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Abstract 

 

The primary obstacle preventing the clinical translation of gene silencing short oligonucleotide 

therapeutics such as siRNA (small or short interfering RNA) is the lack of efficient delivery to the 

required site of action.  The past few years have been an exciting time in the field, with the first few 

siRNA-based drugs coming to market. Despite many advances in the field of formulation, the use of 

the chemical approach to directly modify the oligonucleotide to enhance delivery is currently 

underdeveloped. This thesis is focused on the synthesis and characterization of three new small 

molecule modifications that can easily be integrated into commercially-available short 

oligonucleotides to enhance their delivery. 

Chapter 1 provides an overview of the history and mechanism of siRNA as well as its pathways to 

clinical relevance. The barriers to efficient delivery are then explored followed by an analysis of the 

strategies that are frequently employed to improve its efficacy with a focus on small molecule 

conjugates. Finally, an update is provided on the first three siRNA-based drugs to hit the market and 

the current landscape of preclinical to clinical research is brought to light.  

In Chapter 2, a method for the conjugation of a derivative of the antiestrogen fulvestrant is developed. 

After exploring multiple chemistries, it is found that a copper-free click reaction allows for the 

conjugation of an azide-modified, commercially available DNA strand to the antiestrogen derivative 

(CA1898). The reaction produces a high yield of conjugate (Cy5-dsDNA-CA1898) and also allows for 

rapid purification. The same method is then shown to be effective for the conjugation of siRNA 

targeting a common housekeeper gene, SSB to form siSSB-CA1898. 

Chapter 3 of this work focuses on the analysis of the biological properties of the CA1898-

oligonucleotide conjugates. First, Cy5-dsDNA-CA1898 is found to maintain the activity of the 

antiestrogen indicated by growth inhibition of estrogen receptor-expressing cells in culture. The 

conjugate also shows significantly improved retention in organs such as the liver, kidneys, uterus and 

ovaries of mouse models when compared to its unmodified counterpart. Then, analysis of siSSB-

CA1898 shows that the antiestrogen does not compromise the activity of the siRNA as indicated by 

gene and protein expression analysis in cell culture models.  

In Chapter 4, a ceramide-oligonucleotide conjugate is developed using similar copper-free click 

chemistry to what was optimized in earlier chapters. It is found that a medium-chained ceramide 
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conjugate (Cy5-ssDNA-C10*) significantly improves the cellular association and internalization of the 

oligonucleotide in cell culture models. The association of Cy5-ssDNA-C10* is also significantly 

decreased upon pretreatment of cells with sphingosine, indicating possible receptor-mediated 

association and internalization of the conjugate. 

Finally, in Chapter 5, the delivery of DNA is improved by exploiting the properties of Cy5, a commonly 

used fluorophore for tracking materials introduced to biological systems. Since it is known that Cy5 

drives material to the mitochondria, a method is developed to label DNA with a bioreducible disulfide 

bond as the linker to the Cy5. It is demonstrated that this linker breaks under reducing conditions, 

freeing the oligonucleotide from the Cy5 and shifting the intracellular distribution of the 

oligonucleotide to the cytosolic space.  

Overall, the materials developed in this thesis represent a small sample of the possibilities for the 

chemical modification of commercially-available oligonucleotides. The methods and reactions 

optimized for this work may also prove applicable to the further advancement of platforms to improve 

gene silencing therapies.  
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1.1. Statement of the problem 

The emergence of nucleic acid-based therapeutics has provided new opportunities to treat previously 

undruggable disease targets. By nature of its mechanism of action, small or short interfering RNA 

(siRNA) is powerful because it is capable of inhibiting the translation of messenger RNA (mRNA) to 

proteins. This makes it an ideal therapy for targeting diseases wherein the upregulation of a protein is 

detrimental to the homeostasis of a living system.  

The design of an siRNA therapeutic is relatively rapid because of the existing knowledge of the human 

genome. The base pairing specificity with its target gene also ensures high potency while minimizing 

side effects compared to small molecule drugs. Unfortunately, oligonucleotide therapeutics suffer 

from many challenges with their delivery, making them difficult to put into practice.  Living systems 

produce enzymes which rapidly degrade free oligonucleotides. On top of this, due to the small size 

and negative charge, the body is also capable of rapidly clearing siRNA. The heavy negative charge also 

means that association with the cell membrane, and in turn endocytosis, remains limited.  

The classical method of formulating siRNA in nanoparticles or other supramolecular structures has 

been effective, but it has seen a decline in popularity in recent years due to the individual nanoparticle 

components either exhibiting toxicity or producing immunogenic reactions. On the other hand, the 

direct chemical end-modification of the oligonucleotide with targeting moieties has proven to be a 

suitable alternative to formulation.  

Direct modification of the siRNA with lipophilic groups such as steroids (cholesterol), fatty acids, or 

ŜǾŜƴ ǾƛǘŀƳƛƴ ŘŜǊƛǾŀǘƛǾŜǎ ǎǳŎƘ ŀǎ ʰ-tocopherol has shown to improve siRNA therapy delivery. Despite 

these advances, the types of lipids and other hydrophobic moieties that have been tested have 

remained limited. In part, this is due to the difficulty in finding appropriate chemical approaches to 

conjugate two molecules of opposing polarities. This work aims to explore other potential lipophilic 

oligonucleotide conjugates to cover this shortage of knowledge in the lipophilic oligonucleotide 

conjugate space.  
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1.2. The discovery of RNA interference 

The process of RNA interference (RNAi) was first discovered in the field of antisense technology in 

1977 when Paterson et al. used single-stranded DNA (ssDNA) to inhibit the cell-free translation of a 

complementary mRNA target.1  It was not until 1990 when a similar observation was made by Napoli 

et al. and Van Der Krol et al. in genetic experiments on petunias. They attempted to change the color 

of the flowers by treating the plants with double-stranded RNA (dsRNA) encoding for the gene related 

to their target color. However, introducing the gene coding for a violet flower instead yielded white 

or patchy-patterned flowers, producing a result opposite from what was expected.2,3   

Just under a decade later, the same phenomenon was observed in animals. Fire and Mello were 

working on the Caenorhabditis elegans genome project when they found that the introduction of 

dsRNA of over 700 base pairs (bp) in length interfered with the function of endogenous genes.4 The 

nematodes were treated with the dsRNA containing the sequence for the unc-22 gene which encodes 

a myofilament protein. The dsRNA-treated group resulted in severe twitching reminiscent of the 

known behavior of loss-of-function mutations in unc-22 (Figure 1.1).  

 

Figure 1.1 Phenotypic effect after injection of single-stranded or double-stranded unc-22 RNA into C. 
elegans. Introducing the equivalent of the coding (sense) RNA sequence displayed no visible changes 
to the organism, while ssRNA complementary to the gene (antisense) only displayed phenotypic 
changes to the organism at extremely high concentrations. Fire and Mello found that only the group 
treated with dsRNA targeting the same sequence was highly potent, producing severe twitching 
movements in the C. elegans.4  
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Fire and Mello found that this duplex structure was at least two magnitudes more effective in silencing 

the target gene when compared to treatment of the C. elegans with the antisense strand alone. This 

phenomenon of RNAi by dsRNA is suggested to be an evolutionarily-conserved mechanism of gene 

silencing that promotes the degradation of its complementary messenger RNA (mRNA), subsequently 

preventing the process of translation of the target gene. This fundamental process in living organisms 

plays a crucial role in gene regulation in the early stages of development, and may also provide an 

innate defense mechanism against invading viruses.5 In 2006, the discovery of RNAi through dsRNA 

would win Fire and Mello the Nobel Prize in Physiology or Medicine.6 

The discovery of RNAi using dsRNA sparked an influx of research on its mechanism of action, and a 

group led by Elbashir and Tuschl made the next big discovery. The cloning and analysis of the 

exogenous dsRNAs that had been processed by the organism revealed that they all shared a similar 

structure regardless of the target sequence: a 21- to- 23 nucleotide dsRNA structure with 2-nucleotide 

оΩ-end overhangs (Figure 1.2). It was also from this work that the term άsmall (or short) interfering 

wb!έ όǎƛwb!ύ ǿŀǎ ŦƛǊǎǘ ǳǎŜŘ ǘƻ ǊŜŦŜǊ ǘƻ ǘƘŜ нм-23 bp, short, double-stranded RNA that demonstrated 

potent gene silencing properties.7,8  

 

  

Figure 1.2. General structure of siRNA. The potent gene silencer is a double-stranded RNA 
oligonucleotide with 21-но ōŀǎŜ ǇŀƛǊǎ ƻǾŜǊƭŀǇǇƛƴƎ ŀƴŘ ǘǿƻ ƻǾŜǊƘŀƴƎƛƴƎ ƴǳŎƭŜƻǘƛŘŜǎ ƻƴ ŜŀŎƘ оΩ ŜƴŘΦ 
The strand that refers to the equivalent sequence of the gene to be silenced is called the sense or 
passenger strand (SS/PS), while the strand that is complementary to the gene of interest is called the 
antisense or guide strand (AS/GS). 
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1.3. Mechanism of gene silencing with double-stranded RNA  

The mechanism behind gene silencing through siRNA is now well-understood and is summarized in 

Figure 1.3. The pathway can be divided into two steps: the initiator step (a-c) which generates the 

siRNA pictured in Figure 1.2 from exogenous dsRNA, and the effector step (d-h) which ultimately 

results in cleavage of mRNA and silencing of the target gene. 

 

1.3.1. The initiator step: generating siRNAs 

Upon the internalization of a long dsRNA into the cytosol (Figure 1.3a), an RNAse-like enzyme called 

Dicer binds to dsRNA (Figure 1.3b) and cleaves it into siRNA, a 21-to 23-mer double-stranded 

oligonucleotide (Figure 1.3c). Dicer was identified by Bernstein et al. to belong to the family of RNase 

enzymes that specifically cleave double-stranded RNAs. It is a mechanism that is evolutionarily 

conserved in a wide range of organisms such as worms, flies, plants, and mammals.9  

 

In a landmark study several years after the discovery of RNAi in nematodes, Elbashir and Tuschl 

demonstrated that the same phenomenon occurred in human cell lines in culture when using a 21-bp 

dsRNA section corresponding to the product of the initiator step.8 This showed that the initiator step 

can be skipped and the mechanism can be hijacked by the direct introduction of exogenous 21-23-

mer dsRNA (Figure 1.3z) into the cell. One of the benefits of having a relatively short (<30 bp) dsRNA 

is that it is able to bypass the interferon pathway, resulting in a lower probability of inducing an 

immune response particularly when the therapeutic is administered systematically.11 Regardless of 

whether long dsRNA or siRNA is introduced, the oligonucleotide of the proper size of around 21-base 

pairs then proceeds to the effector step. 
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Figure 1.3. Mechanism of siRNA gene silencing. (a) The process begins upon the internalization of 
dsRNA into the cytosol. (b) The dsRNA is processed by an enzyme called Dicer (c) to produce a 21-23-
bp double-stranded RNA. (d) A protein complex called the RISC recognizes the siRNA and (e) selects 
one of the strands to be the antisense/guide strand. (z) Alternatively, an exogenous 21-23-bp 
sequence can be directly introduced into the system to bypass this mechanism. (f) The other strand is 
removed from the RISC and degraded. (g) The antisense strand remaining in the RISC serves as the 
template to find the matching base pairing of the target mRNA. (h) The AGO2 endonuclease 
component of the RISC cleaves the target mRNA resulting in the silencing of the gene by preventing 
the translation step. (i) The RISC is recycled and is capable of displaying prolonged gene silencing.10 

 

1.3.2. The effector step: silencing the target gene 

Once the dsRNA is of the appropriate size of 21-23 bp, it is incorporated into the RNA-induced silencing 

complex (RISC) (Figure 1.3d). The оΩ overhang and рΩ phosphate terminus of the antisense strand have 

both been demonstrated to be key elements of RNA incorporation into the RISC wherein one of the 

strands remains loaded for mRNA targeting (Figure 1.3e) as a result of interaction with a component 
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of the RISC called argonaute 2 (AGO2) while the other strand is degraded (Figure 1.3f).12,13  There 

appears to be a mechanism for preferential strand selection based on the stability and sequence of 

the oligonucleotide which provides an opportunity for the rational design of potent therapeutic 

sequences.14  

Once loaded, the antisense strand guides the RISC to the target mRNA substrate located in the cytosol 

based on Watson-Crick base-pairing rules (Figure 1.3g) and this eventually leads to the targeted 

degradation of the complementary mRNA in the cytosol (Figure 1.3h). Specifically, when perfect 

complementarity exists, the activated RISC cleaves the phosphodiester bond in the mRNA between 

ƴǳŎƭŜƻǘƛŘŜǎ мл ŀƴŘ ммΣ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ рΩ ŜƴŘ ƻŦ ǘƘŜ ǎƛwb!Φ15,16 The cleavage of the target mRNA is what 

ǇǊŜǾŜƴǘǎ ǘƘŜ ǘǊŀƴǎƭŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘŜ ŘŜǎƛǊŜŘ άƎŜƴŜ ǎƛƭŜƴŎƛƴƎέ ŜŦŦŜŎǘΦ17 The activated 

RISC is then recycled (Figure 1.3i), and has been demonstrated to be capable of mRNA cleavage for 

approximately 3-7 days in rapidly dividing cells, and for as long as 3-4 weeks in non-dividing cells.18 

The high specificity for mRNA complementary targeting and the ability of the RISC to be recycled are 

the main reasons for the potency of this method of gene silencing. The gene silencing seizes upon the 

drop of the activated RISC levels below a certain therapeutic threshold or as a result of the eventual 

degradation of the siRNA complex. 

The many successful early studies and proofs-of-concept demonstrating the high potency of siRNA for 

gene silencing in in vitro models led to the movement to exploit this mechanism of knocking down 

particular genes for therapeutic purposes. 

 

1.4. Building an siRNA 

1.4.1. Selecting a target sequence 

There are two main steps required in selecting a candidate siRNA sequence.19 First, the gene that is 

directly involved in the protein target of interest is identified. Since the entire human genome has 

been sequenced, finding the gene can simply be a matter of searching the known literature and 

databases for the location and sequence of the target. Second, an siRNA specific to the target gene is 

designed and synthesized. The siRNA sequences for popular target genes are published and the 

oligonucleotides may even be readily available for purchase. Alternatively, the sequence can be 

selected with the use of tools such as NCBI BLAST and siDirect. The selection process can be carried 
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out manually or through web- and database-driven design of sequences. Typically, for new targets, it 

is also necessary to test multiple sequences belonging to the same gene to observe for potency and 

potential off-target effects.20,21  

In theory, any sequence along the gene of interest is a potential target for RNAi, however certain 

guidelines are employed in order to achieve optimal silencing. Generally, avoiding single-nucleotide 

polymorphism (SNP) location sites is one of the more common recommendations because perfect 

complementation is necessary for RNAi through siRNA.22 It has also been shown that avoiding introns 

and рΩ ǳƴǘǊŀƴǎƭŀǘŜŘ ǊŜƎƛƻƴ ό¦¢wύ ŀƴŘ оΩ¦¢w ǿƻǳƭŘ ŀƭǎƻ ōŜ ŀŘǾƛǎŀōƭŜ ǎƛƴŎŜ ǘƘŜǎŜ ǊŜƎƛƻƴǎ ƻŦ ǘƘŜ Ƴwb! 

are more prone to the presence of regulatory proteins that may sterically hinder RISC binding. As a 

result, one of the suggestions is that the region around 50-100 bases from the start codon in the open 

reading frame be the first area examined for the selection of siRNA targets.23  

Specific motifs in the nucleic acid sequence of the target gene also showed to have a positive effect 

ƻƴ ǘƘŜ ǎƛƭŜƴŎƛƴƎ ǎǳŎƘ ŀǎ ƘŀǾƛƴƎ ŀ ǇŀǘǘŜǊƴ ƻŦ рΩ-AA(N19)TTΣ рΩ-!!όbнмύΣ ƻǊ рΩ-NA(N21) (where N_ 

represents the number of nucleobases) along with a guanidine-cytosine (G/C) ratio below 50%.22 

Moreover, certain properties of the duplex stability can also be exploited. The selection of the 

antisense/guide strand is typically based on ǿƘƛŎƘŜǾŜǊ ǎǘǊŀƴŘ Ƙŀǎ ŀ ƭŜǎǎ ǎǘŀōƭŜ рΩ ŜƴŘ ƻŦ ǘƘŜ ŘǳǇƭŜȄΦ  

Meanwhile, the less stable sense (coding/passenger) strand is sent to the Dicer protein, resulting in 

degradation.24 

An additional factor that may be considered is the secondary structure resulting from the native 

confirmation of the target mRNA. Less steric hindrance of the target region would result in greater 

accessibility for the RISC. Software such as Mfold and RNAxs can assist in the prediction of target 

mRNA secondary structure. In addition, there are many other intricacies involved in the design of an 

siRNA sequence such as the avoidance of palindromes and internal repeats, and avoiding the selection 

of a sequence with melting temperature (Tm) below 20°C. Conversely, the selection of a sequence with 

ŀƴ άŜƴŜǊƎȅ ǾŀƭƭŜȅέ ǿƘŜǊŜ ǘƘŜǊŜ ƛǎ ŀ ƭŜǎǎ ǎǘŀōƭŜ ǊŜƎƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ƴƛƴǘƘ ŀƴŘ ŦƻǳǊǘŜŜƴǘƘ 

oligonucleotides and including a U in position 10 of the sense strand has been shown to improve the 

RISC activity.25 A comprehensive set of criteria for precise and efficient siRNA design is summarized 

nicely in the work of Fakhr et al.22  

For early stage research purposes, particularly for the development of new vehicles for siRNA delivery, 

the target gene can also be a gene that is ubiquitously expressed across all tissue types. Transitioning 

from a housekeeper gene to one of disease-relevance is relatively straightforward because all siRNA 
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are similar from a chemical perspective regardless of sequence.  Thus, delivery systems designed for 

one specific siRNA molecule can theoretically work for all sequences, opening up the opportunity for 

the development of flexible delivery platforms. 

 

1.4.2. Synthesizing the oligonucleotide 

One of the benefits of using siRNA over other oligonucleotide-based therapeutics such as mRNA, 

viruses, and other more complex structures is that its synthesis does not rely on expression in 

biological systems. The relatively short, 21-23 base pair nucleic acid can be produced artificially in the 

laboratory using oligonucleotide synthesizers and commercially-available reagents with fairly high 

yields. Thus, it can be produced with less concern for contamination from a host organism and can be 

produced with unique base and end chemical modifications which may enhance delivery. Modifying 

siRNA is one of the topics discussed in more detail in Section 1.7.1. 

DNA synthesis was initially a slow and inefficient task. The introduction of phosphoramidite chemistry 

in 1981 by Beaucage and Caruthers was a game-changing discovery that solved many of the early 

issues encountered with this process.26 This method remains the gold standard of nucleic acid 

synthesis to this day, and the method is applicable for both DNA and RNA-based oligonucleotides. The 

building blocks for phosphoramidite chemistry are premade accordingly to introduce a phosphite 

group to each protected nucleoside. These chemicals can be stored as dry, stable powders, making 

them available for immediate use. Solid phase synthetic techniques are typically employed for the 

synthesis of oligonucleotides and this process, partnered with the phosphoramidite chemistry 

developed by Beaucage and Caruthers. This process is outlined in Figure 1.4.27  

It is also ǿƻǊǘƘ ƴƻǘƛƴƎ ǘƘŀǘ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ōŜƎƛƴǎ ŦǊƻƳ ǘƘŜ оΩ ŜƴŘ ǿƘƛŎƘ ƛǎ ǘƘŜ ƻǇǇƻǎƛǘŜ ŘƛǊŜŎǘƛƻƴ ŦǊƻƳ 

most naturally-occurring processes of oligonucleotide synthesis. The process also provides the 

flexibility for the synthesis of uniquely modified nucleotide bases since they can be easily introduced 

into the reaction as long as they contain the appropriate reactive and protective groups, and that they 

are compatible with the aqueous conditions of the reaction. 
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Figure 1.4. Solid phase phosphoramidite chemical synthesis of oligonucleotides. The process begins 
ǿƛǘƘ ǘƘŜ ǎŜƭŜŎǘƛƻƴ ƻŦ ǘƘŜ оΩ ŜƴŘ ōŀǎŜ ό.1) which is fixed onto a solid support. (a) The protecting group 
is removed through a detritylation step to activate the base for coupling. (b) Upon activation, the 
succeeding base B2 ƛǎ ǘƘŜƴ ŀŘŘŜŘ ŦƻǊ ŎƻǳǇƭƛƴƎ ǘƻ ǘƘŜ рΩ ŜƴŘ ƻŦ .1. (c) A capping step is then performed 
to eliminate all the unreacted B1 from succeeding reactions. (d) The coupled nucleotides are then 
oxidized (e) followed by detritylation of the B2 ribose. (f) The cycle is then repeated to add the 
succeeding nucleotide. (g) Once all the nucleotides have been added, the oligonucleotide is cleaved 
from the solid support (h) followed by deprotection of the phosphate backbone. This method is 
suitable for both DNA or RNA synthesis since it solely depends on the types of nucleobases introduced 
into the reaction. This also leaves the process open to adding modified nucleotides. 
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The biggest limitation with this technique is that any modifications with the oligonucleotide have to 

be pre-planned and synthesized into the nucleobases of interest, leaving any post-modification of the 

oligonucleotide to be a challenge. Any changes ǘƻ ǘƘŜ оΩ ŜƴŘ ǿƻǳƭŘ ŀƭǎƻ ǊŜǉǳƛǊŜ ǘƘŀǘ ǘƘŜ ƳƻŘƛŦƛŎŀǘƛƻƴ 

be fixed to the solid support. Moreover, this process ideally requires the use of specialist equipment 

such as oligonucleotide synthesizers to produce the product at a good yield. This results in the 

phosphoramidite method not necessarily being ideal for laboratories to synthesize their own material 

if special modifications are required. 

 

1.5. Applications of gene silencing with siRNA 

1.5.1. siRNA in biomedical research 

The discovery of siRNA has made a significant impact in the early stage preclinical research stage to 

understand gene and protein function and to screen for potential drug targets.  Traditionally, cell-

based and animal studies of gene knockdown include the use of small molecule inhibitors28  and 

genetic knock-out models.29  

Treatment with small molecule inhibitors is a commonly used technique for the inactivation of protein 

activity without necessarily affecting the concentration or overall structure of a protein. This of course 

requires that an existing drug molecule that binds to the target is readily available. However, one of 

the shortcomings of this technique is the high likelihood of nonspecific interactions of the drug with 

other targets. This may produce undesirable side effects that may influence the assessment of the 

target gene. The binding of the ligand may also cause only a partial inhibition of protein activity, 

resulting in a challenging assessment of protein function.17 The ability to almost completely 

downregulate the production of a single protein target to study the effects of its loss of function is 

rather unique to the process of RNAi. Moreover, the development of a new small molecule just for 

the knockdown of a previously untargeted protein is not necessarily feasible due to the long lead time 

typically required to find a drug candidate.30 

On the other hand, genetic knockout cell or animal models are another highly reliable method to study 

the loss of function of a gene. The main benefits to this are that the knockout of the gene target can 

be permanent and that there is typically a complete loss of function of the protein.31 This technique 

however, is costly, labor-intensive, and is not easily subject to high-throughput screening. Cell or 
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animal populations that have certain genes knocked out may also be relatively unhealthy when 

compared to their wild type counterparts, making maintenance and growth a challenge.  

Thus, siRNA has become a valuable tool in the study of protein function. Because of the capacity for 

sequence identification through databases and pooling of siRNA oligonucleotides, it is possible to 

achieve high-throughput genomic surveys particularly in in vitro settings. The transient knockdown 

achieved through siRNA treatment also allows for the study of controlled fluctuations in protein 

activity. The specificity and reliability of siRNA to identify and validate gene targets has broadened the 

usage of siRNA in preclinical applications.  

 

1.5.2. siRNA as a therapeutic drug molecule 

Ultimately, the future of siRNA is tied to its capacity to serve as a therapeutic to address challenging 

disease targets in the clinical setting. The first evidence of siRNA demonstrating its potential as a 

therapeutic was in 2003 when Song et al. showed that the Fas gene, a gene related to apoptosis, could 

be knocked down in a hepatitis mouse model.32 Understandably, because of the mechanism by which 

RNAi works, disease targets have to be those wherein protein dysregulation is the cause or one of the 

main factors of the observed condition. Although this may limit the types of diseases that can be 

treated with siRNA, there remains a wide range of therapeutic areas wherein siRNA knockdown can 

be exploited. Examples of diseases that have been targeted through siRNA treatments are illustrated 

in greater detail in the clinical trial information outlined in Section 1.7.4.2. 

A vast majority of therapeutics currently on the market are either small molecule-based or protein-

based. Each of the two provide their own advantages and disadvantages when compared with using 

siRNA-based drugs (Table 1.1). For instance, small molecules and proteins have the flexibility to be 

designed for either the activation or inhibition of targets, while siRNA, by nature of its mechanism is 

limited to target inhibition through gene silencing. Small molecules and proteins are also both 

generally more stable and less susceptible to rapid enzyme degradation than siRNA. For proteins 

however, this also depends on the amino acid sequence and its complex structural properties wherein 

the denaturation of the tertiary structure can render them ineffective.  

Conversely, one main benefit of siRNA therapeutics which was highlighted earlier in Section 1.4 is that 

its lead time can be rapid because of the knowledge of the human genome sequence. Similar to 

protein-based drugs, siRNA tends to display high specificity and potency for its target which is typically 
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the opposite of the high variability in potency and side effects observed from small molecule drugs. In 

addition, the ability to synthesize siRNA without the need for biological expression systems makes the 

manufacturing rapid similar in nature to small molecule drugs.   

 

Table 1.1 A comparison of small molecule, protein-based, and siRNA-based drugs info with 
information from Lam et al. 17 and Vaishnaw et al. 33 

Property Small molecule drugs Protein-based drugs siRNA-based drugs 

Nature of action Activation or inhibition of 
target 

Activation or inhibition of 
target 

Limited to inhibition of 
target (gene silencing) 

Selectivity and 
potency 

Variable (depending on 
ligand-binding site, 
specificity, affinity, 
efficacy, etc.) 

Highly specific and potent 
(binding-site specific) 

Highly specific and potent, 
sequence-driven 

Lead optimization Slow (2-4 years) Slow Rapid (4-8 weeks) 

Manufacturing Easy, cost-effective Difficult, likely requires 
expression in a host 
organism 

Easy, high cost 

Stability in Plasma Stable Dependent on protein 
structure 

Stable, but nuclease-
sensitive 

Delivery to biological 
target 

Easy Highly dependent on 
protein and target 

Challenging 

 

Unfortunately, one of the biggest challenges of siRNA therapeutics remains its delivery to its biological 

target within cells of interest due to the natural instability of oligonucleotides. Since the function of 

RNA is typically as transient genetic material (such as with mRNA), it has been found to be less stable, 

and more prone to nuclease degradation than its non-therapeutic DNA counterpart.34 This property 

of siRNA, along with many other barriers, have hindered the advancement of siRNA therapeutics. 

 

1.6. Barriers to delivery of short oligonucleotide therapies 

The siRNA oligonucleotide is highly labile, encountering numerous complex biological barriers from 

the point of systemic administration all the way until endosomal escape upon intracellular delivery. 

Some of the main challenges to siRNA delivery are summarized in Figure 1.5. 
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Barrier Description 

A Rapid clearance by the renal system due to small size  

B Endonuclease or exonuclease degradation 
Decrease of activity due changes in pH and presence of enzymes in the plasma  

C Non-specific interactions with serum proteins affect bioavailability and 
accumulation levels in target tissues 

D Highly negative surface charge prevents endothelium penetration 
Few (if any) mechanisms of transport from the bloodstream to desired tissue 
Difficulty in diffusion through extracellular matrix 

E Limited to no passive diffusion across the cell membrane due to large size and 
highly negative charge 
Very few (if any) active transport mechanisms of siRNA across cell membrane 

F Minimal escape from endosomal compartment 
Efficient dissociation from the nanocarrier or cleavage from modifications to 
produce siRNA that is recognized by Dicer and/or RISC 

Figure 1.5 Barriers to siRNA delivery summarized from Ahmazada et al.19 

 

From a delivery perspective, all these factors play a part in limiting the effectiveness of siRNA as a 

therapeutic. The succeeding sections discuss some of the relevant barriers in greater detail.  
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1.6.1. Renal excretion 

Similar to most small molecule drugs, siRNA has shown to undergo rapid and extensive renal 

clearance. Soutschek et al. showed that unformulated or unmodified oligonucleotides have an 

elimination half-life (t1/2) of just over five minutes in the blood.35 Several other groups later showed 

that unmodified siRNA is in fact excreted through the urine within five minutes post-injection in mouse 

models.36,37 Two hours post-administration of naked siRNA, it is mostly cleared from the system.38 It 

is likely that this rapid clearance is due to the size of siRNA (~14 kDa) being below the cut-off for 

glomerular filtration in the kidneys and its inability to be reabsorbed back into circulation due to its 

negative charge.39ς41 The poor pharmacokinetic profile of siRNA severely hinders its effectiveness of 

siRNA as a therapeutic since it limits the duration at which the siRNA can potentially reach its target 

cells. Moreover, unlike small molecule drugs, it is not feasible to synthesize and produce large 

amounts for a single dose or for frequent high-dose administrations due to its cost and limited 

synthetic yield.  

One of the techniques to overcome this is to make the oligonucleotide appear larger. Formulating the 

oligonucleotide into nanoparticles or conjugation to larger biomolecules such as proteins allow for the 

siRNA to avoid rapid renal clearance due to the size not easily passing through the filtration system in 

the kidneys. Additionally, the modification of the siRNA with lipophilic end groups increases the 

affinity for plasma proteins. This approach indirectly makes the siRNA appear larger and stealthier, 

thus improving its elimination half-life. Some of the more common techniques used for limiting renal 

clearance are described in more detail in the strategies outlined in Section 1.7. 

 

1.6.2. Nuclease degradation 

Biological systems naturally contain a class of enzyme called nucleases that are capable of the rapid 

and targeted degradation of nucleic acids. Typically, degradation of oligonucleotides occurs as a result 

of endonuclease recognition of pyrimidines in the middle of a nucleotide sequence.42 On the other 

hand, exonucleases recognize the оΩ ƻǊ рΩ ŜƴŘǎ of the nucleic acid.43 One method of testing siRNA 

stability is through incubation in serum or plasma. For instance, in fetal bovine serum (FBS)44 and in 

90% human plasma45, siRNA degradation has been shown to be significant within the first ten minutes. 

Thus, naked siRNA injected into the bloodstream is prone to rapid degradation.  
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It was also found that susceptibility to RNAse degradation is a function of the siRNA sequence and 

ǎǘǊǳŎǘǳǊŜΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ǘƘŜ оΩ ƻǾŜǊƘŀƴƎǎ ǿƘƛŎƘ ŀǊŜ ǇŀǊǘ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ǎƛwb! ƳƛƳƛŎƪƛƴƎ ǘƘŜ 

Dicer product appears to allow the binding of RNase A, a family of RNA endonucleases, which is 

ubiquitous in many living organisms.46 Additionally, it was shown by Haupenthal et al. that the thermal 

stability of nucleic acid duplexes can be predicted based on the G/C base content and that the 

presence of A/U-rich regions in the oligonucleotide results in a decrease in stability.47 Although it has 

been shown that inhibition of RNAse results in an improvement of the half-life of siRNA in serum,48 

inhibiting enzymatic activity is not necessarily a practical method for improving the delivery of siRNA 

therapeutics. 

One of the simpler changes to the oligonucleotide can be made by introducing modifications to the 

terminal nucleobases specifically to limit exonuclease degradation. The sequences that are known 

targeted sites for enzymatic degradation can also be substituted with different modified forms of the 

nucleobases. These chemical modification techniques of oligonucleotides are discussed in more detail 

in Section 1.7. 

 

1.6.3. Cellular uptake 

Unlike small molecule drugs, siRNA is relatively large with a molecular weight of approximately 14 kDa 

and a size of roughly 7.5 nm in length49ς51 and 2 nm in diameter.52 This large size prevents passive 

diffusion across the cell membrane. In addition, the heavily anionic phosphate backbone undergoes 

electrostatic repulsion with the negatively charged cell membrane. Protein-based drugs on the other 

hand may vary in terms of overall sequence, resulting in variable charge-driven affinity for the cell 

membrane. However, despite being large in size, proteins are also capable of interacting with 

receptors or other epitopes on the cell surface that allow for the active internalization of the 

therapeutic through receptor-mediated endocytosis.  

Unfortunately for naked siRNA there appears to be no active method of transport across the cell 

membrane. Despite elevated extracellular concentrations of the siRNA, internalization has been 

shown to be fairly minimal.53ς55 It was once hypothesized that the interaction of siRNA with a 

transmembrane protein called systemic interference defective protein (SID1), was responsible for its 

endocytosis.56ς58 This is a protein normally involved in the transport of RNAi in invertebrates such as 
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C. elegans and is said to be homologous in mammals.59 However, this theory appears to have no 

traction with no further mention of SID1-mediated siRNA uptake being mentioned after 2007.  

The barriers to cellular uptake can be directly overcome in the laboratory setting with the use of single-

cell injection or electroporation for direct delivery of the siRNA into the cytosol without the need for 

any carrier. Such techniques can be useful to study the behavior of a small population of cells. 

However, this is clearly not a sustainable method for the use of siRNA as a therapy in larger and more 

complex organisms thus the effective delivery into target cells remains a major hurdle. The 

formulation or modification of the siRNA with lipophilic or targeting groups appears to be the favored 

method of improving cellular uptake. The process by which these modifications work are discussed in 

more detail in Section 1.7. 

 

1.6.4. Internalization and endosomal escape 

The entry of siRNA typically into cells occurs through activation of the endocytic pathway resulting 

from the internalization of the material with the aid of chemical modifications and potentially some 

form of a delivery vector. Alternatively, in rarer cases and depending on the cell type, internalization 

of siRNA can occur through the nonspecific engulfment of fluid surrounding the cell through the 

process of micropinocytosis.60  Regardless of the pathway of entry, the intracellular trafficking of the 

siRNA begins in vesicles called early endosomes with an environment of around pH = 6.5. The sorting 

of internalized material results in the recruitment of other functional and structural proteins where a 

transition occurs first to late endosomes followed by lysosomes where the environment becomes 

much more acidic (pH = 4.5).61 It has been shown that siRNA is trapped, inactivated and subsequently 

degraded if it remains along this pathway. The acidification of the endosomes result in the activation 

of lysosomal enzymes and the promotion of acidic hydrolysis of the oligonucleotide. The entrapment 

of siRNA has been observed through the imaging of fluorescently-labelled oligonucleotides being 

colocalized in LAMP1-expressing vesicles indicative of the lysosome.62ς64  

Based on the mechanism of siRNA action, it has to be located in the cytosol and accessible by the Dicer 

enzyme and the RISC for it to exhibit any therapeutic effects. Therefore, endosomal escape remains 

the crucial final barrier to harness the power of gene silencing through siRNA.  
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1.7. Strategies for improving siRNA delivery 

As discussed in the previous section, numerous biological barriers limit the effective silencing of siRNA, 

and countless efforts are being made to improve its delivery. Upon oligonucleotide structure 

optimization following the general guidelines set in Section 1.4, naked and unmodified siRNA will still 

demonstrate relatively poor stability, particularly with in vivo applications. To address the barriers 

discussed in Section 1.6, there are various solutions that can be employed, and they are summarized 

below in Table 1.2. Many of the solutions are capable of addressing multiple challenges to siRNA 

delivery. 

Table 1.2. Solutions to overcome barriers to delivery of siRNA summarized from Saw et al. 65 

Level Potential solutions 

Circulation Increase molecular weight and overall size by formulation to avoid rapid renal 
clearance 
Introduce lipophilic or targeting modifications to improve affinity with plasma 
proteins or retention in target organs 
Modify siRNA backbone to minimize interaction with nucleases 

Tissue Permeability Conjugate material to functional groups that activate specific transport pathways 
Formulate with a vehicle that will allow for enhanced penetrative properties in 
tissues 

Extracellular Conjugate material to functional groups that activate specific transport pathways 
Formulate with a vehicle that will allow for enhanced penetrative properties in 
tissues 

Internalization Attach targeting ligands that bind to membrane proteins or receptors that can 
facilitate endocytosis  
Minimize similarity in charge to improve cell membrane interactions 
Modify the siRNA with lipophilic groups to enhance interaction with the cell 
membrane 

Intracellular Increase overall amount of internalized material to compensate for poor 
endosomal escape 
Introduce peptide/polymer/small molecules that can disrupt the endosomal 
membrane 

 

Many efforts have been made to overcome these challenges and this section of the report will focus 

on four general strategies: the internal chemical modification of the oligonucleotide, supramolecular 

structures, bioconjugates, and finally, small molecule conjugates. As the technologies develop for 

improving siRNA delivery, employing a combination of multiple strategies discussed below has also 

become prevalent. These technologies have made it possible to translate siRNA from a simple, but 

interesting academic exercise to one of the more exciting up-and-coming drugs in the clinic. 
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1.7.1. Internal chemical modifications of the oligonucleotide to enhance stability 

The internal chemical modification of the oligonucleotide has shown to greatly improve its stability, 

particularly in in vivo settings. To enhance the potency of siRNA, numerous modifications to the 

oligonucleotide have been studied, and these can be further subcategorized into three types based 

on the location - modification of the ribose, phosphate, or the nucleobase as seen in Figure 1.6. They 

can be introduced simultaneously into specific sites within the siRNA to improve its overall efficacy 

and stability.  

 

Figure 1.6. General structure of an siRNA backbone. (A) The three main components are labelled as 
the ribose (yellow), phosphate backbone (blue), and nucleobase (red). Illustrated are a selection of 
the more common or unique examples of modifications made to the (B) ribose group, (C) phosphate 
backbone, and (D) nucleobase 

 

Typically, the synthesis of siRNA is carried out through solid-phase phosphoramidite chemistry, and 

the introduction of these modifications to the oligonucleotide would be dependent on the availability 

of the modified bases compatible with the scheme described earlier in Figure 1.4. 
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The first location at which a modification to an siRNA backbone can be made is in the ribose group. It 

Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƘŀǘ ǘƘŜ нΩ-OH in the ribose is amenable to modification due to this particular 

functional group not being crucial for the siRNA silencing pathway.45,66 One of the most common 

ŎƘŀƴƎŜǎ ƳŀŘŜ ǘƻ ǘƘŜ ǊƛōƻǎŜ ƎǊƻǳǇ ƛƴ ǘƘŜ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜ ƛǎ ǘƘŜ ǎǳōǎǘƛǘǳǘƛƻƴ ƻŦ ǘƘŜ нΩ ςOH group with 

ŀ нΩ-O-ƳŜǘƘȅƭ όнΩ-OMe).67ς69 The introduction of heteroatoms is also an alternative option. For 

ƛƴǎǘŀƴŎŜΣ CǳŎƛƴƛ Ŝǘ ŀƭΦ ǎƘƻǿŜŘ ǘƘŀǘ нΩ-F substitutions do not have the same detrimental effect on the 

RNAi when compared excessive нΩ-OMe substitutions.70 Interestingly, modifications involving the 

manipulation of the ribose ring structure itself also result in the improved stability of the siRNA. For 

ƛƴǎǘŀƴŎŜΣ ǳƴƭƻŎƪŜŘ ƴǳŎƭŜƛŎ ŀŎƛŘǎ ό¦b!ύ ŀǊŜ ƳƻǊŜ ŦƭŜȄƛōƭŜ ŘǳŜ ǘƻ ǘƘŜ ŘƛǎŎƻƴƴŜŎǘŜŘ нΩ ŀƴŘ оΩ ŎŀǊōƻƴǎΦ 71 

[ƻŎƪŜŘ ƴǳŎƭŜƛŎ ŀŎƛŘǎ ό[b!ύ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘ ŀǊŜ ōƛŎȅŎƭƛŎ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ŀ ōƻƴŘ ŎƻƴƴŜŎǘƛƴƎ ǘƘŜ нΩ-O 

ŀƴŘ пΩ-C of the ribose. This rigid conformation significantly improves the affinity of the base pairing of 

the antisense strand to the target mRNA due to the locked structure remaining in the preferred 

conformation for annealing.72 LNAs and UNAs can be introduced to incorporate more rigid or unstable 

regions of the oligonucleotide as necessary. 

The second location at which a modification to the oligonucleotide can be made is in the phosphate 

backbone. The substitution of one of the non-bridging oxygen atoms in the phosphate group with a 

sulfur atom is one of the most common modifications that can be made to an oligonucleotide without 

compromising its activity. It was shown by Geselowitz and Neckers that the resulting 

phosphorothioate (PS) groups in the backbone increase resistance to nucleases while also improving 

association with plasma proteins such as albumin. This in turn results in a longer circulation time and 

increased cellular association.73 One of the benefits of PS modification is that the biodistribution and 

activity appear to be unaffected when compared to unmodified siRNA.74,75 Another possible 

substitution for the phosphodiester group includes the methylphosphonate (MP) which has shown to 

decrease protein binding due to its relatively neutral charge when compared to the PS due to the 

presence of the short alkyl group.76 Another type of modification which emphasizes the importance 

ƻŦ ǘƘŜ рΩ ŜƴŘ ƛƴ ǘƘŜ ƭƻŀŘƛƴƎ ƻŦ ǘƘŜ ǎƛwb! ƛƴǘƻ ǘƘŜ wL{/ ƛƴǾƻƭǾŜǎ ǘƘŜ ǎǳōǎǘƛǘǳǘƛƻƴ ƻŦ ǘƘŜ рΩ- terminal 

phosphate with a E-Ǿƛƴȅƭ ǇƘƻǎǇƘƻƴŀǘŜ όр-(E)-VP).77,78 This substitution minimizes the risk of the 

ŜƴȊȅƳŀǘƛŎ ŘŜǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ ǘƘŜ рΩ ŜƴŘ ƛƴ ŎŜƭƭǎΦ79 ¢ƘŜ рΩ-(E)-VP modification has been shown by 

Haraszti et al. to improve siRNA accumulation80 while Elkayam et al. showed that this modification 

also increases siRNA potency by enhancing the binding of the siRNA with AGO2.81 

The modification of the nucleobase structure is another option for siRNA modification. This strategy 

is rarely employed since it is at a fairly early stage of development and the understanding of its effects 
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is still quite limited. They do, however, impart some valuable and interesting properties to the 

ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜΦ CƻǊ ƛƴǎǘŀƴŎŜΣ ƳŜǘƘȅƭŀǘŜŘ ōŀǎŜǎ ǎǳŎƘ ŀǎ рΩ-methyl-cystidine (M5C)82 ŀƴŘ bсΩ-

methyladenosine (M6A)83 are simple variations to the nucleic acid structure that reduce innate 

immune responses while also making them more resistant to nucleases. An interesting approach to 

using base modifications is shown in the case of 6-phenylpyrrolocytosine (PhpC) which exhibits strong 

fluorescent properties. Wahba et al. used this strategy for the fluorescent-based detection of the 

material, making the analysis of cellular association and uptake possible without the need for 

additional dyes or labels.84 Although the idea of base modification of siRNA is fairly new and not yet 

well-understood, this approach has the potential to become a part of the development of new siRNA 

therapeutics to further enhance their stability and reduce off-target effects.  

 

1.7.2. Nanotechnology and supramolecular structures 

Despite all the advances with the variety of internal chemical modifications to improve the potency or 

stability of nucleotides as discussed in Section 1.7.1, those techniques have a limited effect on the 

internalization of the material into target cells. Perhaps the most straightforward method of improving 

siRNA internalization is through the formulation approach. The use of commercially-available 

ǘǊŀƴǎŦŜŎǘƛƻƴ ǊŜŀƎŜƴǘǎ ǎǳŎƘ ŀǎ [ƛǇƻŦŜŎǘŀƳƛƴŜϰ ŀƴŘ wb!ƛa!·ϰ85 from Invitrogen is a popular quick and 

simple method to transfect cell populations in laboratory research settings through the use of 

lipoplexes. A lipoplex is formed due to the stabilization of the anionic nucleotide backbone with the 

cationic lipid mixture. This complex may have effects on membrane disruption resulting in improved 

ǘǊŀƴǎŦŜŎǘƛƻƴ ŀƴŘ ŜƴŘƻǎƻƳŀƭ ŜǎŎŀǇŜΦ ¢ƘŜ ǎŀƳŜ ŎƻƳǇŀƴȅ Ƙŀǎ ŀƭǎƻ ǎƛƴŎŜ ǇǊƻŘǳŎŜŘ LƴǾƛǾƻŦŜŎǘŀƳƛƴŜϰΣ ŀ 

formulation optimized for the local or systematic delivery of siRNA in animals which has shown over 

70% target gene knockdown in the liver, kidney, lung and spleen.86 Despite these advances, these 

materials still tend to display a level of toxicity that is undesirable for its use as part of a therapeutic 

formulation. Therefore, other more sophisticated supramolecular structures, such as those illustrated 

in Figure 1.7 are typically used to formulate siRNA. The succeeding sections explore some of these 

supramolecular structures in more detail. 
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Figure 1.7. Examples of supramolecular structures that have been used for siRNA delivery. (A) Lipid 
nanoparticles, (B) polymeric nanoparticles, here labelled with targeting and stabilizing moieties, and 
(C) metal nanoparticles. 

 

1.7.2.1. Lipid nanoparticles 

There has been a broad range of other technologies employed to formulate siRNA, perhaps none more 

popular than the use of lipid nanoparticles (LNPs). Lipid nanoparticles present a type of platform 

technology that may be used for the delivery of siRNA due to their flexibility in encapsulating and 

stabilizing practically any oligonucleotide into nanoscale-sized particles (typically <100 nm).87 

Increasing the size of the pharmaceutical product improves its pharmacokinetics in vivo by limiting 

the rapid metabolism or clearance observed with unformulated oligonucleotides.35 

A broad range of lipids have been studied throughout the years, and one of the benefits of using this 

type of delivery system is the ease by which a nanoparticle formulation can be made. These types of 

formulations also have the flexibility to incorporate multiple types of lipids to impart specific physical 

and chemical properties.88 Particularly, the use of cationic lipids promotes the self-assembly of 

nanoparticles, with the positively-charged hydrophilic end of the lipid stabilizing the negatively-

charged siRNA. The lipophilic tail, on the other hand favors the formation of a membrane or bilayer 

that provides structure to the nanoparticle while stabilizing an aqueous core. The use of lipidoids, 

artificial lipid-like materials, has been shown to be highly efficient in the delivery of siRNA. There has 

been a high level of successful delivery of LNP-formulated siRNA, with the optimization of lipidoids 

coming from the research of Alnylam Pharmaceuticals. They had found that C12-200, a 12-carbon long 

synthetic lipid with an amine head group shows improved internalization of siRNA LNPs through 

micropinocytosis resulting in knockdown of a target gene in rodents and non-human primates with 

over two magnitudes of improvement over other LNPs.89,90 
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Akinc, et al. have shown that the combinatorial approach to lipidoid development can be effective in 

demonstrating how various parts of the lipid structure affect siRNA delivery.91 Over 1000 lipids with 

various lipid chain lengths, amine primary R groups and charge were studied to find optimal structures. 

One of the lipids, 98N12-5 was combined with a mixture of cholesterol and PEG-lipids to formulate 

siRNA to suppress factor VII (FVII) or apolipoprotein B (ApoB) in animals. It showed potent silencing in 

the lungs, livers, and peritoneal macrophages of rodent and non-human primate models after only a 

single intravenous dose.91,92 

This type of work was furthered by group such as those led by Semple et al. who developed a library 

of lipids based on the main component of stable nucleic acid lipid nanoparticles (SNALP) called 1,2-

dilinoleyloxy-3-dimethylaminopropane (DLinDMA).93 DLinDMA is an ionizable, cationic lipid that 

promotes the formation of high siRNA-encapsulation efficiency and small, uniformly-sized 

nanoparticles when compared to other LNPs.94 The optimal formulation was found with the use of 

one of their lipidoids, DLin-KC2-DMA, which showed more potent silencing of the TTR gene in the liver 

of rodents and non-human primates compared to previously developed LNP formulations.93 The TTR 

gene silencing using a nanoparticle made from a DLinDMA derivative was crucial to the advancement 

of clinical applications of siRNA and a very similar lipid was used for what eventually became the first 

FDA-approved siRNA drug on the market as discussed in Section 1.10.1. 

As shown by the extensive work done on LNPs, the use of cationic lipids alone does not present 

efficient siRNA delivery as they require the use of helper lipids. Cholesterol, for example is a common 

component of many LNP formulations due to its capability to stabilize the nanoparticle by filling spaces 

between the other more flexible lipid components of the lipid layer.95 Moreover, the use of 

components such as fusogenic phospholipids and polyethylene glycol (PEG)-lipids assist by disrupting 

the cell membrane and by decreasing immune response, respectively.96 PEGylation has also been 

shown to reduce aggregation of the nanoparticles while minimizing reticuloendothelial clearance and 

promoting liver accumulation.97 

The rational design of novel lipids and other lipid-like materials has even resulted in nanoparticles that 

are stimulus-responsive. The work of Wang, et al., for instance introduced a disulfide bond in the lipid 

tail that is reduced in glutathione-rich regions of the cell such as the cytosol resulting in improved 

release of the therapeutic from the vehicle.98 More recent developments have also seen the synthesis 

of stealthier nanoparticle systems, composed of multiple complex lipid-like macromolecules, such as 

the LNPs of Yang et al. that mimic endogenous high density lipoprotein (HDL) particles and promote 

the cytosolic delivery of siRNA.99 Moreira and coworkers have also outlined several of the more 
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sophisticated systems including those that that use targeting peptide-labelled lipid nanoparticles to 

deliver siRNA in combination with small molecule chemotherapeutics.100 This type of combinatorial 

strategy further highlights the flexibility of using LNP delivery systems to tailor therapeutics to specific 

disease areas. 

Overall, the protection of siRNA with lipids has been shown to increase its stability and bioavailability 

while reducing the required dosage to observe therapeutic effects. Additionally, formulation of siRNA 

is possible post-synthesis of the oligonucleotide, keeping the siRNA synthesis process independent 

from the generation of LNPs. Although LNPs have shown to be highly effective in the research setting, 

there appears to be a negative long-term outlook for its use in the clinic. Particularly, the toxicity of 

the commonly-used excipients results in unfavorable patient outcomes. In addition, the delivery of 

siRNA LNPs to tissues other than the liver is extremely limited.101  

 

1.7.2.2. Polymer, metal and other nanoparticles 

Similar to the rational design of LNPs, a similar philosophy can be employed in the use of polymer 

nanoparticle delivery systems, including the use of natural polysaccharides, or the use of 

polyaminoacids.102,103 With all nanoparticle delivery systems, the principles behind protecting the 

oligonucleotide in circulation while enhancing intracellular transport remain similar.104  

Polyethylenimine (PEI) is commonly used for the delivery of nucleic acids. The high positive charge 

density from the repeating ethyleneamine units allows for the formation of a stable complex with the 

siRNA.105 The buffering capacity of PEI and other similarly-charged materials is also associated with 

the sometimes controversial mechanism known as the proton sponge effect. Upon internalization of 

the material, the compartment is known to acidify along the endosomal/lysosomal pathway, and the 

amine groups of the PEI (or other similar strong buffering material such as polyamidoamine) are 

protonated.106 This is succeeded by the influx of additional protons and chloride ions. The rapid uptake 

of ions causes an osmotic imbalance resulting in the eventual rupture of the endosome and release of 

cargo into the cytosol.107 However, this theory has recently been met with many critics and the exact 

mechanism by which positively-charged polymers behave to efficiently deliver cargo remains 

elusive.108 Other polymeric nanoparticles such as polyisobutylcyanoacrylate109 and PEG-

poly(methacrylic acid) block copolymer nanoparticles110 have also proven to be effective for the 

delivery of siRNA in laboratory settings.  
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Interestingly, another approach to nanoparticle delivery is the conjugation of the oligonucleotide to 

other nanosized reagents such as quantum dots (QD), magnetic iron oxide nanoparticles (IONP) or 

gold nanoparticles (AuNP).111,112  For instance, Derfus et al. showed that the conjugation of QDs to 

both a tumor-targeting peptide and siRNA targeting a reporter gene resulted in the successful delivery 

of the siRNA in HeLa cells.111 Magnetic nanoparticles are also of interest due to their use in diagnostics 

such as magnetic resonance imaging (MRI). Primary amine-functionalized iron oxide nanoparticles 

(IONPs) were conjugated to siRNA and injected into mice via intravenous injection route. Tumor 

tissues were imaged through MRI as a result of the accumulation of the IONPs. Significant knockdown 

of the target gene was also observed.113 The chemistries are typically flexible such that they allow for 

further modifications, such as by the introduction of a disulfide bond that allows for the stimulus-

responsive release of the siRNA cargo.114 Related methods have also been used to functionalize 

materials such as carbon nanotubes using similar techniques.115 

Another nanoparticle-like material that can be used for delivery of siRNA is the exosome. These are 

naturally-occurring, small vesicles that are excreted by cells for either intercellular signaling or 

transport purposes. Since they are made of the same material as the cell membrane, they are normally 

biologically compatible, making them ideal vehicles for therapeutics that may need to be shielded and 

targeted. El-Andaloussi et al. have shown that exosomes are capable of efficient delivery of siRNA both 

in vitro and in vivo mouse brain models.116  

Unfortunately, most nanoparticle delivery systems share the same set of limitations. The vehicle or its 

by-products from degradation may exhibit a level of toxicity, activating an immune response or 

producing negative side effects unrelated to the gene silencing process.117 The cargo may also leak out 

of the nanoparticles uncontrollably due to the loading occurring only via electrostatic interactions, 

decreasing delivery efficiency at target sites. The relatively large size of these nanoparticles also limit 

their applications to delivery to fenestrated tissues such as the liver.101 Although many of these 

technologies have exhibited successful and effective gene silencing in controlled laboratory settings, 

there appears to be a shift away from these types of materials. The limitations in siRNA nanoparticle 

delivery keeps the search ongoing for alternative siRNA vehicles.  
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1.7.3. Biomolecular conjugates 

1.7.3.1. Antibodies 

Antibodies have become the gold standard targeting ligand for the purposes of drug delivery. Given 

their high degree of specificity and affinity towards a particular antigen, their properties are in line 

with the goal of targeted delivery of therapeutic molecules to specific cells or tissues while minimizing 

side effects.  

The use of antibodies to deliver siRNA started with the non-covalent interactions between the 

oligonucleotide and protamine, a short peptide fused to the antibody. The positive charge of 

protamine allowed for charge interactions with the anionic siRNA while the specificity of antibodies 

promoted targeting to a cell type of interest. In the case of Song et al., they showed that protamine 

fused to an antibody fragment could deliver siRNA targeting oncogenes such as c-myc, MDM2 and 

VEGF to ErbB2-expressing cancer cells in tumor models.118 Optimized protocols have since been 

developed for the rapid formation of such antibody-coupled siRNAs for in vivo use.119 The use of 

antibodies has shown that the cell-specific targeting of the siRNA cargo is possible, thus reducing the 

total dose needed. 

 

Figure 1.8. Examples of biomolecular siRNA conjugates. (A) Antibody-siRNA conjugates, and (B) 
peptide-siRNA conjugates have both shown the ability to improve the delivery of siRNA.  

 

The idea of antibody conjugates likely started from the research at Genentech, Inc. which developed 

the technology of antibodies bearing engineered cysteine residues (THIOMAB).120 The presence of 

site-specific cysteine residues originally allowed for the conjugation of small molecule drugs in a 

specific position on the antibody to create an antibody-(small molecule) drug conjugate (ADC). Using 
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a similar technology, siRNA was conjugated to these homologous antibodies to form antibody-siRNA 

conjugates (ARC) which, unlike their nanoparticle formulation counterparts, contain defined 

vehicle:siRNA stoichiometry (Figure 1.8A). The coupling of the siRNA to the antibody had minimal 

disruption to the gene silencing of the siRNA across a range of several different siRNA targets while 

identifying specific receptors as being able to mediate the appropriate transport of material.121  

Extending from the concept of ARCs, it is also possible to take the smaller antigen-binding fragment 

(Fab) of the antibody of interest and conjugate it directly to siRNA. For instance, the technology 

developed by Takeda Pharmaceutical company showed that anti-CD71 Fab-siRNA conjugates improve 

the delivery of the siRNA by increasing heart and skeletal muscle accumulation and significant 

silencing for up to one month post-intramuscular administration of the material.122  

One of the main benefits from antibody or immunoprotein conjugation is that many disease or cell-

specific targets have antibodies designed for them. This can be exploited for targeting cells relevant 

to specific types of cancer.123,124 In most cases of antibody or Fab-conjugated siRNA, long-term 

knockdown of a target gene is consistently shown, but endosomal escape of the immunoprotein-

conjugated siRNA remains a challenge. Another issue is that immunoproteins have to be synthesized 

through either animal or cell-based methods. This requires the time-consuming optimization of the 

synthesis if there are no existing antibodies, along with the risk that the heterogeneity among the 

products may cause differences in efficacy.  

 

1.7.3.2. Peptide and aptamer conjugates 

Compared to antibodies and Fabs, peptides have relatively low molecular weights, are smaller in size, 

and can be synthesized through chemical methods and conjugated to siRNA (Figure 1.8B). Techniques 

such as phage display for instance allow for the identification of peptide ligands that bind to a wide 

range of receptors and other proteins with similar affinity to antibodies. This sets up the capacity for 

high-throughput screening of targeting peptide candidates. There are also currently many known 

peptides targeting specific receptors or cell types that may enhance the delivery of cargo. For instance, 

an integrin receptor-targeting peptide (cRGD) conjugated to siRNA for VEGF showed potent silencing 

of the target gene in vivo.125,126 The material showed selective binding with integrin-expressing human 

umbilical vein endothelial cells (HUVEC) in culture, while also significantly improving tumor growth 

suppression.127 Another group showed that siRNA conjugated to insulin-like growth factor 1 (IGF1) 
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mimetic peptide demonstrated recognition of the IGF1 receptor. The conjugate showed target gene 

knockdown in human breast cancer cells in vitro without the use of a transfection agent.128 

One of the issues observed from targeting peptides is that although they exhibit strong interaction 

with their target receptors and promote internalization, material still tends to get trapped in cytosolic 

compartments.129 For instance, three well-known peptides, cRGD, octreotide, and Tat-AHNP appeared 

to show weak silencing despite more than sufficient uptake while the coformulation of the material 

with transfection agents appeared to promote endosomal escape.130 More complex combinations of 

both targeting peptides and cationic polymers or lipids have also been tested with some success, with 

the cationic polymers overcoming low membrane permeability thereby improving endosomal 

escape.131,132 

Another approach to the use of peptides for the delivery of siRNA is the conjugation of cell-penetrating 

peptides (CPP) which are thought to enhance membrane disruption and endosomal escape. Similar to 

the concept of using protamine or PEI, a heavily positive charge on the CPPs is involved in the 

penetration of cell membranes and transportation of cargo. One widely-used CPP is the Tat peptide 

(RKKRRQRRR) which was discovered from the Tat protein of human immunodeficiency virus type-1 

(HIV-1).133 Chiu and coworkers ŎƻƴƧǳƎŀǘŜŘ ¢ŀǘ ǘƻ ǘƘŜ оΩ ŜƴŘ ƻŦ ǎƛwb! ǘƘǊƻǳƎƘ ǘƘŜ ǳǎŜ ƻŦ ŀ ƴƻƴ-

cleavable linker to show improved transport of siRNA targeting VEGF in mouse tumor models without 

compromising siRNA activity.134  

Aptamers, on the other hand, are short DNA or RNA sequences that also demonstrate selective affinity 

to target proteins or receptors. They behave as nucleic acid versions of targeting peptides. Similar to 

short oligonucleotides like siRNA, they can be synthesized in the lab, making them a viable candidate 

for the conjugation to other therapeutics.135 Similar to conjugation to antibodies or proteins, the 

chemical conjugation is simpler through either end-to-end conjugation or alternatively, through 

complementary strand annealing to the siRNA. McNamara et al. showed that a prostate-specific 

membrane antigen (PSMA) aptamer could be synthesized as part of the sense strand of the siRNA. 

The antisense siRNA strand was annealed to form an aptamer-siRNA chimera to target PSMA, a 

receptor overexpressed in prostate cancer cells.136 Optimization of the linker chemistry between the 

siRNA and the aptamer has shown to improve both the binding affinity and gene silencing activity of 

the siRNA.137,138  

The targeting properties of peptides and aptamers can also be combined with other technologies such 

as LNPs through the labelling of the particle surface with targeting moieties. Many of these types of 
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systems have demonstrated the efficient targeted delivery and silencing of the gene of interest. For 

instance, liposomes coated with PEG-lipid have incorporated short arginine-glycine-arginine (RGR) 

peptides to target integrin-expressing tumor vasculature. This enhanced the targeted delivery of 

siRNA against VEGF which silences one of the primary growth factors that promotes tumor 

angiogenesis.139 

 

1.7.4. Small molecule conjugates 

One surprisingly effective method to improve oligonucleotide delivery is through the direct 

conjugation of the siRNA to targeting or lipophilic molecules. The modifications are capable of 

enhancing a combination of the pharmacokinetics, biodistribution, intracellular uptake, and 

subcellular trafficking of the siRNA.140 Generally, the structure of an siRNA conjugate is similar to what 

is pictured in Figure 1.9. 

 

 

Figure 1.9. Example of an siRNA construct with targeting/lipophilic modifications. Chemical 
conjugation is typically well-ǘƻƭŜǊŀǘŜŘ ƛƴ ǘƘŜ t{ рΩΣ t{ оΩΣ ŀƴŘ occasionally ƛƴ ǘƘŜ D{ оΩ ǇƻǎƛǘƛƻƴΣ ǿƘƛƭŜ 
ǘƘŜ D{ рΩ Ǉƻǎƛǘƛƻƴ ƛǎ ōŜǎǘ ƭŜŦǘ ǳƴƳƻŘƛŦƛŜŘΦ ¢ȅǇƛŎŀƭƭȅΣ ŀ ŎƘŜƳƛŎŀƭ ƭƛnker needs to be introduced to provide 
the appropriate chemistry for the attachment of the lipophile to the backbone of the siRNA. 

The succeeding sections explore some of these small molecule-siRNA conjugates in more detail.  

 

1.7.4.1. GalNAc conjugates 

A rather recent interesting development in the field of siRNA delivery has been the direct conjugation 

of the oligonucleotide to a targeting small molecule. Multiple groups had previously shown that it was 
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possible to target the asialoglycoprotein receptor (ASGPR) which is overexpressed in hepatic tissues, 

through the conjugation of siRNA to derivatives of sugars such as glucose, galactose,141 and lactose.142 

It was ultimately observed by Nair et al. that the conjugation of siRNA to the trivalent form of N-

acetylgalactosamine (GalNAc), a derivative of galactose showed even higher binding affinity to the 

ASGPR in the liver.143 ¢ƘŜ Dŀƭb!Ŏ ƳƻŘƛŦƛŎŀǘƛƻƴ ƛǎ ǘȅǇƛŎŀƭƭȅ ƳŀŘŜ ƻƴ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ ǎŜƴǎŜ ǎǘǊŀƴŘ ŀǎ 

shown in Figure 1.10. 

 

Figure 1.10. GalNAc-siRNA conjugate structure 

 

The treatment of GalNAc-siRNA conjugates in mice has shown preferential uptake in the liver and 

significant suppression of target mRNA with no adverse effects. These promising results called for a 

rapid transition to clinical trials to combat varying types of liver disease such as hemophilia and 

hypercholesterolemia.144 As of 2021, two GalNAc-siRNA conjugates are fully approved by the FDA for 

clinical use, while many others are in various stages of clinical trials.145,146 These are described in more 

detail in Section 1.10.1. This method of targeting has become the technique of choice for any siRNA 

delivery required to the liver. 

 

1.7.4.2. Lipophilic conjugates 

Prior to the discovery of siRNA, it was known that the conjugation of lipophilic molecules to 

oligonucleotides resulted in increased protein binding, nuclease resistance and improved 

biodistribution in vivo compared to their naked oligonucleotide counterparts.147,148 The use of a similar 

type of modification for siRNA has also shown to impart similar properties. This type of siRNA 

conjugate is also pharmaceutically-favorable similar to the siRNA-peptide, siRNA-aptamer, and siRNA-

GalNAc conjugates because of its defined stoichiometry resulting in less variability and a more 

accurate dosage of oligonucleotide.  
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As alluded to in the discussion of the mechanism of siRNA, there are guidelines as to where end 

modifications can be made without compromising gene silencing activity. Generally, modifications of 

either end of the passenger (sense) strand have minimal effect on the siRNA activity since this strand 

is not incoǊǇƻǊŀǘŜŘ ƛƴǘƻ ǘƘŜ wL{/Φ /ƘŜƳƛŎŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ ƎǳƛŘŜ όŀƴǘƛǎŜƴǎŜύ ǎǘǊŀƴŘ 

ƛǎ ŀƭǎƻ ǘƻƭŜǊŀǘŜŘΣ ōǳǘ Ƴŀȅ ƛƴǘŜǊŦŜǊŜ ǿƛǘƘ оΩ ƻǾŜǊƘŀƴƎ ǊŜŎƻƎƴƛǘƛƻƴ ōȅ ŀ ǇŀǊǘƛŎǳƭŀǊ ŘƻƳŀƛƴ ŎƻƴǘŀƛƴŜŘ 

within the RISC.149,150 However, due to the importance of ǘƘŜ рΩ ŜƴŘ ƻŦ ǘƘŜ ƎǳƛŘŜ ǎǘǊŀƴŘ ƛƴ ōƛƴŘƛƴƎ ǘƻ 

the RISC, modifying this site has been shown to greatly diminish siRNA activity.151  

Typically, the end modification of siRNA also involves the development of a linker that allows for the 

attachment of a small molecule that imparts lipophilic and sometimes targeting properties to the 

oligonucleotide. Typically, this linker is selected to provide an appropriate functional group for the 

conjugation with the small molecule of interest and to serve as a bridge between two molecules that 

would most likely have contrasting solubilities. In certain cases, the distance between the 

oligonucleotide and modification also has an effect on the gene silencing efficiency. Selected lipophilic 

siRNA studies are summarized in Table 1.3. 

There have been many small molecule (typically lipophilic) modifications to siRNA that have displayed 

varying degrees of improvements to the therapeutic. No small molecule modification has been more 

extensively studied than cholesterol (Figure 1.11A). The modification of siRNA with cholesterol 

through phosphoramidite chemistry was first shown to improve the delivery of oligonucleotides in 

human hepatoma cell line (Huh-7) by Lorenz et al. in 2004 152 A group out of Alnylam Pharmaceuticals 

ƭŜŘ ōȅ {ƻǳǘǎŎƘŜƪ Ŝǘ ŀƭΦ ǿŜǊŜ ǘƘŜ ŦƛǊǎǘ ǘƻ ǊŜǇƻǊǘ ǘƘŀǘ ǘƘŜ ŎƻƴƧǳƎŀǘƛƻƴ ƻŦ ŎƘƻƭŜǎǘŜǊƻƭ ǘƻ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ 

sense strand of siRNA displays improvements both in biodistribution and elimination half-life (t1/2). 

Three intravenous injections of a 50 mg/kg dose for instance resulted in the silencing of the target 

ApoB gene in the liver and jejunum of mice by 60% and 75% respectively.  
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Figure 1.11. Some examples of lipophilic molecules that have been conjugated to siRNA. Steroid 
derivatives such as (A) cholesterol (B) lithocholic acid, (C) estrone, (D-E) monovalent fatty acids, (F-G) 
multivalent fatty acids, and (H) h-tocopherol. 

 

It is understood that the improvements in the delivery of the cholesterol conjugates are partly a result 

of the conjugate binding with serum albumin, thus prolonging circulation.35 Cholesterol conjugates 

have also been shown to internalize rapidly via EEA1-associated endocytosis. The lipophilic group is 

also capable of increased non-specific interactions with the cell membrane wherein cholesterol is one 

of the primary components.153 Although some of the doses administered to animal models are 

extremely high and unsustainable for clinical translation, it showed that the use of lipophilic small 

molecule modification can improve siRNA delivery, particularly to the liver when compared to 

unmodified counterparts. Surprisingly the modification of siRNA with cholesterol has also shown 

significant knockdown of a target gene in the lung just 6 hours after administration.154   

In addition to cholesterol, several other lipids have been explored for siRNA modification. In the same 

work as the cholesterol conjugate, Lorenz et al. showed that a derivative of a C-32 fatty acid also 

ƎǊŜŀǘƭȅ ǊŜŘǳŎŜŘ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ǘŀǊƎŜǘ ʲ-galactosidase gene expression in vitro.155  An extensive 

study by Wolfrum et al. showed that biodistribution can be altered as a result of the affinity of the 

ligand for specific plasma proteins. In particular, it was found that a wide range of bile acids and long-

chain fatty acids (Figure 1.11D-E) have different binding affinities for high density lipoproteins (HDL) 

and low density lipoprotein (LDL). In general, conjugates that were transported in HDL particles ended 
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up displaying a wider biodistribution, with significant amounts of the dose found in the kidneys, 

adrenal gland, testes/ovaries, stomach and brain. On the other hand, those transported in LDL 

particles primarily trafficked straight to the liver.57 

This method exploits the ligand affinity towards specific serum proteins, which in turn have an affinity 

towards specific tissues. The conjugates take advantage of endogenous transport processes which, as 

a result, provide a level of control over the biodistribution of siRNA. Because the conjugates tend to 

bind and stabilize with serum proteins, the pharmacokinetics are also improved. With few exceptions, 

ǎǳŎƘ ŎƻƴƧǳƎŀǘŜǎ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ŀǎ άƭƛǇƻǇƘƛƭƛŎ ǎƛwb!ǎέ ŘǳŜ ǘƻ ǘƘŜ ǘŀǊƎŜǘƛƴƎ ƭƛƎŀƴŘǎ 

normally being lipid-like in nature and demonstrating affinity for lipoproteins in vivo. 

Additional small molecule modifications that may not necessarily fall under the typical definition of a 

lipid have also been tested for conjugation to siRNA. For instance, folic acid has been conjugated to 

siRNA and shown efficient folate-receptor mediated targeting of the therapeutic both in malignant 

cells in vitro and in  vivo.156 Increased silencing of apoB mRNA in the liver was also observed from the 

conjugation of ₫-tocopherol (vitamin E) to siRNA (Figure 1.11H). It is hypothesized that the mechanism 

of ₫-tocopherol may be similar to that of cholesterol, where it stabilizes by binding to albumin and 

other serum proteins, but this was not extensively explored.157  

One study of note that went relatively unrecognized in 2013 was when Bang et al. conjugated siRNA 

directly to estrone, the ketone-functionalized form of the female sex hormone, estrogen.159 Their 

results showed an increase in gene-silencing activity from their RNAi target in the mammary gland, 

which is known to have an upregulated expression of estrogen receptors. Unfortunately, no direct 

evidence was presented of any active trafficking of their conjugates to the mammary glands besides 

the downregulation of the target gene. It is suggested that the estrogen receptors are able to prolong 

the retention of the conjugates in the targeted tissues. They also suggest that the mechanism of 

internalization is simply based on lipophilicity, such as that with cholesterol conjugates. Although this 

conjugate was not studied in a tumor model in vivo, the authors suggest that the affinity of the 

conjugate towards estrogen receptor-positive tissues make it a candidate for targeted delivery to 

certain types of cancers that express the estrogen receptor. Moreover, their results show that steroid 

derivatives could potentially make effective modifications for improving the delivery of siRNA. 
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Table 1.3. Selected siRNA-small molecule in vivo studies 

Lipid 
Chemistry, linker 

(location) 
Ref Dosage (ROA) 

Target 
gene 

Organ/tissue 
delivered to 

Cholesterol Phosphoramidite, 
aminocaproic acid-
ǇȅǊǊƻƭƛŘƛƴŜ όоΩ t{ύ 

35 50 mg/kg (IV) ApoB Liver, jejunum 

Cholesterol  Phosphoramidite, 
trans-4-
ƘȅŘǊƻȄȅǇǊƻƭƛƴƻƭ όоΩ t{ύ 

57 50 mg/kg (IV) ApoB Liver, kidneys, 
adrenal gland, 
testes, ovaries, 
stomach, brain  

Cholesterol Phosphoramidite, 
ǘŜǘǊŀŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭ όоΩ 
PS) 

158 20 mg/kg (IV) Ppib Liver, spleen, 
kidney  

Cholesterol  Phosphoramidite, 
degradable C6-
disulfide-/с όрΩ t{ύ 

154 37.5 mg/kg 
(intratracheal) 

P38 MAP 
kinase 

Lungs 

Medium chain fatty 
acids (C12, C14, etc.) 

Phosphoramidite, 
trans-4-
ƘȅŘǊƻȄȅǇǊƻƭƛƴƻƭ όоΩ t{ύ 

57 50 mg/kg (IV) ApoB Liver 

Long chain fatty 
acids (C22, C18, etc.) 

Phosphoramidite, 
trans-4-
ƘȅŘǊƻȄȅǇǊƻƭƛƴƻƭ όоΩ t{ύ 

57 50 mg/kg (IV) ApoB Liver, kidneys, 
adrenal gland, 
testes, ovaries, 
stomach, brain 

₫-tocopherol tƘƻǎǇƘƻǊŀƳƛŘƛǘŜ όрΩ 
GS) 

157 2, 8, 32 mg/kg 
(IV) 

ApoB Liver 

Estrone Phosphoramidite, C8 
ǎǇŀŎŜǊ όрΩ t{ύ 

159 20 nmol 
(approx. 11 
mg/kg) (IV) 

Lamin A/C Mammary gland, 
liver, heart 

C-17 diacyl lipid Cu-free click (siRNA-
DBCO + azide-
PEG(2000)-ƭƛǇƛŘύ όоΩ t{ύ 

160 1 mg/kg (IV) Luciferase Orthotopic breast 
tumor model 
(MDA-MB-231) 

Lithocholic acid Phosphoramidite, 
ǘŜǘǊŀŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭ όоΩ 
PS) 

158 20 mg/kg (IV) Ppib Liver, adrenal 
gland, kidney  

Docosahexaenoic 
acid  

Phosphoramidite, 
ǘŜǘǊŀŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭ όоΩ 
PS) 

158 20 mg/kg (IV) Ppib Liver, uterine horn, 
kidney  

Docosanoic acid Phosphoramidite, 
ǘŜǘǊŀŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭ όоΩ 
PS) 

158 20 mg/kg (IV) Ppib Liver, adrenal 
gland, kidney  

Monovalent 
myristic acid 

tƘƻǎǇƘƻǊŀƳƛŘƛǘŜ όоΩ 
PS) 

161 20 mg/kg (SC) HTT Lung, heart, liver 

Divalent myristic 
acid 

tƘƻǎǇƘƻǊŀƳƛŘƛǘŜ όоΩ 
PS) 

161 20 mg/kg (SC) HTT liver 
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The analysis of a diverse group of siRNA-lipid conjugates by Osborn et al. led to the conclusion that 

the lipoprotein association in the serum is ultimately what governs the systemic distribution of the 

siRNA over the specific cell- or tissue-targeting ligands.158 Unfortunately, other than this, limited 

information currently exists on the bound serum components of siRNA conjugates, with most of the 

evaluation of the conjugates solely focused on the gene silencing in target tissues.  It is also unclear 

whether other serum components, besides the abundant HDL, LDL, and albumin are involved in these 

processes.  

Similar methods of small molecule conjugation have also been used in order to introduce trackable 

molecules directly onto the oligonucleotide. Many of the studies label their siRNA with a fluorophore 

such as a cyanine dye in order to monitor biodistribution and intracellular localization of the 

material.74,160,162 Alternatively, radioactive labels can also be attached for a similar purpose.55,163 

The modification of siRNA with small, lipophilic molecules has displayed relative success in the 

preclinical setting with the system showing the capability for targeting organs other than the liver. 

Particularly, the significant reduction of target gene expression in organs such as the lungs, female 

reproductive organs, kidneys, heart, and brain show that there is much yet to be explored in the small 

molecule-siRNA conjugate therapy space.  

 

1.8. Evaluation of siRNA therapeutics 

There are several methods of determining whether effective siRNA delivery is achieved, and these can 

be summarized into three different aspects: pharmacokinetics/biodistribution, transfection/cellular 

localization, and mRNA/protein expression as illustrated in Figure 1.12. These also correspond to 

overcoming some of the barriers to siRNA delivery as discussed in Section 1.6. 
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Figure 1.12. Some common methods of siRNA therapeutic evaluation. In animal studies, (A) 
Blood/plasma sampling can allow for characterization of pharmacokinetics, while (B) whole animal 
and organ imaging/analysis provides information about changes in biodistribution. For both animal 
studies and in vitro cell culture work, (C) Flow cytometry provides information about transfection, 
while (D) imaging provides information about intracellular distribution. Ultimately, siRNA is about 
target gene silencing, so (E) quantitative real-time PCR (qPCR) measures target mRNA levels, while (F) 
Western blotting measures protein expression. 

 

1.8.1. Pharmacokinetics and biodistribution 

For preclinical in vivo studies involving siRNA, two of the primary concerns would be the 

pharmacokinetics (PK) and biodistribution (BD) of the therapeutic. In this light, siRNA can be tagged 

with radioactive labels or fluorescent dyes for easier tracking. Valuable information such as the plasma 

clearance and elimination half-life (t1/2) can be gathered by the measurement of fluorescent or 

radioactive signal in the blood at regular time points.164  A rather sophisticated method has been 

optimized by Godinho et al. where the use of a peptide nucleic acid (PNA) hybridization assay allows 

them to quantify the amount of guide strand within blood or tissue samples without the need for 

tagging of the oligonucleotide.165  

In order to determine biodistribution, there are techniques such as the in vivo imaging of live animals 

using specialist equipment such as the In Vivo Imaging System (IVIS) which allows for fluorescent and 

luminescent imaging. In these cases, because biodistribution of the oligonucleotide is independent of 

the siRNA target, dsDNA can be used as a surrogate. At the experimental endpoint, the same 

instrument can be used to image individual organs prior to processing via other means. Even though 
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the intracellular delivery of siRNA can be limited due to other barriers, this can still be partially 

overcome by high concentrations of the material in the target tissues or organs. Therefore, it is 

relevant to know where the material tends to localize and accumulate.   

Fluorescent or radioactive labelling followed by the appropriate quantification methods have 

remained the standard method of quantifying siRNA material both in blood and in individual organs. 

These techniques are crucial to understanding the behavior of the siRNA and any modifications or 

formulations in a biologically relevant model. 

 

1.8.2. Transfection and cellular localization 

The knockdown of gene expression using siRNA requires transfection into target cells. Tagging the 

oligonucleotide with a fluorophore allows for the measurement of transfection efficiency.166 

Techniques such as fluorescence activated cell sorting (FACS) can then be used to quantify the material 

in cell population with a relatively low detection limit. One of the limitations of flow cytometry is that 

it is solely a measure of total fluorescence of each cell, meaning that it normally measures a 

combination of both internalized and externally-associated material.167 Techniques such as the 

specific hybridization internalization probe (SHIP) developed by Dumont et al. overcome this by 

quenching of fluorescence that is not internalized. This allows for the distinction between associated 

and internalized oligonucleotides.168  

Despite advances in flow cytometry techniques, they do not necessarily provide any information about 

the subcellular localization of the material. It is crucial that oligonucleotide therapies such as siRNA 

are delivered to the cytosol, and any material trapped in vesicles such as endosomes or lysosomes will 

not provide any therapeutic benefits. To overcome this, imaging techniques such as confocal 

microscopy can be used.169 The appropriate costaining of the cells with organelle-specific dyes or the 

expression of fluorescent proteins in different compartments of the cells allow for the study of the 

colocalization of the delivered oligonucleotide.170 This information along with the data from flow 

cytometry gives a more holistic picture of the mechanism and efficiency of siRNA internalization. 
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1.8.3. mRNA and protein expression 

Naturally, the goal of siRNA delivery is ultimately the knockdown of the target mRNA and the 

corresponding protein. Therefore, the most direct evidence of siRNA activity and successful delivery 

of the therapeutic would be through the measurement of the target gene of mRNA levels through 

quantitative reverse transcriptase real-time polymerase chain reaction (qRT-PCR) and protein 

expression through western blot (WB).  

The measurement of mRNA levels through qRT-PCR as developed by Higuchi et al. has been a widely 

employed method for gene quantification due to its extremely high sensitivity as a result of the 

multiple cycles of amplification of PCR product.171 Depending on the conditions of the experiment, the 

limit of quantification (LoQ) has been shown to be as low as 8-16 target RNA molecules, while the limit 

of detection (LoD) is as few as 3 template strands.172 It has also been observed that qRT-PCR can also 

be used in a semi-quantitative manner to reliably detect a difference of 23% in samples even without 

the use of a housekeeper gene. The comparison of two samples without an internal standard makes 

the technique suitable for the rapid detection of up or downregulation of a gene of interest.173 Overall, 

sample analysis through qRT-PCR is rapid and highly sensitive. Moreover, the high level of 

customization of primers allows for the detection of virtually any target sequence. However, the 

required specialist equipment and the relatively high cost of PCR reagents can limit the use of this 

technique for day-to-day use.  

It can be argued that the protein expression is a more relevant measurement to take with regards to 

gene silencing since it is the decrease in protein expression that would indicate successful gene 

silencing. Therefore, another method to determine whether a target gene is successfully silenced is 

through WB. This is a semi-quantitative method was discovered in 1979 by several groups including 

that of Towbin et al.174 The separation of proteins through gel electrophoresis followed by probing 

with antibodies allows for the identification of targets through various imaging-based techniques. 

However, there can be a high amount of variability in the technique due to the blotting methods, 

sensitivity and promiscuity of the antibodies, and the method of quantification used. The technique 

requires relatively simple lab equipment and low costs making it a widely popular method of protein 

quantification. 
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1.9. Copper-free click conjugation for the modification of oligonucleotides 

Most of the modifications of siRNA with small molecules described throughout this chapter are 

incorporated into the solid phase synthesis step of the oligonucleotide itself. This has several benefits 

including circumventing the issue that the lipophilic modifications have limited solubility under 

aqueous conditionsΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ǿƘŜƴ ƳƻŘƛŦȅƛƴƎ ǘƘŜ оΩ ŜƴŘ. Because of the nature of the solid phase 

synthesis however, it requires particular attention to the design of the lipid being compatible with the 

phosphoramidite chemistry of the oligonucleotide synthesis as well as access to a synthesizer to 

perform the reaction. Moreover, the modification has to be decided prior to the synthesis of the 

nucleic acid, leaving the addition of targeting lipophilic groups post-synthesis to be a challenge.  

One way around this is to select a reaction compatible with a functional group that is available on 

commercially-synthesized oligonucleotides. This would allow for the sequence-agnostic addition of 

any lipid post-production of the oligonucleotide. Because azide-functionalized oligonucleotides can be 

synthesized by companies that specialize in DNA/RNA synthesis with relatively high yields and at low 

cost, these can be selected for any sequence and stored for future modification once a targeting 

molecule of interest has been selected. The chemistry that is typically used for conjugation with azides 

is the highly orthogonal azide-alkyne reaction which falls under the class of click chemistry.  

¢ƘŜ ǘŜǊƳ άŎƭƛŎƪ ŎƘŜƳƛǎǘǊȅέ ǿŀǎ ŦƛǊǎǘ ǳǎŜŘ ƛƴ нллм ōȅ ǘƘŜ ƎǊƻǳǇ ƻŦ {Ƙarpless et al., who set the criteria 

for this type of spring-loaded reaction which occurs exclusively between a pair of reacting functional 

groups. They mentioned that the reactions need to be modular, broad in scope, high yielding, 

stereospecific, and only produce mild byproducts that can be easily separated.175 More importantly 

however for the purposes of reacting with biomolecules such as nucleic acids, they also are relatively 

inert towards functional groups such as amines, carboxylic acids, alcohols, thiols, and esters, providing 

a selective reaction. Unlike many conjugation reactions that require coupling reagents that are either 

compatible in aqueous media or in organic media but rarely in both, there appears to be no limitation 

to the solvent compatibility with click reactions.  

In particular, the discovery of copper (I) catalysis being effective in aqueous media made the Huisgen 

1,3 dipolar azide-alkyne cycloaddtion (CuAAC) reaction highly popular.176,177 This version of the click 

reaction required no protecting groups while requiring minimal purification. It also displayed almost 

full conversion and was entirely selective for a product with the 1,4-substituted triazole as opposed 

to the non-copper catalyzed, thermally-induced version of the reaction which produced 1,4 and 1,5-

substituted stereoisomers. Mercier et al. showed that ŀƴ ŀƭƪȅƴŜ ŎƻǳƭŘ ōŜ ƛƴǘǊƻŘǳŎŜŘ ǘƻ ǘƘŜ оΩ ŜƴŘ ƻŦ 



Chapter 1: Introduction 

 

40 

 

siRNA through developing a modified resin to serve as the first base in phosphoramidite synthesis 

process. This oligonucleotide could then be reacted with a fluorine-18 radiolabel for PET imaging 

purposes.178 

While the copper-catalyzed click reaction was powerful and compatible with some oligonucleotide 

work, the main limitation was the requirement of the copper catalyst. In simple small molecule 

synthesis, trace copper may have minimal negative impact to a material. However, in the process of 

bioconjugation for samples that are to be introduced or delivered into organisms, this is highly 

undesirable due to copper not easily being removed when the reaction is performed at a small scale. 

This led to the discovery of alternative reactions that forego the use of the copper catalyst, including 

strain-promoted azide-alkyne cycloaddtion (SPAAC).  

Instead of the CuAAC reaction, Bettozzi and Boons discovered that the alkynes can instead be replaced 

with a strained cyclooctyne. Due to the strain within the cyclic structure of the molecule, the triple 

bond readily reacts with azides under ambient conditions in the absence of a metal catalyst.179ς182 

Although this reaction was first described with a simple cyclooctyne, further optimization led to the 

discovery of other candidates that are more reactive such as derivatives of difluorocyclooctyne 

(DIFO)183, dibenzocyclooctyne (DIBO)182, 3,3,6,6-tetramethylthiocycloheptyne (TMTH)184, and 

dibenzocylcooctyne (DBCO) (Figure 1.13), among several others.  

 

Figure 1.13. Strain-promoted azide-alkyne click chemistry product with DBCO 

 

SPAAC is now one of the preferred methods to synthesize many conjugates of interest for biological 

applications such as labelled proteins 185, polymers 186, targeted biomolecules 187 including in live 

mammalian cells 180 and zebrafish embryos.188 In terms of labelling oligonucleotides, it has not seen 

much use, with only a few works selecting this as their post-synthesis modification method of tagging 

nucleic acids with lipophilic groups. Sarett et al. for instance showed that terminal amine-modified 

oligonucleotides can be reacted with a DBCO-PEG-NHS ester to label the nucleic acid with the 
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cyclooctyne. This was then used to click to an azide functionalized DSPE-PEG(2000) lipid to enhance 

the delivery of the conjugated siRNA to orthotopic tumor mouse models.160 

The use of SPAAC for oligonucleotide modification is promising since azide-modified nucleic acids can 

be ordered from commercial suppliers. This means that having any lipophilic or targeting ligand 

modified with a group such as DBCO could potentially allow for the rapid modification of the nucleic 

acid without any other required preparation steps, opening up more conjugation opportunities for 

siRNA delivery. Therefore, in this work, the development of DBCO-modified lipophilic molecules was 

key in order to label the commercially-obtained oligonucleotides.  

 

1.10. Recent developments in siRNA therapies 

1.10.1. The first siRNA drugs on the market 

The last three years have been an exciting time in the field of oligonucleotide therapeutics, with the 

first three FDA-approved siRNA drugs coming to market. In August 2018,189 Alnylam Pharmaceuticals, 

a company based in Cambridge, Massachusetts, USA, received approval for their drug, Onpattro 

(patisiran). This is targeted towards patients with polyneuropathy of hereditary transthyretin-

mediated amyloidosis (hATTR amyloidosis), a liver condition that causes the a misfolded TTR protein 

to form clusters and build up deposits outside the liver.190 In the two years following the release of 

Onpattro, the same company commercialized Givlaari (givosiran) to treat acute hepatic porphyria and 

Oxlumo (lumasiran) to treat primary hyperoxaluria type 1. All three of these siRNA therapeutics target 

liver-related diseases that were once considered severely debilitating and untreatable. Their 

structures and modifications are described in detail in Figure 1.14 

Onpattro uses a lipid nanoparticle formulation similar to those described in Section 1.7.2.1. It contains 

a commonly used combination of lipids, namely: cholesterol, an ionizable cationic lipid 

dilinoleylmethyl-4-dimethylaminobutyrate (DLin-MC3-DMA), a helper phospholipid 

distearoylphosphatidylcholine (DSPC), and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-

2000 (PEG2000C-DMG). These lipid components are what enhance delivery to the liver, but are also 

involved in causing the infusion-related reactions (IRR) which require the coadministration of a 

corticosteroid, acetaminophen, and antihistamines.  
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The succeeding two products from Alnylam, Givlaari and Oxlumo, make use of the GalNAc 

modification to the siRNA for delivery to the liver as discussed in Section 1.7.4. As seen in Table 1.4, 

they do not require the coadministration of drugs to manage IRRs nor do they cause the adverse 

reactions that have been reported with Onpattro. 

 

 

 

Figure 1.14. Structures and sequences of the three FDA-approved siRNA drugs.145,146,191 
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Table 1.4. A comparison of the three FDA-approved siRNA-based drugs from Alnylam Pharmaceuticals 

 Onpattro 
(patisiran) 191 

Givlaari 
(givosiran) 145 

Oxlumo 
(lumasiran) 146 

Approval year 2018 2019 2020 

Disease target Hereditary transthyretin 
(hATTR) mediated 
amyloidosis 

Acute hepatic porphyria 
(AHP) 

Primary hyperoxaluria type 
1 (PH1) 

mRNA target Transthyretin (TTR) in 
hepatocytes 

Aminolevulinate synthase 
1 (ALAS1) in hepatocytes 

Hydroxyacid oxidase 1 
(HAO1) in hepatocytes 

Dose for adults 
and route of 
administration  

0.3 mg/kg every 3 weeks 
via intravenous infusion 

2.5 mg/kg monthly via 
subcutaneous injection 

3 mg/kg monthly, 3x 
followed by a quarterly 
dose via subcutaneous 
injection 

Formulation 
components 

Lipid complex containing: 
Cholesterol 
DLin-MC3-DMA 
DSPC 
PEG2000C-DMG,  
among other excipients 

None, stored as givosiran 
sodium salt 

None, stored as lumasiran 
sodium salt 

Common adverse 
reactions 

Infusion-related reactions 
(IRR) requiring 
pretreatment with a 
corticosteroid, 
acetaminophen and 
antihistamines 
Upper respiratory tract 
infections 

Nausea 
Injection site reactions 

Injection site reactions 

 

The release of Onpattro in 2018 represented the technology overcoming a high barrier to entry which 

may lead to a succession of more siRNA drug approvals in the coming years. Unfortunately, because 

of the rarity of the disease targets of the approved drugs, they currently come with a high financial 

cost to the patient. Moreover, the significant difference in the formulation between the three drugs 

appears to reflect another trend in the oligonucleotide therapy space ς the shift from a strategy of 

nanoparticle formulation to that of direct chemical modification. This may be a result of undesired 

adverse reactions and the uncertain long-term effects of the nanoparticle formulation components as 

well as the infusion-related reactions seen from Onpattro and other LNP-formulated drugs. This shift 

in delivery paradigm is seen in the ongoing clinical trials of the latest siRNA therapeutics. Moreover, 

the subcutaneous injection required of the two newer drugs may eventually lead to self-administered 

formulations, making the use of siRNA-based therapeutics available to a larger market. 
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1.10.2. The status of clinical trials 

Early stage trials have expanded the use of siRNA for the treatment of complex disease targets such 

as advanced-stage cancers, hepatitis B, fibrosis, and even viral infections.65 The ever growing number 

of ongoing clinical trials shows that the translation of siRNA to the clinic has now become a reality. 

There are currently at least 88 siRNA-based drugs in various stages of clinical trials, with a total patient 

population close to 3600 individuals.  At least 30 of the clinical trials are still in Phase 1.192  

Many of the current clinical trials have disease targets that are located in the liver, reflecting the fact 

that it has become one of the easier targets in systemic siRNA delivery. Moreover, most of those that 

target liver disease make use of the GalNAc delivery platform, cementing its status as the gold 

standard in siRNA delivery to the liver. However, there are many other organs that may benefit from 

siRNA treatment such as kidneys, eyes, skin and muscle. A list of selected siRNA drugs currently 

undergoing clinical trials are summarized in Table 1.5. 

The broadening array of disease targets that may potentially be cured by siRNA is growing. It appears 

that the future of siRNA therapeutics is bright, and it is only a matter of time before more drug 

candidates obtain full approval from regulatory agencies.  

 

1.10.3. Limitations of current treatments 

The great potential for siRNA therapeutics is currently has a few limitations. As seen in Sections 1.10.1 

and 1.10.2, the siRNA therapeutics space is currently dominated by a single company. They have 

dedicated much time and resources in order to advance this technology given that several of the 

earliest publications of siRNA came from research groups within the company. This resulted in the first 

three approved siRNA drugs, as well as an additional four in late-stage clinical trials. However, it is 

promising that other organizations including such as Quark Pharmaceuticals and Sylentis have also 

been able to advance to a similar late stage in the FDA approval process. Moreover, it is also important 

to note that Quark and Sylentis, along with many of the other companies listed in Table 1.5, the list of 

target organs also appears to be growing beyond delivery to the liver. 

Most of the research is currently dedicated to targeting liver disease due to the success of the GalNAc-

siRNA conjugate platform. As seen in Figure 1.15, out of the 20 drugs siRNA drugs for liver disease 

either approved or in clinical trials, 18 use the GalNAc delivery system. Some of the earlier stage 
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therapeutics target a wider variety of organs and they make use of delivery systems other than the 

GalNAc conjugate platform in order to achieve this. 

 

Table 1.5 Selected ongoing siRNA clinical trials193,194  

Company 
Drug 

candidate 
clinicaltrials.gov 

identifier194 
Formulation 

Target 
gene 

Indication 
(organ) 

Clinical 
trial stage 

Alnylam 
Pharmaceuticals 

Lumasiran 
(ALN-GO1) 

NCT03681184 
NCT03905694 

GalNAc  HAO1 Primary 
hyperoxaluria 
type 1 (liver) 

Phase III 

Alnylam/ Sanofi-
Genzyme 

Fitusiran 
(ALN-AT3) 

NCT03417102 
NCT03417245 

GalNAc  SERPINC1 Hemophilia A 
and B (liver) 

Phase III 

Alnylam 
Pharmaceuticals 

Vutrisiran 
(ALN-
TTRsc02) 

NCT03759379 
NCT04153149 

GalNAc  TTR Hereditary 
amyloidosis 
(liver) 

Phase III 

Alnylam 
Pharmaceuticals 

Revusiran 
(ALN-
TTRSC) 

NCT02319005 
NCT02595983 
 

GalNAc  TTR Hereditary 
amyloidosis 
(liver) 

Phase III 
(ended) 

Alnylam/ 
Novartis 

Inclisiran NCT03397121 
NCT04652726 

GalNAc  PCSK9 Hypercholestero-
lemia (liver) 

Phase III 

Quark 
Pharmaceuticals 

Teprasiran 
(QPI-1002) 

NCT03510897 None TP53 Kidney delayed 
graft function 
(kidney) 

Phase III 

Sylentis Tivanisiran NCT04819269 
 

None TRPV1 Dry eye 
syndrome (eye) 

Phase III 

Arrowhead 
Pharmaceuticals
/ Takeda 

ARO-AAT NCT03945292 TRiM 
platform 

AAT 1h-antitrypsin 
deficiency (liver) 

Phase II 

Sirnaomics STP-705 NCT04844983 Undisclosed 
polypeptide 
nanoparticle 

TGF- 1̡ & 
COX-2 

Squamous cell 
carcinoma (skin) 

Phase II 

Silence 
Therapeutics 

SLN124 NCT04718844 GalNAc TMPRSS6 -̡Thalassemia 
(liver) 

Phase I 

Dicerna 
Pharmaceuticals 

DCR-PHXC NCT04580420 GalNAc LDHA Primary 
hyperoxaluria 
(liver) 

Phase I 

Avidity 
Biosciences 

AOC 1001 NCT05027269 ARC DPMK Myotonic 
dystrophy I 
(muscle) 

Phase 1 

PepGen Ltd Unknown n/a Peptide 
conjugate 

Unknown  Neuromuscular 
disease 

Preclinical 
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Figure 1.15. Selected FDA-registered clinical siRNA therapeutics with delivery system classification and 
target organs. Bold entries indicate FDA-approved drugs while the rest are under various stages of 
clinical trials. Superscripts indicate the type of delivery vehicle not including modifications to the 
oligonucleotide backbone: naked siRNA (X), lipid nanoparticle (°), GalNAc (#), ex vivo cell transfection 
(^), viral vector (v), gold nanoparticle (+), polymer nanoparticle (p), exosomes (e), cholesterol conjugate 
(c). More detailed information about each drug can be found in the comprehensive review by Hu et 
al.195 

 

The wide variety of nanoparticle types listed in Figure 1.15 will likely present its own set of challenges 

when it comes to obtaining late stage clinical trial approval. In addition, it is pertinent to point out that 

there is one small molecule conjugate on the list. The cholesterol-conjugated BMT101 is an 

intradermally-administered formulation for the treatment of hypertrophic scarring. This marks the 

arrival of lipophilic conjugates in the siRNA clinical trial space.  
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1.11. Hypothesis and aims of the research 

This brief literature review has demonstrated that there has been remarkable growth in the siRNA 

therapeutic space in recent years. However, there remain a significant number of opportunities when 

it comes to improving the delivery of siRNA. Of particular interest to us is the strategy of using small 

molecule conjugates. 

This thesis focuses on the development of three new, previously unexplored classes of small molecule 

oligonucleotide modifications to address various aspects of the challenges encountered with siRNA 

delivery. In many cases, this work uses fluorescently-labelled DNA because of its structural similarity 

to siRNA and lack of therapeutic effects rendering it a suitable surrogate for optimizing the chemistry 

and the analysis of properties such as material association and biodistribution. This work is subdivided 

into three separate hypotheses that comprise the four original chapters of this thesis as follows: 

 

Hypothesis 1: The conjugation of a derivative of an antiestrogen to an oligonucleotide will provide 

targeted delivery to estrogen receptor-rich tissues while also maintaining its antiestrogenic properties 

and knocking down a target gene. 

Aims:  

¶ Develop a platform for the conjugation of steroids to oligonucleotides by using a 

derivative of the antiestrogen fulvestrant with an appropriate chemical handle for 

conjugation to a commercially-available oligonucleotide as a model (Chapter 2) 

¶ Transfer the method developed for conjugation of an antiestrogen to siRNA (Chapter 2) 

¶ Assess cytotoxic properties and gene regulation of the antiestrogen derivative when 

compared to the unmodified antiestrogen (Chapter 3) 

¶ Compare the biodistribution of fulvestrant-conjugated oligonucleotides with 

unconjugated and cholesterol-conjugated counterparts (Chapter 3) 

¶ Evaluate improvements in siRNA delivery as a result of the antiestrogen modification 

(Chapter 3) 
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Hypothesis 2: The conjugation of oligonucleotides to ceramides through copper-free click chemistry 

will improve the association and intracellular delivery of a model fluorescent nucleic acid (Chapter 4).  

Aims: 

¶ Develop ceramides with a functional group containing a strained cyclooctyne for copper-

free click conjugation  

¶ Conjugate the functionalized ceramides to a model oligonucleotide 

¶ Assess changes to association in relation to the type of ceramide conjugated  

Hypothesis 3: The synthesis of a cleavable Cy5 on the end of an oligonucleotide will improve the 

cytosolic delivery of nucleic acids by facilitating endosomal escape (Chapter 5) 

Aims: 

¶ Develop a method for the synthesis of a Cy5 linked by a bioreducible disulfide bond to the 

end of a model oligonucleotide 

¶ Assess degradability of the disulfide bond under reducing conditions 

¶ Observe any changes to the intracellular distribution of the Cy5-conjugated 

oligonucleotide  

Each of the hypotheses and aims is discussed in more detail in the corresponding chapter/s along with 

proposed methods of testing each hypothesis. The thesis is summarized in Chapter 6 which provides 

an overarching conclusion of the results with reference to the aforementioned hypotheses and 

specific aims including some of the shortcomings and unresolved issues from this work. It then 

proceeds to consider potential future directions for related research extending from the current 

findings. Chapter 7 contains Supplementary Information and other data gathered during the duration 

of this work that could not be fit into the main text of any of the chapters.  

Ultimately, this thesis provides a platform to potentially produce a wide range of lipophilic 

oligonucleotide conjugates in solution with high yield using copper-free click chemistry, demonstrates 

several improvements to biodistribution and cellular association of some of the newly developed lipid-

oligonucleotide conjugates, and finally, demonstrates a unique way of using a commercially-available 

fluorescent dye to alter intracellular distribution of the cargo. 
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2.1. Abstract 

This chapter explored a potential method for the conjugation of a commercially-available, end-

functionalized oligonucleotide with an antiestrogen called fulvestrant. The main challenge involved 

finding the appropriate chemistry to conjugate this highly lipophilic molecule without the need for 

compatibility with phosphoramidite chemistry. Initially, functionalizing amine-modified DNA with an 

activated carboxylic acid group on the antiestrogen proved to be challenging due to limited solubility 

and incompatibility of most classical amine-carboxylic acid coupling reagents. It was ultimately found 

that the addition of a strained cyclooctyne group to the tail end of the lipophilic molecule allowed for 

the modification of an azide-functionalized DNA through a copper-free click reaction, resulting in the 

full conversion of the oligonucleotide. Moreover, the methods developed allowed for immediate 

purification of the DNA through traditional ethanol/salt precipitation methods followed by annealing 

of the complementary strand.  

The conjugation of the lipophilic antiestrogen via a copper-free click reaction to an azide-modified 

oligonucleotide presented several unique and new developments in the field of oligonucleotide-small 

molecule conjugates. First, it demonstrated a new way of modifying oligonucleotides post-synthesis 

without the need for preplanning the modifications into the phosphoramidite synthetic process. 

Secondly, it also demonstrates one of the rare times a small-molecule drug with a known function is 

conjugated directly to siRNA, potentially providing it with dual-therapy properties. Finally, it provided 

a potential platform for the conjugation of a wider range of steroid derivatives and other lipophilic 

molecules to commercially-available, functionalized oligonucleotides. This would result in a more 

rapid way to explore new lipophilic oligonucleotide conjugates without the need to adopt specialist 

synthesis methods.   
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2.2. Introduction 

The main obstacle preventing a more widespread clinical translation of siRNA therapeutics has been 

its efficient delivery to the required site of action both systematically and intracellularly.  The extensive 

development of LNPs,1 polymers,2 and other formulations of delivery vectors have proven effective in 

certain cases, and so has the rise of the GalNAc-siRNA conjugates that effectively target the liver.3 On 

the other hand, the direct conjugation of siRNA to lipophilic molecules has also been shown to improve 

siRNA delivery.4ς6  Despite all the recent advances in lipid-conjugate siRNA therapeutics, the classes of 

lipophilic modifications studied have been relatively limited. Various fatty acids,5,7 cholesterol,8,9 and 

structural derivatives thereof have been shown to enhance siRNA therapy with certain levels of 

success. Other than the aforementioned, very few other small molecule-siRNA conjugates have been 

put into development. The end-modification of oligonucleotides through the conjugation of small 

molecules has proven to be an effective method of improving the pharmacokinetics and 

biodistribution of the therapeutic. Unfortunately, the modification with lipophilic targeting molecules 

without the capacity for oligonucleotide-specific techniques and specialist equipment remains a 

challenge. 

One of the limitations of developing new lipophilic modifications for siRNA is the requirement that the 

lipid, lipophile, or other targeting group (L) be compatible with the phosphoramidite chemistry 

synthesis process of the oligonucleotide itself as seen in Figure 2.1. This is the general process that 

Ƙŀǎ ōŜŜƴ ƻǇǘƛƳƛȊŜŘ ŦƻǊ ǘƘŜ ŎƻƳƳŜǊŎƛŀƭ ǎȅƴǘƘŜǎƛǎ ƻŦ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎΦ CƻǊ ƛƴǎǘŀƴŎŜΣ ŀ оΩ ŜƴŘ 

modification would require the lipid to be tethered via a cleavable linker to a solid phase such as 

controlled pore glass (CPG). It would also have a protected alcohol group which is subsequently 

deprotected prior to adding the succeeding base (route A). Alternatively, the lipophile can be modified 

to include the phosphoramidite group to act as one of the nucleobases in the synthetic process. This 

allows for the flexibility to introduce this group onto the oligonucleotide in any central location as well 

ŀǎ ǘƘŜ рΩ ŜƴŘ όǊƻǳǘŜ .ύΦ Route B is affected by the solubility of (L), which in turn limits the types of 

moŘƛŦƛŎŀǘƛƻƴǎ ǘƘŀǘ Ŏŀƴ ōŜ ƳŀŘŜ ǘƻ ǘƘŜ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜ ƛƴ ǘƘŜ ƳƛŘŘƭŜ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜ ƻǊ ƻƴ ǘƘŜ рΩ ŜƴŘ 

through this process.  
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Figure 2.1. Examples of chemically compatible lipids for the incorporation into phosphoramidite 
ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜ ǎȅƴǘƘŜǎƛǎ όƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ȅŜƭƭƻǿύΦ ό!ύ wƻǳǘŜ ! ŀƭƭƻǿǎ ŦƻǊ ǘƘŜ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ŀ оΩ ŜƴŘ 
modification (оΩ ƳƻŘ) by first tethering a compatible lipophile (L) to a solid phase such as controlled 
pore glass (CPG) then proceeding with the normal phosphoramidite synthesis process of nucleobase 
addition. (B) Alternatively, with route B, mid-ǎǘǊŀƴŘ ŀƴŘ рΩ ŜƴŘ ƳƻŘƛŦƛŎŀǘƛƻƴǎ όmiddle or рΩ ƳƻŘ) can 
be introduced by incorporating a phosphoramidite group into L. These methods can be combined to 
introduce multiple modifications as long as the L group is compatible with the phosphoramidite 
chemical synthesis method. 

 

Companies such as Integrated DNA Technologies (IDT) use similar methods to introduce terminal 

modifications to commercially-available oligonucleotides.10 These companies allow for the synthesis 

of custom short nucleic acids such as DNA and RNA. This process can also be used to synthesize siRNA 

targeting a gene of any chosen sequence. In terms of lipophilic end groups however, the only 
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modification that is commonly incorporated commercially is cholesterol. This is a modification that 

enhances trafficking to the liver and improves intracellular delivery due to favorable association with 

the cell membrane.8,9 Other than this, it is difficult to find other lipophilic groups that are readily 

conjugated to the oligonucleotide. It is notable that the cholesterol, unlike other modifications, is only 

available on ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜΦ ¢Ƙƛǎ ŦǳǊǘƘŜǊ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ ǘŜǘƘŜǊƛƴƎ ƻŦ a lipophilic 

moiety such as cholesterol to a solid phase as described in Figure 2.1 is necessary in order to overcome 

challenges in solubility.  

Perhaps some of the most useful modifications include those that introduce terminal functional 

groups to the oligonucleotide which permit further conjugation with compatible chemical moieties. 

These are typically used to conjugate to larger constructs such as nanoparticles, peptides, antibodies, 

or solid surfaces. However, it is possible that these end groups can also be exploited in order to directly 

introduce small lipophilic molecules while bypassing the need for phosphoramidite synthesis 

compatibility. A list of selected terminal modifications and examples of compatible conjugate groups 

is provided in Table 2.1. 

Table 2.1. Summary of selected terminal modifications available for custom order oligonucleotides 
from Integrated DNA Technologies (IDT)10 

Terminal 
functional 

group 

Linkers available 
(possible location) 

Structure Compatible conjugate 
groups 

Amine /сΣ /мн όрΩύΣ ƴƻ ǎǇŀŎŜǊ όоΩύ 
 

Activated carboxylic acid-
NHS ester or imidoester  

Biotin /сΣ ǘŜǘǊŀŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭ όрΩ 
ƻǊ оΩύ 

 

Streptavidin 

Thiol /о όоΩύΣ /с ǎǇŀŎŜǊ όрΩύ 
 

Thiols, maleimides 

Alkyne /п ǎǇŀŎŜǊ όрΩύ 
 

Azides  

Azide /с ǎǇŀŎŜǊ όрΩ ƻǊ оΩύ 
 

Alkynes (Cu click), strained 
cyclooctynes (Cu-free click) 

Cholesterol ¢ŜǘǊŀŜǘƘȅƭŜƴŜƎƭȅŎƻƭ όоΩύ 

 

N/A.  
 
Hydrophobic modification 
that promotes transfection 
into cells. 
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This current study is focused on developing a method to add a steroid other than cholesterol to the 

terminus of a presynthesized oligonucleotide. In particular, steroid hormones are synthesized by the 

body from cholesterol, resulting in a very similar structural backbone and in turn, similar challenges in 

solubility. Estradiol (Figure 2.2A), for instance, is a hormone which serves as a signaling molecule that 

acts primarily on the reproductive system, but also in other tissues. This results in the modulation of 

cell differentiation, metabolism, and cell proliferation.11   

 

Figure 2.2 Chemical structures of (A) estradiol and two clinically-approved antiestrogens. (B) 
Tamoxifen, and (C) fulvestrant are both commonly-prescribed drugs for the treatment of estrogen 
receptor-positive breast cancer. 

 

In certain cases, the action from estradiol is detrimental to health, particularly in the case of breast 

cancers which express the estrogen receptor (ER+). This requires treatment with chemotherapeutic 

agents such as antiestrogens. Tamoxifen (Figure 2.2B) is one such antiestrogen that is currently the 

gold standard in the treatment for ER+ breast cancer.12 An alternative treatment option is fulvestrant 

(FASLODEX®). This drug was initially approved in 2002 as an estrogen receptor antagonist for the 

treatment of ER+, human epidermal growth receptor 2 (HER2)-negative breast cancers in 

postmenopausal women.13 It has also been used as part of a combination therapy for late-stage, 

metastatic breast cancer.14 Currently, it is also favored as a second-line treatment to cancers that 

display tamoxifen resistance.15 More recent clinical trials have also demonstrated success against 

HER2- breast cancer in premenopausal women.16  

One common characteristic between native estrogens and some antiestrogens would be their 

lipophilic nature due to the presence of the steroid backbone similar to that of cholesterol. The 

hydrophobic properties of fulvestrant result in favorable binding to plasma proteins such as HDL and 

LDL.13  The resulting prolonged exposure and delayed clearance of the drug are desirable properties 

to improve the pharmacokinetics which may potentially be exploited for the co-delivery of other 

therapeutic molecules such as oligonucleotides. 
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Thus, it would be a challenge to conjugate such a molecule to a primarily hydrophilic oligonucleotide 

without incorporating the drug into the phosphoramidite synthetic process. Fulvestrant was selected 

as the lipophile of interest for this exercise due to the likely challenges encountered in the chemistry 

due to its highly lipophilic nature and the lack of available sites for easy conjugation.  

 

2.3. Hypothesis and Aims 

A derivative of the highly lipophilic antiestrogen fulvestrant (FASLODEX®) can be conjugated to a 

functionalized, presynthesized short oligonucleotide through a coupling method in solution without 

the use of traditional phosphoramidite chemical synthesis. An illustration of the predicted structure 

of the target product is found in Figure 2.3. 

 

 

 

Figure 2.3. Target structure to demonstrate feasibility of conjugating a lipophile (L) such as fulvestrant 
ǘƻ ǘƘŜ оΩ ŜƴŘ ƻŦ ŀ мф-base DNA containing a commercially-available terminal functional group (M). The 
ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜ ǿƛƭƭ ōŜ ƭŀōŜƭƭŜŘ ƻƴ ǘƘŜ рΩ ŜƴŘ ƻŦ ǘƘŜ ǇŀǎǎŜƴƎŜǊ ǎǘǊŀƴŘ ǿƛǘƘ /ȅр ŘȅŜ ŦƻǊ ŜŀǎŜ ƻŦ ǘǊŀŎƪƛƴƎΦ 
The complementary (guide/antisense) strand will then be annealed to complete the duplex 
oligonucleotide structure. 

 

To prove our hypothesis, the following aims will be accomplished: 

¶ Synthesize a derivative of fulvestrant with a functional group available for coupling at the 

оΩ ŜƴŘ ƻŦ ǘƘŜ ƭƻƴƎ ŎŀǊōƻƴ ŎƘŀƛƴ ǘŀƛƭ ŎƻƳǇŀǘƛōƭŜ ǿƛǘƘ ƻƴŜ ƻŦ ǘƘŜ ŀǾŀƛƭŀōƭŜ ǘŜǊƳƛƴŀƭ 

functional groups of presynthesized, commercially-available oligonucleotides as listed in 

Table 2.1. 
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¶ Identify and optimize an appropriate method for conjugating the fulvestrant derivative to 

the oligonucleotide. 

¶ Determine whether conjugation affects the formation of the double stranded 

oligonucleotide. 

¶ Throughout each step, find appropriate methods to characterize the modified 

oligonucleotide including whether the DNA duplex is formed. 

 

2.4. Results and Discussion 

2.4.1. Synthesis of a fulvestrant-carboxylic acid derivative (CA1776) 

The first portion of this work was dedicated to the synthesis of a fulvestrant-like derivative with a 

chemical handle at the end of the carbon chain that extends from the steroid backbone. Since there 

was no functional group at the end of the carbon chain for easy conjugation to any of the available 

terminal functional groups of DNA, it was decided that a carboxylic acid might be appropriate for 

amide ŎƻǳǇƭƛƴƎ ǿƛǘƘ ŀ оΩ ǘŜǊƳƛƴŀƭ ŀƳƛƴŜ-modified DNA. The molecule was designed to maintain the 

steroidal fragment similar to the structures of both estradiol and fulvestrant for recognition by the 

estrogen receptor. Since the long carbon chain is essential in the function of fulvestrant as an 

antiestrogen, this structure would be maintained as well in order to avoid activation of the estrogen 

receptor.  

In order to introduce the fatty acid group and the sulfur molecule in the tail of the steroid, (7a,17b)-

7-(9-bromononyl)estra-1,3,5(10)-triene-3,17-diol (1), was reacted with 3-mercaptopropionic acid in a 

nucleophilic substitution reaction as described in Scheme 2.1 to yield compound (2). 
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Scheme 2.1. Summary of the synthesis of a carboxylic acid-modified fulvestrant derivative, CA1776. 
(7a,17b)-7-(9-Bromononyl) estra-1,3,5 (10)-triene-3,17-diol (1) was first reacted with 3-
mercaptopropionic acid in a nucleophilic substitution reaction to yield (2). The compound was then 
oxidized by addition of hydrogen peroxide in the presence of acetic acid to yield CA1776 (67%).  

The relevant 1H-NMR shifts for the synthesis of (2) are illustrated in Figure 2.4A. The full spectrum of 

(2) can be seen in SI 4. Upon washing the crude product with base to remove excess unreacted 3-

mercaptopropionic acid (full 1H-NMR shown in SI 2), (2) was analyzed through 1H-NMR spectroscopy. 

The signal from the two protons in position a of compound (1) ŀǘ ʵ Ґ оΦрм ǇǇƳ όȅŜƭƭƻǿύ ŘƛǎŀǇǇŜŀǊǎ (SI 

1) as the reaction progresses indicating a successful substitution reaction. These protons shift towards 

ǘƘŜ ƳǳƭǘƛǇƭŜǘ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ǊŜƎƛƻƴ ŀǎ ǘƘŜ ŎŀǊōƻƴ ŎƘŀƛƴ όʵ Ґ мΦлл ς 2.00 ppm). The addition of the 

protons associated with the thiol in positions f and e ǿƛǘƘ ʵ Ґ нΦрм ppm (blue) and 2.65 ppm (green) 

respectively were also monitored.  

Compound (2) was then used without any further purification in an oxidation reaction with hydrogen 

peroxide to yield the sulfoxide group in the C-10 position of the long carbon chain tail of CA1776 

similar to that in the structure of fulvestrant (Figure 2.2C).  This product was purified through liquid-

liquid extraction followed by flash column chromatography for a total yield of 67%.  

CA1776 was characterized by 1H-NMR (SI 5) and only a subtle shift in protons in positions f and e within 

ǘƘŜ ƳǳƭǘƛǇƭŜǘ ƛƴ ǘƘŜ ŎŀǊōƻƴ ŎƘŀƛƴ όʵ Ґ мΦлл ς 2.00 ppm) was observed, consistent with predicted 1H-

NMR spectra. The compound was further confirmed by LC/MS as seen in Figure 2.4B with the [M + 

H]+ = 519.00 and [M + Na]+ = 542.00 consistent with the predicted MW of 518.753 g/mol (SI 9). CA1776 

contained a carboxylic acid group which would potentially be compatible with a wide range of amide 

coupling methods17 with an amine-functionalized oligonucleotide. Moreover, the location of the 
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coupling would be away from the steroid center which is crucial to estrogen receptor recognition, 

potentially preserving the antiestrogenic activity of the conjugate.  

 

 

Figure 2.4. Synthesis progression and characterization of CA1776. (A) 1H-NMR results showing the 
protons of interest are shown up to the synthesis of compound (2). Relevant protons to the 
nucleophilic substitution reaction with the 3-mercaptopropionic acid are highlighted in the colored 
regions. (B) The synthesis of the product CA1776 had to be confirmed through LC/MS due to the 
minimal shift in the protons from 1H-NMR from (2). 
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2.4.2. Conjugation of CA1776 to ssDNA 

An attempt at conjugation was made through the formation of an amide bond between the carboxylic 

acid in ǘƘŜ ŀƴǘƛŜǎǘǊƻƎŜƴ ŀƴŘ ǘƘŜ ŀƳƛƴŜ ƎǊƻǳǇ ƛƴ ŀ рΩ /ȅр-ƭŀōŜƭƭŜŘΣ оΩ-amine functionalized DNA strand 

(Cy5-ssDNA-amine). One of the primary limitations of this reaction was the poor solubility of CA1776 

in aqueous conditions. This required the solvent system to contain an organic component in order to 

keep the antiestrogen derivative miscible. The initial proposal for conjugation is illustrated in Scheme 

2.2 wherein potential methods for attaching CA1776 to the oligonucleotide were based on common 

amine-carboxylic acid bioconjugation reactions in peptide chemistry. Initially, HBTU was selected as 

the coupling agent because it is one of the classical methods for amide coupling. However, it turned 

out that the solubility issue went both ways. The Cy5-ssDNA-amine was poorly soluble in the organic 

solvents required for conjugation such as DMF, acetonitrile, and DMSO, all resulting in 0% yield upon 

analysis through analytical HPLC. 

 

 

Scheme 2.2. Proposed conjugation of CA1776 to the amine-functionalized, Cy5-labeled ssDNA (Cy5-
ssDNA-amine) through classical amide conjugation techniques to yield Cy5-ssDNA-CA1776, an 
antiestrogen-oligonucleotide conjugate with an amide linker (red). 

 

Numerous coupling reagents are inactivated in aqueous conditions, ultimately making many 

conjugation methods unsuitable to obtain the desired oligonucleotide conjugate.17 To circumvent the 

solubility issues encountered, the focus was shifted to reactions that are known to be compatible with 

aqueous solvent systems such as carbodiimide cross-linker chemistry (EDC, EDC/NHS), and DMTMM. 

The reaction performed through activation of the carboxylic acid via an NHS ester using EDC/NHS in 

30% DMSO in H2O (v/v) appeared to produce the Cy5-ssDNA-CA1776 product with a peak shifted 

towards a later retention time upon analysis with HPLC corresponding to 11% conjugation yield as 

seen in Figure 2.5. 



Chapter 2: The synthesis of antiestrogen-targeted oligonucleotides 

 

78 
 

 

Figure 2.5. HPLC analysis of Cy5-ssDNA-amine (top) and Cy5-ssDNA-CA1776 (bottom). The 
chromatograph revealed a new peak at t = 16 min when compared to the unmodified oligonucleotide 
indicating the increase in lipophilicity of the material as a result of the conjugation of CA1776. The 
area under the curve is equivalent to a conversion of 11%.  

 

The analysis of the molecular weight of the peak thought to be Cy5-ssDNA-CA1776 through MALDI-

TOF did not yield the expected theoretical m/z = 9456.853 corresponding to the amide bond formation 

between CA1776 (MW = 518.75) and the Cy5-ssDNA-amine (MW = 8956.1), rendering this 

conjugation inconclusive at best. The reaction was also not reproducible, with subsequent attempts 

at EDC/NHS coupling producing 0% yield upon HPLC analysis. Other reactions tested, including using 

EDC-HCl/NHS and DMTMM also produced no indication of the target product through HPLC analysis. 

A summary of the different amide coupling methods that were attempted, along with observed yield 

and other comments regarding the conjugation process are recorded in Table 2.2. 
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Table 2.2. Summary of attempted coupling methods tested for the conjugation of amine-DNA to the 
synthesized antiestrogen-carboxylic acid derivative 

Coupling 
reagent 

Solvent Yield Result/Comments 

HBTU/DIPEA DMF 0% DNA precipitated in DMF as observed by the formation of a 
visible blue pellet indicative of Cy5. No evidence of 
conjugation from DNA-PAGE or HPLC. 

HBTU/DIPEA MeCN 0% DNA precipitated in acetonitrile. No evidence of conjugation 
from DNA-PAGE or HPLC. 

HBTU/DIPEA DMSO 0% DNA precipitated in DMSO. No evidence of conjugation from 
DNA-PAGE or HPLC. 

EDC/NHS 70:30 H2O:DMSO 
(v/v) 

11% Fully soluble. Possible conjugation observed from HPLC with 
new peak forming with a retention time 2 minutes later than 
that of unconjugated DNA corresponding to 11% yield. Not 
reproducible in succeeding reactions.  

EDC-HCl/NHS 70:30 H2O:DMSO 
(v/v), pH = 9 

0% Fully soluble. No evidence of conjugation from DNA-PAGE or 
HPLC. 

DMTMM 70:30 H2O:DMSO 
(v/v) 

0% Fully soluble. No evidence of conjugation from DNA-PAGE or 
HPLC. 

 

It was also noted throughout the development of this process that amide coupling is likely not a 

preferred method of conjugation due to the activated ester also potentially reacting with the two 

hydroxyl groups in the steroid center depending on the specific reaction conditions. Therefore, a new 

strategy for conjugation was needed.  

 

2.4.3. Synthesis of a fulvestrant-DBCO derivative (CA1898) 

Since the coupling of CA1776 to Cy5-ssDNA-amine was unsuccessful, a new coupling strategy 

centered around a copper-free click reaction was developed. Unlike the previously attempted amide 

coupling of CA1776 to the DNA, the components of this reaction were all miscible and stable in a 

variety of organic solvents, thereby avoiding solubility issues experienced in the previous amide 

coupling reactions explored. Moreover, there is less likelihood of activating the hydroxyl groups 

located in the steroid with the amide bioconjugation reagents. Theoretically, the orthogonal nature 

of the click reaction would result in a cleaner product.18 The objective was to incorporate a strained 

cyclooctyne into the structure of CA1776. To this end, CA1776 was modified with dibenzocyclooctyne-

amine (DBCO-amine, full 1H-NMR in SI 3) through an amide coupling reaction using HBTU as the 

coupling reagent to synthesize CA1898 (Scheme 2.3). 
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Scheme 2.3. Synthesis of CA1898, a fulvestrant derivative through amide conjugation with DBCO-
amine using HBTU as the coupling reagent. This introduced a strained cyclooctyne into the 
antiestrogen derivative for copper-free click conjugation. 

CA1898 could not be fully isolated through a simple extraction due to the DBCO-amine also being 

soluble in organic solvents. Therefore, the crude mixture containing CA1898 was purified through 

semi-preparative HPLC. The product of this reaction was identified as CA1898 through 1H-NMR as seen 

in Figure 2.6A. As an example, the 3:1:1 ratio of the integrated peaks of protons labelled e, w1, and z2 

are consistent with the structure of CA1898 and belong to the separate main building blocks used to 

synthesize this product molecule.  

 The product was also characterized through mass spectroscopy as seen in Figure 2.6B, with the [M + 

H]+ = 777.4 and [M + Na]+ = 801.4 consistent with the predicted MW of 777.077 g/mol (SI 10). The 

overall yield from this reaction after two separate purification steps is 26% (SI 13). It was found that 

unreacted CA1776 starting material could be recovered through the same preparative HPLC and 

reused for another reaction. Full NMR spectra are shown in SI 6-SI 8. 
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Figure 2.6. The synthesis of CA1898 was verified through tracking relevant protons through (A) 1H-
NMR, and by (B) molecular weight analysis through LC/MS. 

 

2.4.4. Click conjugation of oligonucleotide to antiestrogen 

Similar to the reaction used by Sarett et al. to conjugate an azide-PEG2000-fatty acid modification to 

DBCO-functionalized siRNA, CA1898 can also possibly be used to perform a copper-free click 

conjugation.4 However, unlike the reaction that was used by Sarett et al., this compound reverses the 

ƭƻŎŀǘƛƻƴ ƻŦ ǘƘŜ ŦǳƴŎǘƛƻƴŀƭ ƎǊƻǳǇǎ ǎǳŎƘ ǘƘŀǘ ǘƘŜ ŀȊƛŘŜ ƛǎ ƻǊŘŜǊŜŘ ǇǊŜǎȅƴǘƘŜǎƛȊŜŘ ƻƴ ǘƘŜ оΩ ŜƴŘ of the 

oligonucleotide, while the strained cyclooctyne is synthesized onto the lipophilic molecule. The lack 
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of the large C2000 PEG spacer also likely severely changes the solubility of the lipid component. 

Therefore, unlike their Cu-free click reaction which occurred under aqueous conditions, the 

conjugation of an oligonucleotide with CA1898 would require optimization in organic solvent. 

The copper-free click reaction between the azide on the DNA and the strained cyclooctyne on CA1898 

was thought to produce the target single-stranded conjugate Cy5-ssDNA-CA1898 as shown in Scheme 

2.4. Initially, CA1898 was dissolved in DMSO and added directly to Cy5-ssDNA-azide dissolved in water 

to a final concentration of 30% DMSO. Upon overnight conjugation at ambient conditions of a 2:1 

CA1898:Cy5-ssDNA-azide molar ratio, a yield of 1.5% Cy5-ssDNA-CA1898 was estimated through 

HPLC analysis of areas under the curve based on the appearance of a peak with RT = 21 min. Since this 

would not have been enough material to work with, the ratio of CA1898:Cy5-ssDNA-azide was 

increased further. Unfortunately, even at a ratio of 200:1, the yield appeared to plateau at 68% (Figure 

2.7B). Although DMSO is typically a viable component of a solvent system for copper-free click 

conjugation, the inefficient coupling was similar to that reported by Lauer et al. in their conjugation 

of SPAAC-active fluorophores to azide-modified DNA.19  

 

 

 

Scheme 2.4. Copper-free click coupling of CA1898 to рΩ Cy5-labelled, оΩ azide functionalized DNA (Cy5-
ssDNA-azide) to yield the single stranded conjugate, Cy5-ssDNA-CA1898.  

 

The yield from the DMSO conjugation would have been a viable amount of material to work with. 

However, it was thought that a change in the solvent system may improve the conversion without 

having to use an excessive amount of CA1898. The necessary removal of DMSO after the conjugation 
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also presented a challenge since the presence of the aprotic solvent caused DNA precipitation with 

ethanol to be ineffective, thus potentially requiring more complex purification methods such as HPLC.  

In this light, the solvent was switched to 75% EtOH/25% H2O. A 2:1 molar ratio of CA1898:Cy5-ssDNA-

azide produced a yield of 14%, indicating that this solvent system may be more favorable than DMSO 

for copper-free click conjugation of the oligonucleotide to CA1898. Increasing this ratio further 

improved the yield of Cy5-ssDNA-CA1898 as demonstrated in Figure 2.7A. It was found that a ratio of 

60:1 would consistently produce the target product with 100% conversion indicated by a complete 

ǎƘƛŦǘ ƻŦ ǘƘŜ It[/ ǊŜǘŜƴǘƛƻƴ ǘƛƳŜ ǿƘŜƴ ǳǎƛƴƎ ǘƘŜ ˂ex/em = 647/666 nm fluorescence detector indicating 

the shift of the Cy5 fluorophore. 

 

 

Figure 2.7. Estimation of Cy5-ssDNA-CA1898 yield through HPLC peak shift. (A) Examples of the HPLC 
trace of the reaction performed in 75% EtOH and an increasing ratio of CA1898:Cy5ssDNA-azide are 
ǎƘƻǿƴΦ ¢ƘŜ It[/ ŘŜǘŜŎǘƻǊ ǿŀǎ ǎŜǘ ǘƻ ǘǊŀŎƪ ˂ex/em = 647/666 nm based on the spectrum of Cy5. (B) A 
summary of the comparison of yields from the copper-free click conjugation in DMSO and in EtOH 
where yield is reported as the percentage of Cy5-ssDNA-azide conjugated to CA1898. 

 

Moreover, the appearance of only one fluorescent peak on the analytical HPLC indicated the absence 

of any by-products from the copper-free click reaction, further exhibiting the orthogonal nature of this 

coupling. The product from the conjugation was then analyzed through MALDI-TOF (SI 11-SI 12). A 

mass-to-charge increase of 780 m/z was observed in the conjugated sample as seen in Figure 2.8 

consistent with the addition of the equivalent molecular weight of CA1898 to the Cy5-ssDNA-azide. 
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This indicates that the copper-free click reaction successfully synthesized Cy5-ssDNA-CA1898 that was 

proposed in the modified conjugation. 

The formation of the target product as shown by HPLC and MALDI-TOF shows the first time the copper-

free click reaction was used to label an azide-functionalized oligonucleotide with a lipophilic targeting 

drug molecule modified with a strained cyclooctyne without a long linker to improve solubility.  

 

  

Figure 2.8 The oligonucleotides were characterized through MALDI-TOF using 3-HPA as the sample 
matrix, with the Cy5-ssDNA-azide producing a peak with m/z of 6958.583 (theoretical m/z = 6951.9). 
CA1898-ssDNA-Cy5 produces a signal at m/z of 7738.824 (theoretical m/z = 7728.9), with a shift of 
m/z = +780 representative of the coupling of CA1898.  

 

2.4.5. Annealing of complementary strand to CA1898-ssDNA-Cy5 

The final challenge in producing a complete surrogate for a lipophilic siRNA conjugate would be the 

annealing of the complementary DNA strand which would be the equivalent of the antisense or guide 

strand in siRNA. To this end, two different pathways to annealing were assessed as illustrated in 

Scheme 2.5. Path A involved first annealing the complementary strand (comp-st) prior to the 

conjugation with CA1898. The other option in path B would be taking the conjugated Cy5-ssDNA-

CA1898 as described in the previous section and annealing comp-st. Forming the duplex in either case 
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was performed by adding a 1.05x excess of comp-st in a saline sodium citrate buffer and the heating 

of the sample to 95°C for five minutes before allowing it to slowly anneal by cooling it back to room 

temperature. Theoretically, either pathway should produce Cy5-dsDNA-CA1898. With either 

pathway, the resulting product was precipitated in a mixture of ethanol/sodium acetate buffer, 

pelleted, and rinsed prior to analysis.  

 

 

Scheme 2.5. Two options for the conjugation of CA1898 and the annealing of comp to the Cy5-ssDNA-
azide. Path (A) involved the conjugation of CA1898 to the Cy5-ssDNA-azide as previously 
demonstrated. Path (B) involved first annealing comp-st to the Cy5-ssDNA-azide prior to the Cu-free 
click coupling of CA1898. 

 

First annealing comp-st through Path A resulted in most of the material converting to the annealed 

form, Cy5-dsDNA-azide as highlighted in peak b in Figure 2.9 with a yield of over 90%. However, the 

conjugation of CA1898 to the duplex appeared problematic. This pathway appeared to limit formation 
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of the Cy5-dsDNA-CA1898 target product, as indicated by only 3% of the total Cy5-labelled material 

highlighted in peak d.  

  

Figure 2.9. HPLC analysis of the annealing and conjugation of Cy5-ssDNA-azide to comp-st and CA1898 
respectively. This trace shows the difference in resulting product of path A and path B as proposed in 
Scheme 2.5. The Cy5-ssDNA-azide (peak a) and Cy5-ssDNA-CA1898 (peak c) retention times were 
both identified to serve as reference for the two reaction pathways. Peak b indicates the formation of 
the duplex (Cy5-dsDNA-azide) and peak d is the target product (Cy5-dsDNA-CA1898). 

 

Path B involved conjugating CA1898 prior to annealing comp-st which was the method initially 

attempted as described in Section 2.4.4.  This synthesis path consistently produced a yield of over 

95% of the target conjugate Cy5-dsDNA-CA1898 as indicated by the HPLC trace (peak d) in Figure 2.9. 

The slight shift of the Cy5-ssDNA-CA1898 peak (peak c) to the left (peak d) indicates a successful 

annealing step. The yield is estimated by calculating the area under the curve. 

This process clearly indicated that conjugation prior to annealing (path B) was the optimal way to 

produce Cy5-dsDNA-CA1898 with maximal yield. It is likely that the annealing of the strands prior to 

the conjugation of CA1898 as illustrated in path A may have resulted in steric hindrance of the azide 

group. This in turn caused the limited interaction between the bulky DBCO group on CA1898 and the 

azide on the oligonucleotide. This is an issue that could possibly be addressed through the addition of 

a longer linker, particularly between the azide and the oligonucleotide to minimize steric hindrance. 
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However, this is a functional group modification that would not be available commercially, and thus 

defeat the purpose of having a one-step Cu-free click reaction to modify an oligonucleotide. 

2.4.6. Characterization of the DNA duplex by gel electrophoresis 

Another method of determining whether the oligonucleotide was successfully conjugated to a 

lipophilic molecule such as CA1898 is through gel electrophoresis (Figure 2.10). Upon optimization of 

the experimental conditions, it was found that a high percentage of acrylamide (in this case, 15%) was 

required in order to see separation of the short nucleic acids in this method that is typically used for 

protein characterization.  

 

Figure 2.10. DNA-PAGE of the oligonucleotide constructs. Samples were run in a 15% acrylamide gel 
for 1.5 hours. The gel was imaged using the Cy5 filter on a Typhoon 5 imaging system. The four lanes 
are as follows: (A) Cy5-ssDNA-azide, (B) Cy5-dsDNA-azide, (C) Cy5-dsDNA-CA1898 and (D) Cy5-
dsDNA-chol. 

 

The gel is able to distinguish between single and double-stranded oligonucleotides of the size used in 

this study (20 and 22 bases for the sense and antisense strands respectively). The single-stranded DNA 

migrates further down the gel (lane A) when compared to the double-stranded counterpart (B). This 

is expected due to the difference in size, but is not seen in lower acrylamide concentration gels.  
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Another shift in the migration pattern occurs when the oligonucleotide is conjugated to a lipophilic 

molecule. In this case, the Cy5-dsDNA-CA1898 construct that was synthesized earlier was observed to 

migrate less when compared to the unmodified oligonucleotide. The decrease in migration is possibly 

due to the decrease in overall relative charge of the oligonucleotide with respect to its size when 

compared to the unmodified form. Moreover, an equivalent cholesterol-conjugated form of the 

oligonucleotide, Cy5-dsDNA-chol was also run alongside the other oligonucleotides. It also resulted in 

a migration similar to that of Cy5-dsDNA-CA1898 indicating that both CA1898 and cholesterol may 

impart similar lipophilic properties to the oligonucleotide.  

 

2.4.7. Synthesis and characterization of an siRNA-CA1898 conjugate 

Upon establishing a reaction that works with DNA, the same, copper-free click reaction as described 

in Scheme 2.4 was used to conjugate CA1898 with an azide-functionalized ssRNA. The same annealing 

protocol as outlined in path B of Scheme 2.5 was also used to form the siRNA duplex. The siRNA 

sequence selected (siSSB) was against the SSB (Small RNA Binding Exonuclease Protection Factor La, 

ƻǊ {ƧƻƎǊŜƴΩǎ {ȅƴŘǊƻƳŜ !ƴǘƛƎŜƴ .ύ gene. This gene codes for a ubiquitous protein that binds and 

stabilizes nascent RNA in nearly all cells and tissues.20 It is sometimes also used as a housekeeper gene 

in qPCR and protein expression analysis. The two strands of the RNA are designated as the passenger 

strand (siSSB_PS) and guide strand (siSSB_GS), where the passenger strand contains the azide 

ƳƻŘƛŦƛŎŀǘƛƻƴ  ƻƴ ǘƘŜ оΩ ŜƴŘ ŀƭƭƻǿƛƴƎ ŦƻǊ ǘƘŜ ŎƻǇǇŜǊ-free click reaction. 

Since the siRNA sequence does not contain a fluorophore, a polyacrylamide gel stained with SYBR Gold 

nucleic acid gel stain was used to verify the conjugation and annealing process. This was the preferred 

stain because of its ability to also detect single-stranded oligonucleotides. The gel in Figure 2.11 

summarizes the progress of the reaction, and confirms the conjugation (siSSB_PS-CA1898) and 

annealing of the siRNA (siSSB-CA1898). The conjugate (siSSB_PS-CA1898) appears larger than the 

unconjugated siSSB_PS as expected due to the addition of CA1898 which is larger in molecular weight 

than two oligonucleotide bases on average. Moreover, it imparts lipophilic properties to the 

oligonucleotide resulting in slower migration in the gel, consistent with the results of the DNA 

conjugation. 
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Figure 2.11. Acrylamide gel electrophoresis of siRNA to verify conjugation and annealing. Confirmation 
of the conjugation and annealing can be seen by the decrease in the migration distance of the sample 
when compared to the unmodified siRNA. The gel (15% acrylamide) was run at 70V for two hours, 
then subsequently stained with SYBR Gold nucleic acid gel stain. The six lanes are as follows: (A) dsRNA 
ladder (bp), (B) siSSB_PS, (C) siSSB_GS, (D) siSSB, (E) siSSB_PS-CA1898, (F) siSSB-CA1898 

 

Upon annealing of the siSSB_PS to the siSSB_GS, the product siSSB appears at the correct size based 

on the dsRNA ladder. When siSSB_GS is annealed to siSSB_PS-CA1898, the product again appears 

larger (siSSB-CA1898). In the lane for CA1898-siSSB, there appears to be a fainter band below the 

main product. This is likely from the excess 0.1x siSSB_GS in the annealing process, which was 

performed at a 1.1:1 GS:PS ratio. This single stranded RNA will likely not have any activity in cells 

because the RISC complex only recognizes siRNA when it is in its duplex form. 

These results show that the methods developed for the copper-free click conjugation of CA1898 to 

oligonucleotides can be translated over to functional, therapeutic oligonucleotides such as siRNA.  
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2.5. Conclusions 

A new antiestrogen derivative based on the commercially available drug fulvestrant (FASLODEX®) was 

synthesized. Initially, a carboxylic acid-functionalized derivative of the compound (CA1776) was 

designed specifically for conjugation to an amine-functionalized single-stranded DNA labelled with 

Cy5. Due to the challenges encountered with conjugating the antiestrogen to the Cy5-ssDNA-amine 

through various widely-used amide bioconjugate reactions, a shift in the conjugation strategy was 

required. Modifying the linker end to introduce the strained cycloalkyne functional group provided a 

more robust method of conjugation. The new derivative called CA1898 still maintains the core 

structure of fulvestrant but introduces a strained cyclooctyne group on the end of the long carbon 

chain of the molecule available for conjugation with an azide-functionalized oligonucleotide. 

CA1898 was characterized by 1H-NMR spectroscopy and LC/MS. It was found that CA1898 could be 

conjugated to Cy5-ssDNA-azide under mild conditions of 70% ethanol. These conditions also made it 

easy to purify the DNA through traditional precipitation methods. The material is pure and produces 

a high yield of Cy5-ssDNA-CA1898 (>95%) consistently. The conjugation was deemed successful upon 

analysis through HPLC and MALDI-TOF.  

It was also found that the annealing of comp-st had to occur after the conjugation of CA1898 since 

trying to anneal to the duplex Cy5-dsDNA-azide produced poor yield of the Cy5-ssDNA-CA1898 (3%). 

Annealing after conjugation on the other hand boosted the yield of Cy5-ssDNA-CA1898 to  above 90%. 

This chapter presents a new method of modifying commercially-available oligonucleotides with a 

lipophilic molecule without the need for specialist equipment or compatibility with the 

phosphoramidite chemistry process. Secondly, it also shows that a model small molecule drug can be 

conjugated directly to an oligonucleotide, potentially imparting dual-therapy properties to the 

conjugate. Finally, it provides a platform for the conjugation of a wider range of lipophilic molecules 

to commercially-available, functionalized oligonucleotides through the use of a purchasable azide-

modified oligonucleotide and a strained cyclooctyne-functionalized targeting group. This would 

provide a more rapid way to explore new lipophilic oligonucleotide conjugates without the need to 

adopt specialist synthesis methods.   
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2.6. Experimental 

2.6.1. Materials 

2.6.1.1. Oligonucleotides 

All oligonucleotides used in this study were obtained in custom-synthesized batches from Integrated 

DNA Technologies (IDT, Coralville, IA, USA) using a sequence previously developed as an 

oligonucleotide internalization sensor.21,22 The single-stranded DNA (Cy5-ssDNA), was designed with a 

/ȅр ƭŀōŜƭ ƻƴ ǘƘŜ рΩ ŜƴŘ ŀƴŘ ŜƛǘƘŜǊ ŀƴ ŀƳƛƴŜ ƻǊ ŀȊƛŘŜ ŦǳƴŎǘƛƻƴŀƭ ƎǊƻǳǇ ŀǾŀƛƭŀōƭŜ ŦƻǊ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻƴ ǘƘŜ 

оΩ ŜƴŘΦ ¢ƻ ǎƛƳǳƭŀǘŜ ŀ ǘȅǇƛŎŀƭ ǎƛwb! ǎǘǊǳŎǘǳǊŜΣ ǘƘŜ ŎƻƳǇlementary antisense (guide) strand was 

unmodified on both ends, but contained a two-nucleotide -¢¢ ƻǾŜǊƘŀƴƎ ŀǘ ǘƘŜ оΩ ŜƴŘΦ !ƭƭ 

oligonucleotide information is summarized in Table 2.3.  

Table 2.3. Information on oligonucleotides obtained from IDT used throughout this work 

Name Type {ŜǉǳŜƴŎŜ όрΩĄ оΩύ рΩ ƳƻŘ оΩ ƳƻŘ MW 
(Da) 

Cy5-ssDNA-
amine 

DNA TCA GTT CAG GAC CCT CGG CTT TAC 
GGT 

Cy5 Amino 
modifier 

8956.1 

Cy5-ssDNA-
azide 

DNA TCA GTT CAG GAC CCT CGG CT Cy5 Azide modifier 6951.9 

comp-st DNA AGC CGA GGG TCC TGA ACT GAT T Unmodified unmodified 6775.4 

Cy5-ssDNA-chol DNA TCA GTT CAG GAC CCT CGG CT Cy5 Cholesterol 7357.6 

siSSB_PS RNA ACA ACA GAC UUU AAU GUA A Unmodified Azide modifier 6388.0 

siSSB_GS RNA UUA CAU UAA AGU CUG UUG UUU Unmodified Unmodified 6597.9 

 

OƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎ ǿŜǊŜ ǎƘƛǇǇŜŘ ŀǎ ŘǊȅ ǇŜƭƭŜǘǎ ŀƴŘ ǿŜǊŜ ǊŜŎƻƴǎǘƛǘǳǘŜŘ ǳǇƻƴ ŀǊǊƛǾŀƭ ǘƻ мрл ˃a ƛƴ 

nuclease-free water (Ambion, Austin, Texas, USA) based on the specification sheets from the 

manufacturer. The complementary strands ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǿŜǊŜ ǊŜŎƻƴǎǘƛǘǳǘŜŘ ǘƻ слл ˃a ƛƴ 

nuclease-free water. Aliquots were stored long-term at -20°C, avoiding multiple freeze-thaw cycles. 

 

2.6.1.2. Chemicals 

(7a,17b)-7-(9-bromononyl)estra-1,3,5(10)-triene-3,17-diol (95+%) (1) was obtained from Matrix 

Scientific (Elgin, SC, USA). Estradiol (>98%), fulvestrant (>98%), and 3-mercaptopropionic acid (>99%) 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dibenzocyclooctyne-amine (>95%) (DBCO-
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amine) was obtained from Merck (Kenilworth, NJ, USA).  Other chemicals used in this study were 

supplied by Sigma-Aldrich (St. Louis, MO, USA) unless noted otherwise. 

Organic solvents including reagent grade dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), 

dimethylacetamide (DMA), toluene, and ethyl acetate (EtOAc) were all obtained from Sigma-Aldrich 

(St. Louis, MO, USA) and used without further purification. HPLC-grade and LC-MS grade ethanol 

(EtOH) and acetonitrile (MeCN) were obtained from J.T. Baker (Phillipsburg, NJ, USA). SYBR® Gold  

Nucleic Acid Gel stain was obtained from Invitrogen (Waltham, MA, USA). 

 

2.6.2. Synthesis 

2.6.2.1. Synthesis of 3-((9-((7R,13S,17S)-3,17-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-7-yl)nonyl)thio)propanoic acid (2) 

A solution of 3-mercaptopropionic acƛŘ όноу ˃[Σ нΦто ƳƳƻƭύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŘƛƳŜǘƘȅƭŀŎŜǘŀƳƛŘŜ 

(DMA, 2.8 mL). A solution of the starting steroid backbone material, (7a,17b)-7-(9-bromononyl)estra-

1,3,5(10)-triene-3,17-diol (1) (0.9896 g, 2.07 mmol) was dissolved in DMA (5.2 mL) . The solutions were 

combined in a 100-Ƴ[ ǊƻǳƴŘ ōƻǘǘƻƳ Ŧƭŀǎƪ ŀƴŘ bŀhI όфлл ˃[Σ млaύ ǿŀǎ ŀŘŘŜŘΦ ¢Ƙƛǎ ƳƛȄǘǳǊŜ ǿŀǎ 

stirred for one hour. Thin layer chromatography (25:75 EtOAc:toluene, 1% acetic acid) was used to 

confirm the conversion of the starting material, with Rf (1) = 0.40 and Rf (2) = 0.12. 

¢ƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ƴŜǳǘǊŀƭƛȊŜŘ ǳǎƛƴƎ ŀŎŜǘƛŎ ŀŎƛŘ όрмс ˃[ύΣ ŀƴŘ ǘƘŜƴ ŘƛƭǳǘŜŘ ǿƛǘƘ ǿŀǘŜǊ όпл Ƴ[ύΦ ¢ƘŜ 

product was extracted from the aqueous phase using 50:50 EtOAc:toluene (3 x 40 mL). All the organic 

phase was collected and washed using water (2 x 40 mL), followed by brine (1 x 40 mL). The organic 

extract was then dried using an excess of anhydrous sodium sulfate (Na2SO4). The solvent was then 

evaporated, then left overnight under vacuum. The unpurified crude product containing (2) was used 

for the next synthesis step.  

2.6.2.2. Synthesis of 3-((9-((7R,13S,17S)-3,17-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-7-yl)nonyl)sulfinyl)propanoic acid (3, CA1776) 

The intermediate (2) was dissolved in EtOAc (20 Ƴ[ύΦ ол҈ ƘȅŘǊƻƎŜƴ ǇŜǊƻȄƛŘŜ όфΦу aΣ рлл ˃[ύ ŀƴŘ 

ŀŎŜǘƛŎ ŀŎƛŘ όтнр ˃[ύ ǿŀǎ ŀŘŘŜŘΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ǎǘƛǊǊŜŘ ŦƻǊ ǘƘǊŜŜ ƘƻǳǊǎΦ ¢[/ ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƴŦƛǊƳ ǘƘŜ 
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formation of the product (50:50 EtOAc:petroleum spirits + 1% AcOH), where Rf (2) = 0.30 and Rf 

(CA1776) = 0.12. 

Upon synthesis of the product, the reaction was quenched with water (50 mL). The aqueous phase 

was extracted with EtOAc (4 x 50 mL). The organic phase was then washed with brine (50 mL), and 

dried over an excess of anhydrous sodium sulfate (Na2SO4). The organic phase was decanted and the 

solvent was evaporated to form a viscous yellow oil. The product was left overnight under vacuum to 

remove the excess solvent. The crude product was dissolved in 9:1 EtOAc:MeOH and the product was 

evaporated onto silica (approximately 1 g) using a rotary evaporator. A dry flash (dry-load) column 

was set up using silica (approximately 4-5 cm). Fractions (40 mL) of increasing % methanol in 

dichloromethane (DCM) + 0.1 M AcOH were passed through the column. The purity of each fraction 

was tested through TLC (10:90 MeOH:DCM + 1% AcOH). The pure fractions were selected and the 

solvent was evaporated. When necessary, the sample was azeotroped with MeCN. The purified 

product was left overnight under vacuum to remove the excess solvent.  Yield = 67%. 

1H-NMR (400 MHz, DMSO-d6): ɻ  (ppm) 8.97 (s, 1H), 7.05 (d, 1H), 6.50 (d, 1H), 6.42 (s, 1H), 3.54 (t, 1H), 

2.55 ς 2.83 (m, 7H), 2.10 ς 2.40 (m, 2H), 1.92 (s, 1H), 1.79 (d, 1H), 1.10 ς 1.70 (m, 26H), 0.91 (s, 1H), 

0.67 (s, 3H).  

LCMS: MWexact = C30H46O5S:518.75, found: [M + H]+ = 519.00 

2.6.2.3. Synthesis of CA1898 

CA1776 όрл ƳƎύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ 5aC όмрл ˃[ύΦ мл ŜǉǳƛǾŀƭŜƴǘǎ ƻŦ 5Lt9! όоп ˃[ύ ŀƴŘ мΦн ŜǉǳƛǾŀƭŜƴǘǎ 

of HBTU (44 mg) were added to the reaction. 1.2 equivalents of dibenzocyclooctyne-amine (DBCO-

amine) was then added to the reaction mixture. The reaction was stirred at room temperature 

overnight to form CA1898. TLC was used to confirm the formation of the product (70:30 EtOAc:MeOH 

+ 1% AcOH). Rf (CA1776) = 0.60 and Rf (CA1898) = 0.10. 

After 24 hours, the reaction was quenched with water (25 mL). The aqueous phase was extracted with 

EtOAc (4 x 25 mL). Brine (10 mL) was added to improve phase separation. The organic phase was 

decanted and the solvent was evaporated to form a viscous yellow oil. The crude product was 

dissolved in ethyl acetate:MeOH (9:1) and was evaporated onto silica. A dry flash (dry-load) column 

was set up using 2-3 cm of silica. Fractions (2 mL) of increasing % methanol (from 0-15% in 1% 

increments) in dichloromethane (DCM) + 0.5% AcOH were passed through the column. The purity of 
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each fraction was tested through TLC (5:95 MeOH:DCM + 0.5% AcOH). The pure fractions were 

selected and the solvent was evaporated. When necessary, the sample was azeotroped with MeCN. 

The purified product was left overnight under vacuum to remove the excess solvent.  

A final purification step was performed using semi-preparative HPLC where the flash column-purified 

ǇǊƻŘǳŎǘ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ 9ǘhI ŀƴŘ ƛƴƧŜŎǘŜŘ ƛƴǘƻ ŀ [ǳƴŀ р ˃ƳΣ млл )Σ нрл Ȅ мл ƳƳ /муόнύ column 

(Phenomenex) connected to a preparative HPLC system (Agilent). A gradient method of 30 ς 100% 

acetonitrile in water was run over the course of 25 minutes using the method in Table 2.4 

Table 2.4. Preparative HPLC method for the purification of CA1898 

Time (min) % MeCN 

0 30 

5 30 

17 100 

22 100 

23 30 

25 end 

 

Samples were freeze dried overnight directly from the acetonitrile/water mixture from the HPLC 

purification resulting in a white, fine powder.  

1H-NMR (400 MHz, DMSO-d6): ɻ  (ppm) 8.96 (s, 1H), 7.91 (d, J = 34.8 Hz, 1H), 7.69 ς 7.55 (m, 2H), 7.52 

ς 7.25 (m, 6H), 7.04 (d, J = 8.5 Hz, 1H), 6.50 (dd, J = 8.4, 2.4 Hz, 1H), 6.41 (d, J = 2.2 Hz, 1H), 5.04 (d, J = 

14.0 Hz, 1H), 4.47 (d, J = 4.8 Hz, 1H), 3.63 (d, J = 14.0 Hz, 1H), 3.53 (dd, J = 13.2, 8.3 Hz, 1H), 3.26 ς 2.55 

(m, 10H), 2.47 ς 1.06 (m, 29H), 0.90 (s, 1H), 0.66 (s, 3H). 

13C-NMR (100 MHz, DMSO-d6): ɻ  (ppm) 13/ baw όмлм aIȊΣ 5a{hύ ʵ мтнΦнлΣ мтлΦсрΣ мспΦнрΣ мррΦпнΣ 

151.88, 148.84, 136.47, 132.84, 130.12, 129.42, 128.69, 128.53, 128.19, 127.28, 127.10, 125.68, 

122.93, 121.91, 116.24, 114.77, 113.33, 108.53, 80.58, 55.36, 52.19, 51.49, 46.48, 46.19, 43.43, 42.24, 

38.26, 37.24, 35.49, 34.65, 33.22, 30.35, 29.78, 29.45, 29.24, 29.07, 28.57, 27.97, 27.54, 26.82, 25.54, 

22.75, 22.59, 11.76. 

LCMS: MWexact = C48H60N2O5S: 776.42, found: [M + H]+ = 777.4 
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2.6.2.4. Synthesis of Cy5-ssDNA-CA1898 

CA1898 was dissolved in ethanol at a concentration of 2 mM. CA1898 and azide-modified passenger 

ǎǘǊŀƴŘ όмрл ˃a ƛƴ ƴǳŎƭŜŀǎŜ-free water) were combined at different molar ratios in a 1.5 mL reaction 

tube. No further changes were made to the composition of the co-solvent, with the reaction 

proceeding in >75% ethanol v/v at room temperature overnight. Conjugation yield was measured 

using the HPLC method described in Table 2.5. 

2.6.2.5. Purification of Cy5-ssDNA-CA1898 

The oligonucleotide conjugate was purified through ethanol precipitation. Briefly, using the mixture 

generated from the click conjugation in ethanol, 1/10 volume of 3M sodium acetate was added to the 

same tube. Two to three volumes of EtOH were then added. The sample was then incubated at -80°C 

overnight. The sample was then centrifuged at 14,000 x g for 30 minutes until a pellet was visible at 

the bottom of the tube. The supernatant was carefully decanted and the DNA pellet was dried by 

leaving the tube open at room temperature for one hour. Alternatively, N2 gas was flowed over the 

pellet until it was fully dry. It was then redissolved at the desired concentration in nuclease-free water. 

2.6.2.6. Synthesis of Cy5-dsDNA-CA1898 

A known concentration of single-stranded conjugated or unmodified oligonucleotide was transferred 

to a 1.5 mL reaction tube. The complementary strand was added at a 1.05x molar excess. . A volume 

ƻŦ млȄ ŀƴƴŜŀƭƛƴƎ ōǳŦŦŜǊ όолл Ƴa ǎƻŘƛǳƳ ŎƛǘǊŀǘŜΣ м ˃a sodium chloride, pH = 7.5) equivalent to 1/9 of 

the total volume of the reaction was then added. The sample was then heated to 95°C for five minutes 

then allowed to cool to room temperature on the benchtop. The samples were purified using a 7k 

MWCO Zeba spƛƴ ŎƻƭǳƳƴ ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎΣ a!Σ ¦{!ύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎΦ 

Samples were stored at -20°C prior to use.  

 

2.6.3. Characterization 

2.6.3.1. NMR analysis  

Approximately 1-о ƳƎ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭ ƻŦ ƛƴǘŜǊŜǎǘ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ срл ˃[ ŘŜǳǘŜǊŀǘŜŘ ŘƛƳŜǘƘȅƭ 

sulfoxide (DMSO-d6). The sample was run using a standard 1H-NMR method on an Avance III Nanobay 
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400Hz Brukerspectrometer (Billerica, MA, USA) coupled to a BACS automatic sample changer. (ns = 

50). Spectrum analysis was performed using Mnova (Mestrelab). 

2.6.3.2. Mass spectrometry 

!ǇǇǊƻȄƛƳŀǘŜƭȅ рлл ˃Ǝ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ м Ƴ[ aŜhI ŀƴŘ ŀƴŀƭȅzed using an Agilent 6100 

Series Single Quad LC/MS, Agilent 1200 Series HPLC (Pump: 1200 Series G1311A Quaternary pump, 

Autosampler: 1200 Series G1329A Thermostated Autosampler, Detector: 1200 Series G1314B Variable 

Wavelength Detector). The sample was then run using a 5 minute gradient of 5% to 95% MeCN in H2O. 

2.6.3.3. HPLC analysis for confirmation of conjugation and annealing 

Analytical HPLC was performed on a Shimadzu Nexera UHPLC system with a fluorescence detector 

installed in sequence. The optimized method for HPLC purification was identified to be as follows: 

[ǳƴŀ р ˃ƳΣ млл )Σ нрл Ȅ пΦс ƳƳ /муόнύ ŎƻƭǳƳƴ όtƘŜƴƻƳŜƴŜȄύΦ aƻōƛƭŜ ǇƘŀǎŜ !Υ фллΥмллΥр ǾκǾκǾ лΦмa 

NH4OAc:EtOH:MeCN, and mobile phase B:10:240:20 v/v/v 0.1M NH4OAc:EtOH:MeCN. The column 

oven temperature was set to 40°C, and the flow rate set to 1 mL/min. All oligonucleotide samples 

were diluted in water, while all unconjugated antiestrogen/steroid samples were diluted in ethanol. 

A gradient was run over the course of 46 minutes, as detailed in Table 2.5. 

Table 2.5. Analytical HPLC method for the verification of conjugation and annealing of 
oligonucleotides 

Time (min) %B 

0 2 

1 2 

41 100 

42 100 

42.5 2 

46 end 

 

 

¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ŀǘ ˂abs Ґ нпл ƴƳ ŦƻǊ ǘƘŜ ŀŎƛŘΣ ˂abs = 260 nm as the standard wavelength for 

5b! ŀōǎƻǊōŀƴŎŜΣ ŀƴŘ ŀǘ ˂ex/em = 647/666 nm for the fluorescent Cy5 probe.  
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2.6.3.4. DNA-PAGE 

A 1-mm, 15-well, 15% acrylamide gel was cast using the following components: 30% acrylamide (29:1) 

(6 mL), water (3.6 mL), 5x TAE buffer (2.4 mL, diluted from a 50 x TAE stock of 0.2M tris base, 0.1M 

ŘƛǎƻŘƛǳƳ 95¢!Σ р Ƴa ŀŎŜǘƛŎ ŀŎƛŘύΣ ŀƳƳƻƴƛǳƳ ǇŜǊǎǳƭŦŀǘŜ ό!t{Σ нлл ˃[ύΣ ŀƴŘ bΣbΣbΩΣbΩ 

ǘŜǘǊŀƳŜǘƘȅƭŜǘƘȅƭŜƴŜŘƛŀƳƛƴŜ ό¢9a95Σ мл ˃[ύΦ  

The gels were loaded into a Biorad gel box and submerged in 1x TAE buffer before use. The wells were 

then flushed with buffer. The samples were then mixed with the appropriate gel loading dye (6x gel 

loading dye comprised of 0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol in H2O) at a 6:1 

ǎŀƳǇƭŜΥŘȅŜ ǊŀǘƛƻΦ ! ǘƻǘŀƭ ƻŦ мн ˃[ ƻŦ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ ƭƻŀŘŜŘ ƛƴǘƻ ŀ ǿŜƭƭΦ ¢ƘŜ ǎŀƳple was run at 120 V 

for 1.5 hours for optimal sample migration and separation of bands. The samples were imaged using 

a Typhoon 5 imaging system (Amersham, Little Chalfont, UK).  

Gels containing unlabeled oligonucleotides were stained in a 1x solution of SYBR Gold in TAE buffer 

(pH 7.5 ς 8.0) and incubated in the dark for 30 minutes. Gels were then imaged in a 300 nm ultraviolet 

light box.  

2.6.3.5. MALDI-TOF of oligonucleotide and oligonucleotide conjugates 

A mixture of saturated 3-hydroxypicolinic acid (3-HPA) in 50% MeCN in H2O with 10 mg/mL 

diammonium hydrogen citrate was used as the matrix for MALDI analysis. The samples were prepared 

ƻƴ ŀ ƎǊƻǳƴŘ ǎǘŜŜƭ ǎǘŀƴŘŀǊŘ ǘŀǊƎŜǘ a![5L ǇƭŀǘŜ ƻǊ ŀƴ !ƴŎƘƻǊ/ƘƛǇ όулл ˃a ŀƴŎƘƻǊύ a![5L ǘŀǊƎŜǘ ǇƭŀǘŜΦ 

The plates were prespotted wiǘƘ лΦр ˃[ ƻŦ ǘƘŜ ǎŀǘǳǊŀǘŜŘ ƳŀǘǊƛȄ ǎƻƭǳǘƛƻƴ ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ŀƛǊ ŘǊȅΦ ¢ƘŜƴΣ 

лΦр ˃[ ƻŦ ǘƘŜ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜ ǎƻƭǳǘƛƻƴ όслл ƴaύ ǿŀǎ ǎǇƻǘǘŜŘ ƻƴ ǘƻǇ ƻŦ ǘƘŜ ŘǊƛŜd matrix and allowed to 

air dry prior to analysis. 

The samples were run on a Bruker Ultraflextreme MALDI TOF/TOF (Billerica, MA, USA). A standard 

linear method for molecules of 1-20 kDa was used with modified parameters (m/z: 5800 ς 19953; gain: 

15.1 x or 2812 V; sampling: 0.50 Gs/s, laser power: 70%). Spectrum analysis was performed using the 

accompanying Bruker flexAnalysis software. 
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3.1. Abstract 

The development of CA1898 in Chapter 2 provided a promising new method for rapidly conjugating 

lipophilic molecules to oligonucleotides with high yield. The copper-free click conjugation method 

allowed for the modification of premade oligonucleotides without the need for compatibility with 

phosphoramidite solid phase chemical techniques. Moreover, it was also one of the rare instances 

where a drug molecule with both biological activity and targeting capabilities is directly conjugated to 

an oligonucleotide. 

Since CA1898 was designed as a derivative of the antiestrogen fulvestrant, we wanted to explore 

whether this modification to an oligonucleotide would maintain its expected properties such as 

specificity for the estrogen receptor (ER) and targeting estrogen-receptor rich tissues in animal 

models. Initially, CA1898 was compared with fulvestrant in estrogen receptor positive (ER+) and ER 

negative (ER-) breast cancer cell lines in vitro. It was found that CA1898 maintained specificity towards 

the ER+ cells in terms of cell growth inhibition while remaining relatively inactive in terms of its effects 

on gene expression. Then, it was observed that the fluorescent DNA conjugate (Cy5-dsDNA-CA1898) 

also maintained its ability to inhibit cell growth the ER+ cell line. This was followed by comparing the 

conjugate with unmodified Cy5-dsDNA in mouse models wherein Cy5-dsDNA-CA1898 demonstrated 

significant improvement in retention in the liver, kidneys, ovaries and uteri of female mouse models. 

This biodistribution was similar to a cholesterol-conjugated oligonucleotide (Cy5-dsDNA-chol) which 

is known to significantly improve internalization into cells and accumulation in the liver of animal 

models.  

In Chapter 2, it was shown that CA1898 could also be conjugated to siRNA targeting a common 

housekeeper gene, Sjogren Syndrome Antigen B (SSB) to form siSSB-CA1898. The conjugated siRNA 

displayed a modest improvement in knockdown of the target gene when compared to unmodified 

siSSB.  Formulation of siSSB-CA1898 with a transfection agent showed that the siRNA remained potent 

when conjugated to CA1898, indicating that the limiting factor in the gene silencing of the siSSB-

CA1898 construct is likely a lack of endosomal escape. 

In this chapter, we demonstrate that the conjugation of oligonucleotides to an antiestrogen is a viable 

method of influencing biodistribution while maintaining some of the therapeutic properties of the 

small molecule drug. This work presents an opportunity to further explore other types of steroid 

derivatives that may aid in the delivery and potentially serve as combination therapy with siRNA.  
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3.2. Introduction 

The chemistry that was developed and optimized in Chapter 2 made it possible to conjugate 

commercially-available oligonucleotides to small, lipophilic molecules through a simple copper-free 

click reaction. In this case, since the compound of interest was derived from the structure of the drug 

fulvestrant (FASLODEX®), it was thought that the derivative CA1898 and the conjugate Cy5-dsDNA-

CA1898 may exhibit both the antiestrogenic and targeting properties that are typically observed from 

the commercial drug due to their similarities in structure (Figure 3.1).  

 

Figure 3.1. A comparison of the structures of estradiol (E2), a commercially-available antiestrogen 
fulvestrant (FASLODEX®), and CA1898, the antiestrogen derivative with a cyclooctyne group capable 
of copper-free click coupling with azide-functionalized oligonucleotides. The main differences 
between fulvestrant and CA1898 are highlighted in red. 

The progression of certain cancers, including 70% of breast cancers, can be at least partially attributed 

to upregulated estrogen receptor (ER) activity.1 The ER is primarily a nuclear hormone receptor and a 

transcription factor involved in the upregulation of many genes related to cell growth. Estradiol (E2) 

is a hormone that binds to the ER, causing the regulation of genes that contain an estrogen response 

element (ERE) as seen in Figure 3.2. This is a phenomenon that is common across hormones and is 

normally required for different aspects of healthy cell metabolism. However, this is also a process that 

is detrimental to estrogen receptor positive (ER+) cancer because of its capability to stimulate tumor 

cell growth.  As a result, many of the currently available drugs on the market to treat ER+ cancers are 

estrogen receptor antagonists. These are typically small molecule drugs derived from the structure of 

estrogen which are designed to fit in the binding pocket of the ER, resulting in competitive binding 

with E2.  

Fulvestrant is one of the antiestrogens used for the treatment of ER+ breast cancers in 

postmenopausal women. Typically it is used to treat tumors that lack a surface receptor called human 

epidermal growth receptor 2 (HER2).2 In addition, it has been used as part of a combination therapy 

for late-stage, metastatic breast cancer3 and it is also favored as a second-line treatment to cancers 
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that display resistance to a more commonly-prescribed antiestrogen, tamoxifen.4 More recent clinical 

trials have also broadened the indication of the drug by demonstrating success in premenopausal 

women.5 The mechanism of the drug action is similar to the one described in Figure 3.2 where it has 

a capacity for selective growth inhibition towards tissues and cell types that overexpress the ER.6 

 

 

Figure 3.2. Ligand-dependent activation of the estrogen receptor (ER) by estradiol or inactivation of 
the ER by an antiestrogen. The binding of E2 to the ER in the cytosol results in dimerization and 
translocation of the ER into the nucleus. The ER binds to the estrogen response elements (ERE) in DNA, 
promoting transcription of steroid-regulated genes. Conversely, antiestrogens prevent dimerization 
due to structural changes to the ER. This results in the downregulation of estrogen-sensitive genes. 
Estrogens are also capable of binding to surface-bound ERs which facilitate a separate set of 
downstream signaling processes which are also related to gene regulation. 

 

Fulvestrant was selected as a small molecule drug to conjugate to a model oligonucleotide therapeutic 

for four different reasons. First, its lipophilic properties and propensity to stabilize in plasma proteins 

suggest that it may assist in improving the pharmacokinetics of a conjugated oligonucleotide 
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therapeutic. Based on the characterization of the conjugate in Chapter 2, it was shown that 

conjugation of CA1898 to the oligonucleotide increases its hydrophobicity. Although there appears to 

be no explicit report on the biodistribution of fulvestrant alone, it is known to favor binding to plasma 

proteins, such as the high density lipoprotein (HDL) and low density lipoprotein (LDL). Pharmacokinetic 

studies have revealed that fulvestrant is normally cleared through the hepatobiliary route, while 

maintaining low renal clearance with the half-life in humans being approximately 40 days.2 This shows 

that fulvestrant alone demonstrates prolonged plasma retention which is a desirable property that 

may potentially exploited for the delivery of other therapeutics such as oligonucleotides. 

Second, it is possible that CA1898 may have targeting properties similar to those observed with E2 

and fulvestrant. For instance, it has been demonstrated that exogenous estradiol introduced 

intravenously accumulates in ER-rich tissues such as the uterus and ER+ tumors.7 Moreover, 

radiolabeled E2 derivatives have been shown to be effective for the imaging  of  ER+ tumors as a result 

of increased accumulation due to affinity of the steroid-derived radiolabels with the ER.7ς9  Effective 

gene silencing in tissues such as the mammary gland, heart, and liver has also been observed through 

the conjugation of siRNA targeting the LaminA gene to estrone, another form of naturally-occurring 

estrogen.10 Whether this accumulation and preferred retention occurs through active transport 

mechanisms is not currently known, because estrogen is capable of binding to multiple lipoproteins, 

including sex hormone-binding globulin (SHBG), and can also be transported in the serum unbound in 

accordance with the free hormone hypothesis.11,12 However, the evidence that biodistribution and 

retention is a function of ER expression in tissues presents an opportunity for targeted delivery of 

therapeutics using estrogen derivatives.13 

Third, antiestrogens are capable of binding to the ER resulting in competitive binding with E2. This in 

turn prevents the resolution of an essential ER helical domain (H12) which closes the binding pocket, 

as pictured in Figure 3.3. The resolution of this hydrophobic helix is essential for the dimerization of 

the ER which is a crucial step to its activation. As a result of antiestrogen binding, the receptor is unable 

to recruit the cofactors necessary for dimerization, shutting down the downstream processes related 

to ER activity.1 In many ER+ cells, this results in the inhibition of cell growth.  
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Figure 3.3 Estrogen receptor ligand binding and activation. (A) Upon the binding of E2 (magenta) or 
other estrogens to the ER, the crystal structure of helix 12 (H12, teal) is resolved. This event exposes 
a hydrophobic region of the receptor that promotes dimerization. This results in the subsequent 
cascade of signals including DNA binding for transcription regulation. (B) However, upon the binding 
of fulvestrant (red) to the receptor, H12 is unable to close the binding cavity due to the long carbon 
chain protruding from the steroid backbone structure, preventing the dimerization and recruitment 
of the appropriate coactivators required for ER activity. This is the general structural change by which 
antiestrogens are capable of downregulating ER activity. Protein structures adopted from Traboulsi et 
al.1 
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Fourth, estrogens and their derivatives have also been found to exhibit the capability to bind to plasma 

membrane-localized ER to facilitate internalization. Approximately 5-10% of the estrogen receptors in 

a cell are expressed on the plasma membrane. It was initially proposed that these surface receptors 

were involved solely in signaling where upon binding of the target ligand, surface estrogen receptors 

are known to stimulate signaling through G protein activation, as well as cross-activation of the 

epidermal growth factor receptor in a complex cascade of protein interactions.14 However, it has also 

been demonstrated through real-time microscopy that the intracellular uptake of fluorescently-

labelled bovine serum albumin (BSA) conjugated to estradiol was driven by the endocytosis of 

membrane-associated ER. This mechanism was inhibited when the BSA-estradiol conjugates were co-

administered with an antagonist.15 This indicates that the ER can also function as an active transport 

site through which estradiol and similar ligands are internalized into the cell.  

The combination of potentially improving siRNA pharmacokinetics, biodistribution and internalization 

into target cells while also displaying selective growth inhibition towards ER+ cells make the 

conjugation of CA1898 a promising method of delivering an oligonucleotide therapeutic such as siRNA.  

 

 

3.3. Hypothesis and Aims 

Since CA1898 was derived from the structure of the drug fulvestrant (FASLODEX®), this antiestrogen 

derivative and its oligonucleotide conjugates may exhibit both the antiestrogenic and targeting 

properties that are typically observed from the commercial drug. Therefore, this work is primarily 

dedicated to assessing some of the biological properties of CA1898 and how it affects the delivery of 

fluorescently-labelled, double-stranded DNA as a surrogate for siRNA. A brief section towards the end 

of the chapter also assesses a preliminary study using siRNA in vitro. The primary construct from the 

work in Chapter 2 is illustrated in Scheme 3.1 below: 
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Scheme 3.1. Structure of the antiestrogen-fluorescent DNA conjugate, Cy5-dsDNA-CA1898.  

To prove our hypothesis, the following aims will be accomplished: 

¶ Determine whether CA1898 and the Cy5-dsDNA-CA1898 conjugate maintain any 

antiestrogenic activity including cell growth inhibition and changes to gene regulation in 

cell culture models. 

¶ Compare the differences of cell association and biodistribution of Cy5-dsDNA-CA1898 

with a cholesterol-conjugated equivalent of the oligonucleotide (Cy5-dsDNA-chol) that is 

typically described in the literature as one of the classical methods of enhancing delivery 

of oligonucleotides and with naked, unmodified Cy5-dsDNA 

¶ Assess whether targeting SSB, a ubiquitous gene, with siRNA conjugated to CA1898 (siSSB-

CA1898) improves its delivery and knockdown in a cell culture model. 

 

3.4. Results and Discussion 

3.4.1. Inhibition of cell growth in response to estradiol and antiestrogens 

If CA1898 were similar in activity to fulvestrant, it should also result in the growth inhibition of cells 

that are dependent on ER signaling for their survival and proliferation. Therefore, in order to study the 

cell response of CA1898, two human breast cancer cell lines were selected as seen in Table 3.1. Breast 

cancer cell models are typically selected based on their receptor expression which allows for the 

analysis of response to different types of therapies. There are three main receptor targets dominate 

the therapeutic space ς the estrogen receptor (ER), progesterone receptor (PR) and the epidermal 

growth factor receptor 2 (HER2). The presence of each of these receptors typically dictate the type of 

treatment required for optimal targeting of the tumors.16  
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Table 3.1. Cell lines used in this study for assessing antiestrogenic activity 

Cell 
line 

Relevant 
receptor 

expression 
Description16 

MCF-7 ER+, PR+ 
HER2- 

Luminal human breast adenocarcinoma. Frequently used as a model of 
estrogen receptor-expressing (ER+) breast cancer to assess response to 
hormonal treatments. 

MDA-
MB-231 

ER-, PR- 
HER2- 

.ŀǎŀƭ ƘǳƳŀƴ ōǊŜŀǎǘ ŀŘŜƴƻŎŀǊŎƛƴƻƳŀΦ CǊŜǉǳŜƴǘƭȅ ǳǎŜŘ ŀǎ ŀ ƳƻŘŜƭ ƻŦ ŀ άǘǊƛǇƭŜ 
ƴŜƎŀǘƛǾŜέ ǘȅǇŜ ƻŦ ōǊŜŀǎǘ ŎŀƴŎŜǊ ǿƘƛŎƘ ƛǎ ƴƻǘ ǊŜǎǇƻƴǎƛǾŜ ǘƻ ƘƻǊƳƻƴŀƭ ǘǊŜŀǘƳŜƴǘǎ 
due to the lack of targetable receptors. Typical treatment involves traditional 
chemotherapy. 

 

The MCF-7 cell line is one of the classical options to study the response of hormonal treatment for 

breast cancer. Conversely, MDA-MB-231 cells are known to display limited response to targeted 

therapeutic methods due to the lack of distinct receptor expression. Instead, MDA-MB-231 and other 

triple negative cell lines are more responsive to traditional chemotherapeutic treatments.16 

First, the response of each cell line to estradiol (E2) after three days was studied. As seen in Figure 

3.4, the presence of E2 significantly increases cell growth in MCF-7 cells compared to the untreated 

group even with a dose as low as 1 nM. This is consistent with the observation of Hamelers et al. where 

they found that the proliferation of MCF-7 cells in the presence of E2 is dependent on the activation 

of a receptor called IGF type I.17  Leaving the same concentration of E2 for more than three days caused 

overcrowding of the MCF-7 cells resulting in the adherent cells lifting off the plate. Conversely, the 

same treatment in MDA-MB-231 cells appears to have no significant effect on viability across the same 

range of concentrations. Therefore, we had demonstrated two relevant breast cancer cell lines which 

clearly differed in response to E2 treatment.  

Subsequently, the growth inhibition of the commercially-available drug fulvestrant was tested 

alongside the synthesized antiestrogen, CA1898. As seen in Figure 3.5, the effect of fulvestrant on ER+ 

MCF-7 cells is consistent with previous results from the literature, where the IC50 of fulvestrant has 

been reported to be as low as 1 nM.18 The results from this particular study calculate the IC50 to be 3.7 

± 0.7 nM after seven days of incubation. It exhibits potent growth inhibition in MCF-7 cells, with a 

significant drop in overall cell viability even at the lowest dose tested when compared to the vehicle-

treated cells. Conversely, no significant change in growth inhibition was observed in the ER- MDA-MB-

231 cells across the same concentration range.  
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Figure 3.4. Viability of MCF-7 and MDA-MB-231 cells in culture in the presence of a range of 
concentrations of E2 after 3 days. Analysis of the significance of changes in viability was done using 
two-ǿŀȅ !bh±! ǿƘŜǊŜ ƴǎΣ t җ лΦлрΤ ϝΣ t Җ лΦлрΤ ϝϝΣ t Җ лΦлмΤ ϝϝϝΣ t Җ лΦллмΤ ϝϝϝϝΣ t Җ лΦлллмΣ ǿƘŜǊŜ 
only the lowest concentration with a significant difference is labelled. Error bars represent the mean 
± SEM, n = 4. 

 

Figure 3.5 Effect of fulvestrant and CA1898 on MCF-7 and MDA-MB-231 cells in culture after 7 days. 
Cell growth inhibition was determined by normalizing to a vehicle-treated (EtOH) population of the 
same cell line. IC50 values were calculated through the nonlinear regression of cell viability % with the 
dose of each treatment (standard Hill Slope = -1.0). IC50 is reported with the standard error. Error bars 
represent the mean ± SEM, n= 6. 
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In comparison, CA1898 was less potent but still effective in the growth inhibition of the MCF-7 cells, 

with an IC50 of 720 ± 60 nM. In the MDA-MB-231 cell line however, there also appeared to be no 

significant change in cell viability in the range of treatment concentrations tested after seven days. 

The tail end of the fulvestrant molecule has been shown to be crucial in inhibiting the dimerization of 

the receptor.19,20 It is likely that this loss in activity is due at least in part to the substitution of the 

penta-fluoro group at the end of the carbon chain tail of fulvestrant with the DBCO functional group 

which was necessary for the copper-free click coupling. This indicates that CA1898 displays a level of 

selectivity towards MCF-7 cells similar to that shown by fulvestrant and it shows that it is likely to be 

at least in part, interacting with the estrogen receptor signaling pathways as described earlier in Figure 

3.2. Representative images of cell cultures at different time points are shown in SI 15-SI 16. 

In order to observe whether there is competition of either fulvestrant or CA1898 with estradiol, the 

cells were treated with the antiestrogens co-incubated with 1 nM estradiol (Figure 3.6). The growth 

inhibition of fulvestrant appears to be reduced in the MCF-7 cells in the presence of 1 nM of the 

estradiol agonist, with the IC50 calculated at 80 ± 20 nM. This represents almost a two-magnitude 

decrease in potency when compared to the cells treated without E2. The decrease in potency of the 

fulvestrant in the presence of E2 is likely due to increased competitive binding to the estrogen 

receptors, similar to the observations of Wakeling et al. where the treatment of MCF-7 cells with 10 

nM of fulvestrant resulted in no significant decrease in cell growth when co-administered with 1 nM 

E2.21 Conversely, in the presence of 1 nM E2, CA1898 did not exhibit any significant decrease in growth 

inhibition further likely indicating a loss of activity due to the structural differences between the two 

molecules.  However, the concentration range tested was also likely too low if a two-magnitude 

decrease in potency is also expected similar to the cells treated with a combination of fulvestrant and 

1 nM E2Φ Lƴ ǘƘŀǘ ŎŀǎŜΣ ǘǊŜŀǘƛƴƎ ŎŜƭƭǎ ǿƛǘƘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ млл ˃a ƻŦ ŀ ŘǊǳƎ ǿƻǳƭŘ ƴƻǘ ǊŜǇǊŜǎŜƴǘ ŀ 

biologically relevant concentration wherein issues such as solubility may start to become an issue. In 

addition, CA1898 did not appear to have any effects on the growth of ER- MDA-MB-231 cells either, 

with no statistically significant differences observed even at the highest dose of compound tested.  
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Figure 3.6. Competitive binding study of the antiestrogen-DBCO and fulvestrant in the presence of 1 
nM estradiol on Day 7. IC50 values were calculated through the nonlinear regression of cell viability % 
with the dose of each treatment (standard Hill Slope = -1.0). IC50 is reported with the standard error. 
Analysis of the significance of changes in viability was done using two-ǿŀȅ !bh±! ǿƘŜǊŜ ƴǎΣ t җ лΦлрΤ 
ϝΣ t Җ лΦлрΤ ϝϝΣ t Җ лΦлмΤ ϝϝϝΣ t Җ лΦллмΤ ϝϝϝϝΣ t Җ лΦлллмΣ ǿƘŜǊŜ ƻƴƭȅ ǘƘŜ ƭƻǿŜǎǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿƛǘƘ ŀ 
significant difference is labelled. Error bars represent the mean ± SEM, n= 6. 

 

Overall, the measurements of cell growth and inhibition suggest that although CA1898 does not 

exhibit the same level of potency as that of fulvestrant, it appears to have a level of selectivity towards 

the ER+ cells since no significant changes were observed in the MDA-MB-231 cell line. This is an 

indication that the compound that was synthesized may have maintained an affinity for the estrogen 

receptor, and may have the potential to exhibit other antiestrogenic properties. 

 

3.4.2. Transcriptional activity of estrogen receptor-responsive genes 

Another method to determine whether an antiestrogen is active is through the analysis of estrogen-

sensitive genes. If CA1898 maintained its antiestrogenic activity, then it may cause transcriptional 

differences similar to those known from the treatment with fulvestrant. Thus, transcriptional activity 

assays were designed in order to assess the antiestrogenic properties of CA1898. In particular, genes 

that were clearly upregulated in the presence of estrogen, and downregulated in the presence of 

fulvestrant (or vice versa) were selected and analyzed through real-time quantitative PCR (qPCR). The 

genes were handpicked based on past studies in related literature which are known to be significantly 

up or downregulated in the presence of E2 such as presented by Joseph et al.18  Since the antiestrogen 

derivative CA1898 is based on the structure of fulvestrant, the genes that were selected were those 
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that were known to display a distinct effect in the presence of fulvestrant compared to the effect 

when treated with estradiol. Table 3.2 summarizes the genes selected for this study. 

 

Table 3.2. Summary of genes selected for transcription regulation studies. Information compiled from 
the gene database at the National Center for Biotechnology Information at the NIH.22 Arrows indicate 
the upregulation (ҧ) or downregulation (Ҩ) of the gene in MCF-7 cells upon treatment with either 
estradiol (E2) or fulvestrant (Ful) as reported by 18. 

Gene 
Other common 

name/s 
Function/description22 

Known MCF-7 
response18 

E2 Ful 

LRP2 LDL Receptor 
Related Protein 2, 
Megalin 

Codes for a surface protein, most commonly found in 
epithelial tissues, also known to be present in MCF-7. The 
extracellular domain binds lipoproteins including albumin, 
apolipoprotein B and E, and lipoprotein lipase. 

Ҩ ҧ 

ERBB2 ERB-B2 receptor 
tyrosine kinase 2, 
HER-2/neu, 
CD340 

EGF receptor family of receptor tyrosine kinases. 
Overexpression is reported in numerous cancers, 
commonly in breast and ovarian tumors. 

Ҩ ҧ 

HSPB8 Heat shock 
protein family B 
(small) member 8, 
H11 

Gene involved in the regulation of cell proliferation, 
apoptosis, and carcinogenesis. Expression is known to be 
induced by E2 in ER+ breast cancer cells. 

ҧ Ҩ 

 

Both the MCF-7 and MDA-MB-231 cell lines were treated with 50 nM of either E2, fulvestrant, or 

CA1898. After 48 hours of treatment, the RNA was extracted from the cells and the samples were 

analyzed through quantitative real-time PCR (qPCR), using GAPDH as a reference gene. In the MCF-7 

cell line, it was identified that LRP2 is an ideal candidate to assess antiestrogenic activity due to the 

gene being downregulated in the presence of E2 while being upregulated in the presence of 

fulvestrant. Another gene that exhibited a similar trend was ERBB2. Conversely, HSPB8 was found to 

be upregulated in the presence of E2, and downregulated in the presence of fulvestrant.  

On the other hand, in MDA-MB-231 cells, there was significant upregulation of ERBB2 in the presence 

of E2, while no changes in expression were observed in LRP2 and HSPB8. On the other hand, when 

treated with fulvestrant, none of the three genes selected for this analysis were shown to exhibit 

significant changes. Table 3.3 summarizes the results of the transcriptional activity study. Full results 

are shown in SI 14. 
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Table 3.3. Summary of LRP2, ERBB2, and HSPB8 gene regulation in MCF-7 and MDA-MB-231 cells. The 
trend from the highest dose (50 nM) of each treatment was selected. Analysis of significance of 
changes in gene expression was done through two-way ANOVA where nsΣ t җ лΦлрΤ ҧΣ t Җ лΦлрΤ ҧҧ, 
t Җ 0.01; ҧҧҧΣ t Җ лΦллмΤ ҧҧҧҧΣ t Җ лΦлллмΣ ǿƘŜǊŜ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ŀǊǊƻǿ ƛƴŘƛŎŀǘŜǎ 
upregulation (ҧ) or downregulation (Ҩ) of the particular gene, n=3. 

 
MCF-7 (ER+) MDA-MB-231 (ER-) 

E2 Fulvestrant CA1898 E2 Fulvestrant CA1898 

LRP2 ҨҨҨҨ ҧҧҧҧ ns ns ns ns 

ERRB2 Ҩ ns ns ҧҧҧҧ ns ns 

HSPB8 ҧҧҧҧ Ҩ ns ns ns ns 

 

CA1898 does not appear to significantly affect the mRNA expression of the genes of interest in either 

cell line when compared to estradiol or fulvestrant.  Again, these results may reflect the studies on 

growth inhibition wherein CA1898 is at least 100x less potent than fulvestrant. This would mean that 

ǘƘŜ ŎŜƭƭǎ ǿƻǳƭŘ ǊŜǉǳƛǊŜ ǘǊŜŀǘƳŜƴǘ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ŀǊƻǳƴŘ р ˃a ǘƻ ǎƘƻǿ ŀƴȅ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜǎ ǘƻ ƎŜƴŜ 

regulation. Although CA1898 does not appear to exhibit the same antiestrogenic effects as fulvestrant 

at the concentrations tested, the fact that it does not exhibit estrogenic effects either suggests that it 

may be worth pursuing this material to serve as a targeting moiety for oligonucleotide therapeutics. 

CA1898 displays cell growth inhibition specific to the ER+ MCF-7 cells without appearing to activate 

any estrogenic pathways.   

 

3.4.3. Inhibition of cell growth from oligonucleotide-CA1898 conjugate 

The conjugation of CA1898 to the Cy5-labelled oligonucleotide (Cy5-ssDNA-azide) and annealing of 

the complementary strand (comp-st) to produce the targeted conjugate Cy5-dsDNA-CA1898 was 

thought to result in a loss of activity due to the large size and steric hindrance caused by the 

oligonucleotide. Therefore, the cell growth inhibition of MCF-7 cells from treatment with Cy5-dsDNA-

CA1898 was tested. This was then compared to the treatment of the same type of cells with Cy5-

dsDNA to eliminate any potential cytotoxic effects caused by the oligonucleotide. 

MCF-7 cells were treated with a range of concentrations of either Cy5-dsDNA or CA1898-ssDNA-Cy5. 

The fluorescently-labelled ssDNA alone does not appear to exhibit any significant differences to cell 

growth as seen in Figure 3.7. However, there is a significant decrease in the growth inhibition of the 

cells treated with the conjugate when compared to the unmodified control, with an IC50 of 650 ± 150 
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nM. This is comparable to the IC50 of CA1898 alone as shown in Section 3.4.1 indicating that CA1898 

maintains its activity even when conjugated to an oligonucleotide. This suggests that combination 

therapy may be achieved as a result of the conjugation of CA1898 to a biologically active 

oligonucleotide such as siRNA. 

 

Figure 3.7. Cell growth inhibition of MCF-7 cells in the presence of either Cy5-dsDNA or the Cy5-
dsDNA-CA1898 conjugate. IC50 values were calculated through the nonlinear regression of cell 
viability % with the dose of each treatment (standard Hill Slope = -1.0). IC50 is reported with the 
standard error. Error bars are mean ± SEM, n= 6.  

 

3.4.4. Association and internalization of oligonucleotide conjugates 

In order to determine whether the conjugation of the antiestrogen improves cellular association, MCF-

7 cells were treated with 100 nM of CA1898-ssDNA-Cy5 or the equivalent oligonucleotide 

concentration of Cy5-ssDNA for one hour. The cells were then analyzed through flow cytometry to 

observe any changes in the fluorescence intensity. It was initially speculated that the conjugation of 

the oligonucleotide with a lipophilic moiety such as CA1898 would greatly improve cellular association 

such as that observed with cholesterol conjugated oligonucleotides. There appeared to be a modest 

improvement in the association of the Cy5-ssDNA-CA1898 when compared to naked Cy5-ssDNA 

across the range of concentrations tested as seen in Figure 3.8.  

To differentiate cellular association with internalization, samples similarly treated with 100 nM of the 

single-stranded fluorescent DNA (Cy5-ssDNA and Cy5-ssDNA-CA1898) were then incubated at 37°C 

prior to stopping internalization by cooling the cells down to 4°C and adding a complementary strand 
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containing a quencher (comp-Q). The quencher eliminates fluorescent signal from Cy5 within close 

proximity when the oligonucleotide is in solution or exposed to the cell surface. Upon hybridization, 

any material associated with the membrane but not internalized would be accessible to the quencher, 

resulting only the internalized oligonucleotide remaining fluorescent.23 Data from these quenching 

experiments show no significant difference in overall fluorescence between quenched and 

unquenched samples, indicating that most of the material observed from flow cytometry is 

internalized.  

 

Figure 3.8. Cell association and internalization of Cy5-ssDNA and Cy5-ssDNA-CA1898. Cells were 
incubated with 100 nM of the oligonucleotide for 2h at 37°C before cooling down the cells to 4°C to 
stop internalization. The cells were then treated with a 10x excess of the complementary strand with 
a quencher (comp-Q) in order to quench all external fluorescence. Analysis of the significance of 
changes in viability was done using two-ǿŀȅ !bh±! ǿƘŜǊŜ ƴǎΣ t җ лΦлрΤ ϝΣ t Җ лΦлрΤ ϝϝΣ t Җ 0.01; ***, 
t Җ лΦллмΤ ϝϝϝϝΣ t Җ лΦлллмΦ 5ŀǘŀ ƛǎ ǊŜǇƻǊǘŜŘ ŀǎ ƴ Ґ о ƛƴŘŜǇŜƴŘŜƴǘ ōƛƻƭƻƎƛŎŀƭ ǎŀƳǇƭŜǎΣ ŀƴŘ ŜǊǊƻǊ ōŀǊǎ 
represent ± SD. 

These studies indicate that although there appears to be a modest increase in the cellular uptake as a 

result of modification of the oligonucleotide with CA1898, there appears to be non-specific 

internalization of the Cy5-dsDNA as well. It is possible that the interaction of CA1898 with the 

receptors is minimal due to the low concentration of surface ER and the internalization of both Cy5-

dsDNA and Cy5-dsDNA-CA1898 is similar to the modest uptake of unlabeled siRNA through endocytic 

pathways such as that described by Hollins et al.24 All that can be concluded from this information is 
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that it appears that the modification of an oligonucleotide with CA1898 alone does not necessarily 

enhance cellular uptake in cell culture models. 

 

3.4.5. Imaging of internalized DNA conjugates 

Another effective method of assessing cellular uptake of material is through confocal microscopy 

because it allows for the analysis of intracellular distribution of the material. In this case, imaging MCF-

7 cells treated with 100 nM of either Cy5-dsDNA or Cy5-dsDNA-CA1898 allowed us to determine 

whether there were any qualitative differences in the subcellular localization of the material. 

Moreover, it served as a way to verify the observations of cellular association and uptake from the 

flow cytometry experiments as described in Section 3.4.4. 

It required two hours of incubation to see any detectable signal in the cells, which is well past the 15-

minute early to late endosomal stage of the internalization process.25 In Figure 3.9B, it was observed 

that the oligonucleotide signal (red) from Cy5-dsDNA was concentrated in elongated, tubular 

structures (Figure 3.9C). A similar morphology was observed from Cy5-dsDNA-CA1898 as seen in 

Figure 3.9C. This type of structure is reminiscent of the morphology of MCF-7 mitochondria.26 This 

phenomenon of what appears to be mitochondrial accumulation of the oligonucleotide will be 

explored further in Chapter 5.  

In addition, Miller et al. showed that the degradation of unmodified oligonucleotides such as siRNA 

only occured upon trafficking to the lysosome.27 Since the images appear to lack the colocalization of 

the Cy5 signal with the mEmerald-LAMP1 labelled lysosomal vesicles, the oligonucleotides appear to 

have avoided the lysosomal pathway and therefore likely remain intact. 

These images do not allow us to make any inference as to whether there is any signal from the cytosol 

since this may not be detectable using this method due to low concentrations of the oligonucleotide. 

Instead, animal-based models may provide better information on how the lipophilic modification 

affects systematic delivery. 
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Figure 3.9. Confocal images of internalized dsDNA material. Cells were treated with (A) vehicle (PBS), 
(B) Cy5-dsDNA, or (C) Cy5-dsDNA-CA1898. Nuclei are labelled with Hoescht 33342 (blue), lysosomes 
with a transfected fluorescent LAMP1 protein (green), and Cy5 from the DNA constructs (red). 
Colocalized signal between green and red channels appear yellow. Cells were incubated at 37°C for 2h 
prior to imaging. 

 

3.4.6. Stability and protein association of Cy5-dsDNA conjugates 

In animal models, one of the benefits to the conjugation of lipophilic molecules to oligonucleotides is 

the increase in stability of the construct. Kubo et al. suggested that the protection of the ends of the 

nucleic acid with a lipophilic group limited exonuclease activity.28 In the work of Haupenthal et al., 

serum degradation was used to study the degradation rate of siRNA. They also found that this 

degradation is due to the presence of RNAse A family of enzymes present in many types of sera.29 

In order to determine whether the modification of the oligonucleotide with CA1898 improved 

stability, the conjugates were incubated in fetal bovine serum (FBS) over the course of 24 hours. 

Samples were then run through an acrylamide gel to determine the intactness of the construct at 
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different time points (Figure 3.10A). The total intensity of the Cy5 signal in each lane was measured 

through densitometry. It was found that after four hours, the total amount of both Cy5-dsDNA and 

Cy5-dsDNA-CA1898 was reduced to below 50% of the amount that was initially incubated (Figure 

3.10B). This indicates that significant degradation of the oligonucleotide occurs within the first four 

hours of incubation.  

Moreover, there appeared to be more dissociation of the dsDNA dimer in the Cy5-dsDNA-CA1898 

construct as seen by the steady increase of the Cy5-ssDNA band intensity over time (Figure 3.10C). 

This indicates that the conjugation of the ƭƛǇƻǇƘƛƭƛŎ ƳƻƭŜŎǳƭŜ ǘƻ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ ǇŀǎǎŜƴƎŜǊ ǎtrand 

may have affected the dimer stability.  

 

Figure 3.10. Degradation of Cy5-dsDNA constructs in serum. (A) Polyacrylamide gel (15%) 
electrophoresis of Cy5-dsDNA and Cy5-dsDNA-CA1898 at 0, 5, 30, 60, 240, and 1440 minutes. Gels 
were imaged for Cy5 fluorescent signal. (B) Total signal in each of the lanes was quantified and 
normalized to the t = 0 intensity. (C) The band corresponding to Cy5-ssDNA indicating separation of 
the two strands is quantified as a percentage of total signal in each lane.  
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At the 24h time point, there appears to be no signal left from any of the oligonucleotides, indicating 

complete degradation of the construct. This means that any free Cy5 dye left in the sample would 

have run off the gel due to its small size. This test indicates that the stability of the oligonucleotide 

does not seem to be significantly improved by either the CA1898 modification of the DNA.   

This study does not answer any questions regarding whether the constructs favor binding to any 

particular plasma proteins. However, it does inform any animal studies that any time point past four 

hours would likely be less relevant since most of the Cy5 signal after this time would likely no longer 

be conjugated to an oligonucleotide. 

 

3.4.7. Association of DNA conjugates with plasma proteins 

Another benefit of conjugating oligonucleotides such as siRNA to lipophilic molecules is the increase 

association with serum proteins. For instance, conjugation of cholesterol to siRNA has shown 

improved association with LDL30 and albumin.31 Modification with long-chain fatty acid derivatives on 

the other hand can promote association with HDL.30 The binding to plasma proteins increases 

circulation time and reduces the likelihood of degradation due to the presence of nucleases in the 

blood.  

In order to visualize this, plasma was isolated from the blood of mice, and incubated with the different 

compounds. Upon separation of the plasma proteins through native gel electrophoresis, the bands 

formed from the Cy5 signal could be associated with plasma protein bands stained with Coomassie 

blue. The results of gel electrophoresis of mouse plasma incubated with each of the oligonucleotide 

constructs in Figure 3.11 show slightly different patterns of plasma protein association. The bands of 

the Cy5-dsDNA-CA1898 and Cy5-dsDNA both formed fairly weak, but distinct bands in the same spot 

as the protein signal in the various plasma protein fractions indicates some form of association with 

the plasma proteins. For both materials tested, however, it appears that most of the dsDNA remains 

free in the plasma, as indicated by the strong bands towards the bottom of the gel. Unfortunately, it 

cannot be identified conclusively through this method which proteins are binding the different 

materials more favorably. 

 

 



Chapter 3: Assessing the activity and distribution of antiestrogen-oligonucleotide conjugates 

 

120 
 

 

Figure 3.11. Native polyacrylamide gel electrophoresis (4-20% acrylamide) of mouse plasma incubated 
with 100 nM of the Cy5-dsDNA constructs. The Cy5 image (A) was obtained through fluorescence 
imaging using an Amersham Typhoon imaging system. Weak, distinct bands are indicated by arrows. 
The same gel was then stained in Coomassie blue (B) to visualize the location of the most abundant 
proteins. 

 

In addition, the same materials were incubated with native human sex hormone binding globulin 

(SHBG), the plasma protein that is known to bind estrogens and other sex hormones with high affinity. 

Although the binding affinity of fulvestrant with SHBG is unreported, it is possible that it shares similar 

affinity to that of native estrogens since it facilitates transport of the material to ER expressing organs 

including female reproductive tissues.32 Unfortunately, no significant binding was observed from any 

of the conjugates with the SHBG protein (Figure 3.12). Again, weak, yet distinct Cy5 bands were 

observed, indicating association with a component of the protein. However, none of them appeared 

to correspond to the location of SHBG in the gel. 

The uncertainty behind whether CA1898 modification of an oligonucleotide would improve plasma 

protein binding in ex vivo studies caused us to pursue animal models to determine whether CA1898 

would demonstrate any changes to biodistribution.   
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Figure 3.12. Native polyacrylamide gel electrophoresis of human native SHBG incubated with 100 nM 
of the Cy5-dsDNA constructs. The Cy5 image (A) was obtained through fluorescence imaging using an 
Amersham Typhoon imaging system. Weak, distinct bands are indicated by arrows. The same gel was 
then stained in Coomassie blue (B) to visualize the location of SHBG. 

 

 

3.4.8. Biodistribution and organ retention of DNA conjugates in female C57BL/6J mice 

To evaluate the influence of the CA1898 modification on the retention and biodistribution of the 

oligonucleotide in vivo, female C57BL6/J mice were injected with a single 1 mg/kg dose of each 

material through the intravenous tail vein route. After four hours of circulation, it was identified that 

there was no more detectable material in circulation as determined by no Cy5 fluorescence in the 



Chapter 3: Assessing the activity and distribution of antiestrogen-oligonucleotide conjugates 

 

122 
 

extracted plasma of the mice. This indicates that most of the material at this point has either 

accumulated in a particular organ, or been cleared by the body. This is also consistent with the plasma 

incubation study reported in Section 3.4.6. After four hours, the mice were culled and the organs were 

analyzed. The fluorescent signal from Cy5 was measured in each of the excised organs using an in vivo 

imaging system (IVIS) and quantified through densitometry, an example of which is seen in Figure 

3.13.  

 

 

Figure 3.13. Fluorescence images of organs harvested from C57BL/6J mice four hours after 
administration of the material. The livers, kidneys, ovaries, uteri, and mammary fat pad are pictured. 
Rows indicate (A) vehicle (PBS)-treated animals, (B) Cy5-dsDNA treatment, and (C) Cy5-dsDNA-
CA1898. Images are pseudocolored and contrast adjusted for easier visualization.  
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Upon quantification of the total fluorescence in each of the harvested organs, the values were 

normalized to the total area of each organ to eliminate the variable of size. All the biodistribution data 

is summarized in Figure 3.14. It was identified that the unmodified oligonucleotide, Cy5-dsDNA 

displayed an increase in the fluorescent signal above the PBS baseline in each of the organs tested, 

but only demonstrated a significant increase in the kidneys. This is in accordance with the numerous 

studies that report the rapid renal clearance of naked siRNA.33-35   

 

Figure 3.14. Oligonucleotide retention as measured by average Cy5 fluorescence in each organ after 
4 hours. The tissues of interest were the (A) liver, (B) kidneys, (C) ovaries, (D) uteri, and E (mammary 
fat pad) Data is reported as n = 6, and error bars represent ± SD. Analysis of differences between 
groups was conducted using a one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ǘŜǎǘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎΣ 
with p-values as follows: ƴǎΣ t җ лΦлрΤ *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

 

Interestingly, the antiestrogen conjugate, Cy5-dsDNA-CA1898 significantly increased retention in the 

liver, ovaries, uteri, and mammary fat pad indicating a wider biodistribution of the material. The 

targeting of CA1898 is similar to the observation of Bang et al. wherein estrone-conjugated siRNA was 

shown to accumulate in the mammary gland and liver.10 This indicates that the steroid derivative 
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conjugates are likely able to facilitate retention of the oligonucleotide in estrogen receptor-expressing 

tissues such as the mammary gland, while also behaving in some ways like lipophilic modifications 

which tend to retain in the liver. Moreover, Cy5-dsDNA-CA1898 also displayed increased retention in 

the kidneys. These results suggest that the CA1898 targeting moiety has a significant effect on the 

retention of the oligonucleotide in particular organs.  

Despite the similarities with the unmodified oligonucleotide in many of the in vitro and ex vivo studies, 

the unique biodistribution of the Cy5-dsDNA-CA1898 construct suggests that there exists a much 

more complex mechanism causing the material to selectively retain in a wider range of organs. 

However, the fact that we observe a significant increase in fluorescence in the liver, kidneys, ovaries, 

uteri, and mammary fat pad suggests that the conjugation of the oligonucleotide to CA1898 is a viable 

method of improving biodistribution. 

 

3.4.9. Gene silencing from SSB siRNA 

In Chapter 2, it was shown that the conjugation of CA1898 was also shown to work with azide-

modified siRNA. As a result, we wanted to determine whether modification of siRNA with CA1898 

would facilitate gene silencing of a target housekeeper gene, Sjogren Syndrome Antigen B (SSB) in cell 

culture models. To this end, MCF-7 cells were then treated with 100 nM of either siSSB or siSSB-

CA1898.   

The silencing of the SSB gene was quantified through western blot densitometry analysis as seen in 

Figure 3.15A. All protein suppression data is normalized to the expression of SSB in the vehicle-treated 

cells. As expected, treatment of naked siSSB caused no observable change to SSB protein expression. 

At the same dose, there appears to be a modest decrease in the expression of SSB upon treatment 

with siSSB-CA1898 wherein relative expression of SSB is measured at 84%. However, this difference is 

not statistically significant. A similar observation was made through qPCR analysis when the SSB mRNA 

expression was normalized to GAPDH where mRNA expression of SSB was calculated at 77% of the 

control (Figure 3.15B). 
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Figure 3.15. SSB expression from treatment with siSSB. (A) A portion of the western blot of MCF-7 cell 
lysate after treatment with siSSB is shown with the lanes as follows: (L) protein molecular weight 
ladder (1) vehicle (PBS), (2) siSSB, and (3) siSSB-CA1898. Each of the bands was normalized to the 
expressiƻƴ ƻŦ ʲ-actin and each lane was calculated as a percentage of the density of the vehicle-
treated sample. (B) qPCR results of MCF-7 cells treated with siSSB or siSSB-CA1898. Analysis of 
significance of changes in band intensity was done using two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ 
comparisons test, n=1-2.  

 

In order to identify whether this modest SSB knockdown is a result of a loss of activity from the 

modified siRNA, cells were treated with either siSSB or siSSB-CA1898 coformulated with 

Lipofectamine RNAiMAX (lipo) (Figure 3.16A). There is a much clearer difference with the siSSB + lipo 

formulated treatment, with a dose as low as 5 nM suppressing the SSB protein expression by 76%. An 

even lower SSB protein level of 48% was detected upon treatment with siSSB-CA1898 + lipo. 
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Figure 3.16. SSB expression from treatment with siSSB co-formulated with lipofectamine. (A) A portion 
of the western blot of MCF-7 cell lysate after treatment with is shown with the lanes as follows: (L) 
protein molecular weight ladder (1) vehicle (PBS), (2) lipo, (3) siSSB + lipo, and (4) siSSB-CA1898 + lipo. 
9ŀŎƘ ƻŦ ǘƘŜ ōŀƴŘǎ ǿŀǎ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲ-actin and each lane was calculated as a 
percentage of the density of the vehicle-treated sample. (B) qPCR results of MCF-7 cells treated with 
siSSB + lipo or siSSB-CA1898 + lipo. Analysis of significance of changes in band intensity was done 
using two-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘ ǿƘŜǊŜ ƴǎΣ t җ 0.05; *, P Җ лΦлрΤ 
ϝϝΣ t Җ лΦлмΤ ϝϝϝΣ t Җ лΦллмΤ ϝϝϝϝΣ t Җ лΦлллмΣ n=3.  

 

In the treatment of MCF-7 cells with 5 nM siSSB + lipo, gene expression dropped significantly to just 

17% of the control. Similarly, 5 nM of the conjugate siSSB-CA1898 + lipo also resulted in a significant 

drop in gene expression down to 13% of the control (Figure 3.16B). This suggests that although there 

may be limited gene silencing occurring as a result of the attachment of CA1898 to the siRNA, the 

activity of the siRNA itself is not compromised. The successful knockdown observed from both siSSB-

CA1898 and the siSSB-CA1898 + lipo formulation as seen from both the qPCR and Western blot results 

are additional indications that the oligonucleotide remains resistant to degradation throughout this 

delivery process. This is because the recognition by the RISC and the subsequent pairing with the 

complementary mRNA sequence requires the siRNA guide strand to remain intact. It is therefore likely 

that the minimal gene silencing seen from the unformulated siSSB-CA1898 is due to other challenges 

in delivery such as endosomal escape of the conjugate since based on the work by Miller et al., it 
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should remain intact upon endocytosis.27 It is also clear from this example why formulating with 

lipofectamine remains the gold standard for transfection in the laboratory setting. 

 

3.4.10. Comparison of CA1898 conjugate with a cholesterol-conjugated oligonucleotide 

One of the more common lipophilic modifications made to oligonucleotides to improve delivery is 

cholesterol.36 To this end, some of the parameters tested with Cy5-dsDNA and Cy5-dsDNA-CA1898 

were also compared with an equivalent oligonucleotide containing a cholesterol modification (Cy5-

dsDNA-chol). Cy5-dsDNA-chol significantly increased cell association, with the 100 nM treatment 

resulting in a ten-fold increase in association when compared with both Cy5-dsDNA and Cy5-dsDNA-

CA1898 (Figure 3.17A). The large increase in fluorescence in cells treated with Cy5-dsDNA-chol is 

expected since this type of construct is known to improve the internalization of oligonucleotides such 

as siRNA. This in turn tends to translate to an increase in gene silencing activity.37,38  

The Cy5-dsDNA-chol construct was more challenging to analyze in terms of plasma protein binding 

because it formed a smear in the gel  indicating association with the proteins in the serum. However, 

unlike Cy5-dsDNA-CA1898, there is clearer association with the lipoprotein fractions (Figure 3.17B). 

In addition, there was also a difference in the intracellular distribution of the Cy5-dsDNA-chol when 

compared to Cy5-dsDNA-CA1898 wherein there appeared to be a greater association with the LAMP1-

labelled organelles suggesting entrapment along the lysosomal pathway (Figure 3.17C).  
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Figure 3.17. (A) Cellular association of Cy5-dsDNA-chol compared with the Cy5-dsDNA-CA1898 
conjugate. (B) Native PAGE analysis of plasma incubated with Cy5-dsDNA-chol. (C) Confocal imaging 

of MCF-7 cells in the presence of Cy5-dsDNA-chol. Scale bar = 20 mm. 

 

On the other hand, Cy5-dsDNA-chol behaved as described by groups such as Soutschek et al., Wolfrum 

et al., and Osborn et al. where they demonstrated a significant increase in material retained in the 

liver.30,31,39 In their case, having delivered siRNA, they also observed significant target gene knockdown 

in the organs where their material had increased retention. Cy5-dsDNA-chol also showed no 

significant differences in the retention in the ovaries, uteri, and mammary fat pad of the mice when 

compared to Cy5-dsDNA-CA1898 (Figure 3.18).  
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Figure 3.18. Oligonucleotide retention as measured by average Cy5 fluorescence in each organ after 
4 hours. The tissues of interest were the (A) liver, (B) kidneys, (C) ovaries, (D) uteri, and (E) mammary 
fat pad. Data is reported as n = 5, and error bars represent ± SD. Analysis of differences between 
ƎǊƻǳǇǎ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ {ǘǳŘŜƴǘΩǎ ǘ-test, with p-values as follows: ƴǎΣ t җ лΦлрΤ *p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001. 

 

Interestingly, these results of the biodistribution study of the cholesterol conjugates are heavily in 

contrast with the results of cellular association and internalization wherein Cy5-dsDNA-chol displayed 

a much greater association with the cells when compared with Cy5-dsDNA-CA1898. This indicates that 

a separate, more complex mechanism is taking place wherein the Cy5-dsDNA-CA1898 conjugate is 

displaying improved biodistribution and organ retention.  
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3.5. Conclusions 

Both the fulvestrant derivative CA1898 and its fluorescent oligonucleotide conjugate developed in the 

previous chapter, Cy5-dsDNA-CA1898 appear to maintain their antiestrogenic activity as 

demonstrated by cell growth inhibition specific to ER+ cell lines in vitro. Moreover, it was found that 

CA1898 had no significant effects to gene expression, indicating that it did not activate any estrogen-

related pathways that may be detrimental to overall antiestrogenic activity. Although the Cy5-dsDNA-

CA1898 only modestly improved internalization into MCF-7 cells in culture unlike Cy5-dsDNA-chol, 

they behaved similarly in animal models. Increased retention of Cy5-dsDNA-CA1898 was observed in 

the liver, kidneys, ovaries, uteri, and mammary fat pads of female mouse models. 

Moreover, through in vitro gene expression studies of siRNA targeting a common housekeeper gene, 

Sjogren Syndrome Antigen B (SSB), it was found that the antiestrogen-modified conjugate, siSSB-

CA1898 displayed improved knockdown of the gene when compared to the unmodified siSSB through 

both mRNA expression and protein expression studies. More importantly, this showed that the siRNA 

maintained its activity despite the lipophilic targeting modification. 

We have shown that the modification of an oligonucleotide with an antiestrogen may present 

opportunities in the targeted delivery and increased retention of material in estrogen receptor 

expressing organs. Moreover, we have shown that conjugation of an oligonucleotide with an 

antiestrogen also maintains its antiestrogenic properties which could be exploited in dual therapy 

applications.  
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3.6. Experimental 

3.6.1. Materials 

3.6.1.1. Oligonucleotides 

All DNA oligonucleotides used in this study were obtained in custom-synthesized batches from 

Integrated DNA Technologies (IDT, Coralville, IA, USA) using a sequence previously developed as an 

oligonucleotide internalization sensor.23,4039 The single-stranded DNA (Cy5-ssDNA), was designed with 

ŀ /ȅр ƭŀōŜƭ ƻƴ ǘƘŜ рΩ ŜƴŘ ŀƴŘ ŜƛǘƘŜǊ ŀƴ ŀƳƛƴŜ ƻǊ ŀȊƛŘŜ ŦǳƴŎǘƛƻƴŀƭ ƎǊƻǳǇ ŀǾŀƛƭŀōƭŜ ŦƻǊ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻƴ 

ǘƘŜ оΩ ŜƴŘΦ ¢ƻ ǎƛƳǳƭŀǘŜ ŀ ǘȅǇƛŎŀƭ ǎƛwb! ǎǘǊǳŎǘǳǊŜΣ ǘƘŜ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ŀƴǘƛǎŜƴǎŜ όƎǳƛŘŜύ ǎǘǊŀƴŘ ǿŀǎ 

unmodified on both ends, but contained a two-nucleotide -¢¢ ƻǾŜǊƘŀƴƎ ŀǘ ǘƘŜ оΩ ŜƴŘΦ  

The siRNA sequence against the housekeeper gene Sjogren Syndrome Antigen B (SSB) was obtained 

from collaborators at Avidity Biosciences and is similar to the sequences published in several works 

such as that by Christensen et al.,41 and Stalder et al.42 

Table 3.4. Information on oligonucleotides obtained from IDT used throughout this work 

Name Type {ŜǉǳŜƴŎŜ όрΩĄ оΩύ рΩ ƳƻŘ оΩ mod MW (Da) 

Cy5-ssDNA-azide DNA TCA GTT CAG GAC CCT CGG CT Cy5 Azide 
modifier 

6951.9 

comp-st DNA AGC CGA GGG TCC TGA ACT GAT T Unmodified unmodified 6775.4 

compQ DNA AGC CGA GGG TCC TGA ACT GA Unmodified Black Hole 
Quencher® 2 

6723.5 

Cy5-ssDNA-chol DNA TCA GTT CAG GAC CCT CGG CT Cy5 Cholesterol 7357.6 

siSSB_PS RNA ACA ACA GAC UUU AAU GUA A Unmodified Azide 
modifier 

6388.0 

siSSB_GS RNA UUA CAU UAA AGU CUG UUG UUU Unmodified Unmodified 6597.9 

 

hƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎ ǿŜǊŜ ǎƘƛǇǇŜŘ ŀǎ ŘǊȅ ǇŜƭƭŜǘǎ ŀƴŘ ǿŜǊŜ ǊŜŎƻƴǎǘƛǘǳǘŜŘ ǳǇƻƴ ŀǊǊƛǾŀƭ ǘƻ мрл ˃a ƛƴ 

nuclease-free water (Ambion, Austin, Texas, USA) based on the specification sheets from the 

manufacturer. The complementary strands on the other hand, were reconsǘƛǘǳǘŜŘ ǘƻ слл ˃a ƛƴ 

nuclease-free water. Aliquots were stored long-term at -20°C, avoiding multiple freeze-thaw cycles. 

Modifications to the oligonucleotides were done as described in Chapter 2. 
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3.6.1.2. Chemicals 

Estradiol (>98%) and fulvestrant (>98%), were obtained from Sigma-Aldrich (St. Louis, MO, USA). Other 

chemicals used in this study were supplied by Sigma-Aldrich (St. Louis, MO, USA) unless noted 

otherwise. 

Organic solvents including reagent grade dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), 

dimethylacetamide (DMA), toluene, and ethyl acetate (EtOAc) were all obtained from Sigma-Aldrich 

(St. Louis, MO, USA) and used without further purification. HPLC-grade and LC-MS grade ethanol 

(EtOH) and acetonitrile (MeCN) were obtained from J.T. Baker (Phillipsburg, NJ, USA). 

3.6.1.3. Cell culture 

¢ƘŜ ŎŜƭƭ ŎǳƭǘǳǊŜ ƳŜŘƛŀ ƛƴŎƭǳŘƛƴƎ aƛƴƛƳǳƳ 9ǎǎŜƴǘƛŀƭ aŜŘƛǳƳ όa9aύ ŀƴŘ 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ 

Medium (DMEM) were supplied by Gibco (Invitrogen, Waltham, MA, USA). Fetal calf serum (FCS, cat. 

no. 10437028) and TrypLE Express dissociation reagent (cat. no. 12604021) were also supplied by 

Gibco. The MCF-7 and MDA-MB-231 cells were provided by the NanoMaterials for Biology group 

(nanoMB, Monash Institute of Pharmaceutical Sciences). Cells culture T-75 or T-25 flasks and well 

plates were obtained from Sigma-Aldrich (St. Louis, MO, USA). Imaging 8-well u-Slides were obtained 

from ibidi (Planegg, Germany).   

 

3.6.2. Methods 

3.6.2.1. DNA-PAGE 

A 1-mm, 15-well, 15% acrylamide gel was cast using the following components: 6 mL 30% acrylamide 

(29:1), 3.6 mL water, 2.4 mL 5x TAE buffer (diluted from a 50 x TAE stock of 0.2M tris base, 0.1M 

ŘƛǎƻŘƛǳƳ 95¢!Σ р Ƴa !ŎhIύΣ нлл ˃[ ŀƳƳƻƴƛǳƳ ǇŜǊǎǳƭŦŀǘŜ ό!t{ύΣ ŀƴŘ мл ˃[ bΣbΣbΩΣbΩ 

tetramethylethylenediamine (TEMED). Alternatively, Biorad (Hercules, CA, USA) precast 4-20% 

Tris/Glycine gels were also used. 

The gels were loaded into a Biorad gel box and submerged in 1x TAE buffer before use. The wells were 

then flushed with buffer. The samples were then mixed with the appropriate gel loading dye (6x gel 

loading dye comprised of 0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol in H2O) at a 6:1 
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sample:dye ratio. 12 µL was loaded into each well. The sample was run at 70 V (or approximately 1-8 

V/cm) for two hours for optimal sample migration and separation of bands. The samples were imaged 

using a Typhoon 5 imaging system (Amersham, Little Chalfont, UK).  

 

3.6.2.2. Tissue culture conditions and maintenance 

All cell lines in this work were grown as adherent lines. The MCF-7 cell line was maintained in MEM 

supplemented with 10% FCS. The MDA-MB-231 cell line was maintained in DMEM supplemented with 

10% FCS.  All cell lines were cultured in 75 cm2 tissue culture flasks (Sigma-Aldrich, St. Louis, USA, cat. 

no. CLS430641U), with an initial seeding density of approximately 2 million cells in a total of 10 mL of 

the appropriate tissue culture media. All cell cultures were incubated in a humidified 5% CO2 incubator 

at 37°C.  

Once cells reached 80-90% confluence (approximately every 3-4 days), media was removed from the 

flasks and the cells were washed with 5 mL of 1x PBS (Gibco, Thermofisher, Massachusetts, USA, cat. 

no. 14040133). The PBS was aspirated and the cells were dissociated from the flask using 1 mL of 

TrypLE Express dissociation reagent (Gibco, Thermofisher, Massachusetts, USA, cat. no. 12604021). 

The cells were incubated for 5 minutes at 37°C, 5% CO2. Fresh media was then added to the flask to 

deactivate the dissociation reagent and the cells were seeded in a fresh flask with new media at a 

dilution between 1:5 and 1:10. 

3.6.2.3. Drug preparation for in vitro studies 

Estradiol was reconstituted in 100% ethanol, while fulvestrant and the synthesized antiestrogen were 

reconstituted in 100% DMSO. All aliquots were stored at -20°C, and dilutions were made in the 

appropriate cell culture media as needed for experimental analysis, where the concentration of 

organic solvent was kept below 0.1% of the total volume. All negative controls were treated with the 

vehicle equivalent of the highest concentration tested. 

3.6.2.4. Cell viability assay 

The cells were plated in 96-ǿŜƭƭ ǇƭŀǘŜǎ ŀǘ ŀ ŘŜƴǎƛǘȅ ƻŦ рΣллл ŎŜƭƭǎκǿŜƭƭ ƛƴ млл ˃[ ƻŦ ƳŜŘƛŀ ŀƴŘ ŀƭƭƻǿŜŘ 

to adhere overnight before any treatment. The cells were treated for 72 hours with the appropriate 

concentrations of drug or vehicle at n = 4. Viability was assessed with alamarBlue (Life Technologies, 
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Invitrogen, Carlsbad, CA, USA), a reductive assay that produces a fluorescent signal in the presence of 

ƭƛǾŜ ŎŜƭƭǎΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ŀ ǾƻƭǳƳŜ ƻŦ ŀƭŀƳŀǊ.ƭǳŜ ǊŜŀƎŜƴǘ 

equivalent to 10% of the culture media was added to each well and the cells were returned to the 

incubator for one hour. Fluorescence of tƘŜ ƳŜŘƛŀ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀ ƳƛŎǊƻǇƭŀǘŜ ǊŜŀŘŜǊ ŀǘ ˂ex = 

рсл ƴƳ ŀƴŘ ˂em = 590 nm. Viability was measured on days 0, 3 and 7 of the treatment period with the 

media being completely replaced on day 3. 

The cell viability was calculated using the fluorescence intensity (FI) values as follows: 

ὠὭὥὦὭὰὭὸώ Ϸ
ὊὍ   ὊὍ

ὊὍ ὊὍ
 ὼ ρππϷ 

Where FIblank is the fluorescence measured from a well containing media and equivalent amount of 

alamarBlue reagent without any cells, and FIcontrol is the fluorescence measured from the vehicle-

treated samples. 

Calculation of IC50 values was done through nonlinear regression analysis in GraphPad Prism v7.01 

(San Diego, CA, USA). Viability values were fit to a nonlinear regression of [Inhibitor] vs normalized 

response where the curve was modeled with a standard slope (Hill Slope = -1.0) with a fitting of least 

squares (ordinary) fit.  

3.6.2.5. Gene expression and real time quantitative polymerase chain reaction (qPCR) 

The cell populations to be analyzed for qPCR were seeded in 6-well plates at a density of 200,000 

cells/well in the appropriate complete culture media. The cells were allowed to adhere for 24 hours, 

upon which the culture media was replaced with serum-free media. The cells were then allowed to 

incubate for another 24 hours prior to treatment with the appropriate drug or vehicle.  

To prepare samples for qPCR, RNA was extracted from tissue cultures using the RNeasy Minikit 

(Qiagen, Hilden, Germany, cat. no. 7410пύ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ wb! 

concentration from the extract was measured using a Thermofisher Nanodrop 2000 (Thermofisher, 

MA, USA). The RNA concentration was calculated through the sample absorbance at 260 nm and 280 

nm with an extinction coefficient of 40. Samples were deemed viable for further analysis if the ratio 

of the absorbance at A260/A280 was between 1.8-2.2. 

Real-time PCR (qPCR) was performed using an iTaq Universal Probes One-Step Kit (Bio-Rad, Cat no. 

1725141) according to ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ŀǉaŀƴ ǉt/w ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ 
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CFX Connect Real-Time PCR Detection System (Bio-Rad). All Taqman probes used for are listed in Table 

3.5. 

 

Table 3.5. TaqMan probes for real-time quantitative PCR 

Gene Fluorophore Supplier Amplicon size TaqMan assay ID 

GAPDH FAM ThermoFisher Scientific 122bp Hs99999905_m1 

LRP2 FAM ThermoFisher Scientific 72bp Hs00189742_m1 

ERBB2 FAM ThermoFisher Scientific 60bp Hs01001580_m1 

HSPB8 FAM ThermoFisher Scientific 66bp Hs00205056_m1 

SSB FAM ThermoFisher Scientific 82bp Hs04187362_g1 

 

Data from qPCR was analyzed using the delta-delta Ct (2-ɲɲ/ǘ) method to calculate changes in relative 

fold gene expression where: 

Ўὅ ὅ  ὫὩὲὩ έὪ ὭὲὸὩὶὩίὸὅ ὬέόίὩὯὩὩὴὭὲὫ ὫὩὲὩ 

ЎЎὅ Ўὅ  ὸὶὩὥὸὩάὩὲὸ Ὣὶέόὴὅ ὺὩὬὭὧὰὩ ὧέὲὸὶέὰ 

 

All genes were normalized to the mRNA expression of the housekeeping gene GAPDH where the Ct 

values of the housekeeper remained within a range of ± 0.5 cycles. All data is presented as fold change 

(2-ɲɲ/ǘ) in relation to GAPDH. 

3.6.2.6. Western blot 

The cell populations to be analyzed for protein were seeded in 6-well plates at a density of 200,000 

cells/well in the appropriate culture media. The cells were allowed to adhere for 24 hours before the 

media was replaced with fresh media treated with the appropriate drug or vehicle. The samples were 

incubated for another 48 hours prior to cell lysis. 

At the experimental endpoint, the cells were kept on ice and washed twice with ice-cold PBS. Cell lysis 

ǿŀǎ ƻōǘŀƛƴŜŘ ōȅ ŀŘŘƛƴƎ фл ˃[ wLt! ƭȅǎƛǎ ōǳŦŦŜǊ όм҈ bt-40, 0.1% SDS, 1% sodium deoxycholate, 150 

mM NaCl and buffer in 25 mM Tris-HCl pH 7.6) supplemented with protease (cOmplete Protease 

Inhibitor Cocktail, Sigma-Aldrich) and phosphatase (PhosSTOP, Sigma-Aldrich) inhibitors. The cells 

were scraped on ice and the lysate was transferred into an Eppendorf tube. The lysate was sonicated 



Chapter 3: Assessing the activity and distribution of antiestrogen-oligonucleotide conjugates 

 

136 
 

for 2 cycles of 30 seconds on/30 seconds off. The samples were then clarified through centrifugation 

at 15,000 rpm for 15 minutes at 4°C. Protein quantification was performed using the DC protein assay 

(Bio-Rad, Hercules, CA, USA, cat. no. 500-лммсύ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ 

stored at -80°C. 

²ŜǎǘŜǊƴ ōƭƻǘ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ ǘƘŜ ŎŜƭƭ ƭȅǎŀǘŜΦ нр ˃Ǝ ƻŦ ǇǊƻǘŜƛƴ ǿŀǎ ǇǊŜǇŀǊŜŘ ōȅ ƳƛȄƛƴƎ ǿƛǘƘ 

4x loading buffer and 1x NuPAGE reducing agent and diluting using milliQ-H2O to a final volume of 15 

˃[Φ ¢ƘŜ ƭȅǎŀǘŜǎ ǿŜǊŜ ƭŜŦǘ ǘƻ ƛƴŎǳōŀǘŜ ŀǘ тлϲ/ ŦƻǊ мл ƳƛƴǳǘŜǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ƭƻŀŘŜŘ ƛƴǘƻ ŀ ǇǊŜ-cast 

gradient gel (BioRad) and run at 120 V in TAE buffer for approximately one hour. 

The protein was then transferred to an activated PVDF membrane. The blots were blocked for one 

hour in 1x Odyssey Buffer (LI-COR, Lincoln, USA, Cat no. P/N 927-40000) before probing overnight at 

4°C using diluted primary antibody. The membranes were then washed twice in PBS + 1% Tween-20 

before probing for one hour with the secondary antibody at room temperature. The blots were then 

imaged using an Odyssey 9120 Infrared Imaging System (LI-COR, Lincoln, USA). 

All the antibodies used are summarized below: 

Table 3.6. Primary antibodies used for Western Blot 

Target Host Supplier Catalog number dilution MW (kDa) 

SSB Rb abcam ab154998 1/1000 46 

-̡actin Ms Sigma-Aldrich A5316 1/1000 42 

 

Table 3.7 Secondary antibodies used for Western Blot 

Target Host Supplier Catalog number dilution Wavelength (ex/em) 

Ms Gt abcam ab186696 1/10000 790 (782/805) 

Rb Dk abcam ab175772 1/10000 680 (679/702) 

 

3.6.2.7. Cell association and internalization of DNA conjugates 

Cells were seeded in 24-ǿŜƭƭ ǇƭŀǘŜǎ ŀǘ ŀ ŘŜƴǎƛǘȅ ƻŦ рлΣллл ŎŜƭƭǎ ƛƴ рлл ˃[κǿŜƭƭΦ ¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ŀƭƭƻǿŜŘ 

to adhere overnight in a 5% CO2 incubator at 37°C. After 24 hours, the media was aspirated and the 

cells were washed with PBS. Fresh complete media containing the appropriate concentration of DNA 

or conjugate was added.  
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After one hour, the cells were placed on ice to inhibit internalization. The media was aspirated and 

the cells were washed with ice-cold PBS. To lift the ŎŜƭƭǎΣ нлл ˃[ ƻŦ ¢ǊȅǇ[9 ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǿŜƭƭ ŀƴŘ 

ŀƎƛǘŀǘŜŘ ōȅ ǊŀǇƛŘ ǇƛǇŜǘǘƛƴƎ ǘƻ ŘƛǎƭƻŘƎŜ ǘƘŜ ŎŜƭƭǎ ŦǊƻƳ ǘƘŜ ǇƭŀǘŜǎΦ млл ˃[ ƻŦ ƛŎŜ-cold PBS containing 1% 

bovine serum albumin (BSA) was then added to each well before transferring the cell suspension into 

1.5 mL microtubes. Samples were quenched by adding a 100x molar excess of comp-Q as needed. 

Samples were kept on ice until needed for flow cytometry. 

Flow cytometry was performed on a Stratedigm S1000EXi (Stratedigm, CA, USA) with 642 nm APC 

laser at 20% gain for excitation and the emission being collected between 661-691 nm. FCS files were 

exported using CellCapture Analysis Software (Stratedigm), and analyzed using FlowJo 10.6 (Tree Star, 

OR, USA). Gating was first performed by FSC (forward scatter) linH and SSC (side scatter) linH to gate 

cells, then by FSC linH and FSC linA to identify singlets before any subsequent analysis of the Cy5 

channel by MFI (mean fluorescent intensity). 

3.6.2.8. Confocal imaging for internalization of conjugates 

MCF-7 cells expressing mEmerald-ƭŀōŜƭƭŜŘ [!atм ǇǊƻǘŜƛƴ όмлΣллл ŎŜƭƭǎκǿŜƭƭΣ нрл ˃[κǿŜƭƭύ ǿŜǊŜ ǇƭŀǘŜŘ 

in an 8-well  u-Slide. After 24h of incubation, Cy5-labelled oligonucleotide was added to a final 

concentration of 100 nM and the media was gently agitated. After another 24 h of incubation the cells 

were imaged in an incubation chamber with the temperature set to 37°C. Cells were imaged with a 

Leica TCS SP8 Laser-scanning confocal microscope with an HCX PL APO 40x (NA 1.30) oil objective. 

Images were acquired at 1024x1024 with a pinhole set to 1 Airy units, capturing Cy5 (ex 633 nm; em: 

660 -/+20 nm) and mEmerald (ex 488; em 520 -/+ 20 nm) and transmission channels. Image acquisition 

and processing settings were kept consistent for samples and controls. Images were processed with 

FIJI (ImageJ, NIH, MD, USA) 

3.6.2.9. Biodistribution studies in mouse models 

Animal experiments were performed using 6-12 week old female C57BL6/J mice acquired from the 

Monash Animal Research Platform (MARP, Clayton, VIC, Australia). The mice were injected with 

material equivalent to 1 mg construct/1 kg animal weight (approximately a total volume of 80-млл ˃[ύ 

through the intravenous tail vein route while anaesthetized with 3-5% isoflurane. The mice were then 

allowed to recover for one hour before a final imaging step while under isoflurane. The mice were 

then euthanized using CO2 followed by cervical dislocation prior to harvesting organs. All mice and 

harvested organs were imaged using an IVIS imaging system (PerkinElmer, MA, USA) using the 
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included filter settings for Cy5.5 (ex = 640 nm), with an exposure time of 1s, f = 4, pixel = 1x1 with 

binning factor = 4. The Cy5 distribution was then measured through the calculation of total radiant 

efficiency from each organ using the included Living Image Universal software (PerkinElmer, MA, USA).  

All animal studies included in this work were performed following all protocols and methods approved 

under Animal Ethics Research # 12945 (review reference # 2019-12945-31890) at Monash University, 

VIC, Australia. 

3.6.2.10. Statistical analysis 

For flow cytometry, the mean fluorescent intensity of cell populations was extracted using the 

geometric mean as identified by the FlowJo 10.6 software. Statistical analysis was performed on 

GraphPad Prism v7.01 (San Diego, CA, USA). Statistical significance between groups was determined 

by either one-way or two-way analysis of variance (ANOVA) proceeded by an appropriate multiple 

comparisons post-test for differences between groups of parametric data sets. Data in the graphs are 

presented as the mean ± standard deviation (SD). Biological replicates of a minimum of n = 3 

independent cell culture populations were analyzed for each condition. 
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4.1. Abstract 

Stemming from the development of a method to conjugate a lipophilic drug molecule to an 

oligonucleotide through copper-free click chemistry in Chapter 2, we wanted to explore other classes 

of lipid molecules that could potentially provide an alternative pathway for oligonucleotide delivery. 

Herein, we report the synthesis of two ceramides of two different chain lengths, C2-DBCO and C10-

DBCO, which both contain a strained cyclooctyne compatible for conjugation with an azide-

functionalized DNA. The primary challenge of the synthesis of this material was the activation of the 

alcohol groups on the sphingolipid backbone in order to conjugate the DBCO group. This was 

ultimately overcome through a one-pot activation and carbamate formation with DBCO amine, with 

the reaction forming a 70/30 mixture of primary- and secondary- modifications. The copper-free click 

conjugation with DNA occurred under mild conditions with the structural isomer mixture of the two 

products. It was found that the association of the oligonucleotide in cell culture models was 

significantly increased by the conjugation of the C10-DBCO. The Cy5-ssDNA-C10*  conjugate 

developed in this work presents a lipophilic oligonucleotide conjugate that may have the potential to 

enhance the delivery of therapeutics such as siRNA. This work also reaffirms that the method to rapidly 

attach a lipophilic group of interest to commercially-available azide-functionalized oligonucleotides in 

the earlier chapter can be transferred to other classes of molecules. 

 

4.2. Introduction 

The cellular uptake of free, unmodified therapeutic oligonucleotides is limited due to the instability of 

the naked nucleic acid and the poor interaction between its negatively charged phosphodiester 

backbone and the cell surface.1 Typically, nucleic acid therapeutics require either formulation into a 

lipid nanoparticle complex2 or the conjugation of a targeting ligand3 to enhance transfection. Finding 

the appropriate delivery vector has been one of the main challenges to the translation of short 

oligonucleotide therapeutics such as siRNA and miRNA gene silencing therapies. 

One of the techniques used to improve the uptake has been the direct conjugation of lipids and other 

lipophilic targeting moieties. It has been demonstrated molecules such as cholesterol,4ς7 fatty acids,8,9 

vitamins,10 and hormones11 enhance the internalization and increase the efficacy of short 

oligonucleotide therapeutics such as siRNA. One class of lipids that has not been thoroughly explored 
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as an oligonucleotide modification is the sphingolipid. The structural backbone of sphingosine is an 

18-carbon chain linear molecule with characteristic functional groups including one primary alcohol 

group, one secondary alcohol group, a primary amine, and a single unsaturated site arranged as seen 

in Figure 4.1A. 

 

 

Figure 4.1. Structure and chemical formulae of D-erythro-sphingosine and a generic C(n) ceramide 
where the conjugated secondary aliphatic chain contains n carbons. 

 

Sphingolipids are amphiphatic molecules which allow them to play an important role in the interaction 

and signaling within biological membranes. A phosphorylated metabolite of sphingosine, sphingosine-

1-phosphate (S1P) interacts with its cell surface receptor S1PR-1. This interaction is part of several 

physiological and pathological processes including the growth and survival of cancer cells. Thus, S1PR-

1 has been studied as a potential target in cancer therapy.12ς14 Despite this research, it is unclear 

whether sphingosine alone is capable of interacting with the S1PR-1. However, the conjugation of 

sphingosine to oligonucleotide therapeutics such as siRNA has previously been explored as a lipophilic 

modification to improve its delivery. 

A patent jointly filed by QBI Enterprises and Bio-Lab in 2016 explored the conjugation of a sphingolipid 

modified with a polyalkylamine group, such as spermine or spermidine to siRNA.15 They showed that 

conjugating siRNA to these sphingosine derivatives increased accumulation of the therapeutic in the 

liver and spleen, while also demonstrating knockdown of a target gene of interest. Another patent 

also proposes the synthesis of various sphingolipid derivatives through phosphoramidite solid-phase 

chemistry to conjugate to short oligonucleotides.16 Limited data is available on these works due to the 

main literature being focused on the patent of the structure of the conjugate and not necessarily its 

function or mechanism. Similar to the main challenge encountered with the synthesis of lipophilic 

siRNA conjugates, these two patents require the tailoring of the lipid structure to be compatible with 
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phosphoramidite chemistry methods. This of course includes access to specialist oligonucleotide 

synthesis equipment to introduce the modification onto the nucleic acid. 

Besides the sphingolipid derivatives mentioned, other sphingosine derivatives have not been 

extensively explored as candidates for siRNA delivery. Ceramides, for instance, are derivatives of 

sphingolipids with a fatty acid chain connected to the primary amine in the sphingosine backbone via 

an amide linker (Figure 4.1B). These molecules are found in high concentrations in the cell membrane 

serving both structural and signaling functions in normal and diseased tissues.17 Moreover, as one of 

the primary lipid components of skin, they provide a barrier and increase the molecular order of the 

stratum corneum.18 It is unclear whether ceramides may also interact with the S1PR. However, similar 

to sphingosine, the lipophilic properties of ceramides may improve cellular association and 

internalization due to enhanced interaction with the cell membrane. This makes it a feasible candidate 

to conjugate to oligonucleotide therapeutics to improve its therapeutic potential.  

 

4.3. Hypothesis and Aims 

A ceramide can be conjugated to an azide-functionalized, presynthesized short oligonucleotide 

through a copper-free click reaction without the need for phosphoramidite chemistry methods. This 

type of modification to an oligonucleotide will demonstrate improved cellular association when 

compared to unmodified oligonucleotides. An illustration of the target structure is illustrated in Figure 

4.2. 

 

Figure 4.2. Structure of a hypothesized ceramide-oligonucleotide conjugate. 
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To prove our hypothesis, the following aims will be accomplished: 

¶ Synthesize ceramides of two different secondary chain lengths (a short and medium 

chain) with a strained cyclooctyne functional group substitution at the primary alcohol. 

¶ Characterize the synthesized ceramide-DBCO products to verify the location of the DBCO 

modification. 

¶ Conjugate the ceramides to DNA and characterize the oligonucleotide conjugate products 

using methods previously developed in Chapter 2. 

¶ Characterize changes in cellular association of the oligonucleotide resulting from the 

modification with the ceramide including whether sphingosine receptors may be involved 

in the process of association and internalization.  

 

4.4. Results and Discussion 

4.4.1. Synthesis of a ceramide-DNA conjugate 

An overview of the plan for the synthesis of the ceramide oligonucleotide conjugate is illustrated in 

Scheme 4.1. This will involve three main components. First (a) is the amide coupling of the fatty acid 

or other aliphatic chain carboxylic acid to D-erythro-sphingosine to obtain a ceramide. This would be 

followed by the addition of the DBCO group to one of the alcohols on the sphingosine backbone (b). 

Finally, the strained cyclooctyne will be used for a copper-free click reaction between the ceramide 

and an azide-functionalized DNA to yield the ceramide-oligonucleotide conjugate (c). 

 

Scheme 4.1. Overview of a plan for the synthesis of a ceramide-oligonucleotide conjugate 
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The succeeding sections describe the process of each step of the proposed synthetic pathway and 

some of the challenges encountered particularly with step (b) to obtain a variation of the construct as 

described above. 

 

4.4.1.1. Synthesis of short (C2) and medium-chain (C10) ceramides 

The first portion of the synthesis in Scheme 4.1a involved the amide coupling of a secondary aliphatic 

chain to the sphingosine backbone in order to create a ceramide. D-erythro-sphingosine (1) was 

selected as the starting material for this process because of its availability in bulk as a synthetic lipid.  

The structural backbone of D-erythro-sphingosine is a linear chain of 18 carbons with characteristic 

functional groups including one primary alcohol group, one secondary alcohol group, a primary amine, 

and a single unsaturated site arranged as seen in Scheme 4.2. Two aliphatic chain carboxylic acids, 

acetic acid and decanoic acid were chosen as the second chain of the ceramide to conform with the 

traditional definitions of short- and medium-chain lipids, respectively.19 Blocking the primary amine 

was also an essential first step in this synthesis process because it is the most nucleophilic functional 

group in (1).  This prevented any overlap in reactivity with the two hydroxyl groups which will be 

needed for the succeeding reaction. 

The conjugation of the fatty acid with (1) was accomplished through the use of typical conditions of 

HBTU peptide coupling, one of the classical methods for synthetic amide bond formation. Both C2 and 

C10 were waxy substances that were easily crashed out and filtered in water due to their poor 

solubility. Excess (1) and fatty acid was then removed through repeated acidic and basic washes 

respectively. Both reactions produced relatively high yield with C2 ranging from 80-90% and C10 from 

75-85%.  
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Scheme 4.2. Synthesis of two ceramides, a short-chain C2 ceramide and medium-chain C10 ceramide 
through HBTU peptide coupling of a fatty acid with the primary amine of (1). 

 

Three primary changes were observed to the 1H-NMR spectrum of (1) as a result of the addition of 

either fatty acid. For instance, for C2, the following changes were observed (Figure 4.3): 

¶ !ǇǇŜŀǊŀƴŎŜ ƻŦ ŀ ǇŜŀƪ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ʵ Ґ сΦп ppm (assigned to the amide) 

¶ The shift of protons in position b ŘƻǿƴŦƛŜƭŘ ŦǊƻƳ ŀ ǉǳŀŘǊǳǇƭŜǘ ŀǘ ʵ Ґ оΦлр ppm to 3.91 

ppm due to deshielding effects from the newly-formed amide group 

¶ The splitting of the peak from the two protons in position a ŦǊƻƳ ŀ ƳǳƭǘƛǇƭŜǘ ŀǘ ʵ Ґ оΦтн 

ppm to two double doublets at 3.71 ppm and 3.96 ppm. The formation of geminal protons 

with different chemical shifts was observed possibly as a result of the amide and the 

remaining portion of the sphingolipid backbone forming a stable, annular conformation 

due to intramolecular interactions. This type of splitting is consistent with ceramide NMR 

spectra reported as by Gillams, et al.20  

A very similar pattern in the peak shifts was observed in the 1H-NMR analysis of C10 indicating that 

the amide coupling occurred and the target product was formed. Full spectra can be seen in the 

Supplementary Information (SI 17-SI 19). 
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Figure 4.3. Relevant 1H-NMR peak shifts of C2 as a result of the amide coupling of acetic acid to (1). 
Peaks are labelled and color-coded according to the annotations in the structures. 

 

One of the challenges experienced with characterization of the ceramides was the identification of 

the target mass through LC/MS. A common pattern observed in the mass spectrometry analysis of D-

erythro-sphingosine (MWexact = 299.499) was the appearance of a sodium adduct [M + Na]+ = 322.2 

and the dehydrated form of the compound [M ς H2O] = 282.3 alongside the target mass peak [M + H]+ 

= 300.3, (Figure 4.4). The poor ionization of the parent molecule is characteristic of many lipids, so 

having other reference peaks can be of value when verifying the molecular weight of a compound. 

These adduct patterns became more relevant in succeeding synthetic steps as the parent [M + H]+ 

signal tended to be weaker. 
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Figure 4.4. Mass spectrometry of d-erythro-sphingosine reveals distinct signals from the [M ς H2O] 
dehydrated product, [M + Na]+ adduct, in addition to the target [M + H]+. 

 

The LC/MS spectrum of C2 (MWexact= 341.536) contained only the dehydrated product [M ς H2O] = 

306.3, while C10 (MWexact = 453.752) contained [M + H]+ = 454.4 and the sodium adduct [M + Na]+ = 

476.4. One way to have circumvented such an issue, particularly with the lack of the appearance of 

the target [M + H]+ could have been through the derivatization of the lipid at the alcohol group. For 

instance, the use of a compound such as 2-fluoro-1-methylpyridinium p-toluenesulfonate (FMPTS) as 

described by Quirke et al allows for an increased signal in traditional mass spectrometry detectors.21 

Alternatively, other methods of mass analysis such as MALDI could have been employed if an 

appropriate combination of matrix and instrument settings were considered.  

 

4.4.1.2. Protection of the hydroxyl groups for the targeted conjugation of DBCO  

In order to functionalize the ceramides (C2 and C10) with a strained cyclooctyne group for copper-

free click coupling as seen in Scheme 4.1b, a strategy had to be developed to modify just one of the 

two available alcohol groups to eventually achieve a 1:1 lipid:oligonucleotide labelling ratio. In the 

case of both C2 and C10, the goal was to conjugate the oligonucleotide onto the location of the 

primary alcohol in order to mimic the location of phosphorylation that occurs upon the metabolism 

of sphingosine to sphingosine 1-phosphate (S1P).22 To ensure no mixture of both primary and 

secondary alcohol conjugation, a method of selectively activating the primary alcohol for conjugation 

to dibenzocyclooctyne (DBCO)-amine was developed using C10 as the starting material (Scheme 4.3). 

The main challenge was dealing with two hydroxyl groups which may overlap in terms of reactivity. 



Chapter 4: Synthesis of ceramide-DNA conjugates for enhanced oligonucleotide delivery 

 

152 
 

 

Scheme 4.3. Proposed reaction scheme to introduce a DBCO group to the ceramide in the primary 
alcohol position of C10. (a) The primary alcohol of C10 was first protected using trityl chloride (TrCl) 
to form C10-Tr. (b) This was followed by the protection of the secondary alcohol with a triisopropylsilyl 
chloride (TIPS-Cl) to form C10-Tr-TIPS. (c) The doubly-protected C10-Tr-TIPS was then deprotected 
with TFA to obtain C10-TIPS. (d) The activating group, 4-nitrophenyl chloroformate (4-NPC) was then 
added to produce C10-TIPS-NPC.  (e) The addition of DBCO-amine through the formation of a 
carbamate and (f) the deprotection of the TIPS protecting group with TBAF were not observed due to 
poor yields through (a-d). Yields reported are from isolated compounds. Dotted red reaction arrows 
indicate steps that were not reached due to low yield after (d).  

 

The first few reactions of this strategy involved a series of protection and deprotection steps in order 

to keep the secondary alcohol unreactive. First, the primary alcohol was reacted with trityl chloride 

(TrCl). This is a relatively bulky protecting group which is known to selectively react solely with primary 

alcohols due to steric hindrance preventing any interaction with higher degree alcohols when this 

reaction is performed under mild conditions (Scheme 4.3a).23 This reaction was performed under 

standard reaction conditions, resulting in a yield of 26% of C10-Tr after isolation through flash 

chromatography. Yields from this type of reaction reported by Dauner et al. appeared to decrease 

with increasing fatty acid chain lengths, indicating that steric hindrance due to the rotation of the 

second chain of the ceramide may partially be blocking the primary alcohol.24 
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The next step involved reacting the isolated C10-Tr with triisopropyl silyl chloride (TIPS-Cl) to form 

C10-Tr-TIPS (Scheme 4.3b). TIPS was an appropriate protecting group due to its compatibility with the 

sterically hindered secondary alcohol as well as its resistance to deprotection under acidic conditions. 

This meant that deprotecting the primary alcohol with TFA would be orthogonal and not affect the 

protected secondary alcohol.25 Step b was a reaction that was solely monitored through TLC since step 

c would be performed without any purification of C10-Tr-TIPS. Upon formation of a fast-moving spot 

indicative of C10-Tr-TIPS, the solvent was removed under high vacuum and the material was then 

treated with TFA to deprotect the trityl group (Scheme 4.3c). The product was isolated through flash 

chromatography and the resulting yield of C10-TIPS was 38% after two steps or the equivalent of 9% 

of the C10 starting material. C10-TIPS was characterized through 1H-NMR with the appearance of a 

ƭŀǊƎŜ ǇŜŀƪ ŀǘ ŀǊƻǳƴŘ ʵ Ґ мΦлу ppm indicative of the 18 protons of the aliphatic substituents in the silyl 

ether of the TIPS protecting group (Figure 4.5A, SI 20). 

 

 

Figure 4.5. 1H-NMR spectra of C10-TIPS and C10-TIPS-NPC. (A) The appearance of the TIPS peak at ʵ 
= 1.08 of C10-TIPS shows that the secondary alcohol-protected C10 was formed as described in 
Scheme 4.3c. (B) The activation of the primary alcohol with 4-NPC was also successful as shown in the 
spectrum of C10-TIPS-bt/ ǿƘŜǊŜ ¢Lt{ ʵ Ґ мΦлу ppm and the four aromatic protons from the 4-NPC 
appeariƴƎ ōŜǘǿŜŜƴ ʵ Ґ сΦф ς 8.3 ppm. 




















































































































































































