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ABSTRACT 

RNA Interference (RNAi) is a natural cellular process that silences the expression of a 

target gene in a sequence-specific manner by mediating targeted mRNA degradation. One 

of the main challenges in RNAi research is developing an effective delivery system for 

siRNAs. Recently, fatty acid conjugated siRNAs have shown promising potential as safe 

and effective method to deliver oligonucleotides to extrahepatic cells. A class of fatty 

acids that we are interested in are sphingolipids, they are a class of lipids containing a 

backbone of sphingoid bases and aliphatic amino alcohols. Sphingolipids show potential 

as lipid-conjugated siRNAs as they are important structural and functional components of 

plasma membranes of eukaryotic cells.  

Here, we design a library of siRNAs containing propyl-triazole modified sphingosine at 

various locations of the sense and antisense strand of the reporter gene firefly luciferase 

and evaluate its gene-silencing abilities in both the presence and absence of a transfection 

carrier. 
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Chapter 1: Introduction  

1.1 DNA versus RNA 

Deoxyribonucleic acid (DNA) is the hereditary material in humans and almost all organisms; 

it holds instructions an organism needs to develop, live, and reproduce.1 DNA, along with 

ribonucleic acid (RNA) and proteins, is one of three major macromolecules that are essential for 

life. DNA consists of two long polymers made up of monomeric units called nucleotides. A 

nucleotide is comprised of a 5-carbon sugar, a nucleobase (base), and a phosphate group, shown in 

Figure 1.1 (A). There are four different bases in DNA, purine base: adenine (A) and guanine (G); 

pyrimidine bases: cytosine (C) and thymine (T).2 

 

 

 

 

 

 

 

 

Figure 1.1: (A). Structure of a nucleotide with 3 main components: phosphate, nitrogenous base, 

and deoxyribose sugar. (B). Deoxyribose sugar with indications of numbered 1’ to 5’. (C). Natural 

structure of DNA and RNA. 

The carbons within the deoxyribose ring are numbered 1’ to 5’, shown in Figure 1.1 (B). 

Within each monomer, the phosphate is linked to the 5’-carbon of the deoxyribose and the 

nitrogenous base is linked to the 1’-carbon by a N-glycosidic bond. In the DNA strand, the 

A 

B 

C 
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phosphate residue forms a link between the 3’-hydroxyl (OH) of one deoxyribose and the 5’-

hydroxyl of the next, this linkage is called a phosphodiester bond.  

The order of the nucleobases determines the genetic code, which subsequently specifies the 

sequence of the amino acids within proteins for building and maintaining an organism; similar to 

how the order of letters in the alphabet can appear in a certain order to generate words or sentences. 

In the DNA double helix, the two strands run in opposite directions illustrated in Figure 1.2 (B). 

The ends of the DNA strands are called the 5’ (five prime) and 3’ (three prime) ends. The 5’-end 

has a terminal phosphate group, while the 3’-end has a terminal hydroxyl group.  

 

 

 

 

Figure 1.2. (A): Purines and pyrimidines, with hydrogen bonding indicated by the dashed line. (B). 

The DNA double helix, with sugar phosphate backbone and nitrogenous bases.  

 

In Figure 1.2 (B), one strand is running 5’ to 3’ top to bottom, whereas the other strand is 

running 3’ to 5’ top to bottom. The two sequences interact via hydrogen bonds engaging in 

complementary base pairing. The purines form hydrogen bonds to pyrimidines, with A bonding 

A B 
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only to T, and C bonding only to G, shown in Figure 1.2 (A). The base pairs are stabilized by 

hydrogen bonds; adenine and thymine form two hydrogen bonds, whereas cytosine and guanine 

form three hydrogen bonds.  

Similar to DNA, RNA is another macromolecule that is essential for all known forms of life. 

RNA is known to be involved in several important roles in the cell; messenger RNA (mRNA) 

translating DNA to make proteins, transfer RNA (tRNA) brings amino acids to the ribosome during 

protein synthesis, microRNA (miRNA) provides non-specific transcriptional control, and short 

interfering RNA (siRNA) provides highly specific knockdown of a target mRNA.3 Although there 

are a few similarities between DNA and RNA, they differ from one another in three basic respects 

illustrated in Figure 1.1 (C). First, RNA utilizes uracil as a nitrogenous base, instead of the thymine 

used in RNA. Second, RNA nucleotides possess a hydroxyl group at the 2’position, while DNA is 

deoxygenated at that position to a proton. The addition of a hydroxyl group impacts the structural 

conformation of the sugar by adopting a C3’-endo conformation. This occurs due to the gauche 

effect between the 2’-hydroxyl and the 4’-oxygen on the sugar.4 Lastly, there are nearly 200 

chemical modifications for RNA, whereas DNA’s modifications are limited.5, 6 Shown in Figure 

1.1 (C) is the chemical structure comparison of natural DNA and RNA.  

One of the most important pathways in molecular biology is the ‘Central Dogma’. The central 

dogma is a two-step process in which the genes on the DNA are transcribed into RNA and translated 

into a sequence of amino acids that generate a protein. Shown in Figure 1.3 is an illustration of the 

pathway. 
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Figure 1.3: The flow of genetic information. The arrows represent steps where DNA or RNA is 

being used as a template to direct the synthesis of another polymer, either RNA or protein. Created 

with BioRender. 

The process involves two major steps: transcription and translation. The pathway begins 

with unwinding the DNA double helix, where it can either undergo replication in preparation for 

cell division or generate RNA via transcription.7 In transcription, an enzyme called RNA 

polymerase uses DNA as a template for the synthesis of a complementary RNA. This leads to the 

dissociation of RNA polymerase from the DNA template and the release of the RNA product, 

mRNA. The mRNA is exported from the nucleus and associates with itself with ribosomes before 

it can begin translation.8 In translation, the sequence of the mRNA is decoded to specify the amino 

acid sequence of a polypeptide. Specifically, the nucleotides of the mRNA are read in triplets called 

codons. As a ribosome latches on to an mRNA, it will find the “start codon” then gradually build a 

chain of amino acids based on the sequence, one codon at a time. Ribosomes depend on a group of 

specialized tRNA molecules. tRNAs contain 3 nucleotides that can match with the codon and 

deliver their amino acid cargo. This process repeats many times with the ribosome moving down 

the mRNA one codon at a time until it reaches a “stop codon” and releases the polypeptide.  

Since the 1970’s there has been an excitement and interest with manipulating gene 

expression in living cells through targeting the previously described pathway.9 This led to the 

discovery of oligonucleotides (ONs), short DNA or RNA molecules that have the ability to 

inactivate genes involved in disease processes. Traditional medicine targets post-translational 
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molecules such as proteins, whereas ONs can be designed to target a specific mRNA at the pre-

translational level, affording a new specific means of gene suppression.9 There is a great interest in 

utilizing this therapeutic design as a means to treat diseases that were deemed “untreatable”.10 There 

are a couple of pathways oligonucleotides use such as antisense oligonucleotides (ASO) and RNA 

interference (RNAi). In this thesis, we will be focussing on the RNAi pathway. 

1.2 RNA Interference (RNAi) 

RNAi is a natural cellular process that silences gene expression by promoting the degradation 

of mRNA (Figure 1.4).11 This process plays an important role in gene regulation and as a defense 

mechanism against invading viruses. RNAi was first discovered in 1988 by Fire and Mello in their 

Nobel prize winning study investigating the mechanisms for effective gene inhibition by exogenous 

RNA in Caenorhabditis elegans.12 Their observations found that RNAi is an evolutionarily 

conserved mechanism of gene-specific process in which the degradation of the target mRNA is 

guided by a complementary double-stranded RNA (dsRNA). It appeared later, that the same 

process occurs throughout the eukaryotic kingdom. This led to the discovery of a class of dsRNAs 

that exhibited gene silencing abilities called short interfering RNA (siRNA). Since then, siRNAs 

have rapidly become a widely used tool for molecular biology gene knock-down experiments and 

has dominated the medicine world by targeting disease genes previously considered 

“undruggable”.13 
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Figure 1.4: The RNA interference pathway. Created with BioRender. 

1.2.1 siRNA and RNAi in Mammals 

 

The RNAi pathway begins with the introduction of a dsRNA into the cytoplasm via 

transcription from cellular genes or infecting pathogens. A specialized ribonuclease (RNase) 

enzyme named Dicer cleaves the dsRNAs into smaller dsRNA molecules. This short dsRNA 

molecule is known as short interfering RNA (siRNA). siRNAs are 19-22 nucleotides in length and 

possess a definitive two-base pair overhang on the 3’ end of each strand. The small fragments are 

then bound to an Argonaute2 (Ago2) protein that is specific for dsRNAs that are in the A-form 

helical conformation. The binding of the Ago2 initiates the formation of the RNA induced silencing 

complex (RISC), it’s an assembly of dsRNA binding proteins such as protein kinase RNA activator 
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(PACT) and transactivation response RNA binding protein (TRBP). The RISC senses the relative 

thermodynamic asymmetry between the ends of the siRNA. The binding is enhanced by the 

presence of the 5’-phosphate, while hydroxyl groups inhibit binding.14 As a result of the asymmetric 

binding, the guide strand is preferentially loaded into active RISC, and the passenger strand is 

degraded.15, 16 The guide strand is utilized as a template to target the complementary mRNA.17 Once 

the duplex is formed between the guide strand and the complementary mRNA, the mRNA is 

cleaved at the phosphodiester bond between base pairs 9 and 10 counting from the 5’-end of the 

guide strand. The resulting cleaved mRNA dissociates from the RISC and can no longer be 

translated into the encoded protein.7 This pathway can be initiated in two ways: synthetic siRNAs 

can be transfected into cells using transfecting agents, or native long endogenous dsRNA is 

processed by Dicer into siRNA.18 Dicer and Ago2 are essential enzymes involved in the RNAi 

pathway. Dicer has two distinct RNase motifs: dsRNA binding domain (dsRBD) and an N-terminal 

ATP-dependent RNA helicase domain.19 The dsRBD binds dsRNA together, and is present in RNA 

editing, RNA transport, RNA processing and RNA silencing.20 Meanwhile, the RNA helicase 

domain uses ATP to catalyze the cleavage or remodeling of long dsRNA.21 Additionally, 

Argonaute2 endonuclease is an essential enzyme involved in the RNAi pathway as it cleaves the 

sense strand from the duplex. 22 23 The endonuclease is comprised of four main domains: the N-

terminal domain (N), the P-element-induced wimpy tested (PIWI) domain, the 

PIWI/Argonaute/Zwille (PAZ) domain, and the middle (MID) domain24-27 as is shown in Figure 

1.5.  
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Figure 1.5: Argonaute2 catalytic region with an antisense RNA and target mRNA. Created with 

BioRender. 

Argonaute2 forms a bilobal scaffold composed of MID-PIWI and N-PAZ lobes that are 

connected by linkers. The bilobal structure binds to guide and target molecules along a nucleic 

acid-binding channel. The PIWI domain is a structural homologue of the RNase H catalytic domain 

and contributes to endonuclease splicing activity for the target strand.28 29 The MID domain interacts 

directly with the 5’-end of the guide strand by recognition of the phosphorylated first nucleotide.30, 

31 The PAZ domain contains a hydrophobic pocket of an oligosaccharide-binding-like fold and 

associates with the 3’-end of the guide strand.32-34 The N-terminal is the least well characterized of 

the four domains although there is some insight to its purpose. In previous studies, the N-terminus 

domain prevents the extension of base pairing of the guide and target strands at the 3’-region of the 

guide.35, 36 In addition, biochemical studies of human Argonaute (HsAgo) showed that the N-

terminal domain facilitates the unwinding of the guide/target duplex during RISC assembly.37 There 

are many interacting regions of the domains and enzymes, therefore it is important to keep this in 

mind when chemically modifying siRNAs in order to retain function for purposes such as molecular 

biology tool or a potential therapeutic agent.  
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1.2.2 RNAi Limitations 

Over the last decade, there has been a lot of success with the use of RNAs as therapeutics as 

they have changed the medicinal world with their ability to target disease genes previously 

considered “undruggable”.38 It was not until about 20 years later, in 1989, the first antisense 

oligonucleotide therapeutic, Fomvivirsen (marketed as Vitravene) was FDA approved to treat 

cytomegalovirus. Fifteen years after, in 2013 the second antisense oligonucleotide therapeutic 

Mipomersen (marketed as Kynamro) was FDA approved to treat homozygous familial 

hypercholesterolemia. With more than two decades after the natural gene-silencing mechanism of 

RNAi was elucidated, siRNA-based therapeutics have broken into the pharmaceutical market. 

Currently, there are three therapeutics already approved and many others in advanced stages of 

drug development pipeline. In 2018, Patisiran (marketed as Onpattro) was the first FDA approved 

siRNA drug to treat polyneuropathy in people with hereditary transthyretin-mediated amyloidosis. 

In November 2019, Givosiran (marketed as Givlaari) was the second siRNA therapeutic to be FDA 

approved for the treatment of adults with acute hepatic porphyria. The third siRNA therapeutic to 

be FDA approved was Lumasiran (marketed as Oxlumo) in November 2020 for the treatment of 

primary hyperoxaluria. Although we can see the success of siRNA therapeutics now, it took nearly 

20 years to develop the first siRNA-based drug due to the natural structure of RNA led to enzymatic 

degradation, polyanionic nature of RNA physiological pH and off-target effects. There are three 

main regions on the RNA that have led to the drawbacks of RNA therapeutics: 2’-hydroxyl group 

on the ribose sugar, phosphodiester backbone and nucleotide base.  

Natural RNA is easily degraded within every organism due to the presence of exo- and endo-

nucleases in the blood serum, as the phosphodiester backbone linkages on the RNA are subject to 

being natural substrates.39 The phosphodiester bond is also susceptible to hydrolysis at 

physiological pH since phosphorous is oxophilic; the oxygen in water can attack the electron 

deficient center.40 The 2’-hydroxyl group on the ribose sugar can also perform a nucleophilic attack 

on the closest phosphorous atom to undergo a self-hydrolysis.41  
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The hydroxyl group present on the phosphodiester linkage has a pka value close to zero, 

indicating that under physiological conditions deprotonation will occur, resulting in a polyanionic 

backbone.40 This hinders RNA’s ability to cross the cellular membrane due to the negatively 

charged moieties on the surface of the cellular membrane.42 The charge density of the RNA inhibits 

its ability to associate with serum proteins such as albumin, resulting in strands becoming 

hydrolyzed.43 

Considering the siRNA antisense strand relies on Watson-Crick base pairing to identify target 

mRNA, it is possible that other mRNA sequences that are similar to the target may undergo 

accidental degradation.44 Duplexes with a mismatch are able to form RISC tolerable substrates and 

result in off-target silencing.44 Occasionally when an siRNA associates with RISC, there is an error 

in strand selection and the active RISC is formed with the guide strand resulting in solely off-target 

effects.45 

One of the main challenges siRNA drug development faces is site-specific delivery.3, 46 As 

previously mentioned, the large anionic siRNA molecules must overcome a variety of physiological 

barriers to reach the cytoplasm in target cells. siRNA drugs have shown their success by increasing 

their stability and specificity with delivery systems such as formulation-mediated delivery and 

numerous chemical modifications, which will be the main focus of this dissertation herein. 

1.2.3 Chemical Modifications of siRNAs 

For a number of years, nucleic acid chemists have investigated and synthesized chemically 

modified oligonucleotides with the goal of avoiding the drawbacks natural RNA faces while 

maintaining potent gene silencing abilities. With the recent success of siRNA therapeutics, the 

research community has a better understanding of how to achieve both goals.  

Using well-established nucleic acid synthetic methods synthesizing oligonucleotides and 

implementing chemical modifications at specific positions is straight-forward. In order to 

accomplish this, the oligonucleotides are built one base pair at a time by using a controlled-pore 
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glass (CPG) support.47 A method that is commonly used is the dimethoxytrityl (DMT)-

phosphoramidite solid phase synthesis, shown in Figure 1.6.48 DMT-phosphoramidite uses a 5’-

triphenyl alcohol protecting group and a 2’-phosphite group to precisely build specific sequences 

and allowing modifications to be specifically incorporated into the oligonucleotide through 

modified phosphoramidites.  

 

 

 

 

 

 

 

 

 

Figure 1.6. DMT-Phosphoramidite oligonucleotide synthesis for solid-phase RNA synthesis. 

 The CPG solid support typically has a DMT protected dT base attached to the support, as 

a result the fully automated synthesis proceeds in the 3’ to 5’ direction. The first step (I) 

detritylation, it is the acid-mediated deprotection of the 5’-DMT group. This is accomplished by 

using trichloroacetic acid, producing a primary alcohol that will couple with the next nucleobase. 

The trityl cation that is generated, is resonance stabilized by the methoxy groups, allowing it for 

easy cleavage.49 In order for the subsequent base to couple, it must be activated (II) with 

ethylthiotetrazole, which is an excellent leaving group that allows for displacement of 
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diisopropylamine. Since phosphorous is oxophilic, the free primary alcohol readily attacks the 

phosphite center of the activated base coupling to the nucleobases (III).50 The free bases must then 

be capped (IV) with a protective acetyl group, to prevent unwanted reactions or incorrect sequences. 

This generates a phosphite linkage that must be oxidized to phosphate, to accomplish this, 

phosphorous undergoes a nucleophilic attack on iodine (V).50 The intermediate is readily 

deprotonated by another pyridine molecule (VI), generating the stable phosphate (VII).49 The 

oligonucleotide can undergo one of two steps: continue the cycle by coupling successive bases, or 

terminate the cycle by undergoing a cleavage and deprotection (VIII).  

Over the last couple of decades, there is a variety of chemical modifications for 

oligonucleotides, with more constantly emerging. The types of modifications are categorized into 

three categories: backbone modifications, ribose sugar modifications and nucleobase 

modifications.46 Shown in Figure 1.7 is a summary of various chemical modifications for 

oligonucleotides. Several of these structures will be described in depth in the following paragraphs. 

Figure 1.7: Structures of chemical modifications and analogs utilized for siRNA and ASO. 
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One of the earliest-discovered and most commonly utilized modifications is the 

replacement of the highly charged, unstable phosphodiester backbone with a phosphorothioate (PS) 

backbone.51 This is achieved by replacing one of the non-bridging oxygen atoms on the phosphate 

group with a sulfur atom. Additionally, the PS linkage increases oligonucleotide’s hydrophobicity, 

resulting in increased circulation time, increased half-life, and more favorable pharmacokinetics.52-

54 Although previous studies have shown that PS modification reduces the binding affinity between 

the oligonucleotide and its target sequence to some extent and aggravates chemistry-related 

toxicities with a high PS content, PS modifications are still vital and necessary for siRNA 

modifications.55, 56 In addition, other modifications have been identified and successfully used to 

replace the phosphodiester group on oligonucleotides and change the properties, this includes: 

phosphorodithioate (PS2), methylphosphonate (MP), methoxypropylphosphonate (MOP), and 

peptide nucleic acid (PNA).57 The PS2 modification has shown to increase the affinity between 

RISC and siRNA.58 The site-specific incorporation of MP and MOP modifications are used to 

mitigate the hepatotoxicity of antisense oligonucleotides.59, 60 Furthermore, PNA is typically used 

to modify detection probes for capturing and detecting certain nucleic acid targets.61  

Ribose sugar modifications are useful for controlling the ribose ring puckering. Sugar 

puckering is an important physical property for oligonucleotides because they affect the binding 

affinity with complementary sequences, duplex conformation, and enzyme substrate toleration.62 

The sugar conformation is directed by the steric forces and electronegative characteristics of the 

sugar substituents.63 In RNA the 2’-hydroxyl and 3’-oxygen drive the conformation to a C3’-endo, 

sometimes referred to as the “North” conformation.63 There are many sugar modifications that are 

well tolerated in RNAi the most common modifications are at the 2’ position to protect the siRNA 

from participating in nuclease-mediated cleavage, endoribonuclease degradation and enhance 

stability.64, 65 Most commonly, the OH group is modified with a 2’-fluoro (2’-F), 2’-O—methyl (2’-

OMe), or a 2’-O-methoxyethyl (2’-MOE).66 Notably, 2’-OMe is a naturally occurring ribose sugar 
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and the most frequently used modification as it can enhance stability, increase affinity for its target 

mRNA and reduce immunogenicity in the body.67 Based on 2’-OMe, a series of analogs have been 

identified, among which 2’-MOE is the most favorable.64 The 2’-MOE modification has shown 

higher binding affinity for RNA than 2’-OMe, which further increases the capability of the 

modified siRNA to resist nuclease attack.68 Another widely used 2’-OH modification is 2’-F, as the 

highly electronegative fluorine causes the modified siRNA to readily adopt a C3’-endo 

conformation, providing considerable benefits in binding affinity with ΔTm of 2.5ºC per modified 

nucleotide.41 In addition, 2’-carbon, 4’-carbon or the whole sugar ring can undergo modifications, 

resulting in molecules including unlocked nucleic acid (UNA), locked nucleic acid (LNA), glycol 

nucleic acid (GNA), and tricyclo-DNA (tcDNA). With the UNA modification, the RNA results in 

higher flexibility and thermal destabilization due to the unconnected 2’ and 3’ carbons. UNAs have 

the ability to block the entry of passenger strands and promote RISC loading of the guide strand 

through its asymmetrical characteristics.69 Similarly, GNA can be used to remove off-target effect-

induced hepatotoxicity by including the modification in the seed region of the siRNA guide 

strand.70 LNA’s modification involves forming a bridge between the 2’-oxygen and the 4’ carbon, 

this “locks” the ribose into the preferred C3’-endo conformation and significantly increasing the 

affinity of base pairing. 71 

 The final category of chemical modifications are the nucleobases as they have shown to 

have an impact on the thermal stability of duplexes, the off-target effects and mitigate 

immunostimulation.72 In addition, substitutions of pseuodouridine, 2-thiouridine, N6-

methyladenoine, 5-methylcytidine or other base analogs of uridine and cytidine residues can reduce 

innate immune recognition while making antisense oligonucleotides more resistant to nucleases. 

Modifying siRNA with N-ethylpiperidine triazole-modified adenosine analogs have shown to 

reduce the immunogenicity of siRNA.73-75 Moreover, the addition of fluorescent modifications has 

gained attention as they can be used for fluorescence-based detection or monitoring cellular uptake 
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and trafficking of siRNA in cells. An example of this is the addition is 6′-phenylpyrrolocytosine 

(PhpC) as it is a cytosine mimic and exhibits excellent base pairing fidelity, thermal stability and 

high fluorescence.76 Moreover, many other less common base analogs have been used in siRNA 

modifications as their applications have helped better understand the mechanism of gene silencing 

and develop new methods to overcome drawbacks.77 

1.3 Barriers of Oligonucleotide Delivery 

 

siRNAs have promising potential as therapeutics, with the success of three FDA-approved 

siRNA drugs and several others in late-stage clinical trials targeting various disease genes. 

However, the single most critical factor limiting the utility of siRNAs as therapeutics is delivering 

siRNAs to its intracellular target site.78 Unfortunately, the siRNAs’ potential is limited by their 

physicochemical characteristics and instability with plasma half-lives. On top of their own 

characteristics, other barriers are dependent on the target tissue or organ, and administration routes.  

1.3.1 Localized versus Systemic Delivery 

 

There are two main administration routes utilized to deliver siRNA therapeutics to the 

target organ or tissue: local administration, and systemic administration. With localized delivery, 

siRNAs are applied directly to the target organ or tissues, this method results in high bioavailability 

at the target site and has fewer barriers compared to systemic delivery. Localized or topical 

administrative routes can deliver siRNA therapeutics to several organs such as eyes, mucous 

membranes, localized tumors, and skin.79 Additionally, lung infections can be treated with local 

siRNA delivery; direct installation of siRNA through intranasal or intra-tracheal routs permits 

direct contact with epithelial cells of the lungs.80  

In contrast, systemic delivery of siRNAs such as intravenous injection, have various 

challenges that limit the siRNA bioavailability at the target site.81 As previously mentioned, due to 
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the physicochemical characteristics of siRNA such as anionic charge, large molecule, and size, 

their potential is limited. Once the siRNAs are intravenously injected, they can be rapidly degraded 

by nucleases present in plasma, tissues, and the cytoplasm.82 Due to the anionic charge of the siRNA 

molecules, it is nearly impossible to cross the biological membrane. Lastly, at the systemic level, 

delivery is compromised by rapid clearance due to the kidneys. These barriers limit the application 

of siRNA-based therapeutics. However, there are two broad strategies that have been utilized to 

address these challenges in order to improve the delivery system of siRNA: formulation-based 

delivery or conjugated-based delivery. An ideal delivery system is biocompatible and non-

immunogenic, allowing for specific cellular transport and entry. Clinically acceptable siRNA 

delivery systems should be carefully designed to improve the stability of siRNAs after 

administration into the body, to deliver siRNA specifically to the desired tissue site, and to facilitate 

the cellular uptake of siRNA within target cells.83 

1.3.2 Formulation-Based Delivery 

 

Lipid nanoparticles (LNPs) are the most successful formulated-based siRNA delivery 

strategy46 As an example, LNPs were used to deliver Patisiran, the first siRNA drug to treat 

polyneuropathy in adults with hereditary transthyretin amyloidosis (hATTR).84 They are made up 

of cationic, ionizable and helper lipids such as cholesterol, 2-distearoyl-sn-glycero-3-

phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-200, and D-

Lin-MC3-DMA, which promotes RNA packing, increase stability, and allow for passage through 

the lipid bilayer.3 siRNAs are encapsulated within the LNP, protecting them from degradation. 

Other formulation-based approaches are currently in development, including complexes with 

cationic transfection agents, liposomes, dendrimers, and micelles (Figure 1.8).85 However, there 

are various drawbacks to the formulated approach such as toxicity, size, and invasive 

administration.86 The excipients used to generate this system are highly toxic, resulting in the need 
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for patients to be pre-treated with anti-inflammatory drugs.86 The method of administration is 

invasive and time-consuming as it requires a medical professional to administer the therapeutic 

through an intravenous infusion.55 Lastly, due to the large size of the LNPs they are limited to 

clearance organs with fenestrated or discontinuous endothelium such as the liver and spleen. There 

are researchers developing improved formulations to over these drawbacks. However, the future of 

delivery seems to lie in conjugated-based approaches.66  

 

 

 

Figure 1.8. Overview of various formulation-based approaches for oligonucleotide therapeutics. 

1.3.3 Conjugation-Based Delivery 

 

Covalent conjugation of siRNAs with other ligands and molecules are used to improve 

delivery and uptake. In contrast to LNPs, ligand-siRNA conjugates can transport siRNA to specific 

tissues and cells by specific recognition and interactions between the ligand such as carbohydrates, 

aptamers, small molecules etc., and the surface receptor.82 This method results in increased 

bioavailability, efficacy and decreased off-target effects. Furthermore, conjugates tend to be less 

toxic and less immunogenic, due to their size.66  

Figure 1.9: Structure of the triantennary GalNAc conjugate used in several drug candidates from 

Alnylam Pharmaceuticals. 
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To date, the most advanced therapeutic siRNA conjugate system is a trimer of N-

acetylgalactosamine (GalNAc), as it eagerly binds to the Asialoglycoprotein receptor (ASGPR) on 

hepatocytes. GalNAc-siRNA conjugates have dominated the development of oligonucleotide 

therapeutics to treat liver diseases due to their potent and durable gene silencing abilities that last 

6-9 months.87,88 This conjugate approach has led to the success of three US Food and Drug 

Administration (FDA) approved therapeutics: Givosirin, Lumasirin, Inclisiran, and many 

therapeutics in clinical programs. 

With the success of GalNAc delivery oligonucleotides to the liver, there is a need to deliver 

therapeutics to other sites in the body. Oligonucleotide therapeutics have potential for the treatment 

of muscle-related diseases. When locally injected, oligonucleotides exhibit potent target gene 

reduction in a small portion of the muscle, its limited distribution minimizes its potential as a 

therapeutic. When injected systemically, oligonucleotides naturally accumulate in the liver, 

ultimately being discarded. However, there is promising potential with lipid conjugated siRNAs.  

1.3.4 Lipid Conjugation-Based Delivery 

 

The second widely used class of conjugates are lipids such as cholesterol and fatty acids. 

Lipid conjugates enhance the circulation time, improve systemic delivery, and exhibits productive 

silencing of oligonucleotides to other target tissues and organs beyond the liver. 89 One of the most 

well-studied lipid moieties enabling efficient cellular and tissue delivery following direct 

oligonucleotide conjugation is cholesterol (Figure 1.10). Cholesterol constitutes 15-30% of 

cellular membranes and intercalates into lipid membranes upon co-incubation with cells. With this 

in mind, there are two methods cholesterol conjugates promote siRNA uptake. The first, 

cholesterol conjugate intercalates into the plasma membrane and the oligonucleotide is internalized 

by endocytosis. The second, cholesterol conjugates bond to circulating plasma lipoproteins and 

siRNA uptake is driven by interactions with lipoprotein receptors. Cholesterol-conjugated siRNAs 
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are able to deliver oligonucleotides to muscle after systemic administration. However, to achieve 

sustainable silencing, 50 mg/kg of cholesterol conjugated siRNAs are required. Although, 

cholesterol conjugates exhibit therapeutic potential, they are limited due to their toxicity at high 

concentrations.90  

 

Figure 1.10: Structure of various lipids.  

 

More recently, fatty acids have gained attention due to their involvement in the contractile 

work of skeletal and cardiac cells and are transported efficiently across the muscular endothelium 

barrier to reach muscle cells.91 The majority of fatty acids in the plasma are bound to serum album 

and there are seven binding sites for long-chain non-esterified fatty acids, drugs, ions and other 

metabolites. Albumin interacts with a variety of receptors such as glycoprotein Gp60, Gp30 and 

Gp18,(SPARC), the Megalin/Cublin complex, and the neonatal Fc receptor (FcRn)91 Albumin’s 

interaction with these receptors is responsible for its recycling and cellular transcytosis.This is an 

attractive property of albumin as it can “self-deliver” therapeutics across tissues and cellular 

barriers. The mechanism is illustrated in Figure 1.11.   
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Figure 1.11: Schematic representation of route taken by lipid conjugated RNAs from the capillary 

to cytosol in muscle. AlbLA: albumin bound lipid; AlbR: albumin receptor. Created with 

BioRender. 

Although fatty acid conjugated siRNAs have been investigated recently, there have been a 

few studies that exhibit their promising delivery ability. A study performed in 2019 by Biscans et 

al., compared the distribution and silencing activity in a variety of tissues including muscles. A 

variety of conjugates such as cholesterol, myristic acid (Myr), docosanoic acid (DCA), and 

docosahexanoic acid, were investigated and DCA moieties showed enhanced cardiac and skeletal 

muscle delivery after systemic administration in mice.  
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1.4 Sphingolipid Modified Nucleic Acid 

 

A class of lipids that are of interest are sphingolipids (Figure 1.12) which are one of the major 

classes of eukaryotic lipids. A few examples include ceramide, sphingosine, and sphingosine-1-

phosphate (S1P). Sphingolipids are found throughout the body; they are primarily located in nerve 

cell membranes and make up approximately 25% of the lipids in the myelin sheath.92 Although 

they were initially identified in the brain tissue, some sphingolipid sub-classes are found in other 

parts of the body including spleen and blood. Sphingolipids are key components of cellular and 

subcellular eukaryotic membranes. This class of lipids are involved in signal transduction pathways 

that mediate cell growth, differentiation, multiple cell functions and apoptosis.93 The bioactive 

lipid, ceramide, has shown high potential for cancer treatments as an anti-cancer agent, cancer cell 

suppressor or a biomarker.94-96  

 

Figure 1.12. Various lipids in the Sphingolipid family.  

As sphingolipid metabolism plays an important part in several pathologies, the pathway of 

this metabolism has been widely studied. Many of the biochemical pathways of synthesis and 

degradation have been identified successfully along with the enzymes involved. Sphingolipids are 

involved in a couple of metabolic pathways such as the de novo pathway and the sphingomyelin 

pathway shown in Figure 1.13 (A). In the sphingomyelin pathway, sphingosines are catalyzed by 
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kinases to generate S1P. However, uncontrolled activity of the kinases leads to increase in growth 

and survival of cancer cells, while inhibiting apoptosis and resistance to chemotherapeutic agents. 

S1P is a signaling sphingolipid involved in a class of G-Protein Coupled Receptors named 

sphingoshine-1-phosphate receptors (S1PR) illustrated in Figure 1.13 (B). S1P regulates a variety 

of cellular processes in mammals such as migration, survival, and proliferation.96 As a result, 

sphingolipids’ involvement in cellular regulating pathways, various disorders have been linked to 

the sphingolipid metabolic pathways such as Alzheimer’s, diabetes, and cancer.97 

Figure 1.13: (A) Sphingomyelin pathway. (B) Summarized roles of various receptors in the S1PR 

class of G-Protein Receptors. Created with BioRender. 

 

A 

B 
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1.4.1 Modification Purpose and Benefits 

 

Sphingosine and ceramide are naturally hydrophobic molecules that are components of 

eukaryotic membranes. These long carbon lipids hold potential as kinase inhibitors, biomolecular 

and delivery systems for oligonucleotides. However, there are drawbacks for sphingolipids due to 

their challenging synthesis and low availability, resulting in high costs.98 As such, there is a need 

for improved and reproducible synthesis. As well as their utility as hydrophobic molecules to cross 

membranes has not been explored. One of the greatest challenges in using oligonucleotides involves 

its use in cellular systems. Oligonucleotides are negatively charged polymers, which make them 

particularly challenging to cross the negatively charged phospholipid bilayer. As such, this often 

limits their utility as tools and potential therapeutics. In order to overcome this limitation, efforts 

to label oligonucleotides with hydrophobic-based molecules has shown promising results. For 

example, cholesterol has been studied and used to label siRNAs to improve cell permeability, and 

its incorporation with liposomes or other nanoparticles.89 The Desaulniers group recently generated 

a triazole-cholesterol phosphoramidite and published favorable gene silencing properties in the 

absence of a transfection carrier.99 Additionally, other molecules, such as tocopherol and long 

carbon chain phosphoramidites have been synthesized and developed commercially. However, the 

main problem still persists, oligonucleotides have difficulty crossing cellular membranes across 

multiple cell types. Since sphingosines and ceramides are hydrophobic molecules that are 

components of eukaryotic cell membranes, there is interest in exploring their utility to allow for 

cellular membrane penetration.  

1.5 Project Definition 

 

Due to the possibilities obtained with the ability to silence genes at the pre-translational level, 

there is interest in investigating the potential of fatty acid conjugated siRNAs to deliver 
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oligonucleotides to extrahepatic sites.91 As the library of chemical modifications continues to grow, 

there is the possibility that new siRNAs can be synthesized to enhance cellular uptake and delivery 

specificity, while decreasing degradation by nucleases.  

This project will involve the investigation of synthesizing triazole-modified sphingosines and 

the incorporation of sphingosine spacers into RNA oligonucleotides. The synthesis of the 

sphingosine modification and incorporating it into RNA oligonucleotides will involve organic and 

catalytic chemistry to generate fair yields and safer alternatives. The modified RNA sequences will 

then be annealed with their compliment sequence strands to form siRNA duplexes. The siRNA 

duplexes will undergo hybridization testing to assess how the chemical modifications impact the 

thermal stability of the RNA duplex. The helical conformations will then be investigated to 

determine if the chemical modifications affect the helical conformation of the native alpha helical 

structure of wild type (wt) RNA duplexes. The modified siRNAs will be evaluated for their ability 

to silence gene expression utilizing the dual luciferase reporter system. This bioassay is a screening 

method that will be used to identify certain siRNA duplexes that exhibit potential with the 

sphingosine modification at certain positions. The modifications placed at the 3’-end, 5’end and 

central region of the sense strand will be further investigated for their cellular uptake abilities 

through a carrier-free luciferase assay. The gene silencing effectiveness of these siRNAs will be 

determined in the absence of a transfection carrier, which provides a more clinically relevant 

assessment of the delivery and gene silencing ability of siRNAs with these sphingosine 

modifications.  

Finally, this project is in collaboration with Synthose Inc. a company in Toronto specializing 

in the synthesis of small molecules. The owner and co-founder, Dr. Eva Goss has been interested 

in using molecules such as sphingosine for biological applications. Thus, this project has been 

funded by an NSERC collaboration research and development (CRD) grant.  
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Chapter 2: Experimental 

2.1 General Synthetic Method 

Unless otherwise indicated all starting reagents used were obtained from commercial sources 

without additional purification. Anhydrous CH2Cl2 and THF were purchased from Sigma-Aldrich 

and run through a PureSolv 400 solvent purification system to maintain purity. Flash column 

chromatography was performed with Silicycle Siliaflash 60 (230-400 mesh). NMRs were 

performed on a Varian 400 MHz spectrometer. All 1H NMRs were recorded for 64 transients at 

400 MHz and all 13C NMRs were run for 1500 transients at 101 MHz and all 31P NMRs were 

recorded for 256 transients at 167 MHz. Spectra were processed and integrated using ACD labs 

NMR Processor Academic Edition.    
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2.2 Synthesis and Characterization of Organic Compounds 

 

2.2.1 Synthesis of Imidazole-1-sulfonyl Azide Hydrochloride – Compound (1) 

 

 
 

To an ice-cooled solution of sodium azide (13.0 g, 200 mmol) in MeCN (200 mL) was prepared 

and stirred for 10 minutes to dissolve the starting material. To this sulfuryl chloride (16.1 mL, 200 

mol) was added drop-wise over the course of 10 minutes and the mixture stirred overnight at room 

temperature. Imidazole (25.9 g, 380 mmol) was added portion-wise to the ice-cooled mixture and 

stirred for 3 hours at room temperature. The mixture was diluted with EtOAc (400 mL), washed 

with H2O (2 x 400 mL) then with saturated aqueous NaHCO3 (2 x 400 mL). The organic layer was 

collected, dried over NaSO4 and filtered. A solution of HCl in EtOH [obtained by the drop-wise 

addition of thionyl chloride (21.6 mL, 300 mmol) to ice-cooled dry ethanol (75 mL)] was added 

drop-wise to the filtrate. While stirring, the mixture chilled in an ice-bath, filtered and the filter 

cake was washed with EtOAc (3 x 100 mL) to give compound 1 as white needles (26.1 g, 62%). 

1H NMR (400 MHz, DEUTERIUM OXIDE) δ 7.59 - 7.62 (m, 1 H) 8.01 (t, J=1.83 Hz, 1 H) 9.41 

(s, 1 H); 13C NMR (101 MHz, DEUTERIUM OXIDE) δ 137.7, 123.0, 123.0, 120.1, 118.9 ppm. 
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2.2.2 Synthesis of (2S,3S,4R)-2-azidooctadecane-1,3,4-triol – Compound (3) 

 

 

 

 

 

 

To a suspended solution of D-ribo-phytosphingosine (5 g, 15.7 mmol) and MeOH (150 mL), a 

solution of potassium carbonate (3.26 g, 32.9 mmol) and copper(II) sulfate (0.024 g, 0.15 mmol) 

in H2O (50 mL)  were added added. A solution of imidazole-1-sulfonyl azide hydrochloride 

compound 1 (5.36 g, 30.5 mmol) in H2O: CH2Cl2 (1:1 v/v, 50 mL) is added to the reaction mixture 

and stirred for 18 hours at room temperature. The reaction is extracted with CH2Cl2 (100 mL) and 

washed with H2O (3 x 200 mL). The organic layer was collected, dried over Na2SO4 and 

concentrated in vacuo to afford a light blue powder which was purified by silica gel 

chromatography eluting with a gradient of MeOH/CH2Cl2 (5% MeOH in CH2Cl2 to 10% MeOH in 

CH2Cl2) to afford azido-phytosphingosine compound 3 as a white powder (4.22 g, 78%); 1H NMR 

(400 MHz, CHLOROFORM-d) δ 0.86 - 0.92 (m, 3 H) 1.25 - 1.37 (m, 22 H) 1.59 (br. s., 8 H) 3.65 

(s, 1 H) 3.67 - 3.71 (m, 1 H) 3.76 - 3.79 (m, 1 H) 3.89 (dd, J=11.62, 4.52 Hz, 1 H) 4.01 (dd, J=11.74, 

5.62 Hz, 1 H); 13C NMR (101 MHz, CHLOROFORM-d) δ 77.2, 74.7, 72.5, 70.5, 63.1, 61.7, 50.9, 

31.9, 31.9, 29.7, 29.6, 29.4, 25.8, 22.7, 14.1 ppm 
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2.2.3 Synthesis of (2S,3S,4R)-2-Azido-1-(tert-butyldiphenylsilyoxy)octadecane-3,4-triol – 

Compound (4) 

 

 

 

 

To a solution of azido-phytosphingosine (11 g, 32 mmol) in CH2Cl2 (150 mL) and DMF (35 mL), 

triethylamine (11.5 mL, 81.9 mmol), 4-DMAP (7.58 g, 62 mmol) and TBDPS-Cl (10.2 mL, 37.1 

mmol) were added at 0 ºC and stirred at room temperature for 24 h. The reaction mixture was 

extracted with EtOAc (100 mL), washed with brine (100 mL x 3). The organic layer was collected, 

dried over Na2SO4 and concentrated in vacuo. The crude was purified by silica column 

chromatography using a hexane/EtOAc (5:1) as the mobile phase to afford the protected diol (16 

g, 86%) as a colourless oil.
 
1H NMR (400 MHz, CHLOROFORM-d) δ 0.90 (t, J=6.72 Hz, 3 H) 

1.10 (s, 9 H) 1.22 - 1.39 (m, 28 H) 3.55 - 3.61 (m, 1 H) 3.65 - 3.73 (m, 2 H) 3.93 (dd, J=10.88, 5.99 

Hz, 1 H) 4.06 (dd, J=10.76, 3.91 Hz, 1 H) 7.39 - 7.49 (m, 6 H) 7.71 (d, J=6.85 Hz, 4 H); 13C NMR 

(101 MHz, CHLOROFORM-d) δ 135.6, 135.6, 132.6, 132.5, 130.0, 127.9, 127.9, 74.1, 72.4, 64.2, 

63.4, 31.9, 31.9, 29.7, 29.7, 29.6, 29.4, 26.8, 26.7, 25.7, 22.7, 19.1, 14.1 ppm 
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2.2.4 Synthesis of (2S,4S,5R)-[2-Azido-2-(2,2-dioxo-5-tetradecyl-2,6-[1,3,2]dioxathiolan-

4-yl)ethoxy]-tert-butyldiphenylsilane – Compound (5) 

 

 

 
 

 
To a solution of the protected diol 4 (13 g, 22 mmol) in CH2Cl2 (120 mL), triethylamine (9.3 mL, 

66 mmol) was added at 0 ºC. Thionyl chloride (1.89 mL, 26 mmol) was slowly added over the 

course of 10 minutes, the reaction mixture continued to stir at 0 ºC for 30 minutes, then diluted with 

EtOAc and washed with brine. The organic layer was collected, dried over Na2SO4 and 

concentrated in vacuo for 3 hours. The reaction mixture was dissolved in CCl4/CH3CN/H2O (45 

mL, 1:1:1), to this solution were added RuCl3•3H2O (0.224 g, 0.858 mmol) and NaIO4 (14.29 g, 66 

mmol). The reaction was stirred for 2 h at room temperature, then extracted with EtOAc and washed 

with saturated NaHCO3 solution. The organic layer was collected, dried over Na2SO4 and 

concentrated in vacuo. The crude was purified by silica column chromatography using a 

hexane/EtOAc (12:1) as the mobile phase to afford a protected cyclic sulfate (11.54 g, 80%) as a 

colorless oil. 1H NMR (400 MHz, CHLOROFORM-d) δ 0.89 - 0.92 (m, 4 H) 1.09 - 1.12 (m, 9 H) 

1.26 - 1.35 (m, 28 H) 3.71 (dt, J=10.03, 2.57 Hz, 1 H) 3.90 (dd, J=11.37, 5.26 Hz, 1 H) 4.05 (dd, 

J=11.25, 2.45 Hz, 1 H) 4.91 - 4.95 (m, 1 H) 4.99 (dd, J=11.25, 2.93 Hz, 1 H) 7.40 - 7.48 (m, 7 H) 

7.67 - 7.71 (m, 4 H); 13C NMR (101 MHz, CHLOROFORM-d): δ = 171.1, 135.6, 135.5, 135.2, 

132.1, 131.9, 130.2, 130.1, 130.1, 128.0, 128.0, 127.8, 86.4, 79.8, 63.5, 60.4, 59.2, 31.9, 31.6, 29.6, 

29.6, 29.4, 29.3, 29.3, 28.9, 28.1, 26.7, 26.5, 25.3, 25.2, 22.7, 22.6, 21.0, 20.7, 19.1, 14.2, 14.1 ppm. 
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2.2.5 Synthesis of (2S,3R)-(E)-2-Azido-1-(tert-butyldiphenylsilyoxy)octadec-4-en-3-ol 

– Compound (6) 

 

 

 
 

 

To a solution of cyclic sulfate compound 5 (0.96 g, 1.49 mmol) in toluene (15 mL) were 

added Bu4NI (0.59 g, 1.59 mmol) and DBU (0.281 mL, 1.88 mmol). The reaction was 

heated to reflux for 4 h, then cooled down to room temperature and concentrated in vacuo. 

The reaction mixture was dissolved in concentrated H2SO4 (72 µL), H2O (30 µL) and THF 

(380 µL). The reaction was stirred for 3 h at room temperature, then extracted with EtOAc 

and washed with saturated NaHCO3 solution and brine. The organic layer was collected, 

dried over Na2SO4 and concentrated in vacuo. The crude was purified by silica column 

chromatography using a hexane/EtOAc (10:1) as the mobile phase to afford compound 6 

(0.7 g, 81%) as a colorless oil. 1H NMR (400 MHz, CHLOROFORM-d) δ 0.81 - 0.91 (m, 

7 H) 0.98 - 1.07 (m, 33 H) 1.15 - 1.23 (m, 10 H) 1.23 - 1.34 (m, 22 H) 1.46 (sxt, J=7.38 

Hz, 16 H) 1.62 - 1.74 (m, 21 H) 1.89 - 1.97 (m, 2 H) 3.27 - 3.36 (m, 15 H) 3.54 (dd, J=10.64, 

8.93 Hz, 1 H) 3.73 (dd, J=10.76, 4.16 Hz, 1 H) 4.33 (dt, J=8.56, 3.91 Hz, 1 H) 4.79 (dd, 

J=7.70, 3.30 Hz, 1 H) 5.40 - 5.47 (m, 1 H) 5.63 - 5.72 (m, 1 H) 7.35 - 7.44 (m, 6 H) 7.65 - 

7.72 (m, 4 H); 13C NMR (101 MHz, CHLOROFORM-d): δ 135.5, 135.1, 130.0, 128.0, 

77.5, 72.0, 32.0, 26.9, 19.6, 19.3, 14.2 ppm 
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2.2.6 Synthesis of (2S,3R)-(E)-2-Azidooctadec-4-ene-1,3-diol – Compound (7) 

 

 

 

 

 

To a solution of compound 6 (1.48 g, 2.54 mmol) in THF (13 mL) was added TBAF (1.24 mL, 

5.26 mmol, 1.0 M solution in THF). The reaction stirred at room temperature for 1 h, then extracted 

with EtOAc and washed with water and brine. The organic layer was collected, dried over Na2SO4 

and concentrated in vacuo. The crude was purified by silica column chromatography using a 

hexane/EtOAc (3:1) as the mobile phase to afford compound 7 (0.79 g, 95%) as a colorless oil. 1H 

NMR (400 MHz, CHLOROFORM-d)  δ 0.79 - 0.84 (m, 3 H) 1.14 - 1.26 (m, 23 H) 1.29 - 1.38 (m, 

2 H) 1.96 - 2.04 (m, 4 H) 3.41 - 3.47 (m, 1 H) 3.67 - 3.76 (m, 2 H) 4.16 - 4.21 (m, 1 H) 5.47 (ddt, 

J=15.41, 7.34, 1.47, 1.47 Hz, 1 H) 5.70 - 5.80 (m, 1 H); 13C NMR (101 MHz, CHLOROFORM-d) 

δ 136.1, 128.0, 77.2, 73.8, 66.8, 62.6, 32.3, 31.9, 29.7, 29.7, 29.6, 29.5, 29.4, 29.2, 28.9, 22.7, 14.2, 

14.1 ppm 
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2.2.7 Synthesis of (2S,3R,E)-2-azido-1-

(bis(4methoxyphenyl)(phenyl)methoxy)octadec-4-en-3-ol – Compound (8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
To a solution of compound 7 (0.12 g, 0.368 mmol) in pyridine (0.12 mL, 1.5 mmol) were added 

at 0ºC DMAP (0.0045 g, 0.036 mmol) and DMT-Cl (0.137 g, 1.1 Eq). The reaction was stirred at 

0 ºC for 2 h and at room temperature for 3 h. The reaction mixture was extracted with DCM and 

washed with saturated NaHCO3 solution and brine. The organic layer was collected, dried over 

Na2SO4 and concentrated in vacuo. The crude was purified by silica column chromatography using 

a gradient of MeOH/CH2Cl2 (100% CH2Cl2 to 5 % MeOH in CH2Cl2) to afford compound 8 (0.115 

g, 50 %) as a light orange oil. 1H NMR (400 MHz, CHLOROFORM-d) δ 7.63-7.80 (m, 4H), 7.37-

7.51 (m, 6H), 5.67-5.85 (m, 1H), 5.46 (ddt, J = 15.4, 7.1, 1.5 Hz, 1H), 4.21-4.32 (m, 1H), 4.09-4.20 

(m, 1H), 3.76-3.88 (m, 2H), 3.53 (dt, J = 6.3, 4.9 Hz, 1H), 1.99-2.12 (m, 3H), 1.93 (br d, J = 19.1 

Hz, 1H), 1.76 (br s, 1H), 1.44 (br s, 1H), 1.24-1.35 (m, 18H), 1.06-1.18 (m, 10H), 0.85-0.99 ppm 

(m, 3H); 13C NMR (101 MHz, CHLOROFORM-d) δ = 203.4, 158.6, 147.3, 139.5, 136.1, 134.8, 

129.9, 129.7, 129.1, 128.7, 128.3, 128.0, 127.9, 127.8, 127.7, 127.7, 127.1, 113.6, 113.2, 113.0, 

77.2, 73.8, 66.8, 62.6, 55.3, 55.3, 55.2, 32.3, 31.9, 29.7, 29.7, 29.7, 29.6, 29.5, 29.4, 29.2, 28.9, 

26.6, 22.7, 14.1 ppm 
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2.2.8  Synthesis of (2S,3R,E)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-2-(4-propyl-1H-

1,2,3-triazol-1-yl)octadec-4-en-3-ol – Compound (9-PT) 

 

 
 

 

To a solution of compound 8 (0.11 g, 0.175 mmol) in t-BuOH/H2O (1 mL, 1:1) and TEA 

(0.048 mL, 0.35 mmol) were added copper (II)sulfate•pentahydrate (0.04 g, 0.175 mmol), 

sodium ascorbate (0.069 g, 0.35 mmol) and 1-pentyne (0.022 mL, 0.228 mmol). The 

reaction was stirred overnight at room temperature, it was extracted with CH2Cl2 and 

washed with brine. The organic layer was collected, dried over Na2SO4 and concentrated 

in vacuo. The crude was purified by silica column chromatography using a gradient of 

MeOH/CH2Cl2 (2 % MeOH in CH2Cl2 to 7 % MeOH in CH2Cl2) to afford the titled 

compound 9-PT (0.082 g, 67 %) as a colourless oil. 1H NMR (400 MHz, 

CHLOROFORM-d) δ 7.29-7.38 (m, 5H), 7.27-7.28 (m, 1H), 7.16-7.22 (m, 4H), 6.83-6.89 (m, 

4H), 5.81-5.87 (m, 1H), 5.52-5.60 (m, 1H), 4.25-4.30 (m, 1H), 3.80-3.85 (m, 8H), 3.53-3.57 

(m, 1H), 2.06-2.12 (m, 2H), 1.23-1.37 (m, 36H), 0.87-0.93 ppm (m, 5H); 13C NMR (101 MHz, 

CHLOROFORM-d) δ 129.1, 128.0, 127.9, 127.8, 127.7, 113.2, 113.0, 84.0, 77.2, 73.9, 66.8, 

55.3, 53.4, 32.3, 31.9, 29.7, 29.7, 29.7, 29.4, 29.2, 28.9, 22.7, 14.1 ppm 
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2.2.10 Synthesis of (2S,3R,E)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-2-(4-propyl-

1H-1,2,3-triazol-1-yl)octadec-4-en-3-yl (2-cyanoethyl) 

diisopropylphosphoramidite – Compound (10-PT) 

 

 

 

 

 

 

 

 

 

 

A solution of compound 9-PT (0.25 g, 0.36 mmol) in 10 mL of dry THF was prepared in 

flame dried glassware. To this were added freshly distilled TEA (0.25 mL, 1.8 mmol) and 

2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.24 mL, 1.07 mmol). The reaction was 

stirred at room temperature for 3 h and concentrated in vacuo producing a colourless oil. The 

oil was purified using silica gel chromatography using EtOAc/Hexane (60% EtAOc in hexanes 

with 2% TEA) as as the mobile phase to afford compound 10 -PT (0.18 g, 57%) as a 

colorless oil. 1H NMR (400 MHz, CHLOROFORM-d) δ 0.85 - 0.91 (m, 3 H) 0.91 - 1.00 (m, 

4 H) 1.04 (d, J=6.85 Hz, 2 H) 1.08 - 1.20 (m, 16 H) 1.20 - 1.33 (m, 38 H) 1.60 - 1.72 (m, 2 H) 

4.65 (d, J=7.34 Hz, 1 H) 4.73 (d, J=7.34 Hz, 1 H) 5.48 - 5.65 (m, 1 H) 6.76 - 6.83 (m, 9 H) 7.13 

- 7.20 (m, 9 H); 31P NMR (125 MHz, CDCl3) δ 149.29 (s, 1P), 148.91 (s, 1P), 148.86 (s, 1P), 

148.27 (s, 1P), 148.22 (s, 1P), 148.03 (s, 1P), 147.97 (s, 1P), 147.85 (s, 1P), 147.91 (br t, J = 
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68.5 Hz, 1P), 147.43 (s, 1P), 147.37 (s, 1P), 16.11 (s, 1P), 12.16 (s, 1P). ESI-HRMS (ES+) m/z 

calculated for C53H78N5O5P: 895.5741 found 897.3534 

2.3 Synthesis, Purification and Quantification of Oligonucleotides 

 

Removal from Solid Support and Deprotection 

All β-cyanoethyl 2'-O-TBDMS protected phosphoramidites, solid supports and reagents 

used in the synthesis of oligonucleotide strands were purchased from Chemgenes Corporation and 

Glen Research. All commercial phosphoramidites were dissolved in anhydrous acetonitrile to a 

concentration of 0.10 M. The chemically synthesized triazole sphingosine derivative 

phosphoramidites were dissolved in acetonitrile (anhydrous) to a concentration of 0.10 M. All 

sequences were synthesized via solid support phosphoramidite chemistry using Applied 

Biosystems 394 DNA/RNA synthesizer. The oligonucleotides were synthesized on 0.2 μM or 1.00 

μM cycles kept under argon at 55 psi with 999 second coupling time. Antisense sequences were 

chemically phosphorylated at the 5’-end by using 2-2- (4,4’-

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

Oligonucleotide cleavage from the solid supports were completed by flushing the CPG column 

with 1.5 mL of EMAM (methylamine 40% wt. in H2O and methylamine 33% wt. in ethanol, 1:1) 

(Sigma-Aldrich) for 1 hour at room temperature to remove the strands from the column. The 

oligonucleotides were further incubated overnight at room temperature in EMAM to deprotect the 

bases. The samples were concentrated on a Speedvac evaporator, then resuspended in 125 μL of 

3HF-Et3N (Sigma-Aldrich) and 100 μL of DMSO and was incubated at 65 °C for 3 hours in order 

to remove the 2'-O-TBDMS protecting groups. The samples were concentrated on a Speedvac 

evaporator overnight.  

Ethanol Precipitation and Desalting  
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The purification of the crude oligonucleotides starts with EtOH precipitation, followed by 

the desalting using Millipore Amicon Ultra 3000 MW cellulose centrifugal filters. were 

resuspended in 600 mL of chilled EtOH and 25 µL of 3 M NaOAc, the solution was mixed further 

via pipetting, vortexed thoroughly and placed in dry ice for 1 hour. The sample was centrifuged for 

30 minutes at 12000 rpm at 4º and the supernatant was removed. The oligonucleotide pellets were 

resuspended in chilled EtOH, and the process was repeated two more times without the any addition 

NaOAc. The sample was concentrated using a Speedvac evaporator for 2 hours. The samples were 

resuspended in RNAse-free water and desalted through Millipore Amicon Ultra 3000 MW cellulose 

using a Speedvac evaporator until concentrated. 

Oligonucleotides were used without further purification for annealing and transfection. Equimolar 

amounts of complimentary RNAs were annealed at 90 °C for 2 min in a binding buffer (75.0 mM 

KCl, 50.0 mM Tris-HCl, 3.00 mM MgCl2, pH 8.30) and the solution was slowly cooled to room 

temperature, resulting in siRNAs used for biological assays. A sodium phosphate buffer (90.0 mM 

NaCl, 10.0 mM Na2HPO4, 1.00 mM EDTA, pH 7.00) was used to anneal strands for biophysical 

measurements. 

Quantification  

The concentrated crude oligonucleotide sample was redissolved in 200 μL of DEPC treated 

nuclease-free water (Sigma-Aldrich). 1 μL of the RNA sample was added to 999 μL of water in a 

1-mL quartz cuvette. The diluted sample was mixed thoroughly via pipetting and the absorbance 

was measured using a spectrophotometer (Thermo Scientific) at 260 nm. The optical density was 

calculated by multiplying the absorbance 37 value calculated by the spectrophotometer by the total 

volume of the stock oligonucleotide sample (200 μL) 
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2.4 Biophysical Characterization 

The siRNA samples were prepared using equimolar amounts of each siRNA (5 µM) were 

annealed to their complimentary strand in various volumes of sodium phosphate buffer (90 mM 

NaCl, 10mM Na2HPO4, 1 mM EDTA, pH = 7) to each a total volume of 20 µL. The samples were 

heated to 90 ºC for 2 minutes, then allowed to cool down to room temperature.  

2.4.1 Helical Conformation Analysis using Circular Dichroism 

Circular dichroism studies were performed at 25 ºC over a wavelength range or 200 nm to 

500 nm at a rate of 20 nm per minute. The siRNA samples were transferred to a 1 mm cuvette (QS), 

the average of three replicates were completed using a J-815 CD Spectrometer and data was 

recorded using Jasco’s Spectra Manager 2.0 software. 

2.4.2 UV-Monitored Thermal Denaturation of siRNA Duplexes 

Melting temperatures (Tm) of each sample were measured by UV absorbance at 260 nm 

and were completed with a baseline of sodium phosphate buffer. The temperature was increased 

from 10 °C to 90 °C at a rate of 0.5 ºC per minute. Tm data was analyzed using Meltwin 3.5 software 

and the average of triplicate measurements is taken at the Tm of the duplex. 

2.4.3 Procedure for HPLC Characterization 

High performance liquid chromatography (HPLC) chromatograms were obtained using 

Waters 1525 Binary HPLC pump with Waters 2489 UV/Vis detector using the Empower 3 

software. A reverse-phase column (C18 4.6 mm by 150 mm) was used. The conditions used were 

5% acetonitrile in 95% 0.1 M TEAA (Triethylamine-Acetic Acid) buffer up to 100% acetonitrile 

over 25 minutes.  

2.5 Cell Culture Maintenance 

The cell line used for the biological analysis of the siRNAs is human epithelial cervix 

carcinoma cells, commonly referred to as HeLa cells. The cells were kept in cell culture flasks with 
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25.0 mL of DMEM with 10% fetal bovine serum and 1% penicillin-streptomycin (Sigma) in an 

incubator set for 37.0 ºC with a 5% CO2 humidified atmosphere. Cells were passaged once cells 

had a confluency of 80-90% according to the following protocol. The culture flask was washed 3 

times with 20 mL of 1X phosphate buffered saline (NaCl 137 mM, KCl 2.70 mM, PO4
3- 10.0 mM, 

pH 7.40) and incubated with 5.0 mL of 0.25% trypsin (SAFC bioscience) for 4 min @ 37 °C to 

detach the cells from the flask. The cell solution was transferred to a 50.0 mL Falcon tube and 

diluted with 10.0 mL of DMEM and pelleted at 2,000 rpm for 5 minutes at room temperature. The 

supernatant was discarded, and the pellet was resuspended in 5.0 mL DMEM with 10 % FBS. 

To obtain a cell count, a haemocytometer was used, followed by a dilution to make a final 

cell concentration of 1,000,000 cell per mL. The cell line is continued by adding 1.0 mL of the 

freshly passaged cells was added to a new culture flask that already contains 24 mL of DMEM with 

10% FBS and 1% penicillin-streptomycin at 37.5 °C. The remaining cell solution was utilized for 

plating cells for assays. 

2.6 Cell Based Assays  

2.6.1 Plating and Transfection 

For the luciferase assay, 50 μL of the 1,000,000 cells per ml solution were added to the 

wells of a 24 well plate already containing 350 μL of DMEM with 10% FBS per well at a cell 

density of 50,000 cells per well. After plates are prepared, they were incubated at 37 °C with 5% 

CO2 for 24 hours. A mixture of 1μL siRNA, and 1 μL of Lipofectamine 2000 (and 100 ng of pGL3 

and SV plasmid for luciferase assay) was prepared in Gibco’s Opti-Mem Reduced Serum Medium 

to a total volume of 200 μL for Luciferase assay. A different solution is made for each siRNA and 

for every concentration. These solutions were then transferred to the well plates and incubated for 

another 24 hours. 

For carrier-free luciferase assay, 10 μL of the 1,000,000 cells per ml solution was added to 

the wells of a 96 well plate that already has 150 μL of DMEM with 10% FBS per well at a cell 
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density of 10,000 cells. After plates are prepared, they were incubated at 37 °C with 5% CO2 for 

24 hours. A mixture of 1μL siRNA, and 1 μL of Lipofectamine 2000 (and 100 ng of pGL and SV 

plasmid for luciferase assay) was prepared in Gibco’s Opti-Mem Reduced Serum Medium to a total 

volume of 100 μL. A different solution is made for each siRNA and for every concentration. These 

solutions were then transferred to the well plates and incubated for another 24 hours. 

2.6.2 Dual-Luciferase Reporter Assay 

For the luciferase assay, 50 μL of the 1,000,000 cells per ml solution were added to the 

wells of a 24 well plate already containing 350 μL of DMEM with 10% FBS per well at a cell 

density of 50,000 cells per well. After plates are prepared, they were incubated at 37 °C with 5% 

CO2 for 24 hours. After the post transfection incubation period each well was washed with twice 

with 1X PBS and then 250 μL 1X Passive Lysis Buffer was added to lyse the cells over a period of  

20 minutes on a shaker. Then 10 μL cell lysate was transferred to a CoStar 96 well plate (making 

triplicates of each lysate) immediately and a Synergy HT (Bio-Tek) plate luminometer was used to 

measure fluorescence. Fluorescence studies were done using the Dual-Luciferase Reporter Assay 

kit (Promega). According to the kit’s protocol, 50 μL of Luciferase Assay Reagent II (LAR II) 

substrate was first added to induce firefly luciferase luminescence followed by the addition of 50 

μL of Stop&GloTM to quench firefly luciferase and induce Renilla luciferase luminescence. The 

firefly luciferase signal was normalized with the Renilla luciferase signal and the signal for the cells 

transfected with no siRNA were taken as 100% expression to which the other strands are compared. 

2.6.3 Carrier-Free Luciferase Reporter Assay  

For carrier-free luciferase assay, 10 μL of the 1,000,000 cells per ml solution was added to 

the wells of a 96 well plate that already has 150 μL of DMEM with 10% FBS per well at a cell 

density of 10,000 cells. After plates are prepared, they were incubated at 37 °C with 5% CO2 for 

24 hours. HeLa cells were seeded into 96-well plates containing 50 µL of DMEM (10% FBS 1% 

penicillin-streptomycin) at a cell density of 1.0x104 cells per well. Plates were incubated for 24 
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hours at 37 C with 5% CO2 humidified atmosphere. Prepare master mix by combining 200 ng pGL3 

(2 µL), 50 ng (0.5 µL) pRLSV40 and 50 µL Opti-MEM Reduced Serum Medium per sample. Dilute 

1 µL Lipofectamine 2000 TM in 49 µL Opti-MEM Reduced Serum Medium (in a microcentrifuge 

tube). Mix gently and incubate for 5 minutes at room temperature. Add 52.6 µL of master mix to 

diluted Lipofectamine. Mix gently with pipette. Add diluted lipofectamine-plasmid mixture to each 

well and allow the plate to incubate for 4 hours at 37 C with 5% CO2 humidified atmosphere, after 

which the growth medium was discarded, and each well was washed twice with 1X PBS to ensure 

that no transfection reagent remained in solution. 50 µL DMEM (10% FBS, 1% penicillin-

streptomycin) were added to each well. Each siRNA sample was prepared by diluting 5 µL of the 

respective siRNA in 50 µL of 1× 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. 

Cell Lysis  

16 hours post-transfection, culture plates were removed from the incubator. In a biosafety 

cabinet, the medium was removed from each well and cells were washed with PBS. 1 µL of 1X 

passive lysis buffer were added to each well for a 96-well plate. Culture plates were placed on a 

rocking platform at room temperature for 30 minutes. Lysates were transferred to labeled 

microcentrifuge tubes. 10 μL cell lysate was transferred to a Costar 96 well plate (making triplicates 

of each lysate) immediately and a Synergy HT (Bio-Tek) plate luminometer was used to measure 

fluorescence. Fluorescence studies were done using the Dual-Luciferase Reporter Assay kit 

(Promega). According to the kit’s protocol, 50 μL of LAR II substrate was first added to induce 

firefly luciferase luminescence followed by the addition of 50 μL of Stop&GloTM to quench firefly 

luciferase and induce Renilla luciferase luminescence. The firefly luciferase signal was normalized 
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with the Renilla luciferase signal and the signal for the cells transfected with no siRNA were taken 

as 100% expression to which the other strands are compared 

Chapter 3: Results and Discussion 

3.1 Organic Synthesis of Phosphoramidites 

 

In this study, a small library of propyl-triazole sphingosine modified siRNAs were 

synthesized to investigate their gene silencing abilities in the presence and absence of a transfection 

carrier. To achieve this, our first objective was to prepare a compound called azidosphingosine 

shown in Scheme 3.1. Azidosphingosine is used as a building block to generate a variety of 

compounds with various chemical modifications.  
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Scheme 3.1.  Synthesis of azidosphingosine. 

 In order to obtain the desired compound, azidosphingosine 7, the amino and primary 

alcohol groups of D-ribo-phytosphingosine 2 must be protected. The synthesis begins with the 

installation of an azide group to protect the amine group. Although other published procedures use 

triflyl azide as an azide source100, our approach opted for a safer and cost-efficient route by using 

imidazole-1-sulfonyl azide hydrochloride 1.100, 101 Following a published procedure, we reacted 

sulfuryl chloride in an ice-cooled suspension of sodium azide in acetonitrile overnight at room 

temperature, and imidazole was added portion-wise the next day. From this procedure, we obtained 

similar yields that were published by Stick et al, in 2005.101 

Azides are a popular class of compounds due to their diverse reactivity with many 

substrates. For example, azides play key roles in various chemical modifications such as the notable 

copper assisted azide-alkyne cycloaddition (CuAAc) reaction (often nicknamed the ‘click’ 

reaction) and their role as amine protecting groups.102-106  
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To prepare azido-phytosphingosine 3, it was vital for the reaction to avoid the loss of 

stereochemistry. A previous study performed by Pandiakumar. AK et al, in 2014, suggests that the 

reaction undergoes a diazo (N2) transfer reaction to form an azide.107 Shown in Figure 3.1 is a 

plausible mechanism involving the nucleophilic attack of the amine on the middle nitrogen of 

imidazole-1-sulfonyl azide hydrochloride. The known azido-phytosphingosine was prepared with 

column chromatography according to published procedures in fair yields of 80%.108-110  

 

 

 

 

 

 

 

Figure 3.1.  Proposed mechanism to generate azidophytosphingosine. 

After the protection of the amine group, the primary alcohol must be protected in order to 

produce 4 generating high yields (90%) to avoid unwanted side reactions. The protecting group 

chosen is tert-butyldiphenylsilyl (TBDPS) and this protecting group is commonly used to protect 

alcohols. It is crucial to use less than two equivalents of TBDPS-Cl to protect the primary alcohol 

to avoid protecting the two secondary alcohols that are present on compound 4. The vicinal diols 

on compound 4 are the only nucleophiles present on the compound, and they will undergo a 

substitution nucleophilic intramolecular (SNi) reaction to form a cis-1,2-cyclic sulfite compound 5 

through the addition of thionyl chloride in the presence of triethyl amine.111, 112  The proposed 

mechanism to transform the vicinal diols on compound 4 to a cis cyclic sulfite can be depicted in 

Figure 3-2.  
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Figure 3.2. Proposed mechanism for the formation of the intermediate cyclic sulfite.  

The secondary alcohol attacks the sulfur of thionyl chloride (SOCl2), after the loss of Cl 

and deprotonation of oxygen, a good leaving group chlorosulfite is generated. From here, a 

bimolecular nucleophilic substitution (SN2) occurs. The lone pair of electrons on oxygen, 

nucleophilically attacks the carbon center, resulting in chlorosulfite to leave and an inversion of 

configuration. Next the lone pair of electrons on the secondary alcohol attack the sulfur atom and 

chlorine acts as a leaving group. TEA deprotonates the oxygen, resulting in the formation of the 

intermediate. 113, 114 

The generation of the intermediary sulfite is followed by an oxidation step developed by 

Sharpless et al, 1988, using ruthenium (III) chloride trihydrate and sodium periodate to afford 1,2-

cyclic sulfate with fair yields of 78-86% with various scales.115  

To afford compound 6, compound 5 must undergo an acid-catalyzed ring-opening and 

dehydrohalogenation to form an internal alkene and the re-exposure of a secondary alcohol. 

Following a literature procedure by Kim et al., that required a reflux solution containing DBU and 

tetra-butyl ammonium iodide (NBu4I), followed by sulfuric acid, THF and water, proved to be  

ineffective because compound 6 was not synthesized.100 It was hypothesized that a sulfate ester 

formed after compound 5 during refluxing conditions with DBU and NBu4I. After isolating the 

intermediate using column chromatography, our hypothesized compound was fully converted to 

the hypothesized intermediate and was confirmed with 1H NMR and 13C NMR.  This led to the 
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second step potentially being the issue; no removal of the sulfate ester and re-exposure of the 

secondary alcohol. The reaction was monitored via TLC, however, there were no indications of the 

desired product being produced as the intermediate was still present and no new compounds had 

formed. We began to investigate other solvents that would push the reaction further such as THF. 

Changing the solvent to THF instead of toluene resulted in a poor yield of 32%. Despite the low 

yield, this was a starting point to optimize the reaction conditions. The difference between the two 

solvents is their structure and polarity.116 THF is more polar than toluene due to the non-bonding 

electrons on oxygen, this can provide hydrogen bonding.  In hopes to increase the yields further, 

we investigated the sulfuric acid equivalence shown in Table 3-1.  
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Table 3.1. Optimization of the ring opening and dehydrohalogenation reaction of 

compound 6 from intermediate. 

 

 

 

 

 

 

 

 

Entry Solvent H2SO4  

(eq.) 

Temperature Time  

(h) 

Yield % 

1 Toluene 0.3 r.t 1 n.r 

2 Toluene 0.3 r.t 2 n.r 

3 Toluene 0.3 r.t 3 n.r 

4 THF 0.3 r.t 3 32 

5 THF 0.4 r.t 3 55 

6 THF 0.5 r.t 3 43 

7 THF 0.6 r.t 3 50 

8 THF 0.7 r.t 3 51 

9 THF 0.8 r.t 3 54 

10 THF 0.9 r.t 3 67 

11 THF 1.0 r.t 3 63 

12 THF 1.1 r.t 3 41 

13 THF 1.2 r.t 3 50 

14 THF 1.3 r.t 3 44 

15 THF 0.9 30 ºC 3 41 

16 THF 0.9 35 ºC 3 42 

17 THF 1.0 30 ºC 3 47 

18 THF 1.0 35 ºC 3 48 



 

47 

 

We continued to optimize the reaction conditions further by investigating sulfuric acid 

equivalence up to 1.3 equivalence in increments of 0.1 while keeping the solvent, temperature, and 

time constant. For entries 4 to 10, a trend was noticed; as the acid equivalence increases the yield 

also increases. However, a threshold is reached with 1.0 equivalents of sulfuric acid as the yields 

begin to decrease. Now that we have found the desirable equivalence 0.9 and 1.0 equivalents 

resulting in yields of 67% and 63 % respectively, we investigated whether changes in temperature 

would increase the reaction yields. As is shown in entries 15 to 18, we increased the temperatures 

to 30 ºC and 35 ºC. Unfortunately, as the temperatures increased the yields decreased. This could 

be because the increase in heat may thermodynamically not favor the generation of compound 6. 

With the optimized conditions, compound 5 can achieve a yield of 81% over 2 steps to afford 

compound 6.  

The final step to achieving our building block, azidosphingosine 7, requires a deprotection 

of the alcohol protecting group on 6, this is achieved with tetrabutylammonium fluoride (TBAF) in 

the presence of THF. TBAF is used as a fluoride source as the fluoride anion undergoes a fluoride-

mediated deprotection of the silyl protecting group through a pentavalent silicon pathway.117 Due 

to silicon’s vacant d-orbitals, the pentavalent silicon center can exist, the silicon-oxygen bond is 

cleaved while forming a stable silicon-fluorine bond producing 7 in a yield of 90%.  

The next objective is to undergo DMT-phosphoramidite chemistry and undergo a 1,3-

triazole transformation shown in Scheme 3-2. Triphenylmethyl (trityl) groups such as 4,4-

dimethoxytrityl (DMT) protecting groups are widely used for protecting alcohols in organic 

synthesis, especially during oligonucleotide synthesis.118 Trityl protecting groups are stable under 

basic conditions, and can be readily removed in the presence of a mild acid. The installation of the 

DMT group on the terminal alcohol caused a couple of challenges. It was important to avoid 

protecting the secondary alcohol while keeping the reaction conditions basic enough. This resulted 

in generating optimized reaction conditions of 1.1 equivalent of DMT, catalytic amount of 4- 

(dimethylamino)pyridine (4-DMAP) and pyridine as the solvent to afford compound 8 in 51%.  
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 Scheme 3-2. Synthesis of propyl-triazole sphingosine DMT-phosphoramidite 

modifications. 

 The azide present on compound 8 creates a platform to undergo a variety of chemical 

modifications. In our case, we can reduce the azide to an amine or subject the azide the formation 

of a 1,4-triazole ring. Various 1,4-triazole functionalities have shown to be tolerated as a nucleic 

acid modification, to achieve this transformation it undergoes the Cu-catalyzed Azide-Alkyne 

Cycloaddition (CuAAC) reaction. To generate the triazole ring a well-established method was 

followed, a copper (I) catalyst is required; Cu2SO4 ● 5H2O was best suited for this reaction with 

sodium ascorbate as an in situ reducing agent.119 Since there is a DMT protecting group present on 

compound 8, it was vital to keep the reaction mixture basic as it can be cleaved under mild acidic 

conditions. To accomplish this, 2 equivalents of TEA were added to the reaction to generate 

compound 9a in a 63% yield. 

 To form the triazole ring the reaction requires the reduction of Cu(II) to Cu(I) by the 

addition of the reducing agent, sodium ascorbate. The first Cu(I) generates a bond with the terminal 
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alkyne to form the copper acetylide intermediate, here Cu(I) acts as a strong σ-bound ligand. The 

introduction of the second copper atom coordinates with the alkyne through a weak π-

complexation. The β-carbon of the acetylide undergoes a nucleophilic attack at the terminal-

nitrogen of the azide to form the first carbon-nitrogen bond.  From here, the intermediate undergoes 

a ligand exchange generating triazolide. Lastly, the triazolide intermediate, undergoes protonolysis 

to achieve the desired triazole ring to complete the catalytic cycle. 120, 121 The synthetic cycle is 

depicted below in Figure 3-3.  
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Figure 3.3: Catalytic cycle of Cu(I) catalyzed azide-alkyne cycloaddition catalytic cycle 

forming 1,3-triazole.  

The final step is the attachment of the phosphite group, and this reaction is challenging due 

to the high sensitivity of the phosphite group towards moisture. The phosphite group undergoes a 

reaction with the secondary alcohol of compound 9a using a TEA to generate compound 10 in 57% 

yield. During the oligonucleotide synthesis, the phosphite group will become oxidized to a 

phosphate.  

 To confirm the success of the phosphoramidites into the RNA, mass spectrometry was 

performed on each sequence strand and the results are summarized in Table 3-2.  

Table 3-2.  
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Table 3-2. Negative ESI of sense strand oligonucleotides. X represents the propyl-triazole 

sphingosine modification 

 

3.2 Thermal Stability of siRNAs 

 

The siRNA helix is stabilized by two main types of interactions: hydrogen bonding and 

base stacking.122 The melting temperature (Tm) is the temperature at which point the two strands 

become unstable and dissociate and this, provides an insight to the duplex’s infection point. Due to 

the nucleobases’ high absorption at 260 nm, absorption is measured as a function of temperature, 

which allows Tm to be calculated since the exposed nucleobases have higher absorption than 

equivalent bases in their double stranded nucleic acid form.123 Table 3-3 displays the synthesized 

sequences, modification position and Tm values. Terminal modifications resulted in improving 

thermal stabilization. Placing the modification at the 3’ end of the antisense or sense strand (S-1 

and S-5), replaces the dTdT overhang, and this did not have a destabilization effect. This similar 

result is seen in placing the modification at the 5’ end of the sense strand. A similar study done by 

Kubo et al., in 2021, which uses saturated and unsaturated fatty acid modifications on the 5’ end of 

the sense strand, displays no significant difference compared to their unmodified sequence.124 At 

this position, the sphingosine modification is no thermally destabilizing but rather is stabilizing. 

This could be due to the modification improving hydrogen bonding and/or stacking interactions at 

the end of the RNA strand. Internal modifications did not result in significant thermal 

destabilization in comparison to previous bulkier modifications reported by the Desaulniers lab on 

Code Sequence m/z Calculated m/z Found 

S-1 5’ CUU ACG CUG AGU ACU UCG AX 3’ (S) 6451.0936 6451.7883 

S-2 5’ CUU ACG CUG AGU ACU UXG ATT 3’ (S) 6756.1600 6755.5989 

S-3 5’ CUU ACG CUG XGU ACU UCG ATT 3’ (S) 6732.1444 6732.4007 

S-4 5’ XUU ACG CUG AGU ACU UCG ATT 3’ (S) 6756.1600 6756.4147 

S-5 3’ XG AAU GCG ACU CAU GAA GCU 5’ (AS) 6619.1361 6619.4267 
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the central region.125, 126 Placing the modification at positions 10 or 17 from the sense strand 5’ end 

resulted in ΔTm values of - 3.9 and - 7.9, respectively. This could be due do  

These results were expected as the internal region of siRNA is less tolerable to large chemical 

modifications than the 3’-end and 5’-ends of the RNA strands.  

Placing the chemical modification on the sense and the antisense strand showed similar 

trends in comparison to a single modification on the sense or antisense strand. The siRNA modified 

sequences D-1 and D-3 both have the sphingosine modification at the 3’end of the antisense strand. 

On the sense strand, D-1 has the sphingosine modification at the 3’ end of the sense strand. While 

D-3 has the sphingosine modification at the 5’ end of the sense, respectively. The modifications on 

the terminal ends show improving thermal stabilization, in comparison to WT. A potential reason 

as to why the D-1 shows stabilization could be due to the interaction between the triazole and long 

hydrophobic chain with the RNA sequences. In regard to the stabilization results of D-3, there are 

two sphingosine modifications on the same side of the siRNA, this could lead to a strong interaction 

between the two long hydrophobic chains. The interaction between the long alkyl chains could be 

strong enough to exhibit stabilization.  

Comparing the double modifications D-1 and D-3 to the single modifications (S-1, S-4 and 

S-5), there is no drastic improvement. However, sequence D-2 has improved thermal stabilization 

in comparison to S-3 by about 5.5 ºC. As previously mentioned, internal modifications are less 

tolerable, however, adding the modification on the 5’-end of the antisense strand helps stabilize the 

duplex. The D-1 siRNA has the sphingosine modification at the 3’-ends of the sense strand shows 

improved thermal stabilization. As an example, a previous study placed various biaryl units such 

as benzene, naphthalene, phenanthrene or pyrene residues at the 3’-terminus ends of the sense and 

antisense strands, and they exhibited improved nuclease resistant with ΔTm values of +0.8, +1.6, 

+3.1, and +3.7, respectively.127  
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Table 3-3. Sequences of anti-luciferase siRNAs and Tm’s of siRNAs containing the propyl-

triazole sphingosine modification.  
 

siRNA Duplex Sequences aTm(ᵒC) ΔTm(ᵒC) 

 

WT 

5’ CUU ACG CUG AGU ACU UCG ATT 3’ (S) 

3’ TTG AAU GCG ACU CAU GAA GCU 5’ (AS) 

 

76.1 -- 

 

S-1 

5’ CUU ACG CUG AGU ACU UCG AX 3’ (S) 

3’ TTG AAU GCG ACU CAU GAA GCU 5’ (AS) 

 

78.23 + 2.2 

 

S-2 

5’ CUU ACG CUG AGU ACU UXG ATT 3’ (S) 

3’ TTG AAU GCG ACU CAU GAA GCU 5’ (AS) 

 

72.2 - 3.9 

 

S-3 

5’ CUU ACG CUG XGU ACU UCG ATT 3’ (S) 

3’ TTG AAU GCG ACU CAU GAA GCU 5’ (AS) 

 

68.2 - 7.9 

 

S-4 

5’ XUU ACG CUG AGU ACU UCG ATT 3’ (S) 

3’ TTG AAU GCG ACU CAU GAA GCU 5’ (AS) 

 

77.2 + 1.1 

 

S-5 

5’ CUU ACG CUG AGU ACU UCG ATT 3’ (S) 

3’ XG AAU GCG ACU CAU GAA GCU 5’ (AS) 

 

78.2 + 2.1 

 

D-1 

5’ CUU ACG CUG AGU ACU UCG AX 3’ (S) 

3’ XG AAU GCG ACU CAU GAA GCU 5’ (AS) 

 

81.8 + 3.0 

 

D-2 

5’ CUU ACG CUG XGU ACU UCG ATT 3’ (S) 

3’ XG AAU GCG ACU CAU GAA GCU 5’ (AS) 

 

76.4 - 2.4 

 

D-3 

5’ XUU ACG CUG AGU ACU UCG ATT 3’ (S) 

3’ XG AAU GCG ACU CAU GAA GCU 5’ (AS) 

80.5 + 1.7 

Tm values were measured in a sodium phosphate buffer (90 mM NaCl, 10 mM Na2HPO4, 1 mM EDTA, pH 7) 

at 260 nm, from 10 to 95 ᵒC. X represents the propyl-triazole sphingosine modification. 
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3.3 Circular Dichroism Conformation of siRNA Helical Structure 

 

To determine whether the siRNAs can retain activity, they must be in the A-form helical 

conformation to be a suitable substrate for RISC.128 One way to characterize A-form helical 

conformation is to use a technique called circular dichroism (CD). CD generates polarized light 

that provides distinct absorption patterns based on the secondary structure of nucleic acids and 

proteins.129  Various helices such as A, B and Z have similar but distinct absorption profiles as A-

form helices present shallow troughs at around 210 nm and an absorption maximum at 260 nm.  B-

form helices are often observed by DNA duplexes and are similar, however they have a 10-20 nm 

shift to the right resulting in a shallow trough at 220 nm and an absorption maximum at 280 nm. 

130  Lastly the Z-form helices is less common than the other two helices, they generate a trough at 

205 nm, a large peak at 260 nm and a small trough at 290 nm.130 Examining the two figures, Figure 

3-4 and Figure 3-5, both present A-Form helical conformations. Figure 3-4 shows the CD spectra 

of the propyl-triazole sphingosine single-modified duplexes (S-1 to S-5) demonstrating the 

expected absorption profile of an A-form helix. Figure 3-5 shows the CD spectra of the propyl 

triazole sphingosine double-modified duplexes (D-1 to D-3). Observing the CD spectra, the 

modified siRNAs retain the A-form helical conformation as the characteristic trough is present at 

210 nm and the absorption maxima at 264 nm, this means that they will be active substrates for 

RISC.131  
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Figure 3-4. CD Spectra of propyl-triazole sphingosine single modified siRNAs targeting 

firefly luciferase.  

 

Figure 3-5. CD Spectra of propyl-triazole sphingosine double modified siRNAs targeting 

firefly luciferase.   
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3.4 Silencing Capability of the Endogenous Firefly Luciferase Gene 

 

The biophysical characterization results of the sphingosine modified siRNAs suggests that 

they would be compatible with RNAi. The dual luciferase assay is a widely used assay for the 

purpose of screening new modifications for position and concentration dependent gene-silencing 

activity. The modified siRNAs target firefly luciferase mRNA, expressed from the transfected 

pGL3 plasmid, while Renilla luciferase, expressed as the pRLSV40 plasmid is used as an internal 

control to normalize the signal. Both luciferase enzymes are added to the substrate, luciferin, 

catalyzing a reaction that produces light as a by-product which is used to assess expression levels 

as luminescence.132, 133 A control well was utilized on each plate by co-transfecting a well with both 

plasmids with no siRNA. The control was used to express luciferase luminescence as a percent of 

the control. The results are seen in Figure 3-6 with the siRNAs being tested at various 

concentrations.  

Figure 3-6. Gene-silencing ability from sphingosine-modified siRNAs transfected into 

HeLa cells targeting firefly luciferase mRNA and normalized to Renilla luciferase. Average 

of 3 technical replicates and 3 biological replicates.  
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The first five strands that were tested, S-1 to S-5, contain a single propyl-triazole 

sphingosine modification of the sense or antisense strand targeting firefly luciferase. All modified 

siRNA exhibited a dose-dependent gene-silencing. S-1 and S-3 are most comparable to wt at all 

concentrations. S-2 and S-3 show that the modification is well tolerated within the central region 

despite the fact that its destabilizing. The effect of destabilization is comparable with the work 

performed in the Desaulniers group.99, 134 Overall, this shows that with destabilization of the duplex, 

these sphingosines-modified siRNAs are well tolerated within the RISC as a substrate.135 siRNA 

S-5 contains the modification on the 3’ terminus antisense strand. Previous reports suggests that 

the binding affinity of the guide strand with Ago2 protein is related with the silencing activity as 

the 3’ overhang is not always bound to the PAZ domain as it dislodges upon base pairing with the 

complementary strand and again engages to the domain. siRNA S-5 contains the modification on 

the 3’ terminus of the antisense strand and exhibits improved silencing abilities in comparison to 

other terminal modifications such as siRNA S-4. These results are consistent with previous studies 

in modifying the 3’ terminus or the antisense strand and exhibited potent gene silencing abilities.136  

Given that these modifications were well tolerated, we wanted to explore the effect of two 

sphingosine modifications within an siRNA duplex. 

The chemical modification is placed on the 3’ end of the antisense strand for all of the 

duplexes, however their location on the sense strand differs. The modification is placed on the 3’-

end (D-1), the central region (D-2) and the 5’ end of (D-3). Placing the modifications on both the 

sense and antisense strand (siRNAs D-1 to D-3) also displayed dose-dependant knockdown (Figure 

3.6). Comparing the double-modified series to the single-modified series, they still exhibit dose-

dependant knockdown. However, comparing the double-modified series to wt, they are not as 

comparable. With a single chemical modification there is not a dramatic change on the siRNA 

resulting in comparable gene-silencing to wt. Placing a chemical modification on the sense and 

antisense strands will have an impact on its gene-silencing ability due to the dramatic change in 

modifications. The addition of two fatty acids on the siRNA strands may have impacted the binding 
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of RISC and its gene-silencing abilities. This results in the double-modified series not being 

comparable to the wt activity.  

This is in contrast to a previous study by Yoshikawa et al., in which the double modified 

biaryl siRNAs were more effective compared to single-modified siRNAs.127 The PAZ component 

of Ago2, recognizes the 3’-overhang region of a guide strand and is accommodated by a binding 

pocket composed of amino acids. The additional modification on the 3’ terminal end of D-1 to D-

3, should have enhanced gene-silencing in comparison to single modified siRNAs. However, when 

we compare our potency profile of our sphingosine-labeled siRNAs, siRNAs D-1 to D-3 present 

more effective gene silencing towards firefly luciferase in comparison to the biaryl modified 

siRNAs, this could be due to the less rigid characteristics of the sphingosine derivative. Overall, 

the single-modified siRNAs are comparable to wt as they are able to bind to RISC more effectively 

in comparison to the double-modified siRNAs.  

3.5 Delivery Capability of Carrier-Free Firefly Luciferase Gene 

 

Once we confirmed the biological activity of all siRNAs in HeLa cells after transfection 

with Lipofectamine reagent (Lipofectamine 2000TM), we wanted to investigate the cellular uptake 

and delivery of the modified siRNAs. The dual luciferase assay is a good screening method for new 

modified siRNAs for their gene-silencing abilities in the presence or absence of a transfection 

carrier. Other lipid conjugates have shown success with increasing siRNA lipophilicity and 

improving cellular uptake without the need of transfection carriers.99, 137 We focused on the terminal 

ends and central region of the siRNAs, S-1, S-3, S-4, D-1 to D-3, and investigated their gene-

silencing abilities in the absence of a transfection carrier. A control well was utilized on each plate 

by co-transfecting a well with both plasmids, during the transfection period, with no siRNA. The 

control was used to express luciferase luminescence as a percent of the control. The results are seen 

in Figure 3.7 with the siRNAs being tested at various concentrations.  
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Figure 3.7: Reduction in Firefly luciferase expression in HeLa cells as a function of siRNA 

activity ranging from 1 to 2000 nM in the absence of a transfection carrier. Average of 2 

technical replicates and 3 biological replicates.  

Following the carrier-free protocol previously described (in the experimental chapter), as 

observed in Figure 3.7. This experiment provided an insight to the cellular permeability of the 

chemically modified siRNAs and accumulation in the cell.  

The wt, which lacks a propyl-triazole modification, did not display any gene-silencing 

activity in this carrier-free study. This did not come as a surprise as unmodified siRNAs are known 

to have difficulties in crossing the cellular membrane unassisted. In contrast, all of the chemically 

modified siRNAs show a dose-dependant knockdown. The single modified propyl-triazole 

sphingosine siRNAs (S-1, S-3, and S-4) exhibit potent gene silencing. With siRNA S-4 showed 62-

68 % knockdown reduction in firefly luciferase activity in high concentrations of 1000 to 2000 nM.  

It exhibited in a dose-dependent knockdown, however it required higher concentrations to observe 

gene silencing in comparison to S-1 and S-3. While siRNAs S-1 and S-3 exhibit potent gene 

silencing, with 60-80 % reduction in firefly luciferase activity in 50 to 2000 nM concentration 
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range. The effective carrier-free gene silencing activity of S-1 and S-3 as the sphingosine 

modification is placed on the 3’ and central region of the sense strand, respectively. Overall, the 

single modified series show good gene-silencing knockdown and are able to cross the cellular 

membrane without a transfection carrier. A potential reason as to why these siRNAs are able to 

bypass the cellular membrane could be due to their ability to anchor themselves into the cellular 

membrane. The cellular membrane is a lipid bilayer that is composed of amphipathic molecules 

and the most abundant lipids are phospholipids. Various lipids are able to spontaneously aggregate 

to bury their hydrophobic tails in the interior and expose their hydrophilic heads to the aqueous 

environment. Utilizing this delivery mechanism, the various single-modified siRNAs enter the 

cytoplasm, then undergo the RNAi pathway. It’s interesting to note how the different locations are 

able to impact the results of the carrier-free dual luciferase. Placing the chemical modification on 

the terminal ends would result in a better delivery mechanism as the lipid would anchor itself and 

the siRNA would be vertical. In contrast to the central modification, the sphingosine would anchor 

itself into the cellular membrane resulting in the RNA being horizontal. Overall, they are all able 

to cross the cellular membrane the difference in silencing activity is reflected on their ability to 

bind to RISC. The activity in the dual luciferase assay (Figure 3.6) with siRNA S-3 exhibiting the 

most effective gene-silencing activity with S-4 being the lease effective, and S-1 being in between. 

Further investigation into dose dependency generated the IC50 (Inhibitor Concentration) values 

shown in Figure 3.8 summarized in Table 3-4. The IC50 values were determined using Graphpad 

Prism 9 software. 



 

61 

 

 

Figure 3.8: Inhibitory dose-response curves for propyl-triazole sphingosine-conjugated 

siRNAs targeting exogenous firefly luciferase in HeLa cells following a carrier-free 

transfection protocol. Top: Nonlinear regression curve of single-modified siRNAs; S-1, S-

3, and S-4 with 95% CI. Average of 3 technical replicates and 3 biological replicates. 

Bottom: Nonlinear regression curve of double-modified siRNAs; D-1 to D-3 with 95% CI. 

Average of 2 technical replicates and 3 biological replicates. 
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Table 3.4: Summarized IC50 values of siRNAs S-1, S-3, S-4, and D-1 to D-3.  

 

 

 

 

 

 

The IC50 values for S-1 and S-3 are 144.9 nM and 49.86 nM, respectively, while S-4’s IC50 

value is 670.7 nM. The statistical analysis suggests the curves are different, resulting in the 

assumption that placing the modification on various locations on the RNA sequence results in 

different activity. Comparing the observed IC50 values to previous work performed in the 

Desaulniers group. In 2018, Salim et al. implemented a cholesterol-triazole linked to various 

regions of the siRNA and investigated the cellular uptake without the presence of a transfection 

carrier. Placing the cholesterol-triazole conjugate on the 3’ end (X5) and the central region (X2) 

generated IC50 values of 189.2 nM and 307.1 nM, respectively.99 In comparison, the propyl-triazole 

sphingosine conjugates are slightly more potent on the 3’ terminus of the sense strand and 

significantly more potent on the central region. This could be due to sphingosine being dramatically 

less bulky and more flexible than the cholesterol-triazole conjugate. siRNA S-4 resulted in an IC50 

of 670.7 nM, which is significantly higher than S-1 and S-3, this could be due to the placement of 

the modification. Placing a chemical modification on the 5’ terminus of the sense strand may disrupt 

the binding efficiency of Ago2, ultimately requiring higher concentrations to observe effective gene 

silencing.135   

The double modified series show improved cellular uptake and gene-silencing activity 

compared to the single modified series and wt. Utilizing the same delivery mechanism previously 

mentioned for the single-modified series, the installation of a second lipid results in enhanced 

siRNA IC50 (nM) 

S-1 144.9 

S-3 49.9 

S-4 670.7 

D-1 49.9 

D-2 60.6 

D-3 66.4 
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cellular permeability. The double modified siRNAs D-1 to D-3 exhibited potent and improved gene 

silencing in the absence of a transfection carrier in comparison to the single modifications. siRNA 

D-1 resulted in 65- 84% knockdown with a concentration range of 100 to 1500 nM and continued 

to have 30 to 44 % knockdown with low concentrations of 5 to 50 nM. siRNA D-2 resulted in 80 

% knockdown with 1500 nM, and 44-60 % knockdown with concentration range of 5 nM to 1000 

nM. While siRNA D-3 exhibited 70-80 % knockdown with concentrations of 1000 to 1500 nM, 

and 45-55 % knockdown with low concentrations of 25 nM to 500 nM. The double-modified 

siRNAs exhibited more potent gene silencing as their IC50 values were 57.4 nM, 57.8 nM and 90.2 

nM for D-1, D-2, and D-3, respectively. siRNA D-3 consists of the sphingolipid on the 3’ end of 

the antisense strand and on the 5’end of the sense strand, this has the potential of both hydrophobic 

chains forming a strong interaction. This strong interaction is reflected in their Tm values (Table 

3.3), as it is stabilizing the RNA. As a result of this interaction, the two hydrophobic tails are able 

to anchor themselves into the cellular membrane and introduce the siRNA in a more effective 

manner. Comparing the double modified siRNAs to one another, they are all quite comparable as 

they are close in IC50 values. The reason as to their discrepancy can be related back to their dual 

luciferase assay activity. Shown in the dual luciferase assay (Figure 3.6), D-1 is the most effective, 

followed by D-2 and D-3, and this trend is similar in the carrier-free assay. Implementing a 

sphingosine modification on the 3’ end only has an impact on the cellular uptake and cellular 

permeability, however it does not impact the silencing activity.  

Comparing the gene silencing abilities of siRNAs S-1 and D-1, siRNA D-1’s IC50 value is 

lower than S-1. This may be due to the 3’ overhang modifications on the sense and antisense strand, 

which improves stabilization and the interaction between the siRNA and PAZ instead of a single 

modification on the 3’ terminal sense strand. Interestingly, siRNA D-2 contains the propyl-triazole 

sphingosine conjugate on the central region of the sense strand and on the 3’ terminus of the 

antisense strand and does not exhibit a dramatic potency difference in comparison to S-3. Although 

implementing the chemical modification on the 3’ terminus of the antisense strand, there is potential 
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for destabilization on the central region.138 The doubly-modified siRNAs are comparable with IC50 

values ranging from 49.9 nM and 66.4 nM. The double modified sphingosine siRNAs exhibit more 

potent gene silencing when compared to the single modified siRNAs. There is a dramatic 

improvement implementing a second modification which is observed between S4 and D3. 

Implementing the modification on the 3’ terminus of the antisense strand improves the stabilization 

and interaction between the siRNA and the PAZ domain of Ago2, resulting in a significant decrease 

in IC50. Overall, the addition of a sphingosine modification on the 3’ end of the antisense strand is 

able to enhance cellular permeability and cellular uptake but does not have an impact on the 

silencing activity in RISC.  

Chapter 4: Future Directions and Conclusions 

With the success of the silencing abilities of propyl triazole sphingosine modified siRNAs 

in the presence and absence of a transfection carrier, additional chemical modifications and 

biological evaluations should be further explored. In the context of chemical modifications, there 

are variety of chemical routes with utilizing azidosphingosine as a building block shown in Figure 

4.1. First, triazole modifications should be further investigated especially with the addition of a 

phenyl triazole. Exploring the aromatic addition would be an interesting 3’ overhang modification 

on the sense strand as the bulkier modifications are well tolerated in this region. Second, the 

reduction of azide to nitrogen generates opportunity to link various alkyl chains or aromatic groups. 

Investigating the addition of a second long alkyl chain would be an interesting study as it has not 

been further explored. Lastly, creating various amide linked sphingosine derivatives would further 

expand the library of modified sphingosines. As well as integrating various fatty acids that have 

shown promise such as docosanoic acid and myristic acid through an amide bond reaction. Due to 

the interesting results of implementing a second sphingosine on the 3’ end of the antisense strand 

and its ability to improve cellular uptake by anchoring itself in the cellular membrane, investigating 

the addition of multiple long carbons chains would be an interesting route. Instead of a sphingosine 
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on the same end of an siRNA, it would be interesting to implement one sphingosine with diacyl or 

triacyl glycerides may have the potential of improving delivery. This addition could be more effect 

as it would result in implementing the chemical modification on one position rather than two.  

 

 

 

Figure 4.1: Summary of various routes to modify sphingosine.  
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In regard to biological evaluations, the sphingosine modified siRNAs should be further 

explored in other cell types such as B-cell lymphoma 2 (Bcl-2), an important anti-apoptotic gene. 

This oncogene is overexpressed in 50-70% of all human cancers and is a desirable target for siRNA 

therapeutics.139, 140 Recently, the Desaulniers group developed centrally modified folic acid-siRNA 

conjugates that exhibited targeted delivery and enhanced gene silencing ability.134 Similarly, 

exploring sphingosine modified siRNAs in other cell types can broaden its delivery application by 

determining if they are still productive in various cell types.  

To further explore the delivery applications of this class of sphingolipids, we can conduct 

the dual luciferase assay and carrier-free assay in other cell types. Sphingolipids make up 20% of 

the nervous system and 25% of myelin sheaths which are found in the brain, spinal cord, and optic 

nerves.141 Delivering therapeutics to these tissue sites have been challenging due the blood-brain 

barrier (BBB), which limits the access of drugs to the brain substance. We can investigate 

accumulation and gene silencing abilities of the sphingosine modified siRNAs various cells that 

are typically located in the nervous system. A couple of cells of interest are Schwann cells, 

oligodendrocyte cells and astrocytes. The most important function of the Schwann cell is to 

maintain and myelinate the axons of the peripheral nervous system (PNS).142 Oligodendrocyte cells 

are commonly found in the central nervous system (CNS) such as the brain and spinal cord. Similar 

to Schwann cells, oligodendrocyte cells are primarily responsible for maintenance and generation 

of them myelin sheath that surrounds axons.143 Lastly, astrocytes are the most numerous cell type 

within the CNS and perform a variety of tasks such as controlling the blood brain barrier and blood 

flow.144 The potential of sphingolipid based conjugated systems exhibiting promising gene 

silencing activity and accumulation in tissues located in the nervous system would unlock a door 

to treating various neurodegenerative diseases.  

A second pathway of investigation would be to further explore sphingosine modifications 

targeting myostatin in vitro. Myostatin (Mstn) has been shown to be a negative regulator of skeletal 
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muscle development and growth. A previous study utilized highly modified cholesterol conjugated 

siRNAs designed to induce muscle growth in mice models. In this study, Acosta et al., designed 84 

unique siRNAs targeting mouse Mstn mRNA, and were screened in a luciferase reporter assay in 

Hepa1-6 cells.145 The potent siRNAs were tested further in in vivo efficacy studies in mice 

models. Utilizing the luciferase screening method with sphingosine modified siRNAs, it can 

generate preliminary results for further testing in mice models. Lastly, sphingosine modified 

siRNAs can be compared to the successful docosanoic acid conjugated siRNAs designed by 

Biscans et al.146 

In summary, this study presents a safer, cost-effective, and reproducible synthesis of 

sphingosine molecules. As well as the generation of a small library of propyl triazole sphingosine 

siRNAs targeting firefly luciferase. In the presence of a transfection carrier both single and double 

modified siRNAs exhibit effective gene silencing abilities. In the absence of a transfection 

carrier the double modified siRNAs exhibited more potent gene silencing abilities in 

comparison to single sphingosine modified siRNAs and cholesterol modified siRNAs. 

With these promising preliminary results further modifications and placements on the RNA 

should be explored in an effort to overcome delivery and delivery specificity issues.  
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Appendix 

 

 

 

 

 

 

 

 

 

A1.1: 1H NMR Spectrum of Imidazole-1-sulfonyl Azide Hydrochloride – Compound 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A1.2: 13C NMR Spectrum of Imidazole-1-sulfonyl Azide Hydrochloride – Compound 1 
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A1.3: 1H NMR Spectrum of (2S,3S,4R)-2-azidooctadecane-1,3,4-triol – Compound 3 

 

 

 

 

 

A1.4: 13C NMR Spectrum of (2S,3S,4R)-2-azidooctadecane-1,3,4-triol – Compound 3 
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A1.5: 1H NMR Spectrum of (2S,3S,4R)-2-Azido-1-(tert-butyldiphenylsilyoxy)octadecane-

3,4-triol – Compound 4 

 

 

 

 

 

 

A1.6: 13C NMR Spectrum of(2S,3S,4R)-2-Azido-1-(tert-

butyldiphenylsilyoxy)octadecane-3,4-triol – Compound 4 
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A1.7: 1H NMR Spectrum of (2S,4S,5R)-[2-Azido-2-(2,2-dioxo-5-tetradecyl-2ì6-

[1,3,2]dioxathiolan-4-yl)ethoxy]-tert-butyldiphenylsilane – Compound 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A1.8: 13C NMR Spectrum of(2S,4S,5R)-[2-Azido-2-(2,2-dioxo-5-tetradecyl-2ì6-

[1,3,2]dioxathiolan-4-yl)ethoxy]-tert-butyldiphenylsilane – Compound 5 
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A1.9: 1H NMR Spectrum of (2S,3R)-(E)-2-Azido-1-(tert-butyldiphenylsilyoxy)octadec-4-

en-3-ol – Compound 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A1.10: 13C NMR Spectrum of (2S,3R)-(E)-2-Azido-1-(tert-butyldiphenylsilyoxy)octadec-

4-en-3-ol – Compound 6 
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A1.11: 1H NMR Spectrum of (2S,3R)-(E)-2-Azidooctadec-4-ene-1,3-diol – Compound 7 

 

 

 

 

 

 

 

 

 

 

A1.12: 13C NMR Spectrum of (2S,3R)-(E)-2-Azidooctadec-4-ene-1,3-diol – Compound 7 
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A1.13: 1H NMR Spectrum of (2S,3R,E)-2-azido-1-

(bis(4methoxyphenyl)(phenyl)methoxy)octadec-4-en-3-ol – Compound 8 

 

 

 

 

 

 

 

 

A1.14: 13C NMR Spectrum of (2S,3R,E)-2-azido-1-

(bis(4methoxyphenyl)(phenyl)methoxy)octadec-4-en-3-ol – Compound 8 
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A1.15: 1H NMR Spectrum of (2S,3R,E)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-2-(4-

propyl-1H-1,2,3-triazol-1-yl)octadec-4-en-3-ol – Compound 9-PT 

 

 

 

 

 

 

 

 

A1.16: 13C NMR Spectrum of (2S,3R,E)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-2-(4-

propyl-1H-1,2,3-triazol-1-yl)octadec-4-en-3-ol – Compound 9-PT 
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A1.19: 1H NMR Spectrum of (2S,3R,E)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-2-(4-

propyl-1H-1,2,3-triazol-1-yl)octadec-4-en-3-yl (2-cyanoethyl) 

diisopropylphosphoramidite – Compound 10-PT 

 

 

 

 

 

 

 

A1.20: 31P NMR Spectrum of (2S,3R,E)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-2-(4-

propyl-1H-1,2,3-triazol-1-yl)octadec-4-en-3-yl (2-cyanoethyl) 

diisopropylphosphoramidite – Compound 10-PT 


