acute hepatic porphyria [97] and 

OXLUMO™ (Lumasiran) was approved in November 2020 for the treatment of primary 

hyperoxaluria type 1 (PH1). Although all these drugs target the liver, they rely on different 

delivery platforms. Patisiran is administered intravenously and uses a multi-component lipid 

nanoparticle (LNP) formulation [77]. It has been proposed that apolipoprotein E (ApoE) 

mediates LNP uptake in the liver (Figure 1.9) [98,99]. In this mechanism, ApoE associates 

with the LNP and facilitates endocytosis via ApoE-binding cell surface receptors, such as 

the low-density lipoprotein receptor (LDLR). As the endosome is acidified, the ionizable 

lipids of the LNP become protonated and interact with the negatively charged endosomal 

lipids, thus destabilizing the endosomal membrane and causing the disintegration of the 

LNP [98,99]. On the other hand, Givosiran and Lumasiran are administered subcutaneously 

and are formulated as modified siRNAs conjugated to a tri-GalNAc ligand [100,101]. 
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GalNAc-siRNA conjugates are internalized via receptor-mediated endocytosis (Figure 1.9). 

As the endosome is acidified, siRNAs are released into the cytoplasm and the ASGPR is 

recycled onto the cell surface [101].  

Despite recent progress in this field, there is still a significant need to develop safe and 

effective delivery platforms for extrahepatic targeting. In addition, it is crucial to explore 

the effect of novel chemical modifications in order to assess their impact on the 

pharmacokinetic profiles of RNAi molecules.  

 

 

Figure 1.9. Proposed internalization mechanisms of LNP (Patisiran) and GalNAc-siRNA 

conjugates (Givosiran and Lumasiran). Adapted from [102]. Created with BioRender.com. 
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1.6 Research Goals and Objectives 

RNAi molecules have become potent experimental tools to study gene function due to their 

ability to silence genes in a sequence-specific manner. More recently, their application has 

evolved to the development of a novel class of gene-silencing therapeutics that, in many 

cases, allows for the treatment of rare conditions that otherwise had few therapeutic options 

available. Unfortunately, there are many limitations associated with the nature and structure 

of RNAs which have limited their therapeutic applications. These drawbacks can be 

mitigated with the use of chemical modifications which can improve the pharmacokinetic 

profiles of RNAi molecules. Despite recent advances in the field, the development of safe 

and effective delivery systems for siRNAs remains a challenge.  

The primary focus of this study involves the investigation of two bioconjugates to mediate 

siRNA uptake into cells. Cholesterol is an important component of cellular membranes and 

has been widely employed as a delivery vector for siRNAs. Recently, our lab group reported 

the synthesis of siRNAs bearing a triazole-linked cholesterol modification at different 

positions within the sense strand. We hypothesized that these siRNAs can be delivered to 

cells without the use of transfection reagents while retaining RNAi activity. The first 

objective was to evaluate the activity of cholesterol-modified siRNAs after carrier-free 

transfection. Next, we explored a second bioconjugate, folic acid, which binds to cell-

surface folate receptors. These receptors are overexpressed on the surface of numerous 

cancers despite being expressed at low levels in most non-malignant tissues, making folate 

an ideal ligand for targeted delivery to folate receptor-expressing cancer cells. Nonetheless, 

we identified the need to boost the gene-silencing activity of folate-siRNA conjugates. The 

second objective was then to synthesize siRNAs bearing a novel triazole-linked folic acid 
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modification within the central region of the sense strand and evaluate their ability to 

mediate selective uptake in cancer cells and overall potency. Folic acid has shown a lot of 

promise as a vector for targeted cancer therapeutics but the lack of reliable synthetic 

approaches to prepare folate phosphoramidites has limited their incorporation into 

oligonucleotides. Based on this, the third objective involved the development of a 

straightforward and cost-effective strategy to prepare a folate phosphoramidite that was 

compatible with standard solid-phase oligonucleotide synthesis. Although poor cellular 

uptake and biodistribution represent the major drawbacks of siRNAs, it is not the only 

limitation to consider. Unfortunately, there is no single modification that addresses all these 

challenges, so there is great interest in the development of novel modifications that could 

be useful for clinical applications. For the final stage of this study, we expanded the scope 

of our research to investigate the incorporation of a single glucose derivative, triazole-linked 

to uracil at position 1, within siRNAs. The final objective was then to synthesize a novel 

glucose phosphoramidite and investigate the gene-silencing efficacy of the resulting 

duplexes which contained a single 3′-6′/2′-5′ phosphodiester linkage.  
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2.1 Abstract 

The use of short interfering RNAs (siRNAs) as therapeutics holds great promise, but 

chemical modifications must first be employed to improve their pharmacokinetic properties. 

This study evaluates the in vitro cellular uptake and knock-down efficacy of cholesterol-

modified triazole-linked siRNAs targeting firefly luciferase in the absence of a transfection 

carrier. These siRNAs displayed low cytotoxicity and excellent dose-dependent knockdown 

in HeLa cells in the 500 to 3000 nM concentration range, with a 70–80% reduction in firefly 

luciferase activity. Our results indicate that this modification is compatible with the RNA 

interference pathway and is less cytotoxic and more effective than a commercially available 

triethylene glycol (TEG) cholesterol modification. 

2.2 Introduction 

RNA interference (RNAi) is an endogenous pathway that utilizes double-stranded RNA to 

suppress translation, resulting in sequence-specific gene silencing [1]. The initial step 

involves cleavage of long double-stranded RNA into smaller 21–23 nucleotide fragments, 

termed short interfering RNAs (siRNAs), which are incorporated into the RNA-induced 

silencing complex (RISC) [2]. RISC unwinds and dissociates the duplex, retaining the 

antisense strand which is used as a guiding sequence to recognize and degrade 

complementary mRNA [2,3]. Since many diseases are characterized by aberrant gene 

expression, the use of siRNAs as therapeutics holds great promise [4,5]. Unfortunately, 

there are some limitations associated with the structure of siRNAs, including low stability, 

poor cellular uptake and off-target effects, which must be addressed in order to harness the 

full potential of RNAi therapeutics [6,7]. Although several chemical modifications have 
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been employed to improve the pharmacological properties of siRNAs, there is still no 

universal modification able to simultaneously improve all of these limitations [8,9]. 

Due to their large size and anionic backbone, siRNAs have difficulties crossing cellular 

membranes. Therefore, several delivery systems and carriers have been investigated, 

including viral vectors, cationic polymers and liposomes [10-13]. Another strategy involves 

direct conjugation of siRNAs to small molecules such as GalNAc or hydrophobic molecules 

to enhance cellular uptake [14]. Cholesterol is a hydrophobic biomolecule and a key 

component of cellular membranes, as it helps maintain their integrity [15]. Various 

cholesterol-conjugated drugs and anticancer agents have been studied and have 

demonstrated enhanced pharmacokinetic profiles, bioavailability and delivery [16,17]. 

Cholesterol modifications have also been successful at increasing siRNA lipophilicity and 

improving cellular uptake without the need of transfection carriers [18-20]. 

Recently, our group reported a straightforward synthesis of a cholesterol phosphoramidite, 

bound covalently to a spacer via a triazole linkage [21]. This cholesterol-bearing spacer was 

then incorporated within the central region of the siRNA sense strand through solid-phase 

RNA synthesis [21]. Our biological studies in HeLa cells showed that these siRNAs were 

able to downregulate exogenous firefly luciferase mRNA in a dose-dependent manner using 

the transfection carrier Lipofectamine 2000™. In this study, we further investigate the 

biological activity and gene-silencing efficacy of these siRNAs in the absence of a 

transfection carrier. Figure 2.1 compares the structure of native RNA with our cholesterol-

modified triazole-linked spacer (X) and a commercially available 3′-end triethylene glycol 

cholesterol (Chol-TEG) modification. 
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Figure 2.1 Structural differences between native RNA, cholesterol-modified triazole-linked spacer 

(X) and the commercially available 3′-end cholesterol triethylene glycol (Chol-TEG) modification. 

2.3 Materials and Methods 

2.3.1 General Methods 

Unless otherwise stated, all starting reagents were obtained from commercial sources 

without additional purification. Cholesterol oligonucleotides (X1, X2 and X5) were 

synthesized as described [21].  Oligonucleotide antisense strands and CHOL-TEG RNA 

sequences were purchased from and characterized by Integrated DNA Technologies (IDT). 

Equimolar amounts of sense and antisense RNAs were incubated at 95 °C for 2 min in a 

binding buffer (75.0 mM KCl, 50.0 mM Tris-HCl, 3.00 mM MgCl2, pH 8.30). This solution 

was cooled slowly to room temperature, allowing the siRNAs to anneal.  
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2.3.2 Procedure for Characterizing Oligonucleotides through ESI Q-TOF 

All single-stranded RNAs (ssX1, ssX2, and ssX5) were gradient eluted through a Zorbax 

Extend C18 HPLC column with a MeOH/H2O (5:95) solution containing 200 mM 

hexafluoroisopropyl alcohol and 8.1 mM triethylamine, and finally with 70% MeOH. The 

eluted RNAs were subjected to ESI-MS (ES-), producing raw spectra of multiply charged 

anions and through resolved isotope deconvolution, the molecular weights of the resultant 

neutral oligonucleotides were confirmed. The final neutral mass of the RNAs were 

confirmed using this method. 

2.3.3 Procedure for HPLC Characterization 

HPLC was performed using a C18 4.6 mm x 150 mm reverse phase column on a Waters 

1525 Binary HPLC Pump with a Waters 2489 UV/Visible Detector, eluting from 5% to 

95% ACN in 0.1 M TEAA buffer (pH: 7). Spectra were processed using the Empower 3 

software. 

2.3.4 Procedure for Sub-culturing HeLa cells 

Biological assays were performed using the human epithelial cervix carcinoma cell line 

HeLa. Cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin-

streptomycin (Sigma) and incubated at 37 °C with 5% CO2. Once they reached 80-90% 

confluency, cells were passaged and diluted to a concentration of 1x106 cells/mL. To 

continue the cell line, 1 mL of this was added to a new cell culture flask containing 24 mL 

DMEM (10% FBS, 1% penicillin-streptomycin). 
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2.3.5 Procedure for in vitro Dual-Reporter Luciferase Assay in the presence of a 

Transfection Reagent 

Prior to transfection, HeLa cells were seeded on 12-well plates (Falcon®) containing 1 mL 

DMEM (10% FBS, 1% penicillin-streptomycin) at a density of 100,000 cells per well. Cells 

were incubated at 37 ⁰C with 5% CO2 for 24 hours until they reached 90% confluence. Then, 

varying concentrations of anti-luciferase siRNAs (8, 80 and 800 pM) were co-transfected 

with both pGL3 and pRLSV40 luciferase-expressing plasmids using Lipofectamine 2000™ 

(Invitrogen) in 1X Gibco′s Opti-Mem Reduced Serum according to the manufacturer′s 

protocol. Cells were incubated for an additional 24 hours at 37 ⁰C in 5% CO2. The medium 

was discarded, cells were washed twice with 1X PBS and lysed with 1X passive lysis buffer 

(Promega) over a 20-minute period at room temperature. Cell lysates were loaded onto 

white and opaque 96-well plates (Costar) in triplicate. Using the Dual-Luciferase® Reporter 

Kit (Promega), Lar II and Stop & Glo® substrates were added to the cell lysates and 

enzymatic activity of firefly and Renilla luciferase vectors were measured independently 

using a Synergy HT (Bio-Tek) plate luminometer. The ratio of firefly/Renilla luminescence 

expressed as a percentage relates the reduction in firefly expression to siRNA efficacy when 

compared to untreated controls. Each data point represents the average of at least two 

independent assays, each with three technical replicates, with the indicated error (SDOM). 

The IC50 values were determined with Prism using the variable slope model when the 

log(inhibitor) was plotted against normalized expression. 
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2.3.6 Procedure for in vitro Dual-Reporter Luciferase Assay in the Absence of a 

Transfection Reagent 

Prior to transfection, HeLa cells were seeded on 24-well plates (Falcon®) containing 350 

μL DMEM (10% FBS, 1% penicillin-streptomycin) at a density of 50,000 cells per well. 

Cells were incubated at 37 ⁰C with 5% CO2 for 24 hours until they reached 90% confluence. 

Then, cells were co-transfected with both pGL3 and pRLSV40 luciferase-expressing 

plasmids using Lipofectamine 2000™ (Invitrogen) in 1X Gibco′s Opti-Mem Reduced 

Serum according to the manufacturer′s protocol. Cells were incubated for 4 hours at 37 ⁰C 

in 5% CO2 after which the growth medium was discarded and each well was washed twice 

with 1 mL of 1X PBS to ensure that no transfection reagent remained in solution. 50 μL 

DMEM (10% FBS, 1% penicillin-streptomycin) was then added to each well. Anti-

luciferase siRNA treatments were prepared by adding 1 μL of the respective siRNA to 20 

μL 1X Gibco′s Opti-Mem Reduced Serum. Each treatment was added to the respective well, 

at concentrations of 1, 5, 10, 25, 50, 250, 500, 1000, 2000 and 3000 nM. Cells were 

incubated for an additional 16 hours at 37 ⁰C in 5% CO2 before cell lysing. Luciferase 

activity was assessed as described above. Each value is the average of at least 3 different 

experiments with the indicated error (SDOM). The IC50 values were determined with Prism 

using the variable slope model when the log(inhibitor) was plotted against normalized 

expression. 

2.3.7 Procedure for XTT cell viability assay 

Cellular viability after siRNA treatment was determined using the XTT Cell Proliferation 

Assay Kit (ATCC®). Prior to transfection, HeLa cells were seeded on 96-well plates 

(Falcon®) containing 150 μL DMEM (10% FBS, 1% penicillin-streptomycin) at a density 
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of 2,500 cells per well. Cells were incubated at 37 °C in 5% CO2 for 24 hours, after which 

they were co-transfected with pGL3 and pRLSV40 luciferase-expressing plasmids and 

incubated for an additional 4 hours, as previously described. After this incubation period, 

the growth medium was discarded, and each well was washed twice with 250 μL 1X PBS. 

Cells were then treated in triplicate with varying concentrations (1, 5, 10, 25, 50, 250, 500, 

1000, 2000 and 3000 nM) of each siRNA and then incubated for an additional 24 hours at 

37 °C with 5% CO2 before treatment with 50 μL of XTT reagent, activated with 2% N-

methyl dibenzopyrazine methyl sulfate. Cells were incubated for 2 hours at 37 °C with 5% 

CO2. Absorbance was measured at 475 nm and 660 nm using a Synergy HT (BioTek) 

microplate reader. Specific absorbance was calculated: A475nm (experimental) – A475nm 

(Blank) – A660nm (experimental). Results were normalized to an untreated control. 

2.4 Results 

2.4.1 Thermal Stability of Oligonucleotides 

All siRNAs target firefly luciferase. X1 and X2 contain the triazole-linked cholesterol 

modification within the central region of the sense strand (positions 9 and 10 from the 5′-

end, respectively). X5 contains the triazole-linked cholesterol modification at the 3′-end of 

the sense strand. Chol-TEG contains the commercially available 3′-end triethylene glycol 

cholesterol derivative. The thermal stability of each duplex is reported in Table 2.1. 
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Table 2.1 Sequences and Tm data of anti-luciferase cholesterol siRNAs 

RNA Duplex Tm ΔTm 

wt 
5′-CUUACGCUGAGUACUUCGAtt-3′ 

3′-ttGAAUGCGACUCAUGAAGCU-5′ 
72.7 - 

X1 
5′-CUUACGCUXAGUACUUCGAtt-3′ 

3′-ttGAAUGCGACUCAUGAAGCU-5′ 
61.6 -11.1 

X2 
5′-CUUACGCUGXGUACUUCGAtt-3′ 

3′-ttGAAUGCGACUCAUGAAGCU-5′ 
62.5 -10.2 

X5 
5′-CUUACGCUGAGUACUUCGAXt-3′ 

3′-ttGAAUGCGACUCAUGAAGCU-5′ 
69.8 -2.9 

Chol-TEG 
5′-CUUACGCUGAGUACUUCGAttCh-3′ 

3′-ttGAAUGCGACUCAUGAAGCU-5′ 
65.3 -6.7 

X corresponds to the triazole-linked cholesterol modification. Ch corresponds to the 

commercial cholesterol-TEG modification. The top strand corresponds to the sense 

strand; the bottom strand corresponds to the antisense strand. 

 

2.4.2 Silencing Activity of siRNAs after Transfection with Lipofectamine 2000™ 

To first ensure that the siRNAs used in this study were effective in silencing firefly 

luciferase, a gene-silencing assay was conducted using Lipofectamine 2000™ as a 

transfection carrier (Figure 2.2). These siRNAs show effective gene-silencing activity in a 

dose-dependent manner at low concentrations (8 to 800 pM). 
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Figure 2.2 Silencing activity of wt and cholesterol siRNAs after transfection with Lipofectamine 

2000™. All siRNAs were tested in HeLa cells at 8, 80 and 800 pM concentrations. Firefly luciferase 

expression was normalized to Renilla luciferase. 

 

2.4.3 Silencing Activity of siRNAs after Carrier-Free Transfection 

In the absence of a transfection carrier, as observed in Figure 2.3, the cholesterol-modified 

triazole-linked siRNAs (X1, X2, and X5) exhibited potent gene silencing, with 70–80% 

reduction in firefly luciferase activity in the 500 to 3000 nM concentration range. The 

calculated IC50 values are summarized in Table 2.2. 

0

20

40

60

80

100

Control wt Chol-TEG X1 X2 X5

R
e

la
ti

ve
 L

u
ci

fe
ra

se
 A

ct
iv

it
y 

(%
) 800 pM

80 pM

8 pM



63 

Figure 2.3. Silencing activity of wt and cholesterol siRNAs after carrier-free transfection. All 

siRNAs were tested in HeLa cells at concentrations ranging from 1 to 3000 nM. Firefly luciferase 

expression was normalized to Renilla luciferase. 

 

Table 2.2 IC50 data of cholesterol siRNAs after carrier-free transfection 

RNA Sense Strand Sequence IC50 

wt 5′-CUUACGCUGAGUACUUCGAtt-3′ inactive 

X1 5′-CUUACGCUXAGUACUUCGAtt-3′ 243.6 

X2 5′-CUUACGCUGXGUACUUCGAtt-3′ 307.1 

X5 5′-CUUACGCUGAGUACUUCGAXt-3′ 189.2 

Chol-TEG 5′-CUUACGCUGAGUACUUCGAttCh-3′ inactive 

X corresponds to the single triazole-linked cholesterol modification. Ch 

corresponds to the commercial TEG modification. IC50 values were calculated 

after siRNA transfection in a carrier-free environment. 

 

2.4.4 Cell Viability after siRNA Treatment 

The XTT reagent is reduced by mitochondrial succinic dehydrogenase in metabolically 

active cells to a highly pigmented formazan derivative. The absorbance of this product can 
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be quantified and used to assess cellular viability. As seen in Figure 2.4, siRNAs bearing 

the X spacer (siRNAs X1, X2 and X5) cause minimal toxicity even at high concentrations. 

HeLa cells treated with 3000 nM wt siRNA show a 20–30% decrease in viability compared 

to cells treated with our cholesterol-modified siRNAs. In addition, high concentrations 

(1000–3000 nM) of Chol-TEG siRNA imparted high cytotoxicity, causing a 60–80% 

reduction in cell viability. 

 

Figure 2.4. HeLa viability after wt and cholesterol siRNA treatment using the XTT Cell 

Proliferation Assay. 

2.5 Discussion and Conclusions 

In this study, we investigated the in vitro cellular uptake and potency of triazole-linked 

cholesterol siRNAs without the use of transfection reagents. It was previously reported that 

placing a chemical modification within the central region of the sense strand may impact 
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thermal destabilization [22-24], however, this does not seem to alter gene-silencing 

efficacy. The IC50 values for these thermally destabilized centrally modified siRNAs X1 and 

X2 were 243.6 nM and 307.1 nM respectively. The 3′-modified siRNA X5 also exhibited 

effective gene silencing, with an IC50 of 189.2 nM. Previous studies have reported that the 

3′-end of the sense strand is able to accommodate bulky groups [25].  

The wild-type siRNA (wt), which lacks a cholesterol modification, did not display any 

gene-silencing activity in our carrier-free study. This was expected as unmodified siRNAs 

are known to have difficulties in crossing the cellular membrane unassisted. The use of 3′-

end cholesterol modifications has been reported in the literature with varying degrees of 

success [18,26,27]. As such, we decided to investigate the gene-silencing efficacy of a 

commercially available 3′-end triethylene glycol (TEG) cholesterol modification (Chol-

TEG) using our carrier-free transfection protocol as a comparison to our cholesterol-

modified triazole-linked siRNAs (X1, X2, and X5). Interestingly, the Chol-TEG siRNAs 

displayed poor gene-silencing abilities in the entire range between 1 to 3000 nM. 

It is not entirely clear why the cholesterol-modified triazole-linked siRNAs 

(X1, X2 and X5) exhibit potent gene silencing compared to the siRNA Chol-TEG. One 

possibility is that the conformationally constrained triazole functionality in some way is 

benefiting the siRNA. Furthermore, the nitrogen atom used to functionalize the molecule 

with the triazole-cholesterol group is positive under physiological pH, which may also assist 

in cellular uptake. In contrast, the Chol-TEG group contains a neutral, polar, and flexible 

polyethylene linker, which may poorly impact the overall cellular uptake profile of the 

siRNA. In addition, Chol-TEG siRNA imparted high cytotoxicity, perhaps explaining why 

these siRNAs did not display successful gene-silencing activity. It is unclear why 
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siRNAs X1, X2 and X5 are the least toxic compared to wt and Chol-TEG. However, some 

studies have identified that molecules functionalized with triazoles are non-toxic 

[28,29]. Thus, it is possible that the triazole functionality reduces the cytotoxicity of 

siRNAs. 

In conclusion, cholesterol-modified triazole-linked siRNAs show excellent dose-dependent 

gene silencing of exogenous firefly luciferase mRNA in the absence of a transfection carrier. 

These results indicate that our modification is compatible with the RNA interference 

pathway when placed at both the central region and 3′-end of the sense strand of siRNAs. 

This could provide a novel approach to improve cellular uptake, and perhaps assist with 

other downstream applications such as packaging of liposomes and lipid-nanoparticles. 
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Connecting Statement I 

In Chapter 2, we report the use of a triazole-linked cholesterol moiety to improve the cellular 

uptake of siRNAs in the absence of a transfection carrier. Despite the success of cholesterol 

as a delivery vector for siRNAs, the use of this bioconjugate is limited by its biodistribution. 

Although extrahepatic delivery has been achieved with select formulations, most cholesterol 

conjugates accumulate in the liver. Based on this, we identified the need to investigate an 

alternate ligand for targeted siRNA delivery. In the following study, we focus on the 

chemical synthesis of a novel folate conjugate for incorporation into siRNAs and report a 

novel approach to boost the gene-silencing activity of these biomolecules. These self-

delivering siRNAs were selectively taken up by folate receptor-expressing cancer cells and 

achieved potent activity against exogenous and endogenous gene targets.   

  



71 

Chapter 3. Manuscript II 

 

 

Targeted Delivery and Enhanced Gene-silencing Activity of  

Centrally Modified Folic Acid–siRNA Conjugates 

 

 

 

Lidya Salim, Golam Islam, Jean-Paul Desaulniers 

 

 

 

Published in: 

Nucleic Acids Research 2020, 48, 75-85 

 

 

DOI: 10.1093/nar/gkz1115

 

 

 

 

 

 

 

 

 

 



72 

3.1 Abstract 

One of the major hurdles in RNAi research has been the development of safe and effective 

delivery systems for siRNAs. Although various chemical modifications have been proposed 

to improve their pharmacokinetic behaviour, their delivery to target cells and tissues 

presents many challenges. In this work, we implemented a receptor-targeting strategy to 

selectively deliver siRNAs to cancer cells using folic acid as a ligand. Folic acid is capable 

of binding to cell-surface folate receptors with high affinity. These receptors have become 

important molecular targets for cancer research as they are overexpressed in numerous 

cancers despite being expressed at low levels in normal tissues. Employing a post-column 

copper-catalyzed alkyne–azide cycloaddition (CuAAC), we report the synthesis of siRNAs 

bearing folic acid modifications at different positions within the sense strand. In the absence 

of a transfection carrier, these siRNAs were selectively taken up by cancer cells expressing 

folate receptors. We show that centrally modified folic acid–siRNAs display enhanced 

gene-silencing activity against an exogenous gene target (∼80% knockdown after 0.75 μM 

treatment) and low cytotoxicity. In addition, these siRNAs achieved potent dose-dependent 

knockdown of endogenous Bcl-2, an important anti-apoptotic gene. 

3.2 Introduction 

RNAi is an endogenous pathway that utilizes double-stranded RNA to suppress the 

expression of a target mRNA, resulting in sequence-specific gene silencing [1,2]. In the 

effector step of RNAi, siRNAs of 21–23 nucleotides are incorporated into a protein 

complex, the RNA-induced silencing complex (RISC) [3]. This is followed by a duplex 

dissociation step, promoted by the catalytic activity of the endonuclease Ago2 which 

cleaves between base pairs 9 and 10 from the sense strand 5′ end [4,5]. RISC retains the 
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antisense strand which is used as a guide sequence to locate and degrade the target mRNA 

[6,7]. Synthetic siRNAs are able to induce gene silencing through the RNAi pathway [8], 

becoming powerful tools to study gene function [9,10]. RNAi-based therapies also hold 

great promise as siRNAs can be used to down-regulate the expression of deleterious proteins 

involved in disease onset and progression [11-13]. However, this system comes with several 

limitations given by the inherent nature of siRNAs such as low stability, poor cellular 

uptake, potential for immune activation and off-target effects [14-16]. Chemical 

modifications are able to mitigate some of these challenges and improve the 

pharmacokinetic properties of siRNAs [17,18] but despite advancements in the field [19], 

there is still no universal modification able to address all of the challenges associated with 

siRNAs. 

The delivery of siRNAs to target cells or tissues has been one of the major challenges in 

RNAi research. Naked siRNAs are unable to diffuse across cellular membranes due to their 

large size and polyanionic backbone [20]. Current delivery strategies include the 

encapsulation of siRNAs within nanoparticles or liposomes and the conjugation of siRNAs 

to hydrophobic molecules [21]. Because siRNAs lack selectivity for specific cell types, 

receptor-targeting ligands can be used to deliver siRNAs to target cells and tissues [22]. One 

example is the vitamin folic acid, which has been extensively used as a drug delivery system 

to target FRs in tumour cells [23,24]. FRs are cell-surface glycoproteins able to bind folic 

acid with high affinity. These receptors are expressed at low levels in most tissues, as their 

expression is limited to cells important for folate resorption and embryonic development, 

yet they are highly overexpressed on the surface of numerous cancers [25]. This includes 

∼90% of ovarian carcinomas as well as breast, endometrial, brain and kidney cancers 

[26,27]. Once bound to the FR, folic acid enters the cell through receptor-mediated 
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endocytosis. Notably, folic acid conjugates retain the ability to bind to and be internalized 

by this receptor, making the FR an attractive molecular target for cancer research [28]. This 

receptor-targeting strategy has been used to deliver siRNAs by functionalizing liposomes 

and nanoparticles with folic acid [29-33] although selective delivery can also be achieved 

by direct conjugation of folic acid to siRNAs. 

Previous studies have successfully incorporated folic acid modifications at either the 3′ or 

5′ end of siRNA and achieved selective, carrier-free delivery to target cells [34,35]. In these 

studies, moderate gene-silencing activity against exogenous gene targets (40–60% 

knockdown after 1 μM treatment) was reported. These results show promise in the use of 

folic acid as a delivery system for siRNAs. However, there is a need to improve the gene-

silencing potency of folic acid–siRNA constructs. Recently, our lab group reported a 

method to destabilize the central region of siRNAs, which spans the Ago2 cleavage site. 

We showed that chemical modifications within this region can lead to potent gene-silencing 

[36,37]. To the best of our knowledge, folic acid has not been incorporated into the central 

region of siRNAs. Based on this, we report the copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) synthesis of siRNAs bearing folic acid modifications at different positions within 

the sense strand, with a particular emphasis on the central region. In the absence of a 

transfection carrier, these siRNAs were selectively taken up by FR-expressing cell lines. 

We show that internal modified folic acid–siRNAs display enhanced gene-silencing 

activity, with minimal toxicity, against exogenous firefly luciferase mRNA (∼80% 

knockdown after 0.75 μM treatment). In addition, these siRNAs achieved potent dose-

dependent knockdown of the oncogene Bcl-2 (∼72% knockdown after 1 μM treatment). 
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3.3 Materials and Methods 

3.3.1 General Methods 

Unless otherwise indicated, all starting reagents and solvents were obtained from 

commercial sources and used without further purification. Anhydrous CH2Cl2 and Et3N 

were purchased from Sigma-Aldrich and kept dry using a PureSolv 400 Solvent Purification 

System. Standard flash chromatography was performed using Silicycle Siliaflash 60 (230-

400 mesh) while automated flash chromatography was performed on a Biotage® Isolera 

flash chromatography system using a 100 g Biotage® SNAP KP-Sil cartridge. 1H, 13C and 

31P NMRs were recorded in CDCl3 or DMSO-d6 using a Bruker Ascend (600 MHz) NMR 

spectrometer. NMR spectra were processed with ACD/NMR Processor. High-performance 

liquid chromatography (HPLC) was performed on a Waters 1525 binary HPLC pump with 

a Waters 2489 UV/Vis detector, using a C18 4.6 mm x 150 mm reverse-phase column and 

eluting from 5 to 100% acetonitrile in a TEAA buffer (pH 7.00) over 30 minutes. ESI-

HRMS were recorded on an Agilent Q-TOF and analysed through positive electrospray 

ionization using a mobile phase of ACN/MeOH (95:5) with 0.1% formic acid. 

3.3.2 Synthesis of Propargyl Phosphoramidite 

3.3.2.1 Synthesis of Compound 1 

To a solution of diethanolamine (10 g, 95.1 mmol) in 150 mL of anhydrous CH2Cl2, cooled 

in an ice bath, was added anhydrous potassium carbonate (65.7 g, 0.476 mol) under an argon 

atmosphere. Propargyl bromide (80 wt% in toluene, 8.5 mL, 95.1 mmol) was added 

dropwise over a 5-minute period and the solution was left to stir vigorously for 60 h at room 

temperature. The crude product was filtered to remove the potassium carbonate and the 

collected filtrate was concentrated in vacuo to produce a dark amber oil, which was purified 
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by flash chromatography (elution with 2 to 10% MeOH/CH2Cl2). The final product was 

isolated as a clear amber oil (9.53 g, 70%). 1H NMR (400 MHz, CDCl3) δ 2.19 (t, 1H), 2.68 

(t, 4H), 3.40 (s, 2H), 3.60 (t, 4H). 13C NMR (101 MHz, CDCl3) δ 42.05, 55.21, 59.05, 73.15, 

78.31. (Scheme 3.1) 

3.3.2.2 Synthesis of Compound 2 

To a solution of 1 (2 g, 14 mmol) in 25 mL anhydrous CH2Cl2 was added freshly distilled 

triethylamine (1.7 mL, 12.6 mmol) under an argon atmosphere. This was followed by the 

drop-wise addition of 4,4′-dimethoxytriphenylmethyl chloride (3.79 g, 11.2 mmol) in 5 mL 

anhydrous CH2Cl2. The reaction mixture was stirred overnight at room temperature after 

which the crude product was extracted three times with a saturated NaHCO3 solution. The 

combined organic layers were dried over Na2SO4 and concentrated in vacuo to produce a 

cloudy yellow oil which was purified by flash chromatography (elution with 2 to 10% 

MeOH/ CH2Cl2). The final product was isolated as a clear yellow oil (2.8 g, 45%). 1H NMR 

(400 MHz, CDCl3) δ 2.23 (t, 1H), 2.75 (t, 2H), 2.83 (t, 2H), 3.23 (t, 2H), 3.44(d, 2H), 3.60 

(t, 2H), 3.80 (s, 6H), 6.87 (dt, 4H), 7.29 (m, 1H), 7.31 (td, 2H), 7.38 (dt, 4H), 7.47 (d, 2H); 

13C NMR (101 MHz, CDCl3) δ 42.76, 52.58, 55.19, 55.65, 58.57, 61.94, 72.83, 78.82, 86.21, 

113.07, 126.71, 127.77, 128.13, 129.96, 136.28, 144.95, 158.41. 

3.3.2.3 Synthesis of Compound 3 

To a flame-dried round-bottomed flask containing a solution of 2 (180 mg, 0.404 mmol) in 

5 mL anhydrous CH2Cl2 was added freshly distilled triethylamine (0.28 mL, 2.02 mmol) 

under an argon atmosphere. This was followed by the dropwise addition of 2-cyanoethyl-

N,N-diisopropylchlorophosphoramidite (0.27 mL, 1.21 mmol). The reaction mixture was 

stirred for 3 h and then concentrated in vacuo to produce a cloudy oil which was purified 
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by flash chromatography (elution 20–60% EtOAc/hexanes, maintaining 5% triethylamine). 

The product was isolated as a clear oil (0.22 g, 84%). 1H NMR (400 MHz, CDCl3) δ 1.17 

(dd, 12H), 2.19 (t, 1H), 2.55 (m, 2H), 2.82 (dt, 4H), 3.15 (t, 2H), 3.45 (d, 2H), 3.57 (m, 2H), 

3.66 (m, 2H), 3.76 (m, 2H), 3.78 (s, 6H), 6.83 (dt, 4H), 7.20 (tt, 1H), 7.27 (t, 2H), 7.32 (dt, 

4H), 7.44 (d, 2H). 13C NMR (101 MHz, CDCl3) δ 20.33, 21.02, 24.63, 42.98, 43.10, 46.30, 

54.20, 55.15, 58.41, 62.03, 62.65, 72.79, 79.27, 86.05, 113.04, 117.71, 126.58, 127.75, 

128.18, 130.02, 136.46, 145.22, 158.36. 31P (162 MHz, CDCl3) δ 147.28. 

 

Scheme 3.1. Synthesis of propargyl phosphoramidite. Reagents and conditions: (i) propargyl 

bromide, K2CO3, CH2Cl2, 60 h, 69%; (ii) DMT-Cl, Et3N, CH2Cl2, rt, overnight, 45%; (iii) 2-

cyanoethyl N,N-diisopropylchlorophosphoramidite, Et3N, CH2Cl2, rt, 3 h, 84%. 

3.3.3 Oligonucleotide synthesis, deprotection and purification 

Wild-type and propargyl oligonucleotides were synthesized using an Applied Biosystems 

394 DNA/RNA synthesizer using a 1.0 μM dT controlled-pore glass (CPG) support and a 

1.0 μM cycle with a 999-second coupling time. Immediately prior to synthesis, 

phosphoramidites were resuspended in anhydrous acetonitrile to a final concentration of 0.1 

M. Oligonucleotide sense strands were chemically phosphorylated at the 5′ end using 2-[2-

(4,4-dimethoxytrityloxy)ethylsulfonyl]ethyl-(2-cyanoethyl)-(N,N-diisopropyl)-

phosphoramidite. Cleavage of oligonucleotides from the solid support was achieved by 

flushing the CPG columns with 1 mL EMAM solution (1:1 methylamine 33 wt% in ethanol 

and methylamine 40% wt. in H2O) for 1 h at room temperature, followed by overnight 

incubation in EMAM to deprotect the bases. Oligonucleotides were concentrated in a miVac 

Quattro concentrator and desilylated in DMSO (100 μL) and 3HF-Et3N (125 μL) for 3 h at 
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65°C. Crude oligonucleotides were precipitated in ethanol and desalted using Millipore 

Amicon Ultra 3000 MW cellulose centrifugal filters. Strands were purified using reverse-

phase HPLC eluting from 5% to 95% ACN in 0.1 M TEAA buffer (pH 7.0). 

3.3.4 Synthesis and purification of folic acid–conjugated siRNAs 

3.3.4.1 Synthesis of Compound 4 

Folic acid (0.5 g, 1.13 mmol) was dissolved in anhydrous DMSO (30 mL) under an argon 

atmosphere. N-Hydroxysuccinimide (0.26 g, 2.27 mmol) and N,N′-

dicyclohexylcarbodiimide (0.26 g, 1.25 mmol) were simultaneously added and the reaction 

mixture was left to stir overnight in the dark. The dicyclohexylurea by-product was removed 

by filtration and the filtrate was collected in a round-bottomed flask to which a solution 2-

azidoethanamine (0.12 g, 1.37 mmol) in 10 mL anhydrous DMSO was added. The reaction 

mixture was left to stir in the dark for an additional 24 h. After removing most of the DMSO 

in vacuo, the crude product was precipitated in cold diethyl ether and the collected yellow 

crystals were washed with THF and CH2Cl2. The product was further purified by automated 

flash chromatography, eluting with a slow gradient (0–100%) of solution A (2:1:1 

NH4OH/MeOH/ACN) to solution B (ACN). The product was isolated as bright yellow 

crystals (0.48 g, 84%). 1H NMR (400 MHz, DMSO-d6) δ 1.84–2.00 (m, 2H), 2.05–2.20 (m, 

2H), 3.19 (t, 2H), 3.32 (t, 2H), 4.30 (m, 1H), 4.45 (d, 2H), 6.61 (d, 2H), 6.90 (m, 1H), 7.66 

(d, 2H), 8.04 (m, 1H), 8.59 (s, 1H), 11.86 (br, 1H). ESI-HRMS (ES+) m/z calculated for 

C21H23N11O5: 510.1956, found 510.1953 [M+H]+ (Scheme 3.2). 
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Scheme 3.2. Synthesis of azido-folate. Reagents and conditions: (i) N-Hydroxysuccinimide, N,N′-

Dicyclohexylcarbodiimide, DMSO, rt, overnight, 2-azidoethanamine, 24 h., 83%.   

3.3.4.2 Copper-catalyzed azide-alkyne cycloaddition (CuAAC) procedure 

To a solution of propargyl-modified RNA (100 μM, 5 μL) in DMSO/H2O/t-BuOH (1:2:1) 

was added 4 (2.5 mM, 5 μL) under an argon atmosphere. This was followed by the addition 

of a pre-chelated mixture of CuSO4 (2.5 mM) and TBTA (12.5 mM, 5 μL). A fresh solution 

of sodium ascorbate (2.5 mM, 10 μL) was added, and the reaction mixture was stirred at 40 

°C in the dark for 3.5 h. At this point, sodium acetate (0.3 M solution in H2O, 50 μL) was 

added and the mixture was stirred for an additional 20 min at room temperature. Crude RNA 

was precipitated in cold EtOH, centrifuged at 13 400 rpm for 15 min and washed twice with 

cold EtOH. Strands were purified using reverse-phase HPLC eluting from 5% to 95% ACN 

in 0.1 M TEAA buffer (pH 7.0) (Scheme 3.3). 

 

Scheme 3.3. CuAAC procedure to synthesize folate RNAs. Reagents and conditions: (i) 4, 

CuSO4.5H2O, TBTA, sodium ascorbate, DMSO/H2O/t-BuOH (1:2:1), 40 °C, 4 h., 69-80% 

3.3.5 Thermal denaturation and CD studies 

Thermal denaturation and CD studies were performed using a Jasco J-815 Circular 

Dichroism (CD) Spectropolarimeter equipped with a temperature controller. For duplex 
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formation, equimolar amounts of complementary sequences were combined, dried down 

and resuspended in 300 μL pH 7 sodium phosphate buffer (90.0 mM NaCl, 10.0 mM 

Na2HPO4, 1.00 mM EDTA). Samples were heated at 90 °C for 2 min and then allowed to 

slowly cool to room temperature. To determine melting temperature (Tm), UV absorbance 

was measured at 260 nm and temperature was increased from 10 to 95 °C at a rate of 0.5 °C 

per minute. Tm data was analysed using Meltwin v3.5 software and represents the average 

of three independent runs. Circular dichroism spectra were recorded at 25°C, scanning from 

200 to 350 nm with a screening rate of 20.0 nm/min and a 0.20 nm data pitch. All scans 

were performed in triplicate and averaged using Jasco′s Spectra Manager v2 software. 

3.3.6 Cell culture 

HeLa and HT-29 cells were maintained in Dulbecco′s modified Eagle′s medium (DMEM) 

and Roswell Park Memorial Institute (RPMI) 1640 Medium respectively, both 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin (Sigma). 

Cells were maintained at 37 °C in a humidified atmosphere with 5% CO2 and passaged at 

80% confluency.  

3.3.7 Flow cytometry 

PE anti-FOLR1 (Folate Binding Protein) Antibody and PE Mouse IgG2a, κ Isotype Control 

(FC) Antibody were purchased from Biolegend. Cells were dislodged from the culture flask 

using trypsin and transferred into tubes. Cells were then centrifuged at 300 g for 10 min 

(4°C). After aspirating the supernatant, cells were resuspended in 150 μL cell staining buffer 

(2.5 mL FBS, 47.5 mL PBS). Cells were stained with trypan blue and counted using a 

Haemocytometer. For each study, cells were resuspended in staining buffer to achieve a 

final concentration of 1×106 cells/100 μL. Antibodies were added to each cell suspension 
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and cells were incubated in the dark for 30 min (on ice). Samples were centrifuged at 300 g 

for 5 min (4°C) after which the supernatant was aspirated, and cells were washed with 1 mL 

staining buffer. The last two steps, centrifugation and washing, were repeated once more. 

Samples were then centrifuged one last time. After removing the supernatant, cells were 

resuspended in 500 μL ice-cold PBS and incubated at room temperature for 5 min. Flow 

cytometry studies were performed immediately on a BD Accuri C6 Plus flow cytometer 

following the manufacturer′s protocol. 

3.3.8 siRNA transfections with Lipofectamine for luciferase assay 

3.3.8.1 Lipofectamine transfection in HeLa cells 

HeLa cells were seeded into 24-well plates, containing 400 μL DMEM (10% FBS), at a 

density of 5.0×104 cells per well. Plates were incubated for 24 hours at 37 °C in a humidified 

atmosphere with 5% CO2. For each transfection sample, a mixture of 1 μL of Lipofectamine 

2000TM (Invitrogen) and 49 μL of Gibco′s 1X Opti-Mem Reduced Serum Medium was 

prepared and incubated at room temperature for 5 minutes. Each siRNA was diluted in 1X 

Gibco′s Opti-MEM Reduced Serum Medium (Invitrogen) on ice and mixed with 200 ng 

pGL3 and 50 ng pRLSV40 plasmids to a total volume of 50 μL. The diluted siRNA/plasmid 

mixture was combined with the diluted Lipofectamine 2000TM mixture and incubated at 

room temperature. After 20 minutes, the complexes were transferred to the respective wells 

and the plates were gently rocked back and forth for a few minutes. Plates were incubated 

for an additional 24 hours at 37 °C in a humidified atmosphere with 5% CO2.  

3.3.8.2 Lipofectamine transfection in HT-29 cells 

HT-29 cells were seeded into 24-well plates, containing 350 μL RPMI 1640 (10% FBS), at 

a density of 1.5×105 cells per well (for a total volume of 500 μL). Plates were incubated for 
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24 hours at 37 °C in a humidified atmosphere with 5% CO2 after which the medium was 

removed from each well and replaced with 400 μL fresh medium. Each siRNA was diluted 

in 1X Gibco′s Opti-MEM Reduced Serum Medium (Invitrogen) and mixed with 600 ng 

pGL3 and 150 ng pRLSV40 plasmids to a total volume of 100 μL. To each tube containing 

the siRNA/plasmid mixture, 4 μL Lipofectamine® LTX (ThermoFisher) was added. After 

a 30-minute incubation at room temperature, complexes were transferred to the respective 

wells and the plates were gently rocked back and forth for a few minutes. Plates were 

incubated for an additional 24 hours at 37 °C in a humidified atmosphere with 5% CO2. 

3.3.9 Carrier-free siRNA transfections for luciferase assay 

3.3.9.1 Carrier-free transfection in HeLa cells 

The day before transfection, HeLa cells were seeded into 96-well plates, containing 50 μL 

folate-free RPMI 1640, at a density of 1.0×104 cells per well and incubated for 24 h. Two 

plasmids, pGL3 (firefly luciferase, 200 ng) and pRLSV40 (Renilla luciferase, 50 ng), were 

co-transfected using 1 μL Lipofectamine 2000™ (Invitrogen) following the manufacturer′s 

protocol. Plates were incubated for 4 hours at 37 °C in a humidified atmosphere with 5% 

CO2 after which the medium was removed from each well. Cells were washed twice with 

1X phosphate-buffered saline (PBS) after which 50 μL folate-free RPMI 1640 medium 

(without antibiotics) was added to each well. Each siRNA was diluted in 50 μL 1X Gibco′s 

Opti-MEM Reduced Serum Medium (Invitrogen) on ice and the diluted samples were 

immediately transferred to the respective wells of the 96-well plate. Plates were gently 

rocked back and forth for a few minutes and then incubated for an additional 16 h prior to 

cell lysis.  
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3.3.9.2 Carrier-free transfection in HT-29 cells 

The day before transfection, HT-29 cells were seeded into 96-well plates, containing 50 μL 

folate-free RPMI 1640, at a density of 5.0×104 cells per well and incubated for 24 h. For 

plasmid transfection, pGL3 (firefly luciferase, 600 ng) and pRLSV40 (Renilla luciferase, 

150 ng) were combined and diluted in 1X Gibco′s Opti-MEM Reduced Serum Medium 

(Invitrogen) to a final volume of 50 μL. This was followed by the addition of 4 μL 

Lipofectamine® LTX (Thermo Fisher). After a 30-minute incubation period at room 

temperature, complexes were transferred to each well and plates were incubated for 6 h at 

37 °C in a humidified atmosphere with 5% CO2 after which the medium was removed from 

each well. Cells were washed twice with 1X phosphate-buffered saline (PBS) after which 

50 μL folate-free RPMI 1640 medium (without antibiotics) was added to each well. Each 

siRNA was diluted in 50 μL 1X Gibco′s Opti-MEM Reduced Serum Medium (Invitrogen) 

on ice and the diluted samples were immediately transferred to the respective wells of the 

96-well plate. Plates were gently rocked back and forth for a few minutes and then incubated 

for an additional 20 h prior to cell lysis.  

3.3.10 Dual-luciferase® reporter assay 

Cells were lysed with 1X passive lysis buffer for 20 min at room temperature. Cell lysates 

were transferred to microcentrifuge tubes and were immediately used to assess the gene-

silencing activity of siRNAs using a Dual-Luciferase® Reporter Assay (Promega). 

Luciferase Assay Reagent II (LAR II) and Stop & Glo® Reagent were prepared following 

the manufacturer′s protocol. Cell lysates (10 μL) were transferred to Costar 96-well plates 

in triplicate. LAR II reagent (50 μL) was added to each well and the first luminescence 

measurement was taken on a Synergy HT (Bio-Tek) plate luminometer. Stop & Glo® 
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Reagent (50 μL) was then added to each well and the second luminescence measurement 

was taken. Results are expressed as the ratio of firefly/Renilla luminescence taken as a 

percentage of an untreated control. Each value is the average of at least three biological 

replicates and error bars indicate standard deviation.  

3.3.11 Statistical analysis 

Prism 8.0 (GraphPad Software, San Diego, CA, USA) was used to generate dose-response 

curves after carrier-free siRNA transfection in HeLa cells. The half-maximal inhibitory 

concentration (IC50) of each siRNA was determined using Prism′s variable slope (four-

parameter) model. Anti-luciferase siRNAs were tested at seven concentrations in carrier-

free conditions. Anti-Bcl-2 siRNAs were tested at three concentrations in carrier-free 

conditions. Standard errors (S.E.) were determined for a minimum of two biological 

replicates. 

3.3.12 anti-Bcl-2 siRNA transfection in HeLa cells 

3.3.12.1 Lipofectamine transfection of anti-Bcl-2 siRNA 

HeLa cells were seeded into 24-well plates, containing 400 μL DMEM (10% FBS), at a 

density of 4.0×104 cells per well. Plates were incubated for 24 hours at 37 °C in a humidified 

atmosphere with 5% CO2. For each transfection sample, a mixture of 1 μL of Lipofectamine 

2000TM (Invitrogen) and 49 μL of Gibco′s 1X Opti-Mem Reduced Serum Medium was 

prepared and incubated at room temperature for 5 minutes. Each siRNA was diluted in 1X 

Gibco′s Opti-MEM Reduced Serum Medium (Invitrogen) on ice. Diluted siRNAs were 

combined with the diluted Lipofectamine 2000TM mixture and incubated at room 

temperature for 20 minutes. Complexes were then transferred to the respective wells and 
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the plates were gently rocked back and forth for a few minutes. Plates were incubated for 

an additional 24 hours at 37 °C in a humidified atmosphere with 5% CO2. 

3.3.12.2 Carrier-free transfection of anti-Bcl-2 siRNA 

HeLa cells were seeded into 96-well plates, containing 50 μL folate-free RPMI 1640 (10% 

FBS), at a density of 2.0×104 cells per well. Plates were incubated for 24 hours at 37 °C in 

a humidified atmosphere with 5% CO2. Each siRNA was diluted in 50 μL 1X Gibco′s Opti-

MEM Reduced Serum Medium (Invitrogen) on ice and the diluted samples were 

immediately transferred to the respective wells of the 96- well plate. Plates were incubated 

for an additional 24 hours at 37 °C in a humidified atmosphere with 5% CO2.  

3.3.13 Biological activity of anti-Bcl-2 siRNAs 

3.3.13.1 RNA extraction and cDNA synthesis 

HeLa cells were transfected with anti-Bcl-2 siRNAs as described above. RNA extraction, 

cDNA production and RT-qPCR. Prior to the RNA extraction, each well of the 24-well plate 

washed twice with 1X PBS. Total RNA was extracted from the Hela cells using the 

manufacturer′s instructions of the Total RNA Purification Plus Kit (Cat#: 48400. Norgen 

BioTek Corp, Thorold, ON, Canada). In addition, an on-column DNA digestion was 

performed using RNase Free DNase I Kit (Cat#:25710. Norgen BioTek Corp, Thorold, ON, 

Canada). Two microliter of each extracted RNA sample was used to measure the 

concentration and RNA integrity (A260/280) on the BioDrop Duo Plus (UK), and the 

presence of the RNA was confirmed by gel electrophoresis on a 1% (w vol-1) agarose.  

The RT reaction was performed using the IScript cDNA synthesis kit (Cat #: 1708891. Bio-

Rad, Hercules, California) in a total reaction volume of 20µL. The reaction mixture 
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contained 400 ng of total RNA, M-MLV reverse transcriptase, oligo (DT) and random 

primers. Two negative controls were performed with all reactions. The first control 

contained the RNA template and all DNAse/RT reagents, except for the final addition of 

the RT enzyme. A second control contained no template (water only) to ensure that all 

reagents were free from possible contaminants. RT reactions were placed in 200 µL PCR 

tubes and incubated within a BIORAD T100 Thermal Cycler for 5 min at 25 °C followed 

by 20 min at 46 °C, 1 min at 95 °C and then held at 4°C. Once cDNA was produced, the 

products could be amplified (RT-qPCR).  

3.3.13.2 RT-qPCR 

Real-time PCR was performed in a total reaction volume of 20 μL including 10 ul SsoFast 

EvaGreen Supermix (Bio-Rad, Hercules, CA, USA) containing Sso 7-d Fusion Polymerase, 

0.5 μM forward primer and reverse primer and 2 μL cDNA template. In the final reaction, 

cDNA was diluted 40X to produce the best results. Pre-designed primers BCL-2F 5′-CTG 

GTG GGA GCT TGC ATC AC-3′ and BCL-2R 5′-ACA GCC TGC AGC TTT GTT TC-3′ 

were purchased to target the Bcl-2 gene and yielding a 150-bp amplicon and 18S-F 5′-CGG 

CTA CCA CAT CCA AGG AAG-3′ and 18S-R 5′-CGC TCC CAA GAT CCA ACT ACT-

3′ (Integrated DNA Technologies Inc, San Diego, California) were used to target the 18s 

gene in HeLa cells and yielding a 247-bp amplicon. Reactions were incubated in the Bio-

Rad CFX 96 Real-Time Detection System using the following cycle conditions: 50 °C for 

10 min, 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. 

Reaction specificity was assessed by melting curve analysis immediately after the qPCR 

experiment. The efficiency of each primer set for RT-qPCR was determined to be between 

95 and 100% using the standard curve method. NRT controls were performed during 
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standard curve analysis to confirm that amplification of the PCR product was cDNA and 

not genomic DNA. NTC controls were also performed to ensure that amplification of the 

PCR product was not a result of primer–dimers. Results were analyzed using the Bio-Rad 

CFX manager 3.1 software where the Bcl-2 expression data was normalized against 18s 

gene as the reference and expression profiles were generated using the comparative Delta-

CT method of analysis. The final data was represented by averages and standard deviations 

compiled from two biological replicates for each treatment for which three technical 

replicates were included for the qPCR experiments.  

3.3.14 Cell viability assay 

HeLa and HT-29 cells were seeded into 96-well plates at a density 5.0×103 cells per well 

and incubated for 24 h. Cells were transfected following the described carrier-free protocol 

and were incubated for an additional 24 h. Cell viability was assessed using the XTT Cell 

Proliferation Assay Kit (ATCC™) following the manufacturer′s protocol. Absorbance 

readings were taken using a Synergy HT (Bio-Tek) plate luminometer. 

3.4 Results 

3.4.1 Preparation of propargyl and folic acid-modified oligonucleotides 

Propargyl phosphoramidite 3 was synthesized as described above. Propargyl and wild-type 

oligonucleotides were synthesized following standard solid-phase phosphoramidite 

chemistry. Propargyl-modified oligonucleotides were conjugated with azido-folate 

derivative 4 as described above. Oligonucleotides were purified using reverse-phase HPLC 

and characterized by mass spectrometry.  
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3.4.2 Thermal stability and CD studies 

Synthesized sense strands were annealed to their complementary antisense sequences as 

described above. CD studies were performed to confirm that siRNAs adopted an A-form 

helical conformation (Figure 3.1) Melting temperatures (Tm) were measured for anti-firefly 

luciferase and anti-Bcl-2 siRNAs (Table 3.1). Modifications placed at the 3′ end of the sense 

strand were well-tolerated and did not cause significant destabilizing effects. In these 

siRNAs, the propargyl and folic acid modifications replaced the 3′ dTdT overhang, leading 

to a 3.5 and 4.7 °C decrease in melting temperature for aL-P4 and aL-F4, respectively. This 

is likely due to the loss of stacking interactions which have been reported with 3′ dTdT 

overhangs [38]. We observed a similar destabilizing effect when the modifications were 

placed at position 5 from the sense strand 3′ end (ΔTm = −6.0 and −5.5 °C for propargyl and 

folic acid–siRNAs, respectively). On the other hand, internally-modified anti-luciferase 

siRNAs exhibited significant thermal destabilization. The greatest decrease in Tm was 

observed when the propargyl spacer replaced a single nucleotide at position 9 from the sense 

strand 5′ end (aL-P1, ΔTm = −22.2 °C). Placing the folic acid modification at this position 

produced a similar effect (aL-F1, ΔTm = −17.2 °C). This thermal destabilization is consistent 

with previous studies examining the effect of central region modifications on siRNA 

stability [39]. Next, we tested whether our propargyl and folic acid modifications would be 

better accommodated within the helix if they replaced two nucleotides instead of one 

(positions 9 and 10 from the sense strand 5′ end). However, there was no significant increase 

in melting temperature (ΔTm = −20.5 and −19.9 for aL-P2 and aL-F2 siRNAs respectively). 

Similar destabilizing effects were observed with internal modified anti-Bcl-2 siRNAs (aB-

P and aB-F) and scramble siRNAs (aL-scr-P, aL-scr-F, aB-scr-P and aB-scr-F). 

javascript:;
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Figure 3.1. CD spectra of (A) anti-firefly luciferase siRNAs, (B) anti-luciferase scramble controls, 

(C) antiBcl-2 siRNAs and (D) anti-Bcl-2 scramble controls 
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Table 3.1. siRNA sequences, melting temperatures and IC50 values 

anti-luciferase 

siRNA 
Duplex 

Tm  

(°C) 

ΔTm  

(°C) 

IC50 ± S.E. 

(nM) 

aL-wt 
5′ CUUACGCUGAGUACUUCGAtt 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
76.1 - inactive 

aL-P1 
5′ CUUACGCUPAGUACUUCGAtt 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
53.9 -22.2 inactive 

aL-F1 
5′ CUUACGCUFAGUACUUCGAtt 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
58.9 -17.2 171.0 ± 48.8  

aL-P2 
5′ CUUACGCUPGUACUUCGAtt 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
55.6 -20.5 inactive 

aL-F2 
5′ CUUACGCUFGUACUUCGAtt 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
56.2 -19.9 128.95 ± 9.7 

aL-P3 
5′ CUUACGCUGAGUACUPGAtt 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
70.1 -6.0 inactive 

aL-F3 
5′ CUUACGCUGAGUACUFGAtt 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
70.6 -5.5 283.9 ± 62.9 

aL-P4 
5′ CUUACGCUGAGUACUUCGAP 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
72.6 -3.5 inactive 

aL-F4 
5′ CUUACGCUGAGUACUUCGAF 3′ 

3′ ttGAAUGCGACUCAUGAAGCU 5′ 
71.4 -4.7 1044 ± 23.0 

aL-scr 
5′ GGUAUCCCUCGUGAAUCAUtt 3′ 

3′ ttCCAUAGGGAGCACUUAGUA 5′ 
74.5 - inactive 

aL-scr-P 
5′ GGUAUCCCPGUGAAUCAUtt 3′ 

3′ ttCCAUAGGGAGCACUUAGUA 5′ 
59.1 -15.4 inactive 

aL-scr-F 
5′ GGUAUCCCFGUGAAUCAUtt 3′ 

3′ ttCCAUAGGGAGCACUUAGUA 5′ 
54.6 -19.9 inactive 

anti-Bcl-2  

siRNA 
Duplex 

Tm   

(°C) 

ΔTm  

(°C) 

IC50  

(nM) 

aB-wt 
5′ GCCUUCUUUGAGUUCGGUGtt 3′ 

3′ ttCGGAAGAAACUCAAGCCAC 5′ 
72.8 - inactive 

aB-P 
5′ GCCUUCUUUPAGUUCGGUGtt 3′ 

3′ ttCGGAAGAAACUCAAGCCAC 5′ 
56.6 -16.2 inactive 

aB-F 
5′ GCCUUCUUUFAGUUCGGUGtt 3′ 

3′ ttCGGAAGAAACUCAAGCCAC 5′ 
47.6 -25.2 419.3 

aB-scr 
5′ GGUGUACGUCGUCUGUUCUtt 3′ 

3′ ttCCACAUGCAGCAGACAAGA 5′ 
73.1 - inactive 

aB-scr-P 
5′ GGUGUACGPGUCUGUUCUtt 3′ 

3′ ttCCACAUGCAGCAGACAAGA 5′ 
67.1 -6.0 inactive 

aB-scr-F 
5′ GGUGUACGFGUCUGUUCUtt 3′ 

3′ ttCCACAUGCAGCAGACAAGA 5′ 
55.0 -18.1 inactive 

The top strand corresponds to the sense strand; the bottom strand corresponds to the antisense strand. P corresponds 

to the propargyl spacer. F represents the folic acid spacer. The Argonaute2 cleavage site is underlined.  

 

*IC50 values were calculated after siRNA transfection in a carrier-free environment. Inhibitory dose-response curves 

can be found in Figure 3.6. 
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3.4.3 Relative expression of folate receptor α in HeLa and HT-29 cells 

The relative expression of cell-surface folate receptor α (FRα) was assessed in HeLa and 

HT-29 cells using flow cytometry. The procedure was performed as described above and 

results are summarized in Figure 3.2. HeLa cells displayed a 3-fold increase in FRα 

expression compared to HT-29 cells. 

 

Figure 3.2. Relative expression of folate receptor α (FRα) levels in HeLa and HT-29 cells 

determined by flow cytometry. 

3.4.4 Carrier-free gene silencing of exogenous firefly luciferase mRNA 

Prior to carrier-free studies, we confirmed the biological activity of all siRNAs in HeLa and 

HT-29 cells after transfection with Lipofectamine reagent (Lipofectamine 2000™ in HeLa 

and Lipofectamine® LTX in HT-29). In both cell lines, anti-luciferase siRNAs achieved 

excellent dose-dependent knockdown of firefly luciferase after 8, 80 and 800 pM treatments 

(Figure 3.3). Consistently, siRNAs bearing internal modifications (propargyl or folic acid) 

showed much higher gene-silencing potency than the 3′-end modified siRNAs. As expected, 

scramble controls displayed no gene-silencing activity. 
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(A) HeLa
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Figure 3.3. Relative expression of firefly luciferase in HeLa (A) and HT-29 cells (B) 24 h after anti-

luciferase siRNA transfections at 8, 80 and 800 pM using Lipofectamine. Firefly luciferase 

expression was assessed with a dual-luciferase reporter assay and was normalized to Renilla 

luciferase. Error bars indicate SD of at least two independent biological replicates. 

To assess the cellular uptake and delivery of siRNAs, HeLa and HT-29 cells were 

transfected following the respective carrier-free protocols described earlier with siRNA 

concentrations ranging from 1 to 3000 nM. In HeLa cells, gene-silencing activity was only 

observed in anti-luciferase siRNAs bearing folic acid modifications and not in the wild-type 

(aL-wt) or propargyl siRNAs (aL-P1 to aL-P4) (Figure 3.4). As expected, scramble controls 

showed no gene-silencing activity, even with the folic acid modification present. The two 
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siRNAs bearing centrally placed folic acid modifications displayed the highest gene-

silencing potency with IC50 values of 171.0±48.8 and 128.95±9.7 nM for aL-F1 and aL-F2 

respectively. Notably, at the lowest concentration tested, 1 nM, the centrally modified folic 

acid siRNAs still showed ∼20% gene-silencing activity. When the folic acid modification 

was placed at position 5 from sense strand 3′ end (aL-F3), the gene-silencing potency was 

decreased by more than half (IC50: 283.9±62.9 nM) whereas placing the folic acid 

modification at the 3′ greatly reduced siRNA activity (IC50: 1044±23.0 nM). Figure 3.5 

illustrates the dose-response curves for folic acid-conjugated anti-luciferase siRNAs.  
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Figure 3.4. Relative expression of firefly luciferase in HeLa cells 16 h after anti-luciferase siRNA 

transfections at 1, 25, 150, 375, 750, 1500 and 3000 nM without the use of a transfection reagent. 

Firefly luciferase expression was assessed with a dual-luciferase reporter assay and was normalized 

to Renilla luciferase. Error bars indicate SD of at least two independent biological replicates. 
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Figure 3.5. Inhibitory dose-response curve for folic acid-conjugated siRNAs targeting exogenous 

firefly luciferase in HeLa cells following a carrier-free transfection protocol. 

To validate that the folic-acid siRNAs are being internalized via FR, we subjected the same 

type of experiment to HeLa cells that were maintained in DMEM supplemented with folic 

acid. As seen in Figure 3.6, there is a significant decrease in the gene-silencing activity of 

centrally modified folic acid–siRNAs (aL-F1 and aL-F2) when free folic acid is present in 

the media. When the carrier-free siRNA transfection was performed in HT-29 cells, we 

observed no silencing activity for any of the tested siRNAs (Figure 3.7).  
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Figure 3.6. Relative expression of firefly luciferase in HeLa cells 16 h after carrier-free transfection 

of centrally-modified folic acid–siRNAs (aL-F1 and aL-F2). Cells were maintained in either folate-

free RPMI 1640 (–FA) or folate-containing DMEM (+FA). Firefly luciferase expression was 

assessed with a dual-luciferase reporter assay and was normalized to Renilla luciferase. Error bars 

indicate SD of at least two independent biological replicates. 
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Figure 3.7. Relative expression of firefly luciferase in HT-29 cells 16 h after anti-luciferase siRNA 

transfections at 1, 25, 150, 375, 750, 1500 and 3000 nM without the use of a transfection reagent. 

Firefly luciferase expression was assessed with a dual-luciferase reporter assay and was normalized 

to Renilla luciferase. Error bars indicate SD of at least two independent biological replicates. 
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3.4.4 Viability of HeLa and HT-29 cells after siRNA treatment 

The XTT Cell Proliferation Assay was employed to assess HeLa and HT-29 cell viability 

after treatment with increasing siRNA concentrations (1, 25, 75, 150, 375, 750, 1500 and 

3000 nM). At the highest concentration tested (3000 nM), cells treated with propargyl and 

folic acid–siRNAs displayed 80–90% viability, whereas cells treated with wild-type anti-

firefly luciferase siRNA displayed reduced viability in HeLa cells (67%) (Figure 3.8). At 

lower concentrations, cell viability remained high even after siRNA treatment.  
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Figure 3.8. Relative viability of HeLa and HT-29 cells after treatment with anti-luciferase siRNAs 

(1, 25,75, 150, 375, 750, 1500 and 3000 nM). 

3.4.5 Viability of HeLa and HT-29 cells after siRNA treatment 

The gene-silencing activity of internally-modified anti-Bcl-2 siRNAs was first tested in 

HeLa cells after transfection with Lipofectamine 2000TM. Both the propargyl and folic acid-

modified siRNAs (aB-P and aB-F, respectively) displayed ∼70% knockdown after 20 nM 

treatment, comparable to wild-type siRNA (aB-wt), whereas scramble controls displayed 

no activity (Figure 3.9). In a carrier-free environment, the internally-modified folic acid–

siRNA, aB-F, displayed potent gene-silencing activity of endogenous Bcl-2. At the highest 

concentration tested, 1 μM, 70% knockdown was achieved (Figure 3.10). 
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Figure 3.9. Normalized Bcl-2 gene expression in HeLa cells 24 hours after transfection with 

internally modified propargyl-siRNA (aB-P), folic acid-siRNA (aB-F), wild-type siRNA (aB-wt) or 

scramble controls (aB-scr-P and aB-scr-F). siRNAs were tested at 1, 10, and 20 nM concentrations 

and were transfected using Lipofectamine 2000TM. Data was normalized using the 18s gene as a 

reference gene. Error bars indicate SD of two independent biological replicates. 
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Figure 3.10. Normalized Bcl-2 gene expression in HeLa cells 24 h after carrier-free transfection 

with internally modified anti-Bcl-2 and scramble siRNAs at 250, 500, 1000 nM concentrations. Data 

was normalized using the 18S gene as a reference gene. Error bars indicate SD of two independent 

biological replicates. 
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3.5 Discussion 

Direct conjugation of folic acid to siRNAs has shown great success as a selective, self-

delivering system to target cancer cells. Nevertheless, only 40–60% gene silencing has been 

achieved even after 1 μM siRNA treatment [34]. Therefore, given the promise of using folic 

acid as a delivery vehicle for siRNAs, there is room for improving its efficacy. Here we 

have investigated the gene-silencing activity of siRNAs bearing a triazole-linked folic acid 

modification at different positions within the sense strand, as previous work has only 

focused on the 3′ and 5′ ends. We have shown that placing the folic acid modification within 

the central region, spanning the Ago2 cleavage site of the sense strand, increased the gene-

silencing activity of anti-luciferase and anti-Bcl-2 siRNAs. 

We first assessed the biophysical properties of our synthesized siRNAs. Using CD 

spectroscopy, we confirmed that our siRNA duplexes adopted an A-form alpha helix 

conformation (Figure 3.1). RISC recognizes the A-form major groove of the siRNA helix, 

so the ability of modified siRNAs to adopt an A-form helical structure is desirable for proper 

RNAi activity [40]. We then assessed the thermal stability of each siRNA duplex, as the 

thermodynamic properties of siRNA have been shown to play a role in their silencing 

activity [41]. Modifications placed at or close to the 3′ end did not cause significant thermal 

destabilization. This was expected, as this area has been shown to be fairly tolerant to 

chemical modifications [14]. On the other hand, modifications spanning the central region 

of the sense strand caused significant thermal destabilization. Some studies suggest that 

destabilization in this region can lead to increase silencing activity  [39,42] and previous 

work from our group has reported success using internally-modified siRNAs bearing a 

variety of chemically-modified spacer linkages [36,43]. A crucial step for RNAi function is 
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the dissociation of the sense strand, facilitated by Ago2 cleavage at the central region. It has 

been proposed that low thermal stability in this region could improve RNAi activity by 

facilitating passenger strand release [44]. To investigate the gene-silencing potency of 

centrally-modified folic acid–siRNAs, we first targeted the exogenous gene firefly 

luciferase in two cell lines, HeLa and HT-29. HeLa cells are derived from human cervical 

cancer and HT-29 cells are derived from human colon cancer. We assessed the relative 

expression of FRs in HeLa and HT-29 cells using flow cytometry and found that HeLa cells 

displayed a 3-fold increase in FR expression compared to HT-29 (Figure 3.2). Although this 

is not a quantitative measure, a 3-fold increase in receptor expression can be biologically 

significant. Multiple examples are provided in Leamon′s study [26], which quantitatively 

measured the expression of FR in various human cancer and normal tissues. High FR-

positive tissues and cells, such as HeLa, express at least 6 pmol FR/mg protein whereas 

tissues or cells expressing no more than 2.5 pmol FR/mg protein are considered to have low 

FR expression, suggesting that a small difference in expression can lead to significantly 

different biological activity. Several literature reports indicate that HeLa cells express high 

levels of FR [45] whereas HT-29 cells express low levels of FR [46]. Based on this, HeLa 

was chosen as the FR-positive cell line and HT-29 as the FR-negative cell line. 

In HeLa cells, we show that internally-modified propargyl and folic acid–siRNAs displayed 

more potent gene-silencing activity than their 3′-modified counterparts after transfection 

with Lipofectamine 2000™ (Figure 3.3 - A). Even in the absence of a transfection reagent, 

internally-modified folic acid–siRNAs aL-F1 and aL-F2 still displayed enhanced gene-

silencing potency and much lower IC50 values than aL-F3 (modified at position 5 from sense 

strand 3′ end) and aL-F4 (modified at the 3′ end). We only observed 40–65% knockdown 

after 0.75 μM treatment of aL-F3 and aL-F4. However, treatment with the centrally 
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modified folic acid siRNAs aL-F1 and aL-F2 at the same 0.75 μM concentration led to 80% 

knockdown (Figure 3.4), a significant improvement from literature reports. Although Low′s 

study reported selective in vivo delivery of 5′-modified folic acid–siRNAs to tumours in 

mice bearing KB tumour xenografts, these siRNAs were trapped in intracellular endosomes 

after internalization and did not display efficient gene-silencing activity [35]. Carell′s study, 

on the other hand, achieved moderate gene-silencing activity with a 3′-modified folic-acid 

siRNA [34]. This study targeted exogenous luciferase mRNA in HeLa cells and reported 

∼50% gene-silencing activity after 1 μM siRNA treatment. One potential reason for this 

saturation could be due to off-target effects, namely, the strand selection process. If the 3′ 

folic acid-modified passenger strand is selected as the guide strand for the RISC complex, 

it is possible that reduced overall gene silencing may occur. The central region of the 

antisense strand has been shown to be less tolerant to chemical modifications [47]. 

Therefore, by using the central region in the passenger strand for a folic acid modification, 

it is possible that enhanced efficacy could be attributed to loss of passenger strand uptake 

by the RISC complex. 

To validate that the folic-acid siRNAs are being internalized via FRs, we performed a folic 

acid competition study. Following the same carrier-free protocol described earlier, we 

transfected the two centrally-modified folic acid–siRNAs (aL-F1 and aL-F2) into HeLa 

cells that were maintained in DMEM supplemented with folic acid (9 μM). FRs are found 

on the cell surface and are able to internalize folic acid and folic acid-conjugates via 

receptor-mediated endocytosis. When excess folic acid was present in the media, there was 

a significant decrease in siRNA gene-silencing activity compared to previously described 

studies in folate-free media (Figure 3.6). After confirming the self-delivering properties of 

our anti-luciferase folic acid–siRNAs in HeLa cells, we investigated their selectivity for FR-
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expressing cell lines by testing them in FR-negative HT-29 cells. We first performed the 

transfection using Lipofectamine® LTX to ensure that the siRNAs were biologically active 

once inside the cell. We observed a similar pattern of gene-silencing activity as we did in 

HeLa cells, with internally modified siRNAs displaying much higher potency than 3′-

modified siRNAs (Figure 3.3 - B). In the absence of a transfection carrier, however, none 

of the tested siRNAs displayed activity, confirming their selectivity for FR-expressing cells 

(Figure 3.7). In both cell lines, siRNA treatment caused low to no cytotoxic effects (Figure 

3.8), even at the highest concentrations tested (3000 nM). Given the selectivity and potent 

gene-silencing activity of our internally-modified folic acid–siRNAs against the exogenous 

target firefly luciferase, we designed siRNAs targeting the endogenous gene Bcl-2. This 

oncogene is overexpressed in 50–70% of all human cancers and is a desirable target for 

siRNA therapeutics [48-50]. The triazole-linked folic acid modification was incorporated at 

position 10 from the sense strand 5′ end of our anti-Bcl-2 siRNA (aB-F) and gene-silencing 

activity was assessed using real-time polymerase chain reaction (RT-PCR) in HeLa cells, 

which endogenously express bcl-2. This internally-modified folic acid–siRNA displayed 

potent gene-silencing activity even in the absence of a transfection reagent (Figure 3.10). 

Notably, we observed ∼72% knockdown of endogenous Bcl-2 after 1 μM siRNA treatment. 

In summary, we report a straightforward and efficient post-column CuAAC synthetic 

strategy to prepare self-delivering folic acid–siRNAs that selectively target FR-expressing 

cells. Furthermore, we have developed an approach to enhance the gene-silencing potency 

of folic acid–siRNA constructs by modifying the central region of the siRNA sense strand 

and achieved improvement in siRNA activity compared to literature reports. Overall, our 

data show that siRNAs with internal folic acid modifications are able to effectively 

downregulate the expression of both exogenous and endogenous gene targets with minimal 
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toxicity. Given that folate receptors are vastly overexpressed in a variety of cancers, our 

synthetic approach could be employed to achieve selective delivery of siRNAs to cancer 

cells without the use of transfection reagents or sophisticated carriers while maintaining 

potent RNAi activity. Next steps could involve examining our folic acid–siRNA conjugates 

in higher-level organisms that have folic receptor alpha positive tumors. Therefore, our 

work can open new avenues for the design and development of novel RNAi-based cancer 

therapeutics. 

3.6 Supplementary Data 

Refer to Appendix B for the original manuscript and corresponding supplementary data. 
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Connecting Statement II 

In Chapter 3, we report the synthesis of self-delivering folate-conjugated siRNAs using a 

straightforward post-column Cu(I)-catalyzed azide/alkyne cycloaddition approach. These 

siRNAs selectively targeted folate receptor-expressing cancer cells. By incorporating the 

folate modification within the central region of the sense strand, we were able to enhance 

the gene-silencing activity of these siRNAs compared to 3′-modified siRNAs. Although 

folate conjugation is a promising approach for the development of safe delivery systems for 

cancer therapeutics, its use in RNAi research has been limited by sophisticated, and often 

expensive, chemistry. Folate phosphoramidites are not commercially available and there is 

a lack of reliable protocols for their synthesis. In Chapter 4, we report a simple and cost-

effective strategy to synthesize a novel folate phosphoramidite for incorporation into 

oligonucleotides via solid-phase synthesis.  
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Chapter 4. Synthesis of Novel Folate Phosphoramidites 

4.1 Introduction 

With the success of the receptor-targeting ligand GalNAc and the need for selective extra-

hepatic RNAi delivery systems, folate has gained a lot of attention as a targeting ligand due 

to its relevance in oncology. The FRα is expressed at very low levels in non-malignant 

tissues but is highly expressed on numerous cancers, including 90% of ovarian carcinomas 

as well as breast, endometrial, lung, brain, and kidney cancers [1,2]. Folate conjugates are 

recognized and internalized by FRα, making folate a promising ligand for tumor targeting 

clinical applications. Recently, there has been some success with select folate-conjugated 

siRNAs. However, the field has been limited by the sophisticated, and often expensive, 

synthetic approaches as well as by the lack of reliable protocols to prepare folate 

phosphoramidites. 

Notably, folate phosphoramidites are not commercially available although Berry & 

Associates offered a 5′-folate-TEG cyanoethyl phosphoramidite (BA 0349), at a cost of 

$843 USD for 100 µmol, about a decade ago (Figure 4.1). This product has since been 

discontinued and there are no reports using this molecule. Because of this, most of the 

current synthetic approaches, including the one we employed for our triazole-linked folate 

siRNAs (Chapter 3), require the use of Cu(I) in the final synthetic step. Although effective, 

this approach poses challenges with scalability and potential cytotoxicity. Based on this, we 

identified a need to streamline the synthesis of folate-siRNAs. In this work, we report a 

simple and cost-effective strategy to prepare a novel folate phosphoramidite that is 

compatible with standard solid-phase oligonucleotide synthesis protocols. We show that 
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these folate siRNAs are taken up by folate receptor-expressing cancer cells, in the absence 

of a transfection, and can mediate potent gene-silencing activity. 

 

Figure 4.1. Structure of 5′-folate-TEG cyanoethyl phosphoramidite (BA 0349) previously offered 

by Berry & Associates. 

4.2 Materials and Methods 

4.2.1 General Methods 

All starting reagents and solvents were obtained from commercial sources and used without 

additional purification, unless otherwise stated. Compounds A and B were synthesized as 

previously described [3]. Standard flash chromatography was performed using Silicycle 

Siliaflash 60 (230-400 mesh). 1H, 13C and 31P NMRs were recorded in DMSO-d6, CDCl3 

or CD3OD using a Bruker Avance III NMR spectrometer. The corresponding spectra can 

be found in Appendix C. 

4.2.2 Synthesis of folate phosphoramidite 

4.2.2.1 Synthesis of Compound C 

Compound A (0.7 g, 1.57 mmol) was first dissolved in anhydrous ACN and triethylamine 

(0.5 eq, 0.785 mmol, 0.11 mL) under an Argon atmosphere. Compound B (1.5 eq., 2.36 

mmol, 0.2 g) was then added and the mixture was stirred for 5 minutes at room temperature. 

CuI (0.3 eq., 0.471 mmol, 0.090 g) and sodium ascorbate (0.5 eq., 0.785 mmol, 0.16 g) were 
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subsequently added, and the reaction was stirred vigorously for 3 hours at room temperature. 

After the reaction reached completion, the mixture was dried under vacuum. The resulting 

residue was purified using silica gel column chromatography (5 to 40% MeOH/CH2Cl2 with 

2% triethylamine) to afford compound C as a crystalline foam (0.63 g, 76%). 1H NMR (400 

MHz, CD3OD)  ppm 2.66 (t, 2 H) 2.78 (t, 2 H) 3.11 (s, 2 H), 3.23 (t, 2 H), 3.61 (t, 2 H), 

3.78 (s, 6 H), 3.84 (s, 2 H), 4.44 (t, 2 H), 6.79 - 6.89 (m, 4 H), 7.16 – 7.44 (m, 9 H), 7.85 (s, 

1 H). 13C NMR (101 MHz, CD3OD)  ppm 158.64, 145.24, 136.17, 129.86, 127.92, 127.39, 

126.38, 124.02, 112.69, 86.24, 61.83, 59.33, 56.00, 54.37, 53.71, 49.31.  ESI HRMS (ES+) 

m/z calculated for C30H37N5O4: 531.2846, found: 531.2100 [M+H]+ 

 

Scheme 4.1 Synthesis of triazole-linker C. Reagents and conditions: (i) CuI, sodium ascorbate, 

Et3N/ACN, rt, 3 h, 76%.  

4.2.2.2 Synthesis of Compound 1 

Folic acid (2 g, 4.5 mmol) was suspended in anhydrous THF (20 mL) and stirred at 0 °C in 

the dark, under an argon atmosphere. Trifluoroacetic anhydride (8 eq., 36 mmol, 5 mL) was 

added over a 30 min period, and the reaction mixture was then allowed to equilibrate to 

room temperature. As the reaction proceeded, the mixture turned into a dark brown 

homogenous phase. After 12 hours, the solvent was evaporated under vacuum and the 

product was precipitated in ether (~100 mL). The dark brown crystals were collected by 

filtration and washed with ether (30 mL x 3). 1H NMR (400 MHz, DMSO-d6)  ppm 1.99 

- 2.07 (m, 1 H), 2.41-2.60 (overlap, 3H), 4.73 (dd, 1 H), 5.76 (s, 2 H), 7.64 (s, 4 H), 8.68 (s, 
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1 H). 19F NMR (377 MHz, DMSO-d6)  ppm -74.30, -66.09. ESI HRMS (ES+) m/z 

calculated for C23H15F6N7O7: 615.0937, found: 615.0987 [M+H]+ 

4.2.2.3 Synthesis of Compound 2 

Compound C (0.5 g, 0.94 mmol) was dissolved in anhydrous DMF (20 mL) under argon. 

Compound 1 (0.87 g, 1.41 mmol) was added and the reaction was allowed to stir in the dark 

under an argon atmosphere for 36 hours. DMF was removed using a miVac Quattro 

concentrator. The resulting residue was purified using silica gel chromatography, eluting 

from 5 to 60% MeOH/CH2Cl2 with 5% triethylamine to yield compound 2 as brown crystals 

(0.70 g, 74%). 19F NMR (377 MHz, DMSO-d6)  ppm -73.46, -66.09. ESI HRMS (ES+) 

m/z calculated for C48H45F6N11O8: 1017.3357, found: 1016.4338 [M+H]+ 

4.2.2.4 Synthesis of Compound 3 

To a flame-dried round-bottomed flask was added a solution of compound 2 (0.2 g, 0.196 

mmol) in anhydrous 1:1 DCM and THF (10 mL) and triethylamine (0.16 mL, 1.18 mmol), 

under an argon atmosphere. This was followed by the dropwise addition of 2-cyanoethyl-

N,N-diisopropylchlorophosphoramidite (0.13 mL, 0.59 mmol). The reaction was stirred at 

room temperature, and in the dark, for 3 hours. After removing the solvent in vacuo, the 

crude product was taken up in dichloromethane, washed with water and dried with 

anhydrous sodium sulphate. The organic layer was then concentrated in vacuo. The 

extracted product was dissolved in 1 mL dichloromethane and crashed out by adding 50 mL 

of n-hexanes. The resulting crystals were collected by filtration and dried in vacuo to yield 

compound 3, which was immediately used for solid-phase oligonucleotide synthesis (0.19 

g, 79%). 19F NMR (377 MHz, CDCl3)  ppm -75.48, -67.01. 31P NMR (162 MHz, CDCl3) 
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𝛿 ppm 149.43, 149.37. ESI HRMS (ES+) m/z calculated for C48H45F6N11O8: 1217.4435, 

found: 1134.1402 [M+H]+ (hydrolyzed product). 

 

Scheme 4.2 Synthesis of folate phosphoramidite 3. Reagents and conditions: (i) TFAA, THF, 0 °C, 

30 min, 0 °C → rt, 12 h (91%), (ii) C, DMF, rt, 36 h (74%), (iii) 2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite, THF/DCM (1:1), Et3N, rt, 3 h.  

4.2.3 Oligonucleotide synthesis 

Oligonucleotides were prepared following standard solid-phase oligonucleotide synthetic 

procedures, using a 1.0 μM controlled-pore glass (CPG) support on an Applied Biosystems 

394 DNA/RNA synthesizer. Immediately before use, phosphoramidites were resuspended 

to a final concentration of 0.1 M. Commercial phosphoramidites were resuspended in 

anhydrous acetonitrile whereas phosphoramidite 3 was resuspended in a 1:1 mixture of 

anhydrous THF and DCM. To cleave the oligonucleotides from the solid support, each CPG 

column was flushed with 1 mL EMAM solution (1:1 methylamine 33 wt% in 

ethanol/methylamine 40 wt% in water) for 1 hour at room temperature and then incubated 

overnight in EMAM to deprotect the bases. Oligonucleotides were concentrated in a miVac 

Quattro Concentrator before being resuspended in DMSO (100 μL). To remove the 

remaining protecting groups, each oligonucleotide was treated with 3HF-Et3N (125 μL) and 
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incubated for 3 hours at 65°C. After drying the DMSO in a miVac Quattro Concentrator, 

oligonucleotides were precipitated in ethanol and desalted using Millipore Amicon Ultra 

3000 MW cellulose centrifugal filters. Strands were purified using reverse-phase HPLC 

eluting from 5% to 95% ACN in 0.1 M TEAA buffer (pH 7.0). 

4.2.4 Biophysical characterization 

CD and thermal denaturation studies were performed on a Jasco J-815 Circular Dichroism 

(CD) Spectropolarimeter equipped with a temperature controller. Duplexes were formed by 

combining equimolar amounts of complementary sense and antisense strands in 300 μL pH 

7 sodium phosphate buffer (90.0 mM NaCl, 10.0 mM Na2HPO4, 1.00 mM EDTA), heating 

them to at 90 °C for 2 min and allowing them to equilibrate to room temperature. Circular 

dichroism spectra were recorded at 25°C, scanning from 200 to 350 nm with a screening 

rate of 100 nm/min and a 0.20 nm data pitch. The melting temperature (Tm) of each duplex 

was determined by measuring the change in absorbance at 260 nm against a temperature 

gradient from 15 to 90 °C at a rate of 1 °C per minute. Data were analysed using Meltwin 

v3.5 software.  

4.2.5 Cell culture and transfections 

HeLa and HT-29 cells were maintained in Dulbecco′s modified Eagle′s medium (DMEM) 

and Roswell Park Memorial Institute (RPMI) 1640 Medium, respectively, at 37 °C in a 

humidified atmosphere with 5% CO2. Media were supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin–streptomycin (Sigma). HeLa and HT-29 cells were 

transfected as previously described for both the standard and carrier-free assays [3]. 
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4.2.6 Dual-luciferase® reporter assay 

Cells were lysed with 1X passive lysis buffer for 30 min at room temperature. Cell lysates 

were transferred to microcentrifuge tubes and were immediately used to assess the gene-

silencing activity of siRNAs using the Dual-Luciferase® Reporter Assay (Promega) 

following the manufacturer′s protocol. Cell lysates (10 μL) were transferred to Costar 96-

well plates in triplicate. Luminescence measurements were taken on a Synergy HT (Bio-

Tek) plate luminometer. Results are expressed as the ratio of firefly/Renilla luminescence 

taken as a percentage of an untreated control.  

4.2.7 MTT cell viability assay 

HeLa cells were seeded into 96-well plates at a density of 5.0×103 cells per well. Prior to 

transfection, cells were incubated for 24 hours at 37 °C in a humidified atmosphere with 5% 

CO2. Cells were transfected following the same carrier-free protocol used for the dual-

luciferase® reporter assay. After a 16-hour incubation period, cell viability was assessed 

using the CyQUANT™ MTT Cell Viability Assay Kit (ThermoFisher) following the 

manufacturer’s quick protocol. Absorbance readings were taken using a Synergy HT (Bio-

Tek) plate luminometer.  

4.3 Results 

4.3.1 Preparation and characterization of folate oligonucleotides 

Folate phosphoramidite 3 was prepared and purified as described above. The few previous 

reports of folate phosphoramidites, such as the one commercialized by Berry and 

Associates, do not employ silica gel chromatography as a purification method [4]. These 

phosphoramidite derivatives have poor solubility profiles and can be very labile, so an 
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alternative approach involves precipitating them out of solution, using an appropriate 

solvent, and then immediately using them for solid-phase oligonucleotide synthesis. Once 

the oligonucleotides were cleaved from the solid support and deprotected, they were 

purified using reverse-phase HPLC and characterized by mass spectrometry (Table 4.1).  

Table 3.1. Oligonucleotide sequences and mass spectrometry data 

Code Sequence Mass (predicted) Mass (found) 

Fol1 5’ CUU ACG CUG AGU ACU UCG AF 3’ 6580.9985 6580.4427 

Fol2 5’ CUU ACG CUG AGU ACU FCG ATT 3’ 6886.3612 6886.4511 

Fol3 5’ CUU ACG CUG FGU ACU UCG ATT 3’ 6859.0428 6858.7023 

Fol4 5’ CUU ACG CUF AGU ACU UCG ATT 3’ 6844.0431 
 

6844.3508 

All strands code for firefly luciferase and correspond to the sense strand. F indicates the 

position of the folate modification. 

Synthesized oligonucleotides were annealed to their complementary antisense sequences 

prior to CD and thermal denaturation studies. As see in Figure 4.2, all siRNAs adopted the 

desired A-form helical conformation which is recognized by the RISC [5]. Consistent with 

previous findings, we observed higher thermal destabilization when the folate modification 

was placed within the central region of the sense strand, compared to the 3′ end. The Tm 

values of unmodified (wt) and folate siRNA are summarized in Table 4.2. In siRNA Fol1, 

the folate modification replaces the 3′ dTdT overhang and imparts a small destabilizing 

effect (ΔTm = −6), likely due to the loss of stacking interactions in this region [6]. We 

observed a similar effect when replacing the nucleotide at position 6 from the sense strand 

3′ end (ΔTm = −6). Notably, this novel modification was more destabilizing than the one we 

reported previously [3], particularly when placed at position 9 (Fol4) or 10 (Fol3) from the 

sense strand 5′ end (ΔTm = −25 and −24 °C, respectively). This trend is consistent not only 

with our previous findings, but also with literature reports examining the effect of central 

modifications on the thermal stability of the siRNA duplex [7]. 
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Figure 4.2. Circular dichroism spectra of anti-luciferase folate siRNAs. 

Table 4.2. Sequences and Tm data of anti-luciferase wt and folate-siRNAs. 

Code Sequence Tm 

(°C) 

ΔTm 

(°C) 

IC50 ± SE 

(nM) 

wt 5′ CUU ACG CUG AGU ACU UCG ATT 3′ 
3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

76 - NA 

Fol1 5′ CUU ACG CUG AGU ACU UCG AF 3′ 
3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

70 -6 98.5 ± 48.4 

Fol2 5′ CUU ACG CUG AGU ACU FCG ATT 3′ 
3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

67 -9 23.2 ± 6.4 

Fol3 5′ CUU ACG CUG FGU ACU UCG ATT 3′ 
3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

52 -24 26.2 ± 8.2 

Fol4 5′ CUU ACG CUF AGU ACU UCG ATT 3′ 
3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

51 -25 46.3 ± 28.5 

The top strand corresponds to the sense strand; the bottom strand corresponds to the antisense 

strand. F indicates the location of the folate modification. IC50 values were calculated after 

carrier-free siRNA transfections in HeLa cells.  

4.3.2 Gene-silencing activity in HeLa cells 

We first assessed the biological activity of the folate siRNAs in HeLa cells after transfection 

with Lipofectamine 2000™. As seen in Figure 4.3, all siRNAs displayed excellent dose-

dependent activity. At the highest concentration tested (800 pM), all siRNAs achieved 

potent knockdown of exogenous firefly luciferase mRNA. We then investigated the ability 
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of the folate modification to mediate siRNA uptake into these folate receptor-expressing 

cells. To achieve this, we transfected siRNAs into HeLa cells at concentrations ranging from 

0.5 to 3000 nM, without the use of a transfection reagent. As expected, the unmodified (wt) 

siRNA was unable to cross the cellular membrane and thus did not result in gene silencing. 

On the other hand, all folate siRNAs achieved potent gene-silencing activity in the absence 

of a transfection carrier (Figure 4.4). With our previous folate modification, discussed in 

Chapter 3, we observed enhanced potency when placing it within the central region, as 

opposed to the 3′ end, of the siRNA. The novel folate modification presented herein did not 

impart a position-dependent effect on siRNA potency although it was placed in the same 

regions that we previously investigated. Overall, siRNAs Fol1-Fol4 displayed potent and 

comparable activity, with IC50 values ranging from 23.2 to 98.5 nM. 
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Figure 4.3. Relative expression of firefly luciferase in HeLa cells 24 hours after siRNA transfection 

using Lipofectamine 2000TM. Firefly luciferase expression was normalized to Renilla luciferase. 
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Figure 4.4. Relative expression of firefly luciferase in HeLa cells 16 hours after carrier-free siRNA 

transfection. Firefly luciferase expression was normalized to Renilla luciferase. 

4.3.4 Gene-silencing activity in HT-29 cells 

To assess the selectivity of our folate siRNAs for FR-expressing cells, we repeated the dual-

luciferase® reporter assays in the FR-negative cell line HT-29. We first transfected siRNAs 

into HT-29 cells at concentrations ranging from 8 to 800 pM, using Lipofectamine® LTX. 

As seen in Figure 4.5, when siRNAs are internalized by the transfection carrier, all siRNAs 

show dose-dependent knockdown. The gene-silencing trend displayed by the siRNAs in 

HT-29 cells was comparable to that observed in HeLa cells. Next, we assessed the ability 

of the folate modification to mediate uptake in the absence of a transfection carrier. None 

of the siRNAs displayed gene-silencing activity in HT-29 cells when tested without a 

transfection reagent (Figure 4.6). This was expected since the internalization of these 

molecules is mediated by cell-surface folate receptors.  

 



121 

control wt Fol-1 Fol-2 Fol-3 Fol-4

0

50

100

150

re
la

ti
v
e
 f

ir
e
fl

y
 l
u

c
if

e
ra

s
e
 a

c
ti

v
it

y
 (

%
)

80 pM

8 pM

800 pM

 

Figure 4.5. Relative expression of firefly luciferase in HT-29 cells 24 hours after siRNA transfection 

using Lipofectamine® LTX. Firefly luciferase expression was normalized to Renilla luciferase. 

Error bars indicate SD of at least two independent biological replicates. 
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Figure 4.6. Relative expression of firefly luciferase in HT-29 cells 16 hours after carrier-free siRNA 

transfection. Firefly luciferase expression was normalized to Renilla luciferase. Error bars indicate 

SD of at least two independent biological replicates. 
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4.3.4 HeLa cell viability after siRNA treatment 

We assessed HeLa cell viability after carrier-free treatment with unmodified (wt) and folate 

siRNAs at five concentrations (5, 25, 100, 750 and 3000 nM) using a colorimetric MTT 

assay, as described earlier. As seen in Figure 4.7, treatment with high concentrations of 

wild-type siRNA (750 and 3000 nM) led to ~24% decrease in HeLa cell viability. This is 

consistent with our previous findings [3]. On the other hand, our novel folate-modified 

siRNAs did not impart any cytotoxic effects, resulting in over 90% cell viability across all 

concentrations tested. Our previous folate siRNA formulation led to 80-90% cell viability 

after siRNA treatment, indicating that low cytotoxic effects were present with some of the 

concentrations tested [3]. 
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Figure 4.7. HeLa cell viability after carrier-free transfection with wild-type (wt) and folate-

modified siRNAs. Error bars indicate SD of two independent biological replicates. 
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4.4 Conclusion 

Overall, we report a straightforward and cost-effective approach to prepare a folate 

phosphoramidite that is compatible with solid-phase oligonucleotide synthesis. 

Incorporation of this folate modification at different positions within the siRNA sense strand 

resulted in a new generation of self-delivering folate siRNAs, selective for FR-expressing 

cells. All siRNAs displayed potent gene-silencing activity, regardless of where the 

modification was placed within the sequence. This work is very significant as folate 

phosphoramidites are not commercially available and there are not many reliable protocols 

to synthesize them. This has limited the application of folate-based gene-silencing therapies, 

as most current approaches rely on post-column Cu(I)-catalyzed azide/alkyne cycloaddition 

which can pose challenges when it comes to cytotoxicity and scalability. Our current 

synthetic approach will allow us to streamline the synthesis of folate-conjugated 

oligonucleotides and provide a means to better investigate these molecules for therapeutic 

applications.   
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Connecting Statement III 

The work outlined in Chapter 2-4 focuses on the development of effective delivery 

platforms for siRNAs using two promising bioconjugates. However, poor cellular uptake is 

not the only shortcoming of RNAi molecules. The inherent structure of RNA poses 

additional challenges like off-targets and immune activation, so it is of great interest to 

investigate novel chemical modifications that could improve the pharmacokinetic profiles 

of RNAi molecules. A novel chemical modification approach involves replacing the ribose 

sugar of RNA with a six-carbon moiety. In the following chapter, we discuss the synthesis 

of a novel glucose phosphoramidite derivative which is triazole-linked to uracil at position 

one. This molecule was introduced at various positions within the sense or antisense strand, 

resulting in duplexes containing a single 3′-6′/2′-5′ phosphodiester linkage.  
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5.1 Abstract 

Chemical modifications are critical for the development of safe and effective siRNAs for 

downstream applications. In this study, we report the synthesis of a novel glucose 

phosphoramidite, a triazole-linked to uracil at position one, for incorporation into 

oligonucleotides. Biological testing revealed that the glucose derivative at key positions 

within the sense or antisense strand can lead to potent gene-silencing activity, thus 

highlighting its tolerance in both sense and antisense positions. Furthermore, the A-form 

helical formation was maintained with this modification. Overall, placing the modification 

at the 3′ end and at key internal positions led to effective RNAi gene-silencing activity 

modification. 

5.2 Introduction 

RNA interference (RNAi) is a natural mechanism that mediates sequence-specific gene 

silencing by targeting messenger RNA and supressing translation [1]. This pathway 

involves the assembly of an RNA-induced silencing complex (RISC) which incorporates 

double-stranded RNA sequences called short interfering RNAs (siRNAs) [2]. Each siRNA 

duplex is ~21 nucleotides in length and is made up of a guide (antisense) strand and a 

passenger (sense) strand. After the siRNA duplex is unwound by RISC, the passenger strand 

is removed by the endonuclease Argonaute2 (Ago2), while the guide strand is retained and 

used as a guide sequence to locate and cleave the mRNA target [3]. Synthetic siRNAs are 

compatible with the endogenous RNAi pathway and are able to reduce the expression of 

target proteins, serving not only as experimental tools but also as gene-silencing 

therapeutics. Despite recent advances in the field, such as the U.S. FDA approval of three 

RNAi-based therapies [4,5], the development of safe and effective siRNA therapeutics has 
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been limited by the inherent structure of RNA which poses challenges like low stability, 

poor cellular uptake, and off-target effects [6,7].  

Chemical modifications can be used to optimize the pharmacokinetic properties of siRNAs 

for in vivo applications. Several modifications have been developed to date, including 

backbone, nucleobase, and sugar modifications, which can be incorporated individually or 

in combination [8-10].  Nevertheless, there is still no universal modification that mitigates 

all the aforementioned challenges, so there is great interest in designing and investigating 

novel modifications that could be incorporated in for future siRNA design.  

Modifications of the ribose sugar have been extensively studied to improve stability and 

siRNA potency. The presence of the 2′ hydroxyl group makes RNA more susceptible to 

hydrolysis and is often modified, as it is not required for RNAi activity [11]. Common 2′ 

modifications include 2′-fluoro and 2′-methoxy, which increase siRNA stability [12]. Other 

modifications include bicyclic derivatives like locked nucleic acids (LNA), which lock the 

ribose sugar in the C3′-endo conformation[13], and acyclic derivatives like unlocked 

nucleic acids (UNA), which lack the C2′-C3′-bond of the ribose sugar [14]. 

A more recent approach involves replacing the ribose sugar with six-carbon moieties. 

Altritol nucleic acids have displayed stronger activity than unmodified siRNAs, particularly 

when placed at the 3′ end of the sense or antisense strand [15]. Cyclohexenyl and hexitol 

nucleic acids have also shown increased activity as well as nuclease stability [16,17]. 

Herein, we explore the synthesis of a novel glucose phosphoramidite derivative, which is a 

triazole-linked to a uracil nucleobase at position one. This modification was introduced at 

either terminal or internal positions of the sense or antisense strand, resulting in siRNA 

duplexes containing a single 3′-6′/2′-5′ phosphodiester linkage. 
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5.3 Experimental 

5.3.1 Chemicals and general methods 

β-D-glucopyranosyl azide was obtained from Synthose, Inc. Canada.  Other starting 

reagents and solvents were obtained from other commercial sources such as Sigma Aldrich 

and used without further purification, unless otherwise stated. Standard flash 

chromatography was performed using Silicycle Siliaflash 60 (230-400 mesh). 1H, 13C and 

31P NMRs were recorded in CDCl3 or CD3OD using a Bruker Avance III NMR 

spectrometer.  

5.3.2 Compound 1 

To a solution of β-D-glucopyranosyl azide (0.5 g, 2.44 mmol) in anhydrous pyridine (7 mL) 

at 0 °C was added 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (1.1 eq., 2.68 mmol, 0.86 

mL). The mixture was allowed to equilibrate to room temperature and was stirred under 

argon for 6 hours. The reaction was quenched with methanol and concentrated in vacuo. 

The crude product was taken up in ethyl acetate and washed with water and sodium 

bicarbonate. The organic layer was dried over sodium sulphate, concentrated in vacuo and 

purified using flash chromatography (3:7 ethyl acetate/n-hexanes) to yield compound 1 as 

a white solid (0.677 g, 62%). 1H NMR (400 MHz, CDCl3). 𝛿 4.59 (d, 1H), 4.10 (dd, 1H), 

4.00 (dd, 1H), 3.82 (t, 1H), 3.6 (t, 1H), 3.33-3.28 (m, 2H), 1.11-1.02 (m, 28H). 13C NMR 

(101 MHz, CDCl3). 𝛿 90.8, 78.7, 76.5, 73.4, 68.8, 60.6, 17.4, 17.3, 17.2, 17.1, 13.6, 13.2, 

12.5. 
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5.3.3 Compound 2 

To a solution of compound 1 (0.45 g, 1 mmol) in DMF (5.5 mL) was added p-

Toluenesulfonic acid monohydrate (0.2 eq., 0.2 mmol, 0.038 g). The mixture was stirred at 

room temperature under argon. After 6.5 hours, the reaction mixture was diluted with ethyl 

acetate and washed with water and sodium bicarbonate. The organic layer was dried over 

sodium sulphate, concentrated in vacuo and purified using flash chromatography (3:7 ethyl 

acetate/n-hexanes) to yield compound 2 as a white solid (0.248 g, 55%).1H NMR (400 MHz, 

CDCl3). 𝛿 4.62 (d, 1H), 3.95 (dd, 1H), 3.78 (dd, 1H), 3.73-3.66 (m, 2H), 3.48-3.44 (m, 1H), 

3.39 (t, 1H), 2.62 (d, 1H), 1.12-1.02 (m, 28H). 13C NMR (101 MHz, CDCl3). 𝛿 89.6, 79.8, 

78.4, 73.8, 72.1, 61.9, 17.2, 12.9, 12.8, 12.1. 

5.3.4 Compound 3 

To a solution of compound 2 (0.6 gg, 1.34 mmol) in anhydrous pyridine (3 mL) was added 

anhydrous trimethylamine (0.56 mL, 4 mmol) under argon. While stirring the reaction at 0 

°C, 4,4′-dimethoxytrityl chloride (1.5 eq., 2 mmol, 0.681 g) was added in 5 equal portions 

over a 5-hour period. The reaction mixture was allowed to equilibrate to room temperature 

and was stirred for an additional 7 hours. The solvent was removed in vacuo and the crude 

product was taken up in dichloromethane and washed with sodium bicarbonate. The organic 

layer was dried over sodium sulphate, concentrated in vacuo and purified using flash 

chromatography (3:7 ethyl acetate/n-hexane) to yield compound 3 as a yellow oil (0.75 g, 

75%). 1H NMR (400 MHz, CDCl3). 𝛿 7.22-7.08 (m, 9H), 6.75-6.73 (m, 4H), 4.5 (d, 1H), 

3.85 (ddd, 1H), 3.7 (s, 6H), 3.7-3.64 (m, 1H), 3.61-3.58 (m, 1H), 3.38-3.34 (m, 1H), 3.31-

3.27 (td, 1H), 2.6 (d, 1H), 1.03-0.93 (m, 28H). 13C NMR (101 MHz, CDCl3). 𝛿 158.6, 147.3, 
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139.5, 129.1, 127.8, 127.1, 113.6, 113.2, 112.6, 89.6, 79.8, 73.9, 72.1, 61.9, 60.4, 17.2, 12.8, 

12.1 

5.3.5 Compound 4 

To a mixture of compound 3 (0.25 g, 0.33 mmol) and propargyl uracil (0.055 g, 0.37 mmol) 

in anhydrous acetonitrile (5 mL) was added Copper(I) iodide (0.007 g, 0.036 mmol) under 

argon. The solution was stirred at room temperature for 6 hours. The solvent was removed 

in vacuo and the crude product was purified using flash chromatography (gradient: 0% to 

5% methanol/dichloromethane) to yield compound 4 as an off-yellow foam (0.23 g, 77%). 

1H NMR (400 MHz, CD3OD). 𝛿 9.10 (s, 1H), 7.52 (d, 1H), 7.46 (d, 1H), 7.36-7.31 (m, 5H), 

7.25-7.19 (m, 4H), 7.10 (d, 1H), 6.87-6.84 (m, 4H), 5.73-5.64 (m, 1H), 5.0 (s, 1H), 4.10 (t, 

1H), 3.97-3.87 (m, 2H), 3.72-3.63 (m, 2H), 3.57 (d, 1H), 2.8 (brs, 1H), 1.33-1.03 (m, 28H). 

13C NMR (101 MHz, CDCl3). 𝛿 158.6, 158.4, 147.3, 144.9, 139.5, 130.1, 129.1, 127.9, 

127.8, 127.1, 113.6, 113.2, 102.8, 87.26, 86.44, 81.4, 79.9, 72.9, 71.9, 61.6, 51.9, 29.7, 17.3, 

12.8, 12.1. ESI-HRMS (ES+) m/z calculated for C46H61N5O10Si2: 900.19, found 900.40 

[M+H+]. 

5.3.6 Compound 5 

To a flame-dried round-bottomed flask was added a solution of compound 4 (0.25 g, 0.29 

mmol) in anhydrous dichloromethane (4 mL), followed by the addition of anhydrous 

triethylamine (0.14 mL, 1.4 mmol) under an argon atmosphere.  2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite (0.19 mL, 0.833 mmol) was then added drop-wise and 

the reaction was stirred at room temperature for 1.5 hours. Due to stability concerns, the 

crude product was purified using a short flash chromatography column (gradient: 20% to 

70% ethyl acetate/n-hexane, maintaining 5% triethylamine) to yield compound 5 as a yellow 
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oil (0.26 g, 84%), which was immediately used for solid-phase oligonucleotide synthesis. 

31P NMR (162 MHz, CDCl3). 𝛿 ppm 147.83, 147.79.  

5.3.7 Oligonucleotide synthesis 

Oligonucleotides were synthesized on an Applied Biosystems 394 DNA/RNA synthesizer 

using 1.0 μM controlled-pore glass (CPG) support columns and a 1.0 μM cycle with a 999-

second coupling time. Phosphoramidites were resuspended in anhydrous acetonitrile, 

immediately before use, to a final concentration of 0.1 M. Oligonucleotide cleavage from 

the solid support columns was achieved by flushing the CPG columns with 1 mL EMAM 

solution (1:1 methylamine 33 wt% in ethanol/ methylamine 40 wt% in water) for 1 hour at 

room temperature, followed by overnight incubation in EMAM to deprotect the bases. 

Oligonucleotides were concentrated in a miVac Quattro Concentrator and later resuspended 

in DMSO (100 μL). The silyl protecting groups were removed by incubating the 

oligonucleotides with 3HF-Et3N (125 μL) for 3 hours at 65°C. Crude oligonucleotides were 

precipitated in ethanol and desalted using Millipore Amicon Ultra 3000 MW cellulose 

centrifugal filters. Strands were purified using reverse-phase HPLC eluting from 5% to 95% 

ACN in 0.1 M TEAA buffer (pH 7.0). 

5.3.8 Thermal denaturation and circular dichroism (CD) studies 

For duplex formation, equimolar amounts of the respective sense and antisense strands were 

combined, dried down and resuspended in 400 μL sodium phosphate buffer (90 mM NaCl, 

10 mM Na2HPO4, 1 mM EDTA; pH 7.0). Samples were heated for 2 minutes at 90 °C and 

allowed to slowly equilibrate to room temperature. Thermal denaturation and CD studies 

were performed using a Jasco J-815 CD Spectropolarimeter equipped with a temperature 

controller. To determine the melting temperature (Tm) of each duplex, the change in 
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absorbance at 260 nm was measured against a temperature gradient from 15 to 95°C, at 

0.5°C/min. Data were analysed using Meltwin v3.5 software. CD spectra were recorded at 

25°C, scanning from 200 to 40 nm with a screening rate of 20.0 nm/min and a 0.20 nm data 

pitch. Scans were performed in triplicate and averaged using Jasco′s Spectra Manager v2 

software. 

5.3.9 Biological assays 

5.3.9.1 Cell culture and transfection 

HeLa cells were maintained in Dulbecco′s Modified Eagle′s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Sigma). 

Cells were maintained at 37 °C in a humidified atmosphere with 5% CO2 and were passaged 

at 80% confluency. HeLa cells were seeded into 24-well plates, containing 400 μL DMEM 

(10% FBS), at a density of 5.0x104 cells per well. Cells were incubated for 24 hours at 37 

°C in a humidified atmosphere with 5% CO2 after which the culture medium was removed. 

For each transfection sample, a mixture of 1 μL Lipofectamine 2000TM (Invitrogen) and 49 

μL 1X Gibco′s Opti-MEM Reduced Serum Medium (Invitrogen) was incubated at room 

temperature for 5 min. Each siRNA was diluted in 1X Gibco′s Opti-MEM Reduced Serum 

Medium on ice and mixed with 200 ng pGL3 and 50 ng pRLSV40 plasmids to achieve a 

final volume of 50 μL. The siRNA-plasmid mix was added to the Lipofectamine 2000TM-

Opti-MEM mix and incubated for 40 minutes at room temperature. These samples were 

then transferred to the respective wells of the 24-well plate and incubated for 24 hours at 37 

°C prior to cell lysis. 
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5.3.9.2 Dual-Luciferase® Reporter Assay 

Cells were lysed with 1X passive lysis buffer for 30 min at room temperature. Cell 

lysates (10 μL) were transferred to opaque Costar 96-well plates in triplicate for the 

Dual-Luciferase® Reporter Assay (Promega). Luciferase Assay Reagent II (LAR II) 

and Stop & Glo® Reagent were prepared following the manufacturer′s protocol. LAR 

II (50 μL) was added to each well and luminescence was immediately measured using 

a Synergy HT (Bio-Tek) plate luminometer. Stop & Glo® (50 μL) was then added to 

each well and a second luminescence measurement was taken. Results are expressed 

as the ratio of firefly/Renilla luminescence taken as a percentage of an untreated 

control.  

5.4 Results and Discussion 

5.4.1 Preparation of oligonucleotides 

 

Scheme 5.1. Synthesis of glucose nucleosides with a triazole-linked uracil, and its phosphoramidite 

derivative. Reagents and conditions: (i) TIPDSCl2, pyridine, 0 °C → rt, 6 h (62%); (ii) p-

TsOH·H2O, DMF, RT, 6.5 h (55%); (iii) DMT-Cl, Et3N/pyridine, 0 °C, 5 h, 0 °C → rt, 7 h (75%); 

(iv) N1-propargyl uracil, CuI, ACN, rt, 6 h (77%); (v) 2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite, Et3N/DCM, rt, 1.5 h (84%). 
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To synthesize the glucose phosphoramidite 5, we first treated β-D-glucopyranosyl azide 

with TIPDSCl2. This was followed by the acid-catalyzed migration of the 4,6-TIPDS 

protecting group to yield the 3,4-protected derivative 2, as previously reported in the 

literature [18]. This compound was protected with a 4,4′-dimethoxytrityl (DMT) group and 

then reacted with N1-propargyl uracil via copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC). The resulting compound 4 was phosphitylated with 2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite to yield the phosphoramidite derivative 5 (Scheme 5.1), 

which was used for solid-phase oligonucleotide synthesis as described above. The 

modification was incorporated at key positions within the sense or antisense strand, 

replacing either the 3′ dTdT overhang or an internal uridine nucleotide. Oligonucleotides 

strands were purified using reverse-phase HPLC (Figure 5.1) and characterized by mass 

spectrometry (Table 5.1). 

 

Table 5.1. Sequences and mass spectrometry data of modified oligonucleotide strands 

Code Sequence Mass 

(predicted) 

Mass 

(found) 

S1 5′ CUU ACG CUG AGU ACU UCG AX 3′ (S) 6796.88 6796.52 

S2 5′ CUU ACG CUG AGU ACU XCG ATT 3′ (S) 6794.90 6795.56 

S3 5′ CUU ACG CUG AGX ACU UCG ATT 3′ (S) 6794.90 6794.62 

AS1 3′ XG AAU GCG ACU CAU GAA GCU 5′ (AS) 6882.94 6882.87 

AS2 3′ TTG AAX GCG ACU CAU GAA GCU 5′ (AS) 6880.96 6880.80 

AS3 3′ TTG AAU GCG ACX CAU GAA GCU 5′ (AS) 6880.96 6880.61 

(S) corresponds to the sense strand; (AS) corresponds to the antisense strand.  X corresponds to 

the position of the glucose nucleoside with a triazole-linked uracil. 
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Figure 5.1. Analytical HPLC traces of modified oligonucleotides incorporating a novel glucose 

modification. Corresponding sequences can be found in Table 5.1. HPLC was performed on a 

Waters 1525 binary HPLC pump with a Waters 2489 UV/Vis detector, using a C18 4.6 x 150 mm 

reverse-phase column, eluting from 5 to 95% ACN in 0.1 M TEAA buffer (pH 7.0). 

5.4.2 CD studies 

Modified sense and antisense strands were annealed to their complementary wild-type 

sequences. The resulting duplexes were characterized using circular dichroism spectroscopy 

as described above to confirm that siRNAs adopted an A-form helical conformation. 

Recognition of the A-form major groove by RISC is required for proper RNAi activity, so 

this is an important criterion in siRNA design [19]. An A-form helical structure is 

characterized by a broad positive band at 260 nm in addition to a negative band at ~210 nm 

[20]. As seen in Figure 5.2, our modification did not distort the A-form helical structure of 

the siRNA duplex, regardless of its placement in the sequence. 

S1 S2 

S3 AS1 

AS3 AS2 

12.6 min 13.0 min 

13.2 min 13.2 min 

13.3 min 14.6 min 
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Figure 5.2. Circular dichroism spectra of anti-luciferase siRNAs incorporating a novel glucose 

modification. 

5.4.3 Thermal denaturation 

Since the thermodynamic properties of siRNAs have been shown to impact siRNA potency, 

we assessed the thermal stability of each duplex. The resulting melting temperatures (Tm) 

are indicated in Table 5.2. Placing our modification at the 3′ end of the sense or antisense 

strand, replacing the dTdT overhang, had a small impact on thermal stability with ΔTm 

values of -5°C. This could be due to the loss of stacking interactions which have been 

reported with 3′ dTdT overhangs [21]. Internal modifications resulted in strong thermal 

destabilization.  

Placing the modification at positions 12 or 16 from the sense strand 5′ end resulted in ΔTm 

values of -22 °C and -26 °C, respectively. Similar effects were observed when placing the 

modification at positions 10 and 16 from the antisense strand 5′ end, with ΔTm values of -

22.5 °C and -17 °C, respectively. These results were expected as the internal region of 

siRNA is far less tolerant to bulky chemical modifications than the 3′ end [22].   
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 Table 5.2. Sequences, melting temperatures and IC50 values of anti-firefly luciferase siRNAs 
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Figure 5.3. Inhibitory dose-response curves for glucose-modified anti-luciferase siRNAs, tested in 

HeLa at concentrations from 5 to 20,000 pM. 

5.4.4 Gene-silencing activity 

To assess the gene-silencing activity of siRNAs, HeLa cells were co-transfected with 

plasmids coding for firefly and Renilla luciferases as well as siRNAs, using Lipofectamine 

Code Duplex Tm  
(°C) 

ΔTm 

(°C) 

IIC50  

(pM) 

wt         5′ CUU ACG CUG AGU ACU UCG ATT 3′ 

3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

76.1 - 1.90 

S1         5′ CUU ACG CUG AGU ACU UCG AX 3′ 

3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

71.1 -5.0 218 

S2         5′ CUU ACG CUG AGU ACU XCG ATT 3′ 

3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

50.1 -26.0 219 

S3         5′ CUU ACG CUG AGX ACU UCG ATT 3′ 

3′ TTG AAU GCG ACU CAU GAA GCU 5′ 

54.1 -22.0 524 

AS1         5′ CUU ACG CUG AGU ACU UCG ATT 3′ 

3′ XG AAU GCG ACU CAU GAA GCU 5′ 

71.1 -5.0 226 

AS2         5′ CUU ACG CUG AGU ACU UCG ATT 3′ 

3′ TTG AAX GCG ACU CAU GAA GCU 5′ 

59.1 -17.0 219 

AS3         5′ CUU ACG CUG AGU ACU UCG ATT 3′ 

3′ TTG AAU GCG ACX CAU GAA GCU 5′ 

53.6 -22.5 483 

The top strand corresponds to the sense strand. The bottom strand corresponds to the antisense 

strand. X corresponds to the triazole-linked uracil modification. IInhibitory dose-response 

curves can be found in Figure 5.3.  
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2000TM (Invitrogen).  We then used the Dual-Luciferase® Reporter Assay to evaluate the 

relative expression of target firefly luciferase after siRNA treatments ranging from 5 to 

20,000 pM. As seen in Figure 5.4, all tested siRNAs showed dose-dependent knockdown 

of firefly luciferase after 24 hours. IC50 values are summarized in Table 5.2.  
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Figure 5.4. Relative expression of normalized firefly luciferase in HeLa cells 24 hours after 

treatment with siRNAs incorporating a novel glucose modification. Error bars indicate standard 

deviation of at least two independent biological replicates. 

Duplexes bearing terminal modifications, placed at the 3′ end of the sense or antisense 

strand, showed high gene-silencing activity with IC50 values of 218 pM and 226 pM, 

respectively. This is consistent with literature reports showing that six-carbon sugar 

derivatives are well-tolerated and can lead to strong gene-silencing activity when placed at 

the 3′ end of the siRNA sense or antisense strand. Although internal modifications were 

tolerated in both the sense and the antisense strand, their effect on siRNA activity was 

position dependent. Placing our modification at position 16 from the sense or antisense 

strand 5′ end led to efficient gene-silencing activity (IC50 of 219 pM), comparable to our 
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terminal-modified siRNAs. On the other hand, placing our modification at position 10 from 

the antisense strand 5′ end led to a decrease in gene-silencing activity (IC50 of 483 pM). It 

has been reported that the seed region, which directs the initial target recognition by RISC, 

is more sensitive to chemical modifications, particularly if they disrupt the thermal stability 

of the duplex [22]. The lowest activity, however, was observed with siRNA S3, bearing the 

modification at position 12 from the sense strand 5′ end (IC50 of 524 pM). Some reports 

suggest that this position can be less tolerant to chemical modifications, including altritol 

nucleic acids [23]. Given the proximity to the Ago2 cleavage site, it has been proposed that 

some chemical modifications at this position can interfere with the enzymatic activity of 

Ago2 thus compromising siRNA potency [24]. Based on these data, this modification may 

be better suited for incorporation at the 3′ end of the sense or antisense strand as well as at 

some internal in order to maximize gene-silencing activity. 

5.5 Conclusions 

In summary, we report the synthesis of a novel glucose phosphoramidite with a triazole-

linked uracil moiety at position 1 for incorporation into oligonucleotides using standard 

solid-phase synthetic conditions. This modification was placed at terminal and internal 

positions of the siRNA sense or antisense strand to investigate its biophysical and biological 

effects. Overall, this modification was well-tolerated within the sense and the antisense 

strand and did not distort the A-form helical conformation of the siRNAs, making it suitable 

for RNAi applications. Notably, our modified siRNAs show position-dependent gene-

silencing activity. Replacing the dT overhang at the 3′ end or modifying position 16 from 

the 5′ end of either stand resulted in high siRNA activity. This position-dependent effect 

could be further investigated to optimize siRNA potency. Although there are some general 
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guidelines for siRNA design, these criteria are not universally applicable, highlighting the 

importance of assessing the effect of each chemical modification individually. To the best 

of our knowledge, this is the first report of an siRNA bearing a single 3′-6′/2′-5′ 

phosphodiester linkage. 

5.6 Supplementary Data 

Refer to Appendix D for the original manuscript and corresponding supplementary data. 
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 Chapter 6. General Discussion 

RNAi molecules have emerged as a novel class of gene-silencing therapeutics, opening 

doors for the treatment of conditions that otherwise had limited therapeutic options 

available. Despite recent advances in the field, with the US FDA approval of three RNAi-

based drugs, there are still numerous barriers to overcome before we can harness the full 

potential of RNAi therapeutics. The work presented in this thesis explores two different 

bioconjugate systems to address the major hurdle in RNAi research: delivery.  

The first bioconjugate that we investigate is cholesterol, an important structural component 

of cellular membranes and a common carrier for RNAi molecules. Our lab group had 

previously described the synthesis of a novel cholesterol phosphoramidite [25]. The 

cholesterol moiety is covalently bound to a spacer via a triazole linkage and is incorporated 

at different positions within the siRNA sense strand. Herein, we expand on this work by 

assessing the efficacy of these novel triazole-linked cholesterol siRNAs at mediating 

cellular uptake in the absence of a transfection reagent. We also compared its efficacy to 

that of a commercially available cholesterol-TEG siRNA. We found that our triazole-linked 

cholesterol siRNAs not only displayed potent gene-silencing activity but also low 

cytotoxicity. On the other hand, the cholesterol-TEG siRNAs imparted high cytotoxicity 

while displaying low gene silencing. Taken together, our results show that our cholesterol 

modification is compatible with the RNAi pathway and could also be used for future 

downstream applications, including the functionalization of delivery vehicles, because the 

straightforward synthetic design [26]. One limitation to the use of hydrophilic bioconjugates 

and many other delivery systems, however, is that they tend to accumulate in the liver. 

Because of this, it is not surprising that all current US FDA-approved RNAi formulations 
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target the liver. Unfortunately, attempts to deliver siRNAs to extrahepatic targets have not 

been as successful [27]. 

Based on this, we aimed to design an effective delivery system for siRNAs that could 

selectively target cancer cells. A very promising ligand for this purpose is folate, or vitamin 

B9, an essential nutrient required for various metabolic functions. Folate binds cell-surface 

folate receptors with high affinity and is internalized via receptor-mediated endocytosis. 

Out of the four folate receptor isoforms, FRα is the most clinically significant as it is highly 

overexpressed in numerous cancers despite being expressed at low levels in most non-

malignant tissues. Previous studies have successfully incorporated folate modifications at 

either the 3′ or 5′ end of siRNA, demonstrating selective delivery to FRα-expressing cancer 

cells in the absence of a transfection reagent. Nevertheless, only moderate gene-silencing 

activity (40-60%) against exogenous targets was achieved. Herein, we report a method to 

increase the gene-silencing activity of folate siRNAs [28,29]. Employing a post-column 

copper-catalyzed alkyne-azide cycloaddition (CuAAC), we prepared a library of siRNAs 

bearing a novel triazole-linked folate modification. These siRNAs were tested in FRα-

positive HeLa cells and FRα-negative HT-29 cells to assess the specificity of delivery. As 

expected, folate siRNAs were only internalized by HeLa, and not HT-29, cells. Notably, we 

found that modifying the central region of the siRNA sense strand imparted significant 

thermal destabilization, yet these siRNAs were able to achieve potent gene-silencing 

activity against exogenous firefly luciferase and endogenous Bcl-2 targets. Some studies 

suggest that destabilization of the central region can lead to increased gene silencing 

[30,31]. Consistent with literature reports, our 3′-modified folate siRNAs showed only 

moderate activity. Overall, we report a straightforward CuAAC strategy to prepare self-

delivering folate-modified siRNAs. Our data shows that modifying the central region of the 
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sense strand can lead to enhanced gene silencing against both exogenous and endogenous 

targets with minimal toxicity. Given the proven clinical applications for FRα targeting, the 

use of folate as a delivery vector for siRNAs holds great promise and could open new 

avenues for the design of novel RNA-based cancer therapeutics.  

For the most part, the development of folate-based delivery systems has been limited by the 

inherent nature of folate itself, which displays low solubility in organic solvents and can be 

difficult to purify using conventional chromatography approaches. Furthermore, many of 

the synthetic approaches to prepare folate derivates rely on sophisticated, and often 

expensive, chemistry. The biggest limitation, however, is the lack of reliable protocols to 

synthesis folate phosphoramidites for solid-phase oligonucleotide synthesis. Folate 

phosphoramidites are not currently commercially available. About a decade ago, Berry & 

Associates offered a 5′-folate-TEG cyanoethyl phosphoramidite (BA 0349) at a cost of $843 

USD for 100 µmol. However, this product has been discontinued and there are no reports 

using this molecule. Most of the current synthetic approaches, including the one we 

employed for our triazole-linked folate siRNAs, rely on a post-column CuAAC and, 

therefore, require the use of copper in the final synthetic step. If the synthesis of folate-

conjugates can be streamlined by developing an effective folate phosphoramidite for solid-

phase synthesis, these molecules have the potential of contributing to the next generation of 

RNAi-based cancer therapeutics.  

The pteroate moiety of folate is buried inside the binding pocket of the FRα whereas the 

glutamate moiety sticks out of the receptor pocket and is solvent exposed. Therefore, 

conjugation or modification at the glutamate end does not adversely affect FRα binding 

[32]. Nevertheless, direct conjugation of folate at this position leads to a mixture α- and γ-



149 

isomers due to the presence of two carboxylic acid groups [33]. In order to avoid this, and 

to improve the overall solubility of folate, we propose the synthesis of a triazole-linked 

folate derivative phosphoramidite that replaces the glutamate moiety with a short linker. 

This straightforward and cost-effective strategy is compatible with solid-phase 

oligonucleotide synthesis and many of the folate derivatives can be purified using 

conventional silica gel chromatography. These siRNAs are currently being characterized 

and their biological activity will be compared to that of our first-generation folate siRNAs 

described earlier.  

Although the bulk of this work has focused on the development of effective delivery 

platforms for siRNAs, we should note that poor cellular uptake is not the only shortcoming 

of RNAi molecules. Various chemical modifications must be employed, in combination 

with the bioconjugate of choice, to improve the pharmacokinetic profile of siRNAs. The 

choice of chemical modifications, and its efficacy, will depend on factors like the siRNA 

sequence, chosen delivery vector and intended applications. Because of this, it is of crucial 

important to develop and evaluate the efficacy of novel modifications that could be of 

clinical significance. As discussed earlier, a novel chemical modification approach involves 

replacing the ribose sugar of RNA with a six-carbon moiety. Herein, we report the synthesis 

of a novel glucose phosphoramidite derivative which is triazole-linked to uracil at position 

one. We introduced this modification at various positions within the sense or antisense 

strand to assess whether gene-silencing activity was position-dependent Our resulting 

duplexes contained a single 3′-6′/2′-5′ phosphodiester linkage which, to the best of our 

knowledge, has not been reported previously. Our data suggests that this novel modification 

is well-tolerated within the sense and antisense strand and does not distort the A-form helical 

conformation recognized by the RISC. We observed the highest siRNA activity when 
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modifying the 3′-end of either strand or modifying position 16 from the 5′-end of either 

strand. This highlights the importance of assessing the effect of each chemical modification 

individually, as criteria for siRNA design are not universally applicable.  

Together, the research work summarized in this dissertation demonstrates the efficacy of 

several chemical modifications at improving some of the limitations associated with the 

nature of RNAi molecules. Ultimately, these modifications could provide new avenues for 

the functionalization of currently existing delivery vehicles, the development of novel 

extrahepatic delivery strategies, and the improvement of the pharmacokinetic profile of 

therapeutic siRNAs.   
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Chapter 4: NMR data 
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1H NMR of Compound 1 
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19F NMR of Compound 2 
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19F NMR of Compound 3 
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