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ABSTRACT 

Short interfering RNAs (siRNAs) are biopolymers that are used for post-transcriptional 

gene regulation and act as endogenous defenses against attack from viruses and dsRNA 

parasites. The siRNA field is making advances for use as pharmaceuticals and 

biomolecular research tools for the study of gene silencing in uncontrollably upregulated 

genes. Through chemical modification of the RNA structure, inherent limitations found in 

nature can be eliminated to make better pharmaceuticals and research tools. This 

dissertation investigated the incorporation of azobenzene derivative spacers into RNA 

backbones by replacing two base pairs. Several siRNAs were synthesized, and then 

characterized bio-physically through several means. After bio-physical characterization, 

these siRNAs were tested in vitro against firefly luciferase and endogenous BCL-2 to 

determine gene silencing efficacy, as well as nuclease resistance when azobenzenes were 

at the 3’ end of the passenger strand. The ability of these azobenzene siRNAs to be 

reversibly controlled with UV (ultraviolet) light after transfection into the cells was 

investigated. Next, utilization of tetra-halogenation at the ortho position on the azobenzene 

to red-shift the π→π* of the N=N double bond out of the UV portion of the electromagnetic 

spectrum into the visible region, allowing the siRNA to be inactivated with red light, which 

is less toxic and through constant exposure inactivates the siRNA for up to 24 h. Finally, 

we developed an ortho tetra-fluorinated azobenzene derivative to further improve the 

design of these siRNAs. This tetra-fluorinated derivative maintains the desirable red-

shifting property of azobenzene, while having a greatly improved cis conformer half-life 

over the tetra-chlorinated azobenzene derivative. Furthermore, the tetra-fluorinated 

azobenzene containing siRNAs were able to remain inactive for up to 72 h with minimal 

green light exposure. These results in cell-based assays have shown that azobenzenes 

embedded within siRNAs are well tolerated in the RNA induced silencing complex (RISC). 

This introduces new functionality into the pathway through photo-switchable azobenzenes 

which can be controlled with light in real time. We further show that the properties of the 

siRNAs can be fine tuned through the use of different azobenzene derivatives, and can also 

show differences in nuclease resistance between the trans and cis isomers. 
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Chapter 1. Introduction  

1.1 The RNA Interference Pathway 

The RNA interference pathway was first discovered by plant biologists who tried 

to design petunias with higher pigmentation and brighter more robust colours by adding 

extra copies of the chalcone synthase gene, an important enzyme in flower colouration. 

Instead of the expected darker phenotypes, many plants instead had flowers with very few 

pigments expressed, producing mostly uncoloured flowers. They found both the 

endogenous and transgenic genes were being suppressed.1 Further research a few years 

later found this lack of expression was due an increase in post-transcriptional mRNA 

degradation through a previously undiscovered mechanism, and they called it “co-

suppression of gene expression”.2 Seeing this anomaly in plants prompted the study of 

higher clades animals to find out if the same results could be observed. Conservation of 

this mRNA degradation pathway indicates how critical it is to the survival of both plants 

and animals. The study of mRNA silencing continued in model organisms such as 

Drosophilia where “co-suppression” of mRNA was first observed in insects.3 In 1998 Fire 

and Mello’s research team found that the pathway by which the mRNA was being degraded 

was through the addition of double stranded RNA (dsRNA) which was the complement of 

the mRNA target. This was the start of the modern utilization of RNA interference and the 

study of its pathways and mechanisms, and they were awarded the 2006 Nobel prize in 

physiology and medicine for this work.4 

The RNA-induced-silencing-complex (RISC) can be activated through the use of 

synthetically produced siRNAs transfected into cells via carrier molecules or transfection 
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agents like viruses,8,9 and native long endogenous dsRNAs can be cleaved by the enzyme 

Dicer to form the active RISC complex through cleavage at the active site. These synthetic 

siRNAs are often 19-22 nucleotides long in order to bypass Dicer entirely through a 

secondary mechanism, although recruitment of Dicer into the pathway utilizing 27 bp long 

siRNAs does improve the efficacy of the gene silencing up to ten fold.10 Dicer itself is 

comprised of two RNAse III motifs, a dsRNA binding domain and a RNA helicase domain 

which catalyzes the cleavage of the long dsRNA. One example of Dicer’s significance is 

in the RISC cascade, Dicer knockdown studies in human HeLa cells showed an 

accumulation of dsRNAs in the cytoplasm which showed that without Dicer, these long 

Figure 1.1. Dicer mediated RNA interference pathway in mammalian cells 

which targets mRNA for cleavage. 
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dsRNAs are not degraded, thus disabling the pathway for these longer duplexes. (See 

Figure 1.1).11 

Figure 1.2. Diagram of human Ago2, including primary sequence with amino acid residue 

numbers (top) and proposed mechanism of strand selection and mRNA targeting.   

 

The second component of the RISC pathway utilizes the endonuclease Argonaute 

2 (Ago2) which catalyzes the cleavage of mRNAs by unwinding the passenger strand out 

of the duplex and retaining the guide strand as the target’s complement (See Figure 1.2). 

Ago2 is composed of three domains; PAZ on the carboxyl terminus, a PIWI domain at the 

amino terminus and a central MID section.12 The cleavage and destruction of the mRNAs 

is controlled by the PIWI domain, and binds to the 5’ region of the passenger strand as 

well.13 The MID domain stabilizes the 5’ phosphorylated end of the guide strand, while the 

PAZ domain binds to the 3’ overhang of the passenger strand.14 Determination of these 

regions’ interactions with each other and their mRNA targets are very important for the 

design, characterization and testing of chemically-altered siRNA therapeutics.15  
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1.2 Important areas of siRNAs 

An siRNA duplex has several areas that are critical to form an active RISC 

complex. Since it is a duplex, it is formed of two complementary RNA strands. These 

strands are comprised of a sense and an antisense strand. In the field of RNAi, the sense 

strand is sometimes referred to as the passenger strand, and the antisense strand is 

sometimes named the guide strand. In this thesis, both sense (or passenger) and antisense 

(or guide) terms will be used interchangeably. The guide strand is the complement to the 

target mRNA, and the passenger strand is cleaved and discarded after the active RISC 

complex forms. 

The guide and passenger strands are further sub-divided into regions which are 

important for RISC to find and cleave its target mRNA, as discussed in the previous 

section. They consist of a 5’ end, central region, and 3’ end. The 5’ end is important for 

recognition of the correct guide strand, whereas the 3’ end is often modified for nuclease 

resistance. The central region of the passenger strand is where Ago2 cleaves between base 

pairs 9 and 10 from the 5’ end, although there is evidence this cleavage is not strictly 

required for unwinding the duplex (See Figure 1.3).54,77,78 
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Figure 1.3. siRNA regions of importance. Left is canonical cleavage and strand selection, 

right is alternate dissociation pathway due to non-cleavable central region spacers. 

1.3 Therapeutic challenges of siRNAs 

 Research into siRNA therapeutics is an expanding field with a lot of promise, 

focused on difficult to treat diseases such as cancer, Ebola viral infections, correction of 

auto immune disorders and to assist in the mitigation of symptoms from genetic defects 

through gene therapy.16 Several challenges need to be overcome with respect siRNAs, such 

as stability, as they are targeted and degraded by exonucleases. In addition, appropriate 

delivery systems need to be developed in order to guarantee that the siRNA penetrates its 

cellular target, since they often have poor cell membrane permeability.17 One final 

challenge is undesired off-target effects on partially homologous targets, which can occur 
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with mismatch base pairing of the guide strand to non-target mRNAs, and siRNAs often 

accumulate or diffuse into non-target tissue types. One last challenge is the control of the 

siRNA in biological systems. Like most therapeutics, siRNAs once they are deployed are 

uncontrollable in the host. This means the therapeutic is always active, retaining activity in 

the host system until it is degraded, metabolized or eliminated by the body. These outcomes 

are based on the pharmacological profile of the specific therapeutics being utilized, which 

can be complex for different classes of therapeutics. 

 

Every tissue type contains enzymes that exist for the degradation of nucleic acids, 

particularly exogenous DNA/RNA which provides a unique challenge by causing a  

reduction in the effectiveness of oligonucleotide-based therapies. These are called  

exo/endonucleases and are ubiquitous in the blood serum cell cytoplasm of mammals and 

even plants, which attacks the phosphodiester backbone of the RNA.18 The phosphodiester 

Figure 1.4. Degradation of native RNA with cleavage sites highlighted in red.  
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bond can be hydrolyzed at physiological pH (~ 7.4) since phosphorous is oxophilic and 

water attacks at the electrophilic site on the phosphorus, making a thermodynamically 

favoured covalent bond.19 This oxophilic property of the phosphorous presents a new 

challenge to overcome, since it favours nucleophilic attack from the 2’ hydroxyl on the 

ribose to the phosphorous in an intramolecular hydrolysis reaction, cleaving the 

oligonucleotide through self attack (Figure 1.4).20 These prevalent stability challenges must 

be overcome or mitigated to design a more effective therapeutic. 

Phosphodiester backbones are deprotonated at physiological pH because the 

hydroxyl group on the phosphorous has a pKa of around zero.21 This polyanionic RNA 

backbone reduces cell membrane permeability due to repulsion from the natural 

phospholipid bilayer.22 This does reduce cell uptake of the siRNA, which will impact the 

efficacy of the therapeutic. 

SiRNA off-target effects are another challenge. Non-complementary base pairing 

occurs on mRNAs with near homologous structures and can result in RISC uptake and 

activation, mistakenly allowing Ago2 to cleave the wrong target mRNA.23 Several other 

off-target effects exist, namely improper selection of the guide strand for cleavage, instead 

of the passenger strand. This results in an entirely novel mRNA target which could result 

in a negative outcome.24 Diffusion into non target tissues from the active site, and 

accumulation of siRNAs into the liver and kidney are also off-target challenges that require 

solutions. 

Controlling the timing of siRNA activity would be beneficial in several ways for 

therapeutics. One benefit is that the dose of the therapeutic can be high initially, and then 

inactivated when the desired outcome is reached. Moreover, this can be done multiple times 
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in a period of time to reduce drug resistance such as in the case of an antibiotic which 

becomes less effective overtime. In this way, resistance would be less likely to form and 

the therapeutic would be effective for longer periods. Another benefit is that accumulation 

of the siRNA in tissues like the liver and kidney, or other non-target tissues would be less 

of a concern since the siRNA could be inactivated where silencing activity is undesirable. 

To overcome these challenges we can improve siRNAs as therapeutics through 

creative design of delivery systems and utilization of chemical modifications that could be 

used to improve the various flaws in the oligonucleotides.  

1.4 Chemical modifications of siRNAs 

Organic chemists utilize their unique skill sets to overcome the structural disadvantages on 

the siRNA. Care must be taken to generate modifications that increase the stability, but do 

not eliminate the gene silencing ability of the siRNA. For example, a structurally neutral, 

and uncleavable siRNA with no silencing activity is ineffective as a therapeutic.  
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Chemical modifications can have their own challenges, such as being expensive, easily 

degraded, toxic and volatile. Moreover, these modifications can disrupt secondary structure 

Figure 1.5. DMT-Phosphoramidite oligonucleotide solid-phase RNA synthesis. 
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and the hydrogen bonding with the complement strand. There are many chemical 

modifications which improve stability while retaining silencing ability. None of them 

however, will improve every aspect of siRNAs that need to enhanced. Therefore, multiple 

types of modifications are required to be used simultaneously in the same oligonucleotide 

to effectively overcome the limitations of the wildtype siRNAs.  

 Since chemical modification of oligonucleotides is the goal, and wildtype 

biological structures are not suitable for use in adding diverse modifications to 

oligonucleotides, the use of commercial DMT (dimethoxytrityl)-phosphoramidites with 

solid phase synthesis, turns an incredibly challenging task into a reliable and secure way 

of adding virtually any chemical modification into the oligonucleotide.36 Synthesizing 

oligos a single base pair at a time, solid phase synthesis using controlled pore glass (CPG) 

supports is one of the best and robust methods of not only chemical synthesis of DNA or 

RNA, but adding in unique bases that do not exist in nature (Figure 1.5).37 Using these 

methods, novel chemical modifications can be incorporated into DNA or RNA molecules, 

where one end of the building block is protected with a DMT group, and a phosphoramidite 

electrophile is appended on the other end of the building block. 38   

The CPG support can be purchased with a variety of bases attached to the solid 

support. The initial deprotection is acid catalyzed removal of the DMT using trichloroacetic 

acid which affords a primary alcohol that can react with the 2’ phosphoramidite of the next 

base in the sequence (Fig 1.5, step i). Activation of the phosphoramidite base via 

ethylthiotetrazole displaces the diisopropylamine group from the phosphoramidite (Fig 1.5, 

step ii). Because of the oxophilic nature of the phosphorus as previously discussed, the now 

exposed primary alcohol can attack the phosphorus center, thus coupling the bases together 
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(Fig 1.5, step iii).39 Oxidation of the phosphite to phosphate occurs in the presence of 

iodine, water and pyridine (Fig 1.5, step iv). At this stage the cycle can continue to the next 

nucleotide to be added, or if the desired length has been reached the oligos can be cleaved 

from the solid support, deprotected and then used in whichever experiment was planned 

(v).40 

 Given the highly optimized DNA and RNA synthesis available to nucleic acid 

chemists, there are several chemical modifications that can be done to an oligonucleotide: 

1) backbone substitution or addition; 2) modification of the sugar and; 3) nucleobase 

modifications. This dissertation will be focused on modifying the backbone, while 

simultaneously replacing nucleobases with neutral, non-cleavable azobenzene spacers. 

 Backbone modifications can replace one or several base pairs with non-cleavable, 

neutral spacers that prevent cleavage by endonucleases in vivo. Endonucleases target  

phosphodiester linkages between nucleobases, and with those replaced they are now 

unsuitable substrates for cleavage. A simple replacement modification is altering one of 

the non-bonding oxygen atoms with a sulfur.41 This phosphorothioate (PS) provides extra 

stability by imparting nuclease resistance.42 This modification can be disruptive when 

placed in or adjacent to the Ago2 cleavage site, since the PS substitution results in a chiral 

center and different stereoisomers are often poor substrates for enzymes like Ago2.43 

Sugar modifications may be simple changes such as adding a methyl group to the 2’ 

hydroxyl to prevent self hydrolysis. This type of modification is called a 2’-O-methyl  
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modification. 44 More complex sugar modifications can also be made as well. Another 

common sugar replacement is 2′-fluorine, which preserves the C3’-endo conformation 

similarly to the 2’-OMe modification. They both increase nuclease stability and are less 

likely to illicit an immune response.82 Locked nucleic acids (LNAs) use a  methylene bridge 

connecting the C4′ of the ribose to the 2′-OH which forces the sugar into the C3’-endo 

pucker.34 An individual LNA sugar replacement is able to increase melting temperature of 

a duplex between 5-10 °C.83 It will also impart exonuclease resistance when placed at the 

3’end.84 Nucleobases can be modified as well. For example, 2,4-difluorotoluene is a 

nucleotide modification that has been shown to be useful in destabilizing duplexes to 

provide enhanced gene-silencing profiles. 45,46 (Figure 1.6). 

 

Despite these ground-breaking modifications, some issues persist and new ones can 

arise. To ensure efficient RNAi activity, the siRNA must be in a A-form helix.47 Ensuring 

a sufficient amount of flexibility in the duplex to maintain A-form helix formation is 

essential in chemically-modified oligonucleotide design. The ribose sugar conformation 

Figure 1.6. Various chemically-modified RNA bases 
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can be adjusted as well through utilizing gauche and anomeric effects. The favourable 

conformation of wildtype dsRNA is the C3’-endo/C2’-exo conformation, and modifications 

such as the 2’-fluoro stabilize the C3’-endo conformation,48 thus providing excellent RNAi 

activity in vivo when used within siRNAs.49  

The final way to modify RNA is to alter the nitrogenous bases to create a more 

robust and effective siRNA. Some modifications are known to disrupt Watson-Crick base 

pairing, and care should be taken to minimize hydrogen bond impairment through good 

siRNA design. The 2,4-diflurotoluene (dFT) is a thymine (DNA) and uracil (RNA) 

derivative with fluorine replacing oxygens on the nitrogenous base (Figure 1.6).50 This 

causes only small levels of disruption to the duplex when placed at the 5’ end of the guide 

strand. Thusly affinity to the target is increased making it more effective. The dFT in other 

locations in the guide strand disrupt hydrogen bonding, making the siRNA less effective.51  

 The addition of novel chemical modifications to siRNAs will often alter the 

biophysical profile of duplexes. Two critical properties that must be maintained within 

critical parameters are melting temperature (Tm) which rates thermal stability based on the 

inflection point of duplex destabilization and the helix conformation which must be in the 

A-form to be recognized by RISC.52 Thermal stability is important since siRNAs that 

dissociate at low temperatures, such as physiological body temperatures (37 °C), will be  

inactive in vivo because single stranded RNA cannot act as a substrate for the active RISC 

complex.53 A moderate reduction in Tm is well tolerated however, and that is fortuitous as 

most substitutions either mismatch or delete hydrogen bonding from the base pairs.54 
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1.5 Azobenzene and its Role in Nucleic Acid Modification 

The direction of this dissertation is to overcome some of these limitations through 

the development of a fine-tunable, light controllable photo-switch. This is done through 

the addition of an azobenzene into the guide or passenger strand of the siRNA, to develop 

a photo-switchable siRNA can be controlled in real time, with light. Depending on the 

specific azobenzene derivative, they are inactivated with either UV (chapters II and III), 

red light (chapter IV), or green light (chapter V) and reactivated with broadband visible 

light, violet light, or blue light respectively. 

Azobenzene is a molecule composed of two phenyl rings linked together by a 

nitrogen-nitrogen double bond (Figure 1.7).55  

 

This molecule was chosen because when exposed to various wavelengths of light, 

there is a large shift in the structures’ three-dimensional profile. The molecule can 

isomerize at the N=N bond between the trans and cis stereoisomers (Figure 1.8).56 This 

photo-isomerization is labile and robust, and maintains high photodynamic conversion 

after several isomerizations without exhaustion.57 The photo-switching occurs from trans 

to cis when the molecule is exposed to UV light in the 360 nm range, and the reverse cis 

to trans isomerization occurs when exposed to blue light around 430 nm.  

Figure 1.7. Conformation change of azobenzene when exposed to light, trans (left) 

and cis (right)  
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The wavelengths at which these isomerizations occur can be altered by substitutions 

at the ortho position of the phenyl rings adjacent to the N=N bond.58 Thermal stability of 

the cis conformer is extremely critical. Azobenzene will thermally relax back from cis to 

the trans form due to the ambient thermal energy, and natural instability of the adjacent 

phenyl rings in the cis conformer which are twisted out of plane towards each other.59 

Higher temperatures cause thermal relaxations to occur faster, since the molecule has more 

energy than at lower temperatures. Exposure over long periods of time makes this apparent 

when the experiment temperature exceeds the functional half-life of the molecule. For 

example, the half-life of cis azobenzene is about 4 hours at 37 °C.60  

Figure 1.8. Conformational change of azobenzene trans (left ~9Å) and cis (right 

~5.5Å) when inserted into RNA 
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These unique properties of azobenzene make it ideal for utilization in several fields 

for optical control. One example is liquid crystals for image storage, using azobenzenes as 

a liquid crystal display (LCD) in order to improve response times for computer and 

television screens.61 They have been used to control the rigidity of polymers with light.62 

There has been much research in using azobenzene as a photo-switch for biopolymers in 

vitro and in vivo control various biological functions with light in real time. This photo-

switching aspect has been discovered to be effective in proteins, DNA and RNA as well as 

DNA/RNA hybrids and as a method for delivery via irreversible photocaging. 

Proteins utilize azobenzene by having one end of the azobenzene tethered to the 

protein’s active site, but also attached to the ligand for the protein. Light exposure converts 

the conformer to cis from trans which then positions the ligand into the active site turns it 

on.63 The protein in the more stable trans position then keeps the ligand in the active site 

until light exposure with visible wavelengths flips the ligand back out of the pocket. 

Azobenzene can be used to control the secondary structure of proteins , such as allowing 

the isomerization to disrupt an alpha helix, or make kinks in a beta sheet, actively 

controlling whether the protein is in an active or inactive form in real time.64 Through its 

many uses azobenzene has become synonymous with photo-switch, and protein utilizations 

will continue well into the foreseeable future such as with RET (rearranged during 

transfection) kinase inhibitors. Located on chromosome ten, the RET gene has many 

natural alternative splices (single gene coding for many proteins). They are transmembrane 

receptors (proteins which span the entire membrane to which they are permanently 

attached), exist in many tissue types, and are necessary for healthy cell function, but can 

become malignant in several different cancers (notably thyroid) which make them a good 
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therapeutic targets with which to functionalize with azobenzene.65 Being neurotrophic 

receptors, the inhibition of cancer growth by stopping the neurotransmitters from binding 

by plugging the active site with azobenzene or preventing the receptor protein from being 

expressed through the RNA interference pathway. 

Nucleic acids have been shown to be promiscuous with respect to azobenzene 

modification. Controlling translation in real time would be advantageous for researchers. 

Advances in this field include controlling DNA/RNA hybridization by utilizing the 

azobenzene as a substitution of the nitrogenous base so when exposed to UV light the cis 

conformer breaks hydrogen bonds and the duplex turns unstable and separates into single 

strands of biopolymer.66 Asunama et al.’s group used a threonine scaffold in the backbone 

with an azobenzene acting as a nitrogenous base replacement.67 Placement of an 

azobenzene in the loop position of a hairpin oligo, offers control over whether the hairpin 

is self-annealed, or separated.68 Short hairpin RNAs can activate RISC,69 and could be 

utilized for translational control. An intriguing study in 2015 by Wu et al. and their group 

revealed that they could control RNase H activity (exclusively targets DNA/RNA hybrids) 

by using a deoxynucleotide complement to an RNA strand, with dumbbell shaped 

azobenzene overhangs adjacent to the complementary region. Exposure to light allows 

annealing of the RNA or DNA strands, and its subsequent digestion of the hybrid by RNase 

H.70 This is the kind of temporal control that could be utilized in siRNAs to make effective 

therapeutics. 

Work with non-reversible photo cages has been advancing as well. A photocage is 

a molecule or several molecules that when exposed to light either change shape or are 

cleaved entirely from the molecule.71 One example of a non-reversible photocage are o-
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nitrobenzyl derivatives, that when exposed to UV light goes through an intramolecular 

hydrogen abstraction via the nitro group which forms the aci-nitro and goes through a 

rearrangement to nitroso derivatives (Figure 1.9).72 

Figure 1.9. o-nitrobenzyl derivative for use as a photocage. Addition of UV light breaks 

the N=O pi bond, allowing intramolecular attack of the oxygen, forming a five member 

ring. Intramolecular proton transfer causes the ring to break. There is then a 

decarboxylation and the photocage is released from the payload, activating it.  

 

Using photoactive compounds they can be attached to small molecules such as 

drugs,73 or enzyme substrates74 (as done by Hiraoka and Hamachi 2003) and have them 

released upon exposure to light, keeping them inactive until needed. With respect to 

enzymes, they are used to increase the size of the substrate so the molecule cannot go inside 

the active site of the enzyme. The steric bulk is removed by light, and activity will then 

continue as the substrate can now enter the enzyme active site.75 Mikat and Heckel in 2007 

also showed that it is possible to control RNAi with photocage materials by surrounding 

the mRNA cleavage site between base pairs 10 and 11 in order to disable RNAi. Irradiation 

of UV light at 366 nm was shown to reactivate the pathway and had similar activity to the 

unmodified siRNAs.76 
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Work from Dr. Jean-Paul Desaulniers’ research group has shown that aromatic 

spacer linkages77 and non-aromatic alkyl spacer linkages54 are substrates for the RNAi 

pathway when these modifications are placed within the central region of the sense strand. 

This suggests that a large aromatic group may also function at the central region and would 

make an appropriate bioactive siRNA bearing unique functionality. Desaulniers et al. 

(2017) has shown siRNAs with biphenyl aromatic linkers did in fact have excellent 

knockdown ability targeting the endogenous BCL-2 gene.78 Additional recent work from 

his group has also revealed that large hydrophobic groups such as cholesterol, and large 

polar groups such as folic acid, can cross the cell membrane and inhibit gene expression 

without a transfection carrier79,85,86 (Figure 1.10 shows the progression of some of these 

modifications).  

With all of this evidence taken together, azobenzene has many unique properties 

that could be utilized within an siRNA. It has an electron dense core, is neutral in charge 

(that can offset the polyanionic backbone of an siRNA), is highly modifiable for fine tuning 

wavelengths for cis/trans isomerization, and is relatively non-toxic. Despite these qualities, 

siRNAs bearing azobenzenes in the central region have not been explored until recently. 

We are hopeful that this fine tuning could prevent localized off-target effects to 

surrounding healthy tissue, by only having the siRNA active in the specific target tissues 

that are problematic, through the application of light to selected areas. Many cancer 

treatments employ systems that harm healthy tissue, such as pharmaceuticals and excision, 

but some healthy tissue is always destroyed in the process. An azobenzene-modified 

siRNA may be able to mitigate some of these disadvantages. Homologous mRNA off-

target effects may still occur, causing undesirable phenotypes or unexpected toxicity but 
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these are usually concentration dependant and less likely to occur at the concentrations 

with which we tested these siRNAs.80 
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Figure 1.10 Various central region modifications used within siRNAs from Dr. Jean-Paul 

Desaulniers’ research group54, 77, 78, 79,87-90 
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1.6 The Benefits of Using an Azobenzene Modification 

Incorporating this modification into a biopolymer like siRNA, this conformational 

change potentially allows us to control the activation and inactivation of the siRNA through 

the application of the correct wavelength of light. Azobenzene as a replacement for 

phosphodiester bonds in the backbone is more stable, since endo- and exonucleases cannot 

use it as a substrate. However, azobenzene can be metabolized through the GSH (reduced 

glutathione) pathway, a tripeptide that is prevalent in the cytoplasm and has antioxidant 

properties. An additional beneficial property of azobenzene is that it has no anionic regions, 

thus potentially increasing cell membrane permeability due to less interactions between the 

negatively charged siRNA and the cell membrane, which is also composed of negatively 

charged phospholipids.34  

Utilization of a photo-switch into the siRNA would allow genes to be targeted and 

controlled without the addition of a second small molecule inhibitor as is often the case 

with drugs such as aptamers. Eliminating this extra step could make drugs easier to be 

controlled inside the nucleus, since the nuclear membrane can be difficult to cross with 

conventional pharmaceuticals. It also allows for good spatial and temporal control over 

translation, by targeting the mRNA preventing protein formation. Four azobenzene 

derivatives, Az1, Az2, Az2-4Cl, and Az2-4F (Figure 1.10) were synthesized and their 

stability and activity were tested biologically against both endogenous and exogeneous 

gene targets. Further potential targets for these siRNAs could be the BCL-2 or BCL-3 genes 

involved in non-Hodgkins lymphoma81 or any other cancer oncogenes. The genes that 

encode BCL-2 and BCL-3 are anti-apoptotic proteins that control the timing of cell death. 

Interference in this pathway prevents apoptosis by the overexpression of the proteins and  
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can allow cancer cells to persist indefinitely. Targeting the mRNA we prevent protein 

formation by controlling translation through degradation of the mRNA. This would allow 

therapeutic targets to be reached more easily, since only one membrane would have to be 

crossed in order to silence the gene of interest which would increase the effectiveness of 

the treatment. Figure 1.11 shows the predicted structures of the siRNA duplexes when 

exposed to various wavelengths of light. Utilizing different chemical modifications in the 

Figure 1.11 Photoinduced inactivation and reactivation of siRNAzos.  The blue strand 

corresponds to the sense strand and contains the azobenzene moiety.  The red strand 

corresponds to the antisense strand.Several azobenzene derivatives are embedded within 

siRNA duplexes showcasing how chemical modifications affect physical properties.87-90 
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ortho position of the azobenzene changes the photo-physical properties of the N=N bond 

energy levels. 

 

 The azobenzene N=N bond is composed of two λmax maxima, named for the energy levels 

of the orbitals the electrons jump from and to. The first maxima is in the UV portion of the 

spectra, with a large extinction coefficient called the π→π* transition. The second maxima 

has a notably weaker extinction coefficient and is labelled the n→π* transition.58 An 

unmodified azobenzene has a very strong π→π* and requires high energy UV light to 

convert from trans to cis isomerization. Conversely, the n→π* transition is so weak that 

lower energy broadband visible light will promote cis to trans conversion, which is directly 

related to the trans conformer being the more stable isomer. Alteration of the “push and 

pull” electronics of the conjugated system through chemical modification influences the 

wavelengths necessary for photo-isomerization in both directions. This is done to 

overcome the azobenzene’s natural limitations.58 As discussed in Chapter IV, the tetra-

chlorination of the azobenzene resulted in significant changes to the N=N bond 

transitions.90-92 We show through our bio-physical data, that the synthesized 

tetrachloroazobenzene uses red light to induce cis conformer formation (λmax = 456 nm), 

while blue-violet region light reverses this isomerization to the trans isomer (λmax = 438 

nm). This difference in the two n→π* is almost 20 nm. This is in line with previous work 

by Hecht and co-workers where they show that tetra-fluorinated azobenzene groups can 

get separation of the n→π* of 22-50 nm, depending on the specific para substitutions to 

the N=N bond.93 Interestingly, as discussed in Chapter V, tetra-fluorinated azobenzene 

derivatives caused a difference of 53 nm in the n→π* transitions, where (λmax = 468 nm) 
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uses green wavelength light to convert into the cis conformer, and blue wavelength will 

reverse it back to the trans conformer (λmax = 415 nm).  

 

1.7 Research Objectives  

Gene silencing at the translational level has proven to be an effective pathway for studying 

gene function, and in the future its development into bio-molecular tools for research and 

its utility as a therapeutic should not be overlooked. In this regard, the improvement of 

siRNAs into better therapeutics and tools through chemical modifications is a continuing 

area of study. The RNAi route is promiscuous to synthetic siRNAs which down regulates 

gene expression with high accuracy and excellent knockdown at low to moderate 

concentrations. Chemical modifications of siRNAs in various areas can improve cellular 

uptake, membrane permeability, nuclease resistance and toxicity reduction. These are 

limitations that exist in both DNA/RNA and can be overcome through synthetic chemical 

alterations which improve one or more of these properties. 

The main focus of this study is to replace a two nucleobase section of the passenger strand 

of the siRNA with various azobenzene derivatives in order to control its activity in 

biological cell culture.   

Our hypothesis is that by inserting an azobenzene derivative into the siRNA backbone, we 

will allow tunable photochemical control of the siRNA’s activity through the use of light.  

This can be achieved by activating the complex with specific wavelength of light to ensure 

the azobenzene is in the trans conformation, and adheres to A-form RNA helical formation.  

Furthermore, inactivation of the RNA duplex can be achieved with a light of specific 
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wavelength to render the azobenzene in the cis conformation. This will be outlined in the 

next five objectives of this thesis. 

1.7.1 Objective 1: 

Objective 1 of this project will involve the development of a small library of central region 

and 3’ end azobenzene containing siRNA oligonucleotides. This step adds the functionality 

of N=N bond, through the azobenzene moiety, and with it the photo-switch. The 

modification will be synthesized using organic chemistry and synthetically incorporated 

into RNA oligonucleotides.  

1.7.2 Objective 2: 

Objective 2 will investigate azobenzene containing sense strands and anneal them to their 

complement sequence to form active siRNA duplexes. These annealed siRNAs will 

undergo hybridization testing via melting temperature assays as well testing of the A-form 

helix with circular dichroism to confirm the secondary structure. These bio-physical 

characterizations will be tested under both visible and ultraviolet conditions in order to 

determine the activity of the photo-switch. Further bio-physical characterization of the 

siRNAs will be through absorbance spectra and how it changes, as well as HPLC 

characterizations in order to quantify the trans to cis conversions immediately and 

quantitatively.  

1.7.3 Objective 3: 

Objective 3 will test the siRNAs ability to silence gene expression using the dual luciferase 

reporter system from Promega. This will allow for easy quantification of the siRNAs 

knockdown ability. After gene silencing is confirmed the siRNAs will be treated with UV 
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light in order to inactivate them in vivo and if successful they will then be treated with 

visible light to see if they can be reactivated after a period of inactivity. Their reversibility 

will also be tested, through application of multiple rounds of UV/visible light treatments 

in order to keep the siRNA inactive for up to 24 h. SiRNAs with modifications at the 3’ 

end will also be tested for nuclease resistance. 

1.7.4 Objective 4: 

Objective 4 will utilize organic chemistry to tetra-chlorinate the ortho position of the 

azobenzene (Az2-4Cl) in order to move the π→π* transition out of the UV portion of the 

spectrum by red-shifting it and allowing inactivation with red wavelength light, instead of 

high energy harmful UV light. Biophysical characterizations will follow to determine the 

photo-switch’s efficiency and determine the amount of red-shift and test gene silencing 

ability.  

1.7.5 Objective 5: 

Objective 5 will involve the use of synthetic chemistry techniques to generate a tetra-

fluorinated azobenzene derivative (Az2-4F) to further improve on the photo-chemical 

properties of the siRNAzos. After synthesis, the Az2-4F derivative will be incorporated 

into the antisense strand of the oligonucleotide, where it will then be tested for duplex 

formation, thermal stability of the duplex, photo-switching ability, amount of red-shift and 

cis conformer thermal stability. Gene silencing profiles will be measured, and the length 

of time that the cis conformer will persist in cell culture also determined. 
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2.1 Abstract 

siRNAs bearing a 3’-azobenzene derivative on the sense strand were evaluated for their 

gene silencing ability in mammalian cell culture and nuclease stability in nuclease-rich 

media. Azobenzene can be isomerized between cis and trans isomers through the 

incubation of UV (cis isomer) and visible light (trans isomer). It was demonstrated that 

subtle differences in nuclease stability and activity were observed. These small changes 

can be used to photochemically fine-tune the activity of an siRNA for gene-silencing 

applications. 

2.2 Introduction 

The endogenous RNA interference (RNAi) pathway regulates gene expression in 

eukaryotic organisms.1 In 1998, Fire and Mello described the use of the RNAi pathway in 

which double-stranded RNAs (dsRNAs) were able to silence gene expression in a 

nematode, Caenorhabditis elegans.2 Since then, synthetic siRNAs have been used to 

silence genes for potential therapeutic and biotechnological applications.3-5  

   Stabilization of synthetic siRNA against nuclease degradation is important for in vivo 

and therapeutic applications.6 Several studies have demonstrated that siRNA resistance to 

nucleases can be improved by introducing chemically-modified nucleotide analogs into the 

siRNA structure.7,8 siRNAs containing 2’-O-methyl group and 2’-fluoro substitutions in 

the ribose sugar backbone have shown promising results with enhanced siRNA stability in 

the serum.6,7,9,10 Moreover, other modifications such as locked nucleic acid (LNA) can be 

used to both increase the thermal stability and nuclease stability of siRNA molecules 

without affecting their function.11 Such modifications offer the means to enhance the 
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stability of the siRNA structure without affecting its gene-silencing activity. Other studies 

have shown that large bulky substituents such as phenyl, napthyl, and other large aromatic 

groups on the 3’-end of the siRNA duplex can also confer stability to nucleases.12  

    Azobenzene is an aromatic compound that can undergo photo-isomerization. In the 

presence of UV light, azobenzene exists predominantly in the cis conformation and in the 

presence of visible light, azobenzene rests in the trans conformation.13 The isomerization 

from trans to cis is accomplished with UV light between 330 to 365 nm. Azobenzene can 

be returned to its trans conformation with broad spectrum visible light of 450 nm or 

greater.14 The trans state of the azobenzene molecule is planar and has a dipole moment 

near zero. The trans conformation of the azobenzene molecule is more stable; hence is the 

dominant isomer.15 In the cis isomer, the two phenyl rings of azobenzene molecule are 

twisted approximately 55 degrees out of the plane and the cis isomer has a dipole moment 

of three Debye units.13-15 Due to these properties, azobenzene has been used in 

oligonucleotide modifications and biological applications because of their ease in 

synthesis, high efficiency, and facile controlled isomerization.13,16-19  

    There are several approaches for modifying oligonucleotides in order to utilize 

azobenzene’s photo-isomerization properties. For example, modifications can be placed on 

the sugar or nitrogenous base, or serve as the backbone core of an oligonucleotide.13,20 The 

attachment of a photo-switch as a nucleoside surrogate has been a widely used approach. 

Moreover, inserting azobenzene into a sequence as an additional nucleoside has been 

widely applied as azobenzene intercalates between the neighbouring pairing bases in the 

trans conformation. Following UV irradiation, the cis conformation of the azo molecule 

reduces its ability to intercalate in duplex oligodeoxynucleotides, and as a result, the duplex 
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destabilizes.21 Most recently, our group synthesized a class of siRNAs bearing azobenzene 

(siRNAzo) within the central region of siRNAs, and we were able to control the gene-

silencing activity of these complexes with UV and visible light.18 Having an ability to 

control when the molecule is active or inactive would have an enormous benefit as potential 

therapeutics and/or biotechnological tools. 

   In this study, we investigated the effects of an azobenzene moiety on the 3’-end of the 

sense strand of siRNAs, and whether there was a change in stability and gene-silencing 

efficacy in the presence of UV light. Figure 1 illustrates the siRNAs used with the 

azobenzene. SiRNA 1 contains an azobenzene that contains a single carbon between the 

phenyl group and oxygen group, whereas siRNA 2 contains two carbons on the azobenzene 

atom between the phenyl group and the oxygen atom (Figure 2.1). 
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 Figure 2.1. Structural differences between native RNA, and siRNAs containing 

azobenzene derivatives. The differences between the trans and cis forms are identified.  
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2.3 Materials and Methods 

2.3.1 General 

 

Unless otherwise indicated all starting reagents used were obtained from commercial 

sources without additional purification. Oligonucleotides were synthesized according to 

our groups previously published protocol, using standard solid phase synthesis and 

materials.1 Antisense luciferase siRNA from Integrated DNA Technologies (IDT) was used 

for this study.  

 

2.3.2 Procedure for Absorbance Spectra Experiments 

 

All absorbance spectra measurements were done on a Jasco J-815 CD with 

temperature controller. Measurement was recorded from 200 -500 nm at 10 °C at least 3 

times. UV treated samples were placed under a UVP UVL-23RW Compact UV lamp 4.00 

W 365 nm for the indicated time at 25 °C . Visible light treated samples were placed under 

a 60.0 W daylight bulb from NOMA in standard desk lamp.  

 

 2.3.3 Procedure for HPLC Characterization 

 

 HPLC chromatograms were obtained on a Waters 1525 binary HPLC pump with a 

Waters 2489 UV/Vis detector using the Empower 3 software. A C18 4.6 mm x 150 mm 

reverse phase column was used. Conditions were 5% acetonitrile in 95% 0.1 M TEAA 

(Triethylamine-Acetic Acid) buffer up to 100% acetonitrile over 40 min. 
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2.3.4 Procedure for Nuclease Stability Assays 

SiRNAs 1, 2 and wt were tested for nuclease stability at a concentration of 12 μM. The 

time points tested for the stability were 0, 0.5, 1, 2, 3 and 4 hours for each siRNA. In micro-

centrifuge tubes 1 μL of 12 μM siRNA stock solution was added to 9 μL distilled water 

(10 μL total volume, 0 h time point) or 7.65 μL distilled water along with 1.35 μL fetal 

bovine serum (FBS) (10 μL total volume, all other time points) mixed and then incubated 

at 37°C for each time point. At each hour, the sample was prepared and placed in the 

incubator in a sequential order, starting with the 4-hour sample first. After the incubation, 

samples were run on a 20% non-denaturing polyacrylamide gel. Samples were mixed with 

10 μL of non-denaturing loading dye and loaded onto the gel. The gel was run using a 

stacking method, in which the gel was first run at 30V for approximately 2 hours until the 

siRNA was evenly loaded. The gel was then run for an additional 20 hours at 70V. The gel 

was stained using 3X GelRed nucleic acid dye for 30-45 minutes and was visualized via 

Flurochem SP (Fisher Scientific).   

2.3.5 Procedure for Maintaining Cell Cultures of HeLa Cells 

For biological analysis of these siRNAs in a live environment, human epithelial cervix 

carcinoma cells were  used (HeLa cells). They were kept in 250 mL vented culture flasks 

using 25.0 mL of DMEM with 10% fetal bovine serum and 1% penicillin-streptomycin 

(Sigma) in an incubator set for 37 °C @ 5% CO2 humidified atmosphere. 

 

Once cell lines became confluent (80-90%) they were passaged by washing 3 times with 

10 mL of phosphate buffered saline (NaCl 137 mM, KCl 2.70 mM, PO4
3-

 10.0 mM, pH 

7.40) and incubated with 3.00 mL of 0.25% trypsin (SAFC bioscience) for 4 min @ 37 °C 
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to detach the cells. The cells were transferred to a 50.0 mL centrifuge tube after the addition 

of 10.0 mL of DMEM solution and pelleted at 2000 rpm for 5 minutes. The supernatant 

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

A standard haemocytometer was used to obtain cell counts, after which the cells were 

diluted to a final concentration of 1.00 x 106 cells/mL for subsequent assays. To continue 

the cell line 1.00 mL of freshly passaged cells was added to 24.0 mL of DMEM/10% FBS 

and 1% penicillin-streptomycin at 37 °C in a new culture flask while the rest were used for 

assays. 

2.3.6 Procedure for siRNA Transfections 

100 μL of cells (total 1.00 x 105) were transfected into 12 well plates (Falcon®) with 1 mL 

of DMEM (10% FBS, 1% penicillin-streptomycin) and incubated at 37 °C with 5% CO2. 

After 24 hours the cells were transfected with various concentrations of siRNAs, along 

with both pGL3 (Promega) and pRLSV40 luciferase plasmids using Lipofectamine 2000 

(Invitrogen) in Gibco’s 1X Opti-Mem reduced serum media (Invitrogen) according to the 

manufacturer’s instructions. 1.00 μL of siRNA was added along with 2.00 μL (pGL3 200 

ng) and 0.50 μL pRLSV40 (50.0 ng) to 100 μL of 1X Opti-Mem in a microcentrifuge tube 

and kept on ice for 5 min. In a different microcentrifuge tube, 1.00 μL of Lipofectamine 

2000 (Invitrogen) was mixed with 100 μL of Gibco’s 1X Opti-Mem reduced serum media 

(Invitrogen) and incubated at room temperature for 5 min. After 5 minutes the tubes were 

mixed and incubated at room temperature for 20 min and then the entire contents 

transferred to the wells of the 12 well plate. 
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2.3.7 Procedure for in vitro Dual-Reporter Luciferase Assay 

 

100 μL of cells (total of 1.00 x 105 cells) were added to 12 well plates (Falcon®) with 1 

mL of growth media (DMEM 10% FBS, 1% penicillin-streptomycin) and incubated at 37 

°C with 5% CO2. After 24 hours the cells were transfected with 8.00, 20.0, 40.0, 160, 400 

and 800 pM concentrations of siRNAs, along with both pGL3 (Promega) and pRLSV40 

luciferase plasmids using Lipofectamine 2000 (Invitrogen) in Gibco’s 1X Opti-Mem 

reduced serum media (Invitrogen) according to the manufacturer’s instructions. After a set 

amount of time (8, 12 or 22h) the cells were incubated at room temperature in 1X passive 

lysis buffer (Promega) for 20 minutes. The lysates were collected and loaded onto a 96 

well, opaque plate (Costar). With a Dual-Luciferase reporter Assay kit (Promega), Lar II 

and Stop & Glo® luciferase substrates were sequentially added to the lysates and enzyme 

activity was measured through luminescence of both firefly/Renilla luciferase on a Synergy 

HT (Bio-Tek) plate luminometer. The ratio of firefly/Renilla luminescence is expressed as 

a percentage of reduction in firefly protein expression to siRNA efficacy when compared 

to untreated controls. Each value is the average of at least 3 different experiments with 

standard deviation indicated. 

2.3.8 Procedure for Light Inactivation of Azobenzene Modified siRNA (trans to cis) 

1.00 μL of the desired siRNA was added to a microcentrifuge tube and exposed to a 4.00 

W 365 nm UV lamp (UVP) and was exposed for at least 4 hours.  

After UV exposure the siRNA can be used in the transfection procedure above, but the 

transfection must be done in the dark room, to prevent the cis to trans conversion back into 

the active form. 
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2.4 Results 

                                         Table 2.1. Sequences of siRNAs[a] 

 

 
 

siRNA duplex  

wt     5’- CUUACGCUGAGUACUUCGAtt -3’  

3’- ttGAAUGCGACUCAUGAAGCU - 5’ 

 
1         5’- CUUACGCUGAGUACUUCGAAz1 -3’ 

3’- ttGAAUGCGACUCAUGAAGCU - 5’ 

 
2         5’- CUUACGCUGAGUACUUCGAAz2 -3’ 

3’- ttGAAUGCGACUCAUGAAGCU - 5’ 

[a] Az1 corresponds to the azobenzene derivative synthesized from 4-

nitrobenzyl alcohol. Az2 corresponds to the azobenzene derivative 

synthesized from 4-nitrophenylethyl alcohol; the top strand corresponds to the 

sense strand; the bottom strand corresponds to the antisense strand. In all 

duplexes, the 5’-end of the bottom antisense strand contains a 5'-phosphate 

group. 
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2.4.1 Gene-silencing activity with UV/visible exposures 

We investigated the gene-silencing effect of siRNAs 1, 2 and wt (Table 2.1) in the presence 

and absence of UV light. SiRNAs 1 and 2 were synthesized and characterized using our 

previously published method.18 In the presence of UV light, the azobenzene would adopt 

the cis form as the major isomer (Table S-1, Appendix 1), whereas in the absence of UV 

light, the trans form dominates. Briefly, the siRNAs were co-transfected with plasmids 

pGL3 and pRenilla into the HeLa cells, followed by cell lysis following transfection. The 

siRNAs were either inactivated with UV light prior to transfection, or they were not 

exposed to UV light, and thus the active form was transfected. The wt siRNA does not 

appear to have any change in silencing activity between the UV treated and no treatment 

groups. As shown in Figure 2.2, UV exposure does not have an appreciable effect on 

silencing. This is expected as the wt siRNA does not have any light-inducible isomerizable 

moieties. 

Figure 2.2. Reduction in normalized firefly luciferase expression for wt siRNA at 8, 20, 

40, 80, 160, 400 and 800 pM concentrations in HeLa cells and lysed 22 h post transfection. 

‘UV’ corresponds to the siRNA being exposed under a 365 nm UV lamp for inactivation 

prior to transfection. ‘No UV’ corresponds to active siRNA being transfected in HeLa cells 

in the absence of UV light.   
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SiRNA 1 exhibits efficient and potent gene-silencing activity, comparable to wt siRNA 

(IC50 4.69 pM), in both the presence and absence of UV light (Figure 2.3). As such, there 

does not appear to be a discernable difference in activity between cis (5.1 pM) and trans 

(5.5 pM). In contrast, siRNA 2 (cis 14.6 pM) against siRNA 2 (trans 7.4 pM) exhibits a 

small twofold change in gene-silencing profiles in the presence and absence of UV light 

(Figure 2.4) In the absence of UV light, the gene-silencing profile matches that of both 

siRNAs 1 and wt siRNA; however, in the presence of UV light, a small loss of gene-

silencing ability is observed. When the azobenzene is subjected to UV light, the cis isomer 

dominates, thus rendering the siRNA slightly less effective. In these experiments, the cells 

are lysed 22 hours post transfection. The cis isomeric form of azobenzene has been shown 

to have a half-life at 37 °C of approximately 4 hours22 Thus the small change observed in 

activity with siRNA 2 is likely due to thermal relaxation of the cis azobenzene to its more 

favored trans form. When we perform these experiments on a shorter 8 hour time scale 

(Fig S-5), larger differences in IC50 are observed for the cis and trans azobenzene form of 

siRNA 2 because less time is given for the cis form to relax back to the trans form. For 

example, we observe a 10-fold difference in IC50s for siRNA 2 (cis) (134.7 pM) and siRNA 

2 (trans) (13.5 pM). This data, compared to siRNA 1 (cis) and siRNA 1 (trans), showed 

almost no difference in activity (5.2 pM and 3.2 pM, respectively) 
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Figure 2.3. Reduction in normalized firefly luciferase expression for siRNA 1 at 8, 20, 40, 

80, 160, 400 and 800 pM concentrations in HeLa cells and lysed 22 h post transfection. 

‘UV’ corresponds to the siRNA being exposed under a 365 nm UV lamp for inactivation 

prior to transfection. ‘No UV’ corresponds to active siRNA being transfected in HeLa cells 

in the absence of UV light.   
 

Figure 2.4. Reduction in normalized firefly luciferase expression for siRNA 2 at 8, 20, 40, 

80, 160, 400 and 800 pM concentrations in HeLa cells and lysed 22 h post transfection. 

‘UV’ corresponds to the siRNA being exposed under a 365 nm UV lamp for inactivation 

prior to transfection. ‘No light’ corresponds to active siRNA being transfected in HeLa 

cells in the absence of UV light. 
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2.4.2 Nuclease stability with UV/visible exposures 

To investigate whether the effect of nuclease stability correlated to gene-silencing, we 

evaluated the siRNAs in the presence of nuclease-rich media, as shown in Figure 2.5.  

SiRNA 1 in the absence of UV light remains predominantly in the trans form, and as can 

be observed, cleavage starts around 30 minutes. Most of the siRNA 1 is cleaved after four 

hours. In contrast, siRNA 1 in its predominantly UV cis activated form, appears to be 

degraded at a slower rate compared to trans. Very little degradation occurs after 30 minutes, 

and a dominant band corresponding to the starting duplex remains at 4 hours. Thus, for 

siRNA 1, it appears that some increase in nuclease resistance is observed when the siRNA 

is subjected to UV light. 

For siRNA 2, both gels show cleavage starting at 30 minutes, in addition to some fraction 

remaining of the intact siRNA at 4 hours. There does not appear to be a large difference in 

cleavage activity between them.  

Figure 2.6 plots the intact remaining duplex siRNA as a function of time. When siRNA 

1 was subjected to UV light, the duplex strand remained more stable compared to the 

siRNA that was not subjected to UV light at shorter time-points. For the siRNA 1 that was 

not subjected to UV light, degradation commenced immediately, and it can be seen that 

roughly 50% of the native structure is degraded over 30 minutes. In contrast, with siRNA 
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2, some increase in stability exists with the UV-treated siRNA at 1 and 2 hours, but no 

large difference in degradation patterns as visualized on the gel.   

Figure 2.5. Nuclease stability assay. 20% Non-denaturing polyacrylamide gel with 

degradation products of siRNAs 1 and 2 after incubation with 13.5% fetal bovine serum at 

37 °C from 0 hours to 4 hours. 
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Figure 2.6. Quantification of remaining intact siRNA using ImageJ software. The 0 min 

time point was used as 100% intact siRNA (Top siRNA 2 and bottom siRNA 1). Grapical 

representation of intact siRNA derived from Figure 2.5. 

 

2.5 Conclusions 

In conclusion, we are reporting the stability and gene-silencing efficiency of siRNAs 

containing azobenzene at the 3’-end of the sense strand. The siRNAs differ by the number 

of carbons between the aromatic group and the oxygen atom. In siRNA 1, one carbon is 

placed between the aromatic group and the oxygen; whereas in siRNA 2, two carbons are 

present. In both cases, isomerization of the 3’-azobenzene to its cis form by UV light 
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appears to modestly enhance nuclease stability in the presence of fetal bovine serum at 

some time points. There appears to be a difference between the two azobenzene derivatives, 

and while they differ only in a single methylene linker on each side of the functional 

moiety, it could be that the components of the RISC complex and exonucleases do not 

distinguish siRNAs in both isomeric cis- and trans-azobenzene forms. However, we 

observed a larger difference in both the RNAi activity and stability assays with the larger 

azobenzene species, perhaps due to its slightly larger isomeric structures that can better 

differentiate between nucleases and components of the RISC complex. This could explain 

why the cis form of siRNA 2 shows a larger difference in stability and activity compared 

to the trans form, whereas the siRNA 1 linker showed almost the same activity. As noted, 

this difference is time dependent and gene-silencing data measured 8 hours post-

transfection for siRNA 2 shows a large difference in IC50, whereas this difference 

diminishes for longer experiments (22 hours). Nevertheless, both isomeric forms appear to 

be compatible with the siRNA pathway. Wildtype luciferase siRNAs have been shown to 

be effective up to one week after transfection in HeLa cells,23 and this modification could 

allow for a longer effective experimental window when in the cis isomer, for better 

temporal control of nuclease stability. Interestingly, since the cis form of these siRNAs 

exhibit increased nuclease resistance they can be used to increase the duration of the gene 

silencing efficacy window. Most wildtype siRNAs begin degrading within 30 min to 1 

hour, but our modification prevents this from occurring so rapidly, and as a result would 

allow the gene silencing to persist. As another application, the cis siRNAs could be 

transfected into the cells and after a certain period of time activated with visible light (or 

allowed to reactivate naturally). As a potential future work, we could also inactivate the 
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siRNAs in vivo after transfection to change from a time period of high gene silencing, and 

then through inactivation a period of moderate silencing. This could be useful in a study 

where moderate silencing of one gene leads to activation or inactivation of an agonist or 

antagonist and these effects could be studied in more detail, where complete inactivation 

through silencing would cause deleterious effects such as cell death if the target was an 

mRNA for essential proteins. In addition, the 3’-azobenzene could be used as a minimal 

chemical modification for other siRNA targets, also giving enhanced nuclease stability.24 

Furthermore, the 3’-end modification could allow for subtle fine-tuning of gene-silencing 

activity when small changes in inhibition over short time frames are desired. Future work 

involves designing photo-responsive 3’-azobenzene groups that can further improve the 

activity and properties of the siRNAs, as well as testing inactivation in vivo after 

transfection. 
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2.7 Manuscript I Supplementary Figures and Tables 

Full Supplementary data can be found in Appendix I 
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Connecting Statement I 

During the Chapter II study we determined that azobenzene is a suitable RISC substrate 

when placed into the 3’ end of the sense strand of the siRNA. Having shown that the 

azobenzene at the 3’ end imparts good nuclease resistance, as well as having a small but 

notable difference in gene silencing profiles when exposed to UV light, we wanted to the 

expand the utility of the system beyond just the 24 h tested previously, and against multiple 

targets. In the following study, we develop a system to inactivate the siRNA, and then 

maintain its cis conformer state for up to 24 h using carefully controlled doses of UV light. 

Using this new improved system we overcome the limitations of the cis conformer 

instability by preventing reactivation as it relaxes back to the trans conformer. We 

additionally test the robustness of the azobenzene photo-switch through exposure to 

multiple rounds of alternating UV and visible light. Finally, the last part of the next study 

was to determine whether we could target an endogenous gene, namely BCL-2, and utilize 

our system to reversibly control the endogenous target in the same way we controlled the 

exogenous firefly luciferase gene. We measured this gene silencing on endogenous targets 

using RT-qPCR. 
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3.1 Abstract 

In this study, we report the reversible control of RNA interference using siRNAzos, a class 

of siRNAs that contain azobenzene. Herein, we demonstrate that it is possible to take an 

active siRNAzo, and inactivate it for up to 24 hours. We also demonstrate reversibility of 

these siRNAzos within cell culture. For example, active siRNAzos can be inactivated in 

cell culture with ultraviolet light, and then reactivated with visible light. In addition, we 

also show that siRNAzos can be activated and inactivated towards the endogenous target 

gene, BCL2. 

3.2 Introduction 

The RNA interference (RNAi) pathway is an endogenous defense mechanism that targets 

viral and parasitic double-stranded RNA (dsRNA), and regulates gene expression in 

eukaryotes. Fire and Mello published a paper in 1998, identifying double-stranded RNAs 

as gene-silencing agents in the nematode Caenorhabditis elegans.1 Ever since this 

discovery, there has been interest in utilizing this pathway for therapeutics and 

biomolecular tools.2-4 The most recent FDA-approved siRNA is Onpattro, which is used 

for the treatment of hereditary transthyretin amyloidosis (hATTR).5 Despite this success, 

siRNAs as therapeutics often come with several known problems, such as poor stability, 

toxicity, off-target and tissue specific targeting. However, one issue in the field that has 

largely been overlooked in the field is reversing RNAi activity in the event of adverse 

siRNA off-target effects. Some recent research shows that short locked nucleic acid-

modified oligonucleotides complementary to the seed region of the guide strands can 

reverse siRNA activity.6 However, despite this study, more research and methods to 
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inactivate siRNA function is needed. In this paper, we describe the utility of 

photoreversibly controling RNAi using an siRNAzo (azobenzene-containing siRNA). 

Several advances over the last decade have led the development of photoresponsive 

siRNAs, which generally are dsRNAs that are inactive when entered inside of the cell, and 

then are activated with light. The first example was developed by Friedman and coworkers, 

in which they used a backbone-modified siRNA labeled with 1-(1-diazoethyl)-4,5-

dimethoxy-2-nitrobenzene (DMNPE-N2). Upon exposure with UV light (λ >320 nm), the 

groups are removed to yield an active siRNA.7 Heckel and coworkers have used 

photoresponsive protecting groups on guanine and thymidine nucleotides of the guide 

strand of siRNAs, which becomes uncaged to UV light.8 Most recently, Mokhir and Meyer 

developed a 5’-labelled alkoxyanthracenyl siRNA, which becomes uncaged via a singlet 

oxygen (1O2) photoregenerated photosensitizer on the 3’-end of the guide strand. Uncaging 

occurs with green or red light to yield an active siRNA.9 Despite these innovative advances, 

an inactive siRNA complex is irreversibly photoactivated to yield an active siRNA. The 

process cannot be reversed, and it is not entirely clear what effect the by-products of the 

caged functional groups when released may have on the cell. Having the ability to 

reversibly control the activity of an siRNA within the cell would offer greater spatial 

control of the siRNA. This reversibility could bypass and eliminate the undesired off-target 

side effects. 

Azobenzene is an attractive photoresponsive molecule because of its ability to photo-

isomerize in the presence of UV and visible light. This causes a large conformational 

change in the molecule, which can be used to disrupt biomolecular structures.10 The more 

stable isomer, trans is the normal resting state of the molecule, but through the addition of 
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energy in the form of UV light between 330-365 nm, photo-isomerization occurs and the 

molecule adopts a cis isomeric form. The cis form of azobenzene is less stable due to steric 

hindrance and strain on the N=N bond and thus can be converted back to trans with visible 

light above 450 nm.11 Because of these unique and useful properties, azobenzene has been 

used in many applications, including its incorporation into oligonucleotides (see Figure 

3.1) since it is relatively easy to synthesize and has a high quantum yield when photo-

switching.12 

 

 

 

 

 

Figure 3.1. Structural differences between native RNA, and azobenzene-containing RNAs.  

Az2 corresponds to the azobenzene unit used in this study. 

 

Previous work in our group utilized azobenzene’s photo properties in order to make 

siRNAzos, which are siRNA molecules that contain azobenzene.13,14 Figure 3.2 highlights 

the photoswitching properties of the siRNAzo. In the native trans form, the siRNAzo is 

active. When the siRNAzo is treated with UV light, the azobenzene unit adopts a cis 

conformation, and thus inactivates the siRNAzo. Restoration of activity can proceed by 

thermal relaxation and/or visible light. 
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Figure 3.2. Photoinduced inactivation and reactivation of siRNAzos. The blue strand 

corresponds to the sense strand, and contains the azobenzene moiety. The red strand 

corresponds to the antisense strand. 

 

3.3 Materials and Methods 

3.3.1Procedure for Oligonucleotide Synthesis and Purification 

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

supports were purchased from Chemgenes Corporation and Glen Research. Wild-type 

luciferase strands including the sense and 5'-phosphorylated antisense strand were 

synthesized. All commercial phosphoramidites were dissolved in anhydrous acetonitrile to 

a concentration of 0.10 M. The chemically synthesized (azobenzene derivative) 

phosphoramidites were dissolved in 3:1 (v/v) acetonitrile:THF (anhydrous) to a 

concentration of 0.10 M. The reagents that were used for the phosphoramidite coupling 

cycle were: acetic anhydride/pyridine/THF (Cap A), 16% N-methylimidazole in THF (Cap 
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B), 0.25 M 5-ethylthio tetrazole in ACN (activator), 0.02 M iodine/pyridine/H2O/THF 

(oxidation solution), and 3% trichloroacetic acid/dichloromethane. All sequences were 

synthesized on 0.20 μM or 1.00 μM dT solid supports except for sequences that were 3'-

modified, which were synthesized on 1.00 μM Universal III solid supports. The entire 

synthesis ran on an Applied Biosystems 394 DNA/RNA synthesizer using 0.20 μM or 1.00 

μM cycles kept under argon at 55 psi. Standard and synthetic phosphoramidites ran with 

coupling times of 999 seconds. 

Antisense sequences were chemically phosphorylated at the 5'-end by using 2-[2-(4,4’-

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

phosphoramidite. At the end of every cycle, the columns were removed from the 

synthesizer, dried with a stream of argon gas, sealed and stored at 4 °C. Cleavage of 

oligonucleotides from their solid supports was performed through on-column exposure to 

1.50 mL of EMAM (methylamine 40% wt. in H2O and methylamine 33% wt. in ethanol, 

1:1 (Sigma-Aldrich)) for 1 hour at room temperature with the solution in full contact with 

the controlled pore glass. The oligonucleotides were then incubated overnight at room 

temperature in EMAM to deprotect the bases. On the following day, the samples were 

concentrated on a Speedvac evaporator overnight, resuspended in a solution of 

DMSO:3HF/TEA (100 μL:125 μL) and incubated at 65 °C for 3 hours in order to remove 

the 2'-O-TDBMS protecting groups. Crude oligonucleotides were precipitated in EtOH and 

desalted through Millipore Amicon Ultra 3000 MW cellulose. Oligonucleotides were 

separated on a 20% acrylamide gel and were used without further purification for annealing 

and transfection. Equimolar amounts of complimentary RNAs were annealed at 95 °C for 

2 min in a binding buffer (75.0 mM KCl, 50.0 mM Tris-HCl, 3.00 mM MgCl2, pH 8.30) 
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and this solution was cooled slowly to room temperature to generate siRNAs used for 

biological assays. A sodium phosphate buffer (90.0 mM NaCl, 10.0 mM Na2HPO4, 1.00 

mM EDTA, pH 7.00) was used to anneal strands for biophysical measurements. 

3.3.2 Procedure for Performing CD Experiments 

Circular Dichroism (CD) spectroscopy was performed on a Jasco J-815 CD equipped with 

temperature controller. Equimolar amounts of each siRNA (10 μM) were annealed to their 

compliment in 500 μL of a sodium phosphate buffer by incubating at 95 ⁰C for two minutes 

and allowing to cool to room temperature. CD measurement of each duplex were recorded 

in triplicate from 200-500 nm at 25 °C with a screening rate of 20.0 nm/min and a 0.20 nm 

data pitch. The average of the three replicates was calculated using Jasco’s Spectra 

Manager version 2 software and adjusted against the baseline measurement of the sodium 

phosphate buffer.  

3.3.3 Procedure for Absorbance Spectra Experiments 

All absorbance spectra measurements were done on a Jasco J-815 CD with temperature 

controller. Measurement was recorded from 200-500 nm at 10 °C at least 3 times. UV 

treated samples were placed under a UVP UVL-23RW Compact UV lamp 4.00 W 365nm 

for the indicated time. Visible light treated samples were placed under a 60.0 W daylight 

bulb from NOMA in standard desk lamp.  

3.3.4 Procedure for Melting Temperature of siRNA Duplexes (Tm)  

The siRNA duplexes annealed as above were placed in the Jasco J-815 CD 

spectropolarimeter and then UV absorbance was measured at 260 nm against a temperature 

gradient of 10 °C to 95 °C at a rate of 0.5 °C per minute with absorbance being measured 
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at each 0.5 °C increment. Absorbance was adjusted to baseline by subtracting absorbance 

of the buffer. The Tm values were calculated using Meltwin v3.5 software. Each siRNA 

result was the average of 3 independent experiments and the reported values were 

calculated using Meltwin v3.5 assuming the two-state model.2  

3.3.5 Procedure for HPLC Characterization 

 HPLC chromatograms were obtained on a Waters 1525 binary HPLC pump with a 

Waters 2489 UV/Vis detector using the Empower 3 software. A C18 4.6 mm x 150 mm 

reverse phase column was used. Conditions were 5% acetonitrile in 95% 0.1 M TEAA 

(Triethylamine-Acetic Acid) buffer up to 100% acetonitrile over 40 min. 

 

3.3.6 Procedure for Reduced Glutathione (GSH) Degradation Assay 

 The GSH assay was performed on siRNA 6 in a 96 well plate at 37 °C. A 

concentration of 2.7 μM of siRNA was added to 10 mM glutathione and 5 mM TCEP in 

PBS to a final volume of 100 μL. Dark experiments were performed with no additional 

treatment at 0, 4, 8, and 24 h time points after which the entire 100 μL was sample was 

injected into the HPLC and characterized (same conditions as above) to afford the HPLC 

traces at the different time points. UV treated siRNA was exposed to 5 min of UV light 

before incubation at 37 °C, and kept in the dark until injection for 0, 4, 8, 24 h time points. 

The UV 0 h time point was exposed to UV light and then injected immediately onto the 

HPLC. 

3.3.7 Procedure for Maintaining Cell Cultures of HeLa Cells 

 For biological analysis of these siRNAs in a live environment, human epithelial 

cervix carcinoma cells were used (HeLa cells). They were kept in 250 mL vented culture 
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flasks using 25.0 mL of DMEM with 10% fetal bovine serum and 1% penicillin-

streptomycin (Sigma) in an incubator set for 37 °C @ 5% CO2 humidified atmosphere. 

 Once cell lines became confluent (80-90%) they were passaged by washing 3 times 

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

 10.0 mM, 

pH 7.40) and incubated with 5.00 mL of 0.25% trypsin (SAFC bioscience) for 4 min @ 37 

°C to detach the cells. The cells were transferred to a 50.0 mL centrifuge tube after the 

addition of 10.0 mL of DMEM solution and pelleted at 2000 rpm for 5 minutes. The 

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

A standard haemocytometer was used to obtain cell counts, after which the cells 

were diluted to a final concentration of 1.00 x 106 cells/mL for subsequent assays. To 

continue the cell line 1.00 mL of freshly passaged cells was added to 24.0 mL of 

DMEM/10% FBS and 1% penicillin-streptomycin at 37 °C in a new culture flask while the 

rest were used for assays. 

3.3.8 Procedure for siRNA Transfections 

100 μL of cells (total 1.00 x 105) were transfected into 12 well plates (Falcon®) with 1 mL 

of DMEM (10% FBS, 1% penicillin-streptomycin) and incubated at 37 °C with 5% CO2. 

After 24 hours the cells were transfected with various concentrations of siRNAs, along 

with both pGL3 (Promega) and pRLSV40 luciferase plasmids using Lipofectamine 2000 

(Invitrogen) in Gibco’s 1X Opti-Mem reduced serum media (Invitrogen) according to the 

manufacturer’s instructions. 1.00 μL of siRNA was added along with 2.00 μL (pGL3 200 

ng) and 0.50 μL pRLSV40 (50.0 ng) to 100 μL of 1X Opti-Mem in a microcentrifuge tube 

and kept on ice for 5 min. In a different microcentrifuge tube 1.00 μL of Lipofectamine 
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2000 (Invitrogen) was mixed with 100 μL of Gibco’s 1X Opti-Mem reduced serum media 

(Invitrogen) and incubated at room temperature for 5 min. After 5 minutes the tubes were 

mixed and incubated at room temperature for 20 min and then the entire contents 

transferred to the wells of the 12 well plate. 

3.3.9 Procedure for in vitro Dual-Reporter Luciferase Assay 

100 μL of cells (total of 1.00 x 105 cells) were added to 12 well plates (Falcon®) with 1 

mL of growth media (DMEM 10% FBS, 1% penicillin-streptomycin) and incubated at 37 

°C with 5% CO2. After 24 hours the cells were transfected with 160, 400 and 800 pM 

concentrations of siRNAs, along with both pGL3 (Promega) and pRLSV40 luciferase 

plasmids using Lipofectamine 2000 (Invitrogen) in Gibco’s 1X Opti-Mem reduced serum 

media (Invitrogen) according to the manufacturer’s instructions. After a set amount of time 

(8 or 24 h) the cells were incubated at room temperature in 1X passive lysis buffer 

(Promega) for 20 minutes. The lysates were collected and loaded onto a 96 well, opaque 

plate (Costar). With a Dual-Luciferase reporter Assay kit (Promega), Lar II and Stop & 

Glo® luciferase substrates were sequentially added to the lysates and enzyme activity was 

measured through luminescence of both firefly/Renilla luciferase on a Synergy HT (Bio-

Tek) plate luminometer. The ratio of firefly/Renilla luminescence is expressed as a 

percentage of reduction in firefly protein expression to siRNA efficacy when compared to 

untreated controls. Each value is the average of at least 3 different experiments with 

standard deviation indicated. 
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3.3.10 Procedure for Light Inactivation of Azobenzene Modified siRNA (trans to cis) 

 The cell culture plates were exposed to a 4.00 W 365 nm UV lamp (UVP) 2 hours 

after transfection for 8 h assays (1 exposure total) and every 4 h thereafter for 24 h assays 

(6 exposures total). Luciferase assays were then performed as indicated above at the desired 

time points. 

3.3.11 Procedure for Light Reactivation of Azobenzene Modified siRNA (cis to trans) 

 4 hours after the transfection procedure, the plate was exposed to a 60.0 W daylight 

bulb (NOMA) and left under the visible lamp for the rest of the time before the cells were 

lysed and the plate read as above. 

3.3.12 Procedure for consecutive UV/Vis Light Cycling (1.5x and 2x light cycling) 

 The first cycle was performed normally: UV inactivation after 2 hours for 45 min, 

and then visible light reactivation at 4 hours for 30 min. We then observed continued 

exposure to UV light every 4 hours for 45 min, as per the normal procedure up to 24 h 

(1.5x, 5 exposures total) to keep the siRNA inactive. The 2x procedure was identical except 

after the second UV exposure (45 min), a 1 h 15 min resting period of darkness to let the 

cells recover was observed after which the cells were re-exposed to visible light for 30 min 

which restored the siRNAzo’s activity.   
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  3.3.13 Transfection of HeLa cells with Lipofectamine 2000 

Cell transfection procedure was identical to the dual assay procedure, above. 

3.3.14 HeLa Cell Reverse Transcription (RT) Preparation 

After the expired transfection period the growth medium was removed and the plate 

was washed twice with PBS. The cells were removed from the plate using 250 μL of 0.25% 

trypsin to each well and incubated for 4 minutes at 37 °C with 5% CO2. The cell suspension 

was then added to 1 mL of growth medium to inactivate the trypsin and centrifuged at 2000 

rpm for 5 min. The supernatant was discarded and the cells were resuspended in 500 μL of 

fresh media. The cells in each tube were then counted to ensure a total number of cells 

between 100-200k per sample. After counting the cells were repelleted as above and 

washed with 500 μL of ice-cold PBS and then repelleted and the pellet was placed on ice. 

3.3.15 RT-PCR with the Invitrogen cells to cDNA kit II 

The following protocol uses reagents found in the Cells-to-cDNA kit purchased 

from Invitrogen. The pellet on ice was resuspended in 100 μL of ice cold Cell Lysis II 

Buffer and each sample was mixed by vortex. The samples were then immediately 

transferred to a pre-heated 75 °C heat block and left to denature for 10 minutes. The 

samples were then removed from the water bath and placed on ice. To each centrifuge tube, 

2 μL of DNase I (2 U/μL stock) was added and these mixtures were gently vortexed 

followed by a brief centrifugation to concentrate the sample. A genomic wipeout was 

accomplished by incubating the DNase I reaction at 37°C for 30 minutes. The samples 

were then heated to 75 °C for 10 minutes to deactivate the DNase I. To new nuclease-free 

microfuge tubes, was added 5 μL of cell lysate (RNA), 4 μL of dNTP mix(2.5 mM stock 
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for each dNTP), 2 μL of random decamers (50 μM stock) and 9 μL of nuclease-free water. 

The resulting mixture was then heated to 70 °C for 5 minutes to denature the RNA template, 

placed on ice for 1 minute, flash centrifuged, and placed on ice. The remaining RT reagents 

including: 2 μL of 10X RT Buffer, 1 μL of M-MLV Reverse Transcriptase (or 1 μL of 

nuclease-free H2O for a no reverse transcription (NRT) Control) and 1 μL of RNase 

inhibitor (10 U/μL stock) were added, mixed and centrifuged briefly. Reverse transcription 

was initiated by warming the samples to 42 °C using a thermal cycler for 60 minutes. 

Reverse transcriptase was inactivated by incubating the samples at 95°C for 10 minutes.  

This lysate can be stored for up to 2 weeks at -20 °C. 

3.3.16 RNA extraction, cDNA synthesis and RT-qPCR 

Prior to the RNA extraction, each well of the 24-well plate washed twice with 1X 

PBS. Total RNA was extracted from the Hela cells using the manufacturer’s instructions 

of the Total RNA Purification Plus Kit (Cat#: 48400. Norgen BioTek Corp, Thorold, ON, 

Canada). In addition, an on-column DNA digestion was performed using RNase Free 

DNase I Kit (Cat#:25710. Norgen BioTek Corp, Thorold, ON, Canada). Two microliter of 

each extracted RNA sample was used to measure the concentration and RNA integrity on 

the BioDrop (UK), and the presence of the RNA was confirmed by gel electrophoresis on 

a 1% (w vol-1) agarose. Three biological replicates were completed for each Azo-Modified 

SiRNA. The SiRNAs were inactivated and reactivated using the exact same procedures as 

listed above for the firefly/ Renilla Luciferase assays.  

The cDNA was produced using IScript cDNA synthesis kit (Cat #: 1708891. Bio-

Rad, Hercules, California) using 1 µg of total RNA, M-MLV reverse transcriptase, oligo 

(DT) and random primers. Two negative controls were performed with all reactions. The 
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first control contained the RNA template and all DNAse/RT reagents, except for the final 

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

that all reagents were free from possible contaminants. Once cDNA was produced, the 

products could be amplified (RT-qPCR). 

3.3.17 Quantitative RT-PCR 

To each reaction tube within the 96-well PCR plate (BIO-RAD) was added: 2 μL 

of cDNA template, 2 μL of NRT (No Reverse Transcriptase) control samples and nuclease 

-free water for a no template control (NTC), 10 μL of SsoFast EvaGreen Supermix (BIO-

RAD) containing SYBRgreen dye as a source of fluorescent nucleic acid dye and Sso7d-

fusion polymerase to amplify DNA, 1 μL of a 10 µM stock of forward and reverse BCL-2 

primers (final 50 nM) or 1 μL of a 10 µM stock of forward and reverse 18S rRNA primers 

(final 50 nM) and 6 μL of nuclease-free water to give a total volume of 20 μL.  

The q-PCR reaction was performed and recorded by a CFX96 Real-Time reactor 

(BIO-RAD). NRT controls were performed during standard curve analysis to confirm that 

amplification of the PCR product was cDNA and not genomic DNA. NTC controls were 

also performed to ensure that amplification of the PCR product was not a result of primer- 

dimers. The BCL-2 forward and reverse primers were 5’-CTG GTG GGA GCT TGC ATC 

AC-3’ and 5’-ACA GCC TGC AGC TTT GTT TC-3’, respectively, yielding a 150-bp 

amplicon. The 18S rRNA forward and reverse primers were 5’-CGG CTA CCA CAT CCA 

AGG AAG-3’ and 5’-CGC TCC CAA GAT CCA ACT AC-3’, respectively, yielding a 

247-bp amplicon. The protocol that was utilized to amplify the BCL-2 and 18S rRNA PCR 

products consisted of the following steps: pre-heat to 95°C for 2 minutes, 40 cycles of 

denaturing at 95 °C for 10 seconds, annealing at 52 °C for 30 seconds, and extension at 72 
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°C for 30 seconds. A melting curve analysis was performed on each amplicon by raising 

the temperature from 65 °C to 95 °C at 0.5 °C/min increments and measuring the 

absorbance at 260 nm. BCL-2 gene expression was normalized to 18S rRNA in triplicate 

by performing a gene study analysis using Bio-Rad CFX Manager (Version 3.1) software 

with 18S rRNA selected as a reference. 

3.3.18 Procedure for XTT Assays 

XTT reagents were allowed to thaw in the incubator at 37 °C. Once a consistent 

liquid with no particles was obtained after thawing, 2.5 mL of XTT Reagent was combined 

with 0.05 mL of Activation Reagent. 200 μL of this mixture was added to each well and 

the plates were placed back in the incubator for at least one hour. Plates were read using a 

BioTek plate reader (Fischer Scientific).All blanks and samples were averaged at both 

wavelengths. Specific absorbance for UV and non-UV samples were calculated using the 

following equation: 

 

Cell viability was then assessed and error bars were placed based on standard deviation. 

 

3.4 Results 

 

The siRNAzos that we generated contained the azobenzene within the central region of the 

sense strand (see Table 3.1). siRNAzo 1 replaces positions 8 and 9 from the 5’-end of the 

sense strand. Moving this azobenzene unit (Az2) one nucleobase at a time, siRNAzos 2, 3, 

and 4 replace positions 9 and 10, 10 and 11, and 11 and 12 from the 5’-end of the sense 

strand, respectively. The siRNAzos 5-7 designed to target the endogenous BCL2 gene also 

Specific Absorbance at 475 nm = Test Avg475nm - Blank Avg475nm - Test Avg660nm 
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contain the azobenzene unit within the central region of the sense strand. Our previous 

work showed that not only did the siRNAzos 1-4 have excellent knockdown at picomolar 

concentrations, but we could also control the siRNAzo’s activity through UV inactivation 

prior to the transfection of the siRNAs.13 We also demonstrated the ability to restore siRNA 

activity through the application of the broadband visible light greater than 450 nm. 

Table 3.1. Table of RNAs used and its target.[a] 

[a] Az2 corresponds to the azobenzene derivative synthesized from 4-nitrophenylethyl 

alcohol; the top strand corresponds to the sense strand; the bottom strand corresponds to 

the antisense strand. In all duplexes, the 5’-end of the bottom antisense strand contains a 

5'-phosphate group. 

 

 
 

siRNAzo siRNAzo duplex target 

 
wt 

 

   5'-CUUACGCUGAGUACUUCGAtt-3' 

3'-ttGAAUGCGACUCAUGAAGCU-5' 

 

luciferase 

1 

 

 

2 

 

 

3 

 

 

4 

 

 

5 

 

 

6 

 

 

7 

5'-CUUACGCAz2AGUACUUCGAtt-3' 

3'-ttGAAUGCGACUCAUGAAGCU-5' 

 

5'-CUUACGCUAz2GUACUUCGAtt-3' 

3'-ttGAAUGCGACUCAUGAAGCU-5' 

 

5'-CUUACGCUGAz2UACUUCGAtt-3' 

3'-ttGAAUGCGACUCAUGAAGCU-5' 

 

5'-CUUACGCUGAAz2ACUUCGAtt-3' 

3'-ttGAAUGCGACUCAUGAAGCU-5' 

 
   5’-GCCUUCUAz2GAGUUCGGUGtt-3’  
3’-ttCGGAAGAAACUCAAGCCAC-5’ 
 
   5’-GCCUUCUUAz2AGUUCGGUGtt-3’  
3’-ttCGGAAGAAACUCAAGCCAC-5’ 

 
   5’-GCCUUCUUUGAz2UUCGGUGtt-3’  
3’-ttCGGAAGAAACUCAAGCCAC-5’ 

 

luciferase 

 

 

luciferase 

 

 

luciferase 

 

 

luciferase 

 

 

BCL2 

 

 

BCL2 

 

 

BCL2 
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While this work was incredibly promising and useful, we were limited by the azobenzenes 

propensity to thermally relax back to trans when in the cis conformation. Azobenzene’s 

half life at 37 °C is approximately 4 hours,15 and this limited the durations we could do 

these experiments at, and consequently limiting their usefulness for longer term 

experiments.  

In this current manuscript, and building from our previous work, we demonstrate that our 

siRNAzos can be inactivated after transfection, inside the cells through the controlled 

application of UV light to the cell culture without damaging the cells. We are also able to 

reactivate the siRNAzos with visible light. Furthermore, we are able to complete this 

deactivation/activation cycle up to two times for an siRNAzo. To the best of our 

knowledge, this marks the first report of using an active siRNA, and inactivating it within 

cell culture, and then later reversibly activating it. In order to understand the reversible 

gene-silencing effect observed in our study, we first must understand the RNAi gene-

silencing mechanism. 

When a siRNA is incorporated into an active antisense-RISC complex, the sense strand is 

released. This active antisense strand complex can then target its mRNA for cleavage.  

However, once this active antisense-RISC complex forms, we are not able to inactivate its 

function reversibly because the azobenzene modification is contained within the sense 

strand. Thus, within the cell, there is an equilibrium that exists between unbound siRNAs 

and its bound active antisense-RISC complex. Yet, out of the total siRNA molecules 

internalized into the cell, it has been shown that only around 4% or less is actively 

associated with the RISC complex.16 By inactivating unbound siRNAs in the cell, we can 

prevent further loading to the RISC complex, and prevent the formation of more active 
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antisense-RISC complexes. This in turn would reduce the amount of gene-silencing over 

time. 

Figure 3.3. Normalized firefly luciferase activity for siRNAzos 1-4 and wt at 160, 400 and 

800 pM in HeLa cells monitored 8- and 24- hours post-transfection. UV corresponds to the 

siRNA being exposed under a 365nm UV lamp for inactivation 2 h post transfection for 45 

min (8 hr), and for an additional 45 min of UV exposure every 4 hours (24 hr). Dark 

corresponds to siRNAs being transfected in HeLa cells in the absence of UV light. 8-hour 

fold changes differences in activity for siRNAzos 1-4 (UV vs dark) for were between 2 – 

55 fold, and 24-hour fold changes were between 1 - 7 fold. See section 3.7 for detailed 

silencing profiles.  

 

In our previous study, we observed UV-mediated inactivation of the siRNAzo to be 

effective at 8-hour time points, but at 12 hours the siRNAzo resumed some activity. 

Although the 8-hour time point is optimal for short assays, many gene expression studies 

go beyond 8 hours, and we wanted to develop a more robust system that was effective 

beyond this time window. Using the Dual-Luciferase Reporter® Assay (Promega), we 

modified our procedure (see Supplement for experimental procedures) to transfect active 

siRNAzos, in which we could inactivate with UV exposure (45 min dose) two hours post 
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transfection. Within the 8-hour assay time-frame, one exposure of UV light was sufficient 

to keep the unbound siRNAzos inactive, but in order to extend this level of inactivity to a 

24 hour window, we exposed the transfected cells to low repeated doses of UV light (a 45 

minute dose of low intensity 365 nm UV light, repeated every four hours, for a total of six 

UV exposures). Previous literature reported that this amount of UV light for up to 24 hours 

was not particularly harmful to the cells.17 We also conducted XTT assays on the cell 

cultures exposed to UV light, and no loss on cell viability was observed (See Supplement 

S1, Appendix II). Our gene-silencing results for these two assays are shown in Figure 3, as 

a color-coded chart (see Figures S12-S17 in Appendix II for the corresponding numerical 

bar graphs).   

High luciferase activity is correlated to the intensity of the blue pixel, whereas low 

luciferase activity correlates to the intensity of the yellow pixel. There is a clear difference 

shown in luciferase activity between the UV and dark columns for both time points. 

Initially, at both 8- and 24-hour time points, luciferase activity is low for the dark-treated 

samples (dark), an indication of strong RNAi activity. Exposure to UV light causes RNAi 

activity to diminish and as a result luciferase acitivity was found to increase as shown by 

the black and blue pixels in the color-coded chart (UV). More importantly, we were able 

to keep the unbound siRNAzo inactive for up to 24 hours, without thermal relaxation, 

which is a significant improvement over our previous study where after 12 hours the 
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siRNAzo was active.13 Overall, the siRNAzos in their active form have good activity, 

however, we are able to inactivate their activity for up to 24 hours post transfection. 

 

Figure 3.4. Normalized firefly luciferase expression for siRNAzos 1-4 and wt at 160, 400, 

and 800 pM in HeLa cells monitored 8- and 24-hours post-transfection. UV corresponds to 

the siRNA being exposed under a 365nm UV lamp for inactivation 2 h post transfection 

for 45 min (8 hr), and for an additional 45 min of UV exposure every 4 hours (24 hr). VIS 

corresponds to visible light exposure 4 h after transfection. Dark corresponds to siRNAs 

being transfected in HeLa cells in the absence of UV light. Fold changes for siRNAs 1-4 

(UV vs dark) for 8 h were between 2 and 14 fold, and 24-hour fold change differences were 

between 3 and 21 fold. See section 3.7 for detailed silencing profiles.  
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Figure 3.5. Normalized firefly luciferase expression for siRNAzo 4 at 160, 400 and 800 

pM in HeLa cells monitored 24 hours post-transfection. UV corresponds to the siRNAzo 

being exposed under a 365nm UV lamp for inactivation 2 h post transfection for 45 min, 

and for an additional 45 min of UV exposure every 4 hours (six exposures total). 

UV/VIS/UV corresponds to one and a half consecutive UV/VIS cycles: UV inactivation, 

2 hours post-transfection for 45 min, followed by visible light reactivation at 4 hours after 

transfection for 30 min. A 2-hour rest period of darkness followed by re-exposure to UV 

light for 45 min, being re-exposed every 4 hours to UV (45 min) afterwards (5 exposures 

total). VIS corresponds to visible light exposure 4 h after transfection. UV/VIS/UV/VIS 

corresponds to two consecutive UV/Vis cycles: UV inactivation, 2 hours post-transfection 

for 45 min, followed by visible light reactivation at 4 hours after transfection for 30 min. 

A 2-hour rest period of darkness followed by re-exposure to UV light for 45 min, followed 

by 1 h 15 min in the dark and then the visible light for 30 min (Supplement S1 in Appendix 

II for details). Dark corresponds to siRNAzo 4 being transfected in HeLa cells in the 

absence of UV light. 

 

In the next experiment, we examined whether we could not only keep the unbound 

siRNAzo inactive for 24 hours, but also reactivate the unbound siRNAzos at a desired 

timepoint. The color-coded chart in Figure 3.4 shows this data (see Figures S18-S27 in 

Appendix II for the corresponding numerical bar graphs). As before, the UV-treated 

samples (UV) have only moderate to high luciferase activity, the visible-light treated 

samples (VIS) have moderate to low luciferase activity, and the no light (dark) samples 
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have low luciferase activity. In all cases, we were able to take an inactive siRNAzo (1 – 4), 

and restore its RNAi activity as measured by low luciferase activity after visible light 

exposure. 

We also explored whether the siRNAzo would remain intact after mutliple on/off cycles. 

The gene-silencing data for this experiment is shown in Figure 3.5 where the 

UV/VIS/UV/VIS bar (grey) shows that knockdown remains robust after two cycles. The 

first cycle was performed identically to the 8-hour inactivation assay highlighted in Figures 

3 and 4. After 8 hours, we then observed a 2-hour resting period of darkness to let the cells 

recover after which the cells were re-exposed to UV light for 45 min. After this exposure, 

the cells were allowed to rest for 1 h 15 min in the dark and then the visible light was 

utilized again for 30 min to restore the siRNAzo’s activity. This second cycle was an 

important step to show that after one cycle, siRNAzo activity was maintained. At all three 

concentrations (160, 400, and 800 pM), activity was restored and this is shown with the 

grey bar in Figure 5. There is a clear difference in gene-silencing activity between this grey 

bar and the blue inactivation bar, even after two doses of UV light. Additionally the 

UV/VIS/UV corresponds to 1.5 cycles (purple bar), and in Fig 5 the gene-silencing data 

illustrates that after one inactivation cycle, we can reactivate and then deactivate the 

siRNAzo and it remains inactive for the remaining 24 h of the assay at 160 and 400 pM.  

At the higher concentration 800 pM, full inactivity is not fully restored, but is less active 

than the two full cycles (UV/VIS/UV/VIS) and the dark control (yellow). In addition, to 

investigate the effect of metabolism on the siRNAzos, we performed a glutathione 

reduction assay on the sense strand of an siRNAzo and observed minimal degradation for 

up to 24 hours as monitored by HPLC (see supplement in Appendix II, S38 for details). 
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In addition, we also examined the inactivation and reactivation of an siRNAzo targeting 

the endogeneous target, BCL2 (Table 1). This anti-apoptotic endogenous target is of 

particular interest because it is one of the many oncogenes associated with several cancers 

that are upregulated.18,19 In a previous study of ours, we observed good knockdown of 

BCL2 using siRNAs bearing a conformationally-constrained biphenyl spacer within the 

central region of the sense strand.20 Using our photoresponsive protocol highlighted with 

the luciferase target, we conducted a similar experiment using real-time polymerase chain 

reaction (RT-PCR) to quantify the gene-silencing results. 

 

Figure 3.6. BCL2 expression normalized to 18S for siRNAzos 5-7 at 1, 10 and 20 nM in 

HeLa cells monitored 8 (left) and 24 (right) hours post-transfection. UV corresponds to the 

siRNA being exposed under a 365nm UV lamp for inactivation 2 h post transfection for 45 

min (8 h), and for an additional 45 min of UV exposure every 4 hours (24 h). VIS 

corresponds to visible light exposure 4 h after transfection. Dark corresponds to siRNAzos 

being transfected in HeLa cells in the absence of UV light. See section 3.7 for detailed 

silencing profiles.  

 

 

The left half of Figure 3.6 shows the results of the BCL2 targeting siRNAzos 5-7 at the 8-

hour time point, with the siRNAzos being pre-inactivated prior to transfection. Four hours 

post-transfection, UV light was administered. As demonstrated in Figure 6, poor RNAi 

activity of the siRNAzo is observed as indicated by the presence of high BCL2 expression.  
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In an experiment involving the same transfection setup, visible light was administered four 

hours post-transfection. As is indicated, excellent gene silencing was observed. The 

difference between the active and inactive siRNAzo complexes is between two- and five-

fold which is to our knowledge the first time an endogenous gene expression silencing 

profile could be controlled via the RNAi pathway in this manner. A dark control 

experiment involved transfecting an active BCL2 siRNAzo, and maintaining its active form 

in the dark. As expected, this experiment showed excellent dose-dependent gene-silencing 

characteristics.  

The right half of Figure 3.6 shows the results for the longer 24 hour time point assay, in 

which we could maintain inactivation of the unbound siRNAzos over the duration of the 

assay. As done similarily to the luciferase assays, transfections were carried out with the 

active form of siRNAzos 5-7 and 2 hours later was exposed to repeated doses of 365 nm 

UV light to inactivate it. The changes in gene silencing activity are between three- and five-

fold for the different concentrations. This is consistent with the 8-hour assay. These two 

experiments show that our siRNAzos are not only effective against endogenous targets, but 

we can inactivate their activity with UV light.  

To account for the reversible gene-silencing observed by the siRNAzos, we must consider 

both the populations of unbound siRNAzos and siRNAzos bound to RISC in the cell. The 

azobenzene modification is located on the sense strand of the siRNAzo. When the RISC-

antisense strand is activated, the sense strand is no longer part of the complex. Thus, when 

UV light enters the cell, it is not capable of reversing the antisense strand from the RISC 

complex. This system differs in its reversibility mechanism compared to the reported high-

affinity short oligonucleotides that reversibly target the siRNA guide strand.6 In our system, 
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a population of siRNAzos will be loaded by the RISC complex to form an active RISC-

antisense complex, and another population of siRNAzos will remain unbound. Thus, by 

subjecting the cells to UV light, we hypothesize that this would inhibit the loading of 

remaining free siRNAzos to the RISC complex. Reactivation of this complex with visible 

light, would then restore siRNAzo to its active form, which can then be loaded with more 

RISC complexes to further gene silence. We believe that this mechanism accounts for the 

reversible gene-silencing observed. 

3.5 Conclusions 

In conclusion, we are reporting here a significant improvement over prior reports of 

photoresponsive siRNA technology because we can reversibly control the activity of an 

exogeneous and endogenous target with light. This newfound ability to reversibly control 

an endogenous target’s activity after deployment into the tissue, would be useful for 

controlling adverse side effects in susceptible individuals. Many prior siRNAs that targeted 

a variety of diseases resulted in unexpected side effects.21 Another potential application for 

these siRNAzos is their use as biomolecular tools to examine the effect of gene expression 

of complex and/or interelated genes, in real time. Currently, the simultaneous deployment 

of multiple siRNAs (siRNA cocktails) is limited because they are concurrently deployed 

at once post-transfection. Using our siRNAzo technology, we could allow for several 

different gene-silencing siRNAs to be controlled in real time via light. Our future works 

include red-shifting the azobenzene’s isomerization wavelengths out of the UV portion of 

the spectrum, thereby allowing us to have unique photochemical control of these siRNAs 

using specific wavelengths. 
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3.7 Manuscript II Supplementary Figures and Tables 

Full Supplementary data can be found in Appendix II 
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Connecting Statement II 

During the Chapter III study we further enhanced the robustness of the protocols by being 

able to inactive the siRNAzo, and keep it inactive for up to 24 h using carefully controlled 

doses of UV light. While this was a large improvement over the previous methodology, 

which was limited by the cis conformer’s half life (4 h at 37°C), it still utilizes toxic UV 

light. We also showed that targeting endogenous BCL-2 was viable as well, and that the 

same method could be used to keep the siRNAzo inactive for up to 24 h. These 

advancements are excellent and highlights the large potential of using azobenzene as a 

therapeutic or biomolecular tool. However as a next step we wanted to get away from the 

UV portion of the spectrum, and red shift the π→π* transition into the red portion of the 

visible spectrum. We did this though a late stage tetra-chlorination of the ortho position on 

the azobenzene. This allowed us to circumvent the UV portions of the spectrum altogether 

and use non-toxic red light to inactive the siRNAzos. This new compound however had its 

own challenges which we will discuss in the next chapter. 
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4.1 Abstract 

In this manuscript, we report the chemical synthesis and derivatization of an ortho-

functionalized tetrachlorinated azobenzene diol. A 4’4-dimethoxytrityl (DMT) 

phosphoramidite was synthesized for its site-specific incorporation within the sense strand 

of an siRNA duplex to form ortho-functionalized tetrachlorinated azobenzene-containing 

siRNAs (Cl-siRNAzos). Compared to a non-halogenated azobenzene, ortho-functionalized 

tetrachlorinated azobenzenes are capable of red-shifting the π -> π* transition from the 

ultraviolet  (UV) portion of the electromagnetic spectrum into the visible range. Within this 

visible range, the azobenzene molecule can be reliably converted from trans to cis with red 

light (660 nm), and converted back to trans from cis with violet wavelength light (410 nm) 

and/or thermal relaxation. We also report the gene-silencing ability of these Cl-siRNAzos 

in cell culture as well as their reversible control with visible light for up to 24 hours. 

4.2 Introduction 

Since the report in 1998 by Fire and Mello, the RNA interference (RNAi) pathway has 

been of great interest for use as an effective therapeutic pathway and as a biomolecular tool 

for gene silencing.1 This endogenous pathway uses double-stranded RNA (dsRNA) as both 

a defence against unwanted viral infection and as an internal gene expression control. The 

ability to specifically silence gene targets based on the gene sequence makes this an 

attractive method to develop valuable therapeutics and biomolecular tools.2-4 There are 

currently two US FDA-approved siRNA therapeutics on the market. The first one, 

Onpattro, is a treatment for hereditary transthyretin amyloidosis (hATTR)5 and the second 

one, Givlaari treats acute hepatic porphyria.6 This recent success of siRNA therapeutics 
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follows a time of hardship for siRNA therapeutics due to many siRNAs failing clinical 

trials.7 Even with this renewed focus on siRNAs, siRNAs are still a challenge to use as 

therapeutics due to challenges that are well known to the field, such as poor stability, 

toxicity, off-target effects and tissue specific targeting. Another area that is of interest to 

siRNA design is the ability to control its activity within a cellular environment. One way 

to control its activity is to use a photoresponsive functional group. Advancements in the 

photoresponsive control of siRNAs have shown excellent results. Despite these positive 

experiments involving photo-switchable siRNAs, improvements are necessary. In this 

manuscript, we expand on the current knowledge in the field through the synthesis, 

characterization and biological testing of tetra ortho-chlorinated azobenzenes that are 

incorporated into the sense (passenger) strand of an siRNA duplex. These tetra ortho-

chlorinated azobenzene-containing siRNAs are called chlorinated siRNAzos (Cl-

siRNAzos). 

 The photoresponsive siRNA field has been growing rapidly over the last several 

years, but most of these chemical modifications involve the inactivation of the payload 

siRNA, which is then activated at a later time with ultraviolet (UV) light inside the cell. A 

great example of this technology was reported by Freidman and coworkers, in which a 

nitrobenzene derivative was attached to the siRNA backbone and exposure to 320 nm UV 

light caused the activation of the siRNA.8 The use of similar UV-labile protecting groups 

have also been used as thymidine and guanine modifications by Mikat and Heckel, which 

caused a bulge in the duplex, rendering the RNA-induced-silencing-complex (RISC) 

complex as inoperative until exposure to UV light, which cleaved the groups and activated 

the siRNA.9 Recently, Mokhir and Meyer developed a 5‘-labelled alkoxyanthracenyl 
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siRNA, which becomes uncaged via a singlet oxygen (1O2) photo-regenerated 

photosensitizer on the 3‘-end of the guide strand. Uncaging occusr with green or red light 

and yields an active siRNA.10 The limitation of these innovations is that siRNA payloads 

are irreversibly photoactivated and cannot be reversed once deployed. These photocages 

once released are chemical by-products which could have any number of unknown effects 

on the cells in the tissue. Thus, having greater spatial and temporal control of the siRNA 

via a reversible technology could have far-reaching effects on an siRNA’s use as a 

therapeutic and as a biomolecular tool bypassing and minimizing unwanted off-target 

effects. 

 In this regard, azobenzene is a viable photo-responsive molecule because of its 

ability to photo-isomerize in the presence of UV and visible light. These large 

conformational changes in the molecule can be used to disrupt biomolecular structures such 

as duplexes.11  

The more stable trans isomer is the native state of the molecule, but the addition of high 

energy UV light in the 330-360 nm range causes the less stable cis isomer to become 

dominant. This sterically hindered cis conformer strains the N=N bond, allowing for the 

use of low energy visible light above 450 nm to be used to convert it back to the more 

stable trans isomer.12 These unique and modular properties allow azobenzene to be used in 

many applications, including its incorporation into oligonucleotides (See Figure 4.1) since 

it is relatively easy to synthesize and contains a high quantum yield when photoswitching.13  
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Figure 4.1. Structural differences between native RNA, and azobenzene-containing RNAs 

(siRNAzos). Az2 corresponds to the azobenzene unit synthesized and used by our 

laboratory in previous studies14-16, Cl-Az2 corresponds to the azobenzene unit used this 

study. 

 Previous work in our group utilized this robust ability of azobenzene to photo-

isomerize to make siRNAzos, which are siRNA duplexes that contain azobenzene in the 

sense strand.14,15 Even more recently, we were able to extend the utility of our photo-

switchable system by keeping our siRNAs inactive for up to 24 hours.16 Our previous 

system14, where we inactivated the siRNA before transfection, was limited by the 

azobenzene’s half-life of 4 hours at 37 °C.17 This caused the reactivation of the siRNA over 

time, however the recent advancement we made was to inactivate the siRNA after 

transfection which allowed us to push the inactivation period to 24 hours, whereas 

previously, after 8 h (reactivation at 12 h) the siRNA would not remain inactive.16 
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Despite this advancement in our technology, we are still using UV light to cause this change 

in activity. UV light, while useful, has several issues associated with it such as its toxicity 

to cells over long exposure times.17 High-energy UV light has also been known to cause 

pyrimidine dimers, and has poor tissue penetration in the body because human skin has 

evolved to scatter UV light so it could not penetrate the body to damage tissues.19 This 

presents a great hurdle and becomes a major limitation for photochemically-controlled 

siRNAs dependent on UV light for therapeutic use.  

 Recent research on light penetration by Basford and co-workers show that 

penetration into human tissue is determined not only by wavelength but also light beam 

intensity and width.20 In their study, they reported that higher wavelength light induces 

deeper penetration. For example, red light penetrates to a depth of 5 mm, with maximum 

penetration occurring with a beam at least 10 mm wide, while UV gets less than 0.2 mm 

depth.20 This makes red-shifting the wavelength of photo-reactive pharmaceuticals a very 

high priority since many active therapeutics are not necessarily on the surface of the skin, 

but embedded within tissues. To accomplish this goal, there has been studies aimed at 

modifying azobenzene at the ortho positions in order to strain the N=N bond so that lower 

energy visible light can cause the isomerization from trans to cis. Feringa and co-workers 

used red-shifted azobenzene derivatives as a control for microbial activity by modifying 

antibiotics with chlorine and fluorine at the ortho positions of the azobenzene moiety and 

they reported excellent activity and reversibility with red and green light.21 Other reports 

involving photoresponsive control of nucleoside or oligonucleotide deriatives under visible 

light showed effective control.22-25 Other modifications at the ortho positions include not 

only halogens, such as fluorine and chlorine, but thiols, methoxy substituents, and amino 
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containing groups like morpholino and amines.26-28 One issue with extending the 

isomerization point in the longer wavelength area of the spectrum is that these cis 

conformers can become increasingly unstable as they become more red-shifted.29 

However, this is highly dependent on the modification, as shown with ortho-functionalized 

tetra-substituted chlorines being very unstable in the cis conformer.30 Trauner and co-

workers have developed a novel synthesis system for the late stage functionalization of 

azobenzenes, by adding chlorinated substituents after the N=N bond has formed, as 

opposed to modifying the ortho position before the dimerization.31  

 Therefore, in this new manuscript, we report the chemical synthesis of an ortho-

functionalized tetra-chlorinated azobenzene diol. A DMT-phosphoramidite of the 

chlorinated azobenzene was synthesized for its incorporation into the siRNAs using solid-

phase chemistry to generate red-shifted tetra ortho-chlorinated azobenzene-containing 

siRNAs (Cl-siRNAzos). We tested these red-shifted Cl-siRNAzos in cell culture and were 

able to control the activity of the Cl-siRNAzo by using red light (660 nm) to convert from 

trans to cis and thermal relaxation to revert from cis to trans. 

4.3 Materials and Methods 

4.3.1 General Methods 

Unless otherwise indicated all starting reagents used were obtained from commercial 

sources without additional purification. Anhydrous CH2Cl2 and THF were purchased from 

Sigma-Aldrich and run through a PureSolv 400 solvent purification system to maintain 

purity. Flash column chromatography was performed with Silicycle Siliaflash 60 (230-400 

mesh), using the procedure developed by Still, Kahn and Mitra.1 NMRs were performed 

on a Varian 400 MHz spectrophotometer. All 1H NMRs were recorded for 64 transients at 
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400 MHz and all 13C NMRs were run for 1500 transients at 101 MHz and all 31P NMRs 

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

ACD labs NMR Processor Academic Edition.  

4.3.2 Synthesis of 4,4’-bis(hydroxyethyl)-azobenzene – Compound (1) 

 To a solution of 90.0 mL of 5.70 M NaOH(aq) 4.00 g of 4-nitrophenethyl alcohol 

(23.9 mmol, 1.00 equiv.) was added and stirred until fully dissolved. To this solution 6.00 

g Zn powder (92.3 mmol, 3.85 equiv.) was slowly added to maintain stirring. After 

refluxing overnight for 16 h it was then filtered on a Buchner Vacuum filter, and the crystals 

were suspended in hot methanol. The crystals were collected and filtered again with a 

gravity filter to remove residual salts and then the methanol solution was removed using a 

rotary evaporator. Crystals were collected and purified on silica gel column using MeOH 

(2% to 5%) in CH2Cl2 to afford compound 1 as orange crystals (2.34 g, 72%). 1H NMR 

(400 MHz, d6-DMSO) δ 7.75 - 7.81 (d, J  = 8.21 Hz 4H) 7.41 (d, J  = 8.21, Hz 4H) 4.71 (t, 

J  = 5.28 Hz, 2H) 3.65 (td, J = 6.84, 5.47 Hz, 4H) 2.80 (t, J  = 6.84 Hz, 4H). 13C NMR (101 

MHz, d6-DMSO) δ ppm 150.84, 144.02, 130.34, 122.79, 62.26, 38.87; ESI-HRMS (ES+) 

m/z calculated for C16H18N2O2: 271.1441, found 271.1438 [M+H]+  

 4.3.3 Synthesis of (E)-(diazene-1,2-diylbis(3,5-dichloro-4,1-phenylene))bis(ethane-

2,1-diyl) diacetate Compound (2) 

To a solution of 6.00 mL of glacial acetic acid 0.5 g of compound 2 (1.85 mmol, 

1.00 equiv.) was added to a reactor tube. To that solution 1.9 g NCS (14 mmol, 8 equiv.) 

and 0.12 g of Pd(OAc)2 (0.5 mmol, 0.3 equiv.) and stirred at 140 ⁰C overnight (20 h, reflux). 

After rotary evaporation, the compound was then purified on silica gel using a 1%:99%: 
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acetone/dichloromethane mobile phase. This afforded compound 4 as a dark red crystal 

(0.54 g, 59%). 1H NMR (400 MHz, d-CDCl3) δ ppm 7.35 (s, 4H) 4.34 (t, J=6.72 Hz, 4H) 

4.28 (s, 1H) 2.98 (t, J=6.72 Hz, 4H) 2.09 (s, 6H). 13C NMR (101 MHz, d-CDCl3) δ ppm 

170.8, 170.7, 146.0, 140.6, 140.1, 129.8, 129.5, 127.4, 125.9, 63.7, 63.5, 34.2, 34.06, 20.9, 

20.8; ESI-HRMS (ES+) m/z calculated for C20H18Cl4N2O4: 492.17, found 491.0092 

[M+H]+ 

 4.3.4 Synthesis of (E)-2,2'-(diazene-1,2-diylbis(3,5-dichloro-4,1-

phenylene))bis(ethan-1-ol) – Compound (3) 

To a solution of 3.00 mL of 10 mg/mL NaOH in MeOH (0.1 equiv.) 0.2 g of 

compound 4 (0.4 mmol, 1.00 equiv.) was added to a 20 mL vial. That solution was stirred 

(1 h, rt.). After rotary evaporation, the compound was then purified on silica gel using a 

5%:95%: MeOH/dichloromethane mobile phase. This afforded compound 5 as a dark red 

crystal (0.12 g, 60%). 1H NMR (400 MHz, DMSO-d6) δ ppm 7.57 (s, 4 H) 3.69 (t, J=6.36 

Hz, 4 H) 2.81 (t, J=6.36 Hz, 4 H). 13C NMR (101 MHz, DMSO-d6) δ ppm 144.7, 144.1  

130.7, 130.4, 126.3, 124.7, 61.5, 61.2, 55.3, 40.6, 40.4, 40.2, 40.0, 39.7, 39.5, 39.3, 38.1, 

37.8; ESI-HRMS (ES+) m/z calculated for C16H14Cl4N2O4: 405.98, found 406.9882 

[M+H]+ 

4.3.5 Synthesis of (E)-2-(4-((4-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl-2,6-

dichlorophenyl)diazenyl) -3,5-dichlorophenyl)ethan-1-ol – Compound (4) 

To a solution of anhydrous DCM 5.0 mL 0.24 g of compound 5 (0.48 mmol, 1.00 

equiv.) was added and stirred until fully dissolved. To the solution 0.2 g of 4,4’-

dimethoxytrityl chloride (0.59 mmol, 1.00 equiv.) was added along with 0.41 mL 

triethylamine (2.93 mmol, 5.00 equiv.) The reaction mixture was stirred vigorously 
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overnight and monitored by TLC. The crude reaction was then concentrated by rotovap 

and purified on silica gel column using MeOH (2% to 5%) in CH2Cl2 to afford compound 

6 as a dark red oil (0.21 g, 50%). 1H NMR (400 MHz, d-CDCl3) δ ppm 7.17 - 7.43 (m, 14 

H) 6.77 - 6.88 (m, 4 H) 3.91 (t, 2 H) 3.80 (s, 6 H) 3.37 (t, 2 H) 2.83 - 2.91 (t, 4 H). 13C 

NMR (101 MHz, d-CDCl3) δ ppm 20.8, 20.9, 34.3, 54.5, 55.2, 55.2, 63.8, 76.7, 77.1, 77.4, 

86.1, 113.0, 113.1, 113.6, 125.9, 126.5, 127.2, 127.4, 127.8, 127.8, 128.1, 128.3, 128.7, 

129.5, 130.0, 130.2 , 136.0, 136.1, 138.5, 140.1, 140.5, 142.2, 144.9, 146.9, 158.0, 158.4, 

158.5, 170.7; ESI-HRMS (ES+) m/z calculated for C37H32Cl4N2O4: 710.47, found 709.1189 

[M+H]+ 

4.3.6 Synthesis of (E)-4-((4-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-2,6-

dichlorophenyl)diazenyl)-3,5-dichlorophenethyl (2-cyanoethyl) 

diisopropylphosphoramidite - Compound (5) 

To a solution of 4.00 mL of anhydrous DCM/ACN (1:1) 0.14 g of compound 6 (0.2 

mmol, 1.00 equiv.) was added to a flame dried flask. To that solution 0.28 mL of anhydrous 

triethylamine (2.0 mmol, 10.0 equiv.) was added along with 0.13 mL of 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite with (0.9 mmol, 3.00 equiv.) and stirred at room 

temperature until TLC showed starting materials were consumed (2 h). After rotary 

evaporation, the compound was then purified on silica gel using a 68%:30%:2% 

hexanes/ethyl acetate/triethylamine mobile phase. This afforded compound 7 as a dark red 

oil (0.1 g, 60%).1H NMR (400 MHz, d-CDCl3) δ ppm 7.35 - 7.43 (m, 2 H) 7.16 - 7.35 (m, 

12 H) 6.76 - 6.90 (m, 5 H) 3.86 (s, 1 H) 3.81 (s, 6 H) 3.74 - 3.79 (m, 1 H) 3.61 - 3.67 (m, 

1 H) 3.37 (s, 1 H) 2.96 (t, J=6.24 Hz, 2 H) 2.88 (t, J=6.24 Hz, 2 H) 2.79 (t, J=6.24 Hz, 2 

H) 2.62 - 2.67 (t, J=6.24 Hz, 2 H) 1.13 - 1.34 (m, 12 H). 31P NMR (162 MHz, d-CDCl3)  
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ppm 147.90. 13C NMR (101 MHz, d-CDCl3) δ ppm 17.0, 20.3, 20.8, 24.5, 24.6, 24.7, 42.9, 

43.0, 50.6, 50.7, 53.2, 54.5, 55.2, 58.2, 58.3, 58.4, 58.5, 59.2, 76.8, 77.1, 77.4, 113.1, 113.6, 

117.6, 117.7, 126.5, 127.2, 127.4, 127.8, 128.0, 128.1, 128.3, 128.7, 129.8, 129.9, 130.0, 

130.2, 135.9, 136.0, 138.5, 142.6, 144.9, 146.9, 158.0, 158.5, 203.2; ESI-HRMS (ES+) m/z 

calculated for C46H49Cl4N4O5P: 910.69, found 910.2711 [M+H]+ 

4.3.7 Procedure for Oligonucleotide Synthesis and Purification 

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

supports were purchased from Chemgenes Corporation and Glen Research. Wild-type 

luciferase strands including the sense and 5'-phosphorylated antisense strand were 

synthesized. All commercial phosphoramidites were dissolved in anhydrous acetonitrile to 

a concentration of 0.10 M. The chemically synthesized (azobenzene derivative) 

phosphoramidites were dissolved in 3:1 (v/v) acetonitrile:THF (anhydrous) to a 

concentration of 0.10 M. The reagents that were used for the phosphoramidite coupling 

cycle were: acetic anhydride/pyridine/THF (Cap A), 16% N-methylimidazole in THF (Cap 

B), 0.25 M 5-ethylthio tetrazole in ACN (activator), 0.02 M iodine/pyridine/H2O/THF 

(oxidation solution), and 3% trichloroacetic acid/dichloromethane. All sequences were 

synthesized on 0.20 μM or 1.00 μM dT solid supports except for sequences that were 3'-

modified, which were synthesized on 1.00 μM Universal III solid supports. The entire 

synthesis ran on an Applied Biosystems 394 DNA/RNA synthesizer using 0.20 μM or 1.00 

μM cycles kept under argon at 55 psi. Standard and synthetic phosphoramidites ran with 

coupling times of 999 seconds. 

Antisense sequences were chemically phosphorylated at the 5'-end by using 2-[2-(4,4’-

dimethoxytrityloxy)ethylsulfonyl]ethyl-(2-cyanoethyl)-(N,N-diisopropyl)-
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phosphoramidite. At the end of every cycle, the columns were removed from the 

synthesizer, dried with a stream of argon gas, sealed and stored at 4 °C. Cleavage of 

oligonucleotides from their solid supports was performed through on-column exposure to 

1.50 mL of EMAM (methylamine 40% wt. in H2O and methylamine 33% wt. in ethanol, 

1:1 (Sigma-Aldrich)) for 1 hour at room temperature with the solution in full contact with 

the controlled pore glass. The oligonucleotides were then incubated overnight at room 

temperature in EMAM to deprotect the bases. On the following day, the samples were 

concentrated on a Speedvac evaporator overnight, resuspended in a solution of 

DMSO:3HF/TEA (100 μL:125 μL) and incubated at 65 °C for 3 hours in order to remove 

the 2'-O-TDBMS protecting groups. Crude oligonucleotides were precipitated in EtOH and 

desalted through Millipore Amicon Ultra 3000 MW cellulose. Oligonucleotides were 

separated on a 20% acrylamide gel and were used without further purification for annealing 

and transfection. Equimolar amounts of complimentary RNAs were annealed at 95 °C for 

2 min in a binding buffer (75.0 mM KCl, 50.0 mM Tris-HCl, 3.00 mM MgCl2, pH 8.30) 

and this solution was cooled slowly to room temperature to generate siRNAs used for 

biological assays. A sodium phosphate buffer (90.0 mM NaCl, 10.0 mM Na2HPO4, 1.00 

mM EDTA, pH 7.00) was used to anneal strands for biophysical measurements. 

4.3.8 Procedure for ESI Q-TOF Measurements.  

All single-stranded RNAs were gradient eluted through a Zorbax Extend C18 HPLC 

column with a MeOH/H20 (5:95) solution containing 200 mM hexafluoroisopropyl alcohol 

and 8.1 mM triethylamine, and finally with 70% MeOH. The eluted RNAs were subjected 

to ESI-MS (ES-), producing raw spectra of multiply-charged anions and through resolved 
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isotope deconvolution, the molecular weights of the resultant neutral oligonucleotides were 

confirmed for all the RNAs. 

4.3.9 Procedure for Performing CD Experiments 

Circular Dichroism (CD) spectroscopy was performed on a Jasco J-815 CD equipped with 

temperature controller. Equimolar amounts of each siRNA (10 μM) were annealed to their 

compliment in 500 μL of a sodium phosphate buffer by incubating at 95 ⁰C for two minutes 

and allowing to cool to room temperature. CD measurement of each duplex were recorded 

in triplicate from 200-500 nm at 25 °C with a screening rate of 20.0 nm/min and a 0.20 nm 

data pitch. The average of the three replicates was calculated using Jasco’s Spectra 

Manager version 2 software and adjusted against the baseline measurement of the sodium 

phosphate buffer.  

4.3.10 Procedure for Melting Temperature of siRNA Duplexes (Tm)  

The siRNA duplexes annealed as above were placed in the Jasco J-815 CD 

spectropolarimeter and then UV absorbance was measured at 260 nm against a temperature 

gradient of 10 °C to 95 °C at a rate of 0.5 °C per minute with absorbance being measured 

at each 0.5 °C increment. Absorbance was adjusted to baseline by subtracting absorbance 

of the buffer. The Tm values were calculated using Meltwin v3.5 software. Each siRNA 

result was the average of 3 independent experiments and the reported values were 

calculated using Meltwin v3.5 assuming the two-state model.2  

4.3.11 Procedure for Absorbance Spectra Experiments 

All absorbance spectra measurements were done on a Jasco J-815 CD with temperature 

controller. Measurement was recorded from 200 -500 nm at 10 °C at least 3 times. The 
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coloured visible light experiments in Figure 2 were obtained using a 15.0 Watt iLUMI 

multiple wavelength A19 light bulb to isolate each colour. 

4.3.12 Procedure for HPLC Characterization 

HPLC chromatograms were obtained on a Waters 1525 binary HPLC pump with a Waters 

2489 UV/Vis detector using the Empower 3 software. A C18 4.6 mm x 150 mm reverse 

phase column was used. Conditions were 5% acetonitrile in 95% 0.1 M TEAA 

(Triethylamine-Acetic Acid) buffer up to 100% acetonitrile over 30 min. 

4.3.13 Procedure for Reduced Glutathione (GSH) Degradation Assay 

The GSH assay was performed on siRNA 6 in a 96 well plate at 37 °C. A concentration of 

2.7 μM of siRNA was added to 10 mM glutathione and 5 mM TCEP in PBS to a final 

volume of 100 μL. Dark experiments were performed with no additional treatment at 0, 8, 

and 24 h time points after which the entire 100 μL was sample was injected into the HPLC 

and characterized (same conditions as above) to afford the HPLC traces at the different 

time points. Red treated siRNA was exposed to red light for entire duration of assay during 

incubation at 37 °C, and kept in the dark until injection for 0, 8, 24 h time points. The red 

0 h time point was exposed to red light for 15 min and then injected immediately onto the 

HPLC. 

4.3.14 Procedure for Maintaining Cell Cultures of HeLa Cells 

 For biological analysis of these siRNAs in a live environment, human epithelial 

cervix carcinoma cells were used (HeLa cells). They were kept in 250 mL vented culture 

flasks using 25.0 mL of DMEM with 10% fetal bovine serum and 1% penicillin-

streptomycin (Sigma) in an incubator set for 37 °C @ 5% CO2 humidified atmosphere. 
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 Once cell lines became confluent (80-90%) they were passaged by washing 3 times 

with 10 mL of phosphate buffered saline (NaCl 137 mM, KCl 2.70 mM, PO4
3-

 10.0 mM, 

pH 7.40) and incubated with 3.00 mL of 0.25% trypsin (SAFC bioscience) for 4 min @ 37 

°C to detach the cells. The cells were transferred to a 50.0 mL centrifuge tube after the 

addition of 10.0 mL of DMEM solution and pelleted at 2000 rpm for 5 minutes. The 

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

A standard haemocytometer was used to obtain cell counts, after which the cells 

were diluted to a final concentration of 1.00 x 106 cells/mL for subsequent assays. To 

continue the cell line 1.00 mL of freshly passaged cells was added to 24.0 mL of 

DMEM/10% FBS and 1% penicillin-streptomycin at 37 °C in a new culture flask while the 

rest were used for assays. 

4.3.15 Procedure for siRNA Transfections 

100 μL of cells (total 1.00 x 105) were transfected into 12 well plates (Falcon®) with 1 mL 

of DMEM (10% FBS, 1% penicillin-streptomycin) and incubated at 37 °C with 5% CO2. 

After 24 hours the cells were transfected with various concentrations of siRNAs, along 

with both pGL3 (Promega) and pRLSV40 luciferase plasmids using Lipofectamine 2000 

(Invitrogen) in Gibco’s 1X Opti-Mem reduced serum media (Invitrogen) according to the 

manufacturer’s instructions. 1.00 μL of siRNA was added along with 2.00 μL (pGL3 200 

ng) and 0.50 μL pRLSV40 (50.0 ng) to 100 μL of 1X Opti-Mem in a microcentrifuge tube 

and kept on ice for 5 min. In a different microcentrifuge tube 1.00 μL of Lipofectamine 

2000 (Invitrogen) was mixed with 100 μL of Gibco’s 1X Opti-Mem reduced serum media 

(Invitrogen) and incubated at room temperature for 5 min. After 5 minutes the tubes were 
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mixed and incubated at room temperature for 20 min and then the entire contents 

transferred to the wells of the 12 well plate. 

4.3.16 Procedure for in vitro Dual-Reporter Luciferase Assay 

100 μL of cells (total of 1.00 x 105 cells) were added to 12 well plates (Falcon®) with 1 

mL of growth media (DMEM 10% FBS, 1% penicillin-streptomycin) and incubated at 37 

°C with 5% CO2. After 24 hours the cells were transfected with 8.00, 20.0, 40.0, 160, 400 

and 800 pM concentrations of siRNAs, along with both pGL3 (Promega) and pRLSV40 

luciferase plasmids using Lipofectamine 2000 (Invitrogen) in Gibco’s 1X Opti-Mem 

reduced serum media (Invitrogen) according to the manufacturer’s instructions. After a set 

amount of time (8, 12 or 22h) the cells were incubated at room temperature in 1X passive 

lysis buffer (Promega) for 20 minutes. The lysates were collected and loaded onto a 96 

well, opaque plate (Costar). With a Dual-Luciferase reporter Assay kit (Promega), Lar II 

and Stop & Glo® luciferase substrates were sequentially added to the lysates and enzyme 

activity was measured through luminescence of both firefly/Renilla luciferase on a Synergy 

HT (Bio-Tek) plate luminometer. The ratio of firefly/Renilla luminescence is expressed as 

a percentage of reduction in firefly protein expression to siRNA efficacy when compared 

to untreated controls. Each value is the average of at least 3 different experiments with 

standard deviation indicated. 
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4.3.17 Procedure for Light Inactivation of Azobenzene Modified siRNA (trans to cis) 

Cell culture was exposed to red wavelength light from time 0 h for the entire duration of 

the assays, either 8 or 24 hours. The lamp used was a 15.0 Watt iLUMI multiple wavelength 

A19 light bulb switched to red light, held directly above the cell culture plates to maximize 

red light exposure. 

4.3.18 Procedure for Thermal Relaxation and Reactivation of Azobenzene Modified 

siRNA (cis to trans) 

 Immediately following transfection cell culture was exposed to right light as above, 

which was then removed 2 hours post transfection to allow the azobenzene to thermally 

relax back to the active form of the siRNAzo in the dark. The cells were then lysed and 

luminescence measured as above in the luciferase assay. 

4.4 Results 

Our hypothesis was that chlorinated azobenzene, in the cis form, would distort the siRNA 

helix, thus rendering it non-functional in a similar manner to our previous research, but 

without the use of toxic UV light (see Figure 2). Being able to control the timing of when 

an siRNA is active or not active would have enormous benefit for modern medicine.   

To start, this involved synthesizing diol 1 from our previously reported procedure.14 This 

diol 1 reacted with n-chlorosuccinimide (NCS) and palladium acetate (Pd(OAc)2) to the 

ortho-functionalized tetrachlorinated azobenzene diacetyl compound 2 in 59% yield.   
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Figure 4.2. Photoinduced inactivation and reactivation of siRNAzos. The blue strand 

corresponds to the sense strand and contains the azobenzene moiety. The red strand 

corresponds to the antisense strand. 

 

This acetylated compound was deprotected in sodium hydroxide (NaOH) and methanol 

(MeOH) to afford the diol, compound 3. This diol was then reacted with 4’4-

dimethoxytrityl (DMT) chloride to afford the monoalcohol 4. Finally, the DMT-protected 

diol was phosphitylated with 2-cyanoethyl diisopropylchlorophosphoramidite in the 

presence of triethylamine to afford phosphoramidite 5 (Scheme 4.1). Overall, from 

compound 1, phosphoramidite 4 was generated in 11% yield over four steps. 
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Scheme 4.1. Synthesis of an ortho-functionalized tetrachlorinated azobenzene DMT-

phosphoramidite: (a) 0.3 equiv. of Pd(OAc)2 and 8 equiv. of NCS AcOH, 145 ⁰C, 59% (2); 

(b) 0.1 eq NaOH in MeOH, r.t. 0.5h, 60% (3); (c) 1 equiv. dimethoxytrityl chloride (DMT-

Cl), 3 equiv. TEA, THF, r.t., 50% (4); (c) 3 equiv. 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite, 10 equiv. TEA, anhydrous DCM:ACN (1:1), r.t. 2h, 

60% (5). 

Once the phosphoramidite was synthesized, a small library of Cl-siRNAzos were 

synthesized (Table 4.1). Three different Cl-siRNAzos were synthesized that target the 

firefly luciferase mRNA (Table 1). In each Cl-siRNAzo, the azobenzene derivative 

replaces two nucleosides on the oligonucleotide sense strand. These Cl-siRNAzos were 

purified and characterized by mass spectrometry (see Table S-1 in the Supporting 

Information, Appendix III). Cl-SiRNAzo 1 contains an azobenzene modification (Cl-Az2) 

that replaces positions 8 and 9, on the sense strand, counting from the 5’-end of the sense 

strand. This azobenzene insertion partially replaces the Argonaute 2 cleavage site.32 

SiRNAzos 2 and 3 contain the same azobenzene modification (Cl-Az2) and this 

modification spans two nucleosides that replace positions 9 and 10, and 10 and 11, of the 

sense strand, respectively. 
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                               Table 4.1. Table of RNAs used and its target.[a] 

 

 

 

 

 

 

 

 

 

 

[a] Cl-Az2 corresponds to the azobenzene derivative synthesized from Az2; the top strand 

corresponds to the sense strand; the bottom strand corresponds to the antisense strand. In 

all duplexes, the 5’-end of the bottom antisense strand contains a 5'-phosphate group. 

 

These siRNAzos were then tested for cis-trans isomerization, but due to the short half-life 

of the cis isomer, it was difficult to characterize via HPLC (Figures S2 to S4 in supplement 

S1, Appendix III) in any significant amount after exposure to red light. We performed some 

time-dependent absorbance studies after exposure to red light, and estimate the half-life at 

37 °C to be approximately 2 minutes (data not shown). Previous studies of various 

azobenzene structures (with and without ortho-chlorination) show a half-life from tens of 

milliseconds33 up to 3.5 hours.13 Our specific modification turned out to have a very 

unstable half-life of less than one minute, and so we chose thermal relaxation as the 

reactivation protocol. Also due to the smaller absorbance profile of the chlorinated 

azobenzene compared to the original non-chlorinated one, there was no discernible peak 

representing the Cl-Az2 moiety in the absorbance spectra (data not shown). Despite these 
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challenges, we were still able to characterize the Cl-siRNAzos via mass spectrophotometry 

(Table S1 Supplement S1, Appendix III). The ortho-functionalized tetrachlorinated 

azobenzene diol 3 itself was characterized via an absorbance graph, and both the trans and 

cis isomers and their change in absorbance are visible, with red wavelength light causing 

the change to cis, while violet light or thermal relaxation will restore the trans isomer 

(Figure 4.3). This finding is in agreement with the literature.33 

Figure 4.3. Absorbance profile of Cl-Az2 (compound 3) moiety when exposed to various 

wavelengths of  visible light (red (660 nm) and violet (410 nm)) in methanol. Inset: Zoomed 

in portion of 400-580 nm highlighting azobenzene changes.  

 

In addition, these Cl-siRNAzos also exhibited thermal destabilization because the 

chlorinated azobenzene moiety replaces two nucleotides within the central region, as 

measured by UV absorption profiles in melting experiments (Table S-1 in Supporting 

Information, Appendix III). This is consistent with other studies that place thermally 

destabilizing units into the central region of the sense strand.34-36 Lastly, these siRNAzos 

all retained classic A-type helix conformation which is required for the RNAi pathway to 

function, characterized by circular dichroism (Figure S1 in the Supporting Information, 

Appendix III). 
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Once the biophysical characterizations were completed, gene silencing was evaluated in 

the dark with no exposure to light. Since the more thermally stable trans isomer is dominant 

at 37 °C, we expected the siRNA to be in the active trans form and achieve efficient gene 

silencing. As expected, and observed in Fig. 4.4, all the Cl-siRNAzos demonstrated good 

dose-dependent silencing of the firefly luciferase gene at concentrations between 1 and 4 

nM (blue bars). This was observed for both time points, 8 and 24 hours. All three Cl-

siRNAzos show around 90% knockdown at 4 nM, with a decrease to approximately 70-

80% knockdown at 1 nM for the various time points and Cl-siRNAzos. Next, we screened 

these Cl-siRNAzos with exposure to red light in order to test for the inactivation, 

preventing their uptake into the RNAi pathway, and thus preventing gene silencing with 

the less toxic, low energy and high wavelength light. Previously, it was shown that 

exposure to higher energy low wavelength UV light could accomplish this effectively, and 

it could successfully be reversed with broadband visible light.16 We hypothesized that 

instead of disrupting the RISC complex after it had bound the siRNAzo, that we were 

preventing the uptake of remaining unbound siRNAs in the RNAi pathway with our 

system. At any one time, it has been reported that only about 4% of the active siRNAs are 

taken up into the RISC complex immediately upon transfection.37 Thus, within our system, 

the remaining unbound population of siRNAzos can be inactivated and their uptake into 

the RNAi pathway prevented.17 Our finding demonstrated, that with the new chlorinated 

azobenzene moiety, we could inactivate the unbound Cl-siRNAzos with red light and keep 

them inactive for up to 24 hours as long as the cells were exposed to the red light. In every 

case, all concentrations and both time points, luciferase activity increased to levels similar 

to untreated cells, thus indicating poor gene silencing when the cells were exposed to red 



132 

 

light (grey bars, Figure 4.4). There is also a very large difference in gene silencing as 

compared to the dark exposed Cl-siRNAzos, demonstrating the functionality of active vs 

inactive Cl-siRNAzos. As mentioned previously, due to the poor half-life of the Cl-Az2 

moiety, the cell culture had to be exposed to the red light for the entire duration of the 

assay. The next phase of our experiment involved testing the gene silencing by initially 

inactivating the siRNA with red light, then allowing the ambient thermal energy to convert 

our inactive cis form back to its active trans isomer. To achieve this, cells were exposed to 

red light for only the first 2 hours of the assay and the resulting luminescence of the 

luciferase was determined after 8 or 24 hours. We found that at both the 8- and 24-hour 

time points, excellent gene silencing was achieved to comparable levels to the control dark 

treatment (yellow bars). Additionally, we found no degradation of the siRNAzos via 

glutathione for up to 24 hours, whether exposed to red light, or kept in the dark (See Figure 

S5 in Supplement, Appendix III). This study demonstrated that we can actively control 

siRNA activity using chlorinated siRNAzos (Cl-siRNAzos) by using only visible 

wavelength light, which represents a significant advancement over the UV light utilized in 

our previous system and other reported technologies.8-10,14-16 This is an enhancement over 

our previous generation of siRNAzos, where higher energy UV light, which is toxic, was 

required to control the activity of gene-silencing within mammalian cells 
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Figure 4.4. Normalized firefly luciferase expression for Cl-siRNAzos 1-3 at 1, 2 and 4 nM 

in HeLa cells monitored 8- and 24-hours post-transfection. Red corresponds to the siRNA 

being exposed under a multi-wavelength lamp tuned to red light for inactivation 

immediately after transfection for the entire length of the assay (8 or 24 hr). Red/thermal 

corresponds to red light exposure for the first 2 h after transfection, after which the light 

was removed and the siRNA allowed to thermally relax back to the active state for the 

remaining of the assay (8 or 24 hr). Dark corresponds to siRNAs being transfected in HeLa 

cells in the absence of red light. WT corresponds to wild-type anti-firefly luciferase siRNA. 

 

4.5 Conclusions 

We have synthesized and evaluated red-shifted Cl-siRNAzos that can be photo-chemically 

controlled using visible wavelength light. To our knowledge this is the first time, a system 

utilizing siRNAs with an azobenzene moiety could be photo-controlled using only visible 

light, using wavelengths of 660 nm for red, and 410 nm for violet light. We believe this to 
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be an improvement over the previous system, which until now required the use of toxic UV 

light to induce photo-chemical control of the siRNA.16 Using visible light should not only 

prove to be less toxic, but there are also no photo-chemical by-products released, such as 

in the case of photocages. In addition, this system is also reversible, another improvement 

over the caging systems available. The short half-life of the cis conformer however remains 

problematic, since constant exposure to red light is inconvenient for use as a bio-molecular 

tool or a therapeutic. One way to overcome this challenge, is to continue exploring different 

chemical modifications which not only allow the photo-control with visible light, but also 

allow longer half-lives at physiological relevant temperatures, so that inactivation can 

occur with one short exposure of light, and then be red-activated later at a time of our 

choice. If overcome, a visible light controllable therapeutic with a long half-life would be 

very beneficial to the research sector for use as a biomolecular tool, as well as within the 

pharmaceutical industry where fine-tuned spatio-temporal control of a drug would be 

desirable. This is an important issue: a paper published from Alnylam® Pharmaceuticals 

in 2018 disclosed that a short oligonucleotide was capable of reversing the activity of an 

active siRNA.38 Utilization of this system to control off-target effects in a patient 

undergoing treatment would also be ideal, where red light exposure on sensitive adjacent 

tissues or surrounding healthy tissue could prevent off-target effects and siRNA-mediated 

toxicity. Future directions include further exploration of chemical modifications to improve 

functionality, as well as development of a multi-siRNAzo system, where multiple targets 

could be activated/inactivated selectively with different wavelengths of light. 
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4.7 Manuscript III Supplementary Tables and Figures 

Full Supplementary data can be found in Appendix III 
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Connecting Statement III 

In the Chapter IV study we successfully red-shifted the π→π* transition into the visible 

spectrum, in order to inactivate the siRNAs with non-toxic red light. This was an 

improvement over the non-halogenated azobenzene in two ways: 1) we could keep the red 

light on the cells in order to keep the siRNA inactive for up to 24 h; 2) red light is low 

energy and non-toxic. While these properties were greatly improved over the original 

siRNAzos, we were actually limited by the incredibly short half-life of the chlorinated 

azobenzene, which is less than 2 min at 37 °C. While we overcame this fast reactivation by 

simply keeping the cell culture under the red light, having to keep it exposed to red light is 

limiting. The short half life is due to the size of the chlorine atoms, which forces the cis 

conformer out of plane and causes the quick relaxation back to trans. To overcome this 

flaw in the azobenzene derivative, a visiting researcher from Japan, Kota Tsubaki, designed 

and synthesized a tetra-fluorinated azobenzene derivative. Due to the smaller size of the 

fluorine atom and its high electronegativity, we hypothesized that a red-shifted tetra-

fluorinated azobenzene derivative would have a much longer half-life. In the literature, 

fluorinated azobenzene derivatives have been shown to have a predicted cis half-life of up 

to 2 years in the dark at room temperature. Thus, we synthesized the tetra-fluorinated 

azobenzene (Az2-4F) derivative and then incorporated it into our siRNA system and 

proceeded to do the bio-physical characterizations and biological testing on the tetra-

fluorinated azobenzene from the siRNA we synthesized from it. Interestingly, due to the 

new modifications at the ortho (Cl→F) and para (CH2→O=C-NH-) positions, red light in 

the 620 nm range did not have the same high efficacy that it did with the tetra-chlorinated 

azobenzene. Alternately, green light in the 535 nm range was the most effective at inducing 
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trans→cis isomerization, and this came with the benefit of a more stable cis conformer 

half-life. Our results are presented in the next chapter. 
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Chapter 5: Preparation Manuscript IV- Synthesis, 

Derivatization and Photochemical Control of 

ortho-Functionalized Tetra-fluorinated 

Azobenzene-Modified siRNAs 
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5.1 Introduction 

The discovery of the RNA interference (RNAi) mechanism by Fire and Mello in 1998 has 

developed into several significant fields of study, mostly focused on gene-silencing, but 

also on the control and utilization of the pathway for therapeutic benefits.1 The endogenous 

pathway they discovered utilizes double-stranded RNA (dsRNA) to control gene 

expression and as defenses against viruses. Through this highly robust and target specific 

pathway, researchers have been developing therapeutics and bio-molecular tools to take 

advantage of RNAi.2-4 SiRNA based therapeutics are rare, and currently there are only 

three, with one fast tracked for approval most recently, which are US-FDA approved for 

use against rare, untreatable diseases. Onpattro, the originally approved therapeutic, treats 

hereditary transthyretin amyloidosis (hATTR)5. More recently, Givlaari which targets 

acute hepatic porphyria, was also aapproved for use.6 Both of these were landmark 

approvals, since prior to this, most siRNAs would fail clinical trials for a multitude of 

reasons.7 Lumasiran is the third approved siRNA from Alnylam, and it targets primary 

hyperoxaluria type 1 (PH1). This is a rare genetic disease caused be overproduction of 

oxalate in hepatic tissues and the symptoms range from kidney stones, nephrocalcinosis to 

kidney failure.8 The most recent siRNA therapeutic fast tracked for approval is Vutrisiran, 

targeting transthyretin (TTR)-mediated amyloidosis.9 Poor stability, toxicity, off-target 

effects and tissue specific targeting still plague siRNAs as therapeutics. A way to overcome 

this limitations is through chemical adaptation and modification, improving the properties 

of the siRNA to increase its viability leading to increased clinical trial successes. Designing 

the siRNA so that its activity can be controlled after deployment with small molecules such 

as aptamers or ideally, non-invasive light exposures are constantly being explored by 

researchers. Photoresponsive functional groups are one way to control activity. The 
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advancing field of photo-controlled siRNAs have been showing promise, but many 

improvements are still needed to be explored. Here, we push the boundaries of the current 

knowledge through the synthesis, characterization and biological testing of tetra ortho-

fluorinated azobenzenes that are introduced into the anti-sense (guide strand) of an siRNA 

duplex. These tetra ortho-fluorinated azobenzene containing units are named fluorinated 

siRNAzos (F-siRNAzos).  

In the last decade, photoresponsive siRNAs as a field has expanded rapidly, incorporating 

several strategies to improve siRNA’s therapeutic properties. These have been mostly 

focused on inactived payload siRNAs, which are inactive siRNAs which are deployed and 

then activated at a later time with ultraviolet (UV) light inside the target. Freidman and his 

team utilized a nitrobenzene derivative attached to the siRNA phosphodiester backbone 

directly via a phosphonate linkage. Exposure to 320 nm UV light removes this nitrobenzene 

through light mediated cleavage and activates the payload siRNA.10 UV-mediated 

cleavable groups are utilized in several different ways, such as Mikat and Heckel’s 

modification of thymidine and guanine. Through modification, they created a bulge in the 

RNA induced silencing complex (RISC) active site which made the siRNA uncleavable 

and thus inactive. Exposure to UV light cleaves the bulge-inducing groups and allows for 

RISC activation.11 A more recent development by Mokhir and Meyer utilized a 5’-labelled 

alkoxyanthracenyl siRNA, which becomes uncaged through singlet oxygen (1O2) 

generation by a photo-regenerated photosensitizer on the 3’-end of the guide (anti-sense) 

strand. The cage is removed with red or green light, and yields the active siRNA.12 These 

leading edge modifications are innovative, however, they are limited in a single regard, in 

that they are irreversibly uncaged through photo-activation and they cannot be returned the  
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previously inactive state. In addition, photocages may also release chemical cleavage 

products which have unknown effects on the targeted tissues and surrounding area. There 

is therefore a need for a reversible, non-cleavable siRNA that can be photocontrolled. Such 

a molecule would advance the photo-switchable siRNA field even further towards the ideal 

therapeutic which minimizes off target effects through non-invasive light control.   

 All of the properties we are looking for, to move ever closer to the ideal therapeutic can 

be achieved with azobenzenes, due to its large conformational changes when exposed to 

differing wavelengths of light. These large changes have been shown to disrupt 

biomolecular secondary structures like duplexes.13 

The azobenzene molecule itself has a dual nature, consisting of a more stable trans 

conformer, and when exposed to high energy UV light (330-360 nm) goes through an 

intramolecular conformational change to the cis conformer. Because of sterics, the cis 

conformer is strained out of plane with the N=N bond, allowing for the use of lower energy 

broad band visible light (<450 nm) to convert it back to the more stable trans isomer.14 

Another unique property of azobenzene is its modularity. It can be chemically modified to 

change its properties to suit the application, such as its incorporation into oligonucleotides 

(See Figure 5.1), is relatively easy to synthesize and has a high quantum yield for 

photoswitching.15 
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Figure 5.1. Structural differences between native RNA, and azobenzene-containing RNAs 

(siRNAzos). Az2 and Cl-Az2 corresponds to the azobenzene units synthesized and used 

by our laboratory in previous studies16-19, F-Az2 corresponds to the azobenzene unit used 

this study. 
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Our prior studies focused on the photo-isomerization of azobenzene to control the gene 

silencing ability of siRNAs, which we named siRNAzos.16,17 Additionally, we have made 

advances in our ability to keep the siRNA inactive for up to 24 h18, increasing the utility of 

our system by 4- fold, whereas before reactivation would begin to occur after 8 h, due to 

the half-life ( 4 h @ 37 °C) of the cis conformer of the azobenzene.21 The first iteration of 

the system,16 where the siRNA was transfected in the cis conformer, inactive form, lacked 

utility since reactivation would occur over time. Our next advancement allowed us to keep 

the siRNA inactive for up to 24 h by using carefully controlled doses of UV light after 

transfection, thus preventing reactivation after 12 h due to the short half-life.18 

These advancements were significant towards our goals, but using UV light limits its 

usefulness due to the photochemical and physical properties of the UV light itself. The 

main issues of UV light are toxicity from long term exposure, and its high energy which 

has the potential to cause pyrimidine dimers.21 It also has poor penetration into human 

tissues since skin has evolved to reflect UV light away from deeper more sensitive tissues.22 

These become limitations for our photo-controllable system, and our reliance on UV light, 

while effective, is not ideal for therapeutic use. 
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Figure 5.2. Visible wavelengths of the electromagnetic spectrum. Movement towards the 

right indicates a red-shift, while the opposite direction results in a blue-shift of the 

wavelengths. 

 

Red-shifting the wavelength means moving it from its current position λX , towards the 

right (increasing wavelength) into the lower frequency and energy portion of the spectrum 

resulting in λX+shift. In a similar fashion, moving left (decreasing wavelength) into the higher 

energy and frequency portion of the spectrum results in a blue-shift, or λX-shift (See Figure 

5.2). These terms are not related to the actual colour of the final wavelength. For example, 

a change from blue to green wavelengths is a red-shift, while a change from orange to green 

wavelength is a blue-shift. 

Research into light penetration by Bashford and co-workers show that the depth of ingress 

into human tissues is determined by wavelength but significantly, also light beam intensity 

and width.23 In their study, they reported that higher wavelength light gets deeper 

penetration through tissues. Red light penetrates to a depth of 5 mm, with maximum 

penetration occurring with a beam at least 10 mm wide, while UV gets less than 0.2 mm 
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depth.23 Because of these properties, visible light is a better choice than UV, and where 

possible its utilization should be made a priority in order to access deeper embedded 

tissues, since most therapeutics do not target the surface of the skin. One way to red-shift 

the π→π* transition of the N=N bond is through chemical modification of the ortho 

positions, which strains the π bond and allows low energy red light to cause the trans to cis 

isomerization. 

Feringa and his research group developed red-shifted azobenzene derivatives by 

chlorinating or fluorinating the ortho positions. These were modified antibiotics that were 

able to control microbial activity using red or green light, with high activity and 

reversibility.24 There exist multiple other instances of photo-responsive control of 

nucleoside or oligonucleotide derivatives under visible light which showed effective 

switching ability.25-28 Other modifications at the ortho positions include not only halogens, 

such as fluorine and chlorine, but thiols, methoxy substituents, and amino containing 

groups like morpholino and amines.29-31 An issue that develops as these azobenzenes 

become more red-shifted is that the cis half-life becomes more unstable the more red-

shifted it becomes.32 This unintentional consequence of moving into longer wavelengths 

however is highly dependent on the specific functional groups in the ortho positions of the 

azobenzene. This is prevalent with chlorine atoms in the ortho position, which due to their 

size causes large strain on the cis conformer and results in a very short half-life.33 

One issue with extending the isomerization point in the longer wavelength area of the 

spectrum is that these cis conformers can become increasingly unstable as they become 

more red-shifted.32 However, this is highly dependent on the modification, as shown with 

ortho-functionalized tetra-substituted chlorines being very unstable in the cis conformer.33 
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Trauner and co-workers have developed a novel synthesis system for the late stage 

functionalization of azobenzenes, by adding chlorinated substituents after the N=N bond 

has formed, as opposed to modifying the ortho position before the dimerization.34 Utilizing 

the late stage chlorination procedure, we developed our own tetra-chlorinated siRNAzos, 

and were able to inactivate the RISC complex with red light. We were able to keep the 

siRNA inactive for up to 24 h, but were plagued by the short half-life of the cis conformer 

(< 2min at 37 °C).19 This was still an overall improvement, since we were no longer 

subjected to the toxicity and high energy of UV light. Because of this, while the length of 

the half-life was not desirable, we simply kept the red light on the cell culture for the entire 

24 h assay. Since it was low energy and non-toxic, we were not strictly limited by the half-

life, but it having to keep the light in place for the entire assay is more limiting than we 

would like. Hecht and co-workers however, reported that the synthesis of tetra-fluorinated 

azobenzene derivatives, in the ortho position, was incredibly stable, and depending on the 

specific azobenzene molecule, had a calculated cis conformer half-life of up to two years, 

in the dark.33  
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 Figure 5.3. Structural and physical property differences between native RNA, and 

azobenzene-containing RNAs (siRNAzos). From left to right, Az2, Az2-4Cl and Az2-4F 

are shown along with the improvements over each previous siRNAzo.   

 

As a result, we report here the chemical synthesis of an ortho-functionalized tetra-

fluorinated azobenzene diol. From the diol, a dimethoxytrityl (DMT)-phosphoramidite of 

the fluorinated azobenzene was synthesized for its incorporation into the siRNAs using 

solid-phase chemistry to generate red-shifted tetra ortho-fluorinated azobenzene-

containing siRNAs (F-siRNAzos). Figure 5.3 shows the progression of useful properties 

as we further modify the azobenzene core to get the desired tunability for our system. Each 

iteration improves a desired property (red-shifted, increased cis half life). We then tested 

these red-shifted F-siRNAzos in cell culture and were able to control the activity of the F-

siRNAzo by using green light (535 nm) to convert from trans to cis and used blue light 

(470 nm) relaxation to revert from cis to trans. 
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5.2 Materials and Methods 

5.2.1 General Methods 

Unless otherwise indicated all starting reagents used were obtained from commercial 

sources without additional purification. Anhydrous CH2Cl2 and THF were purchased from 

Sigma-Aldrich and run through a PureSolv 400 solvent purification system to maintain 

purity. Flash column chromatography was performed with Silicycle Siliaflash 60 (230-400 

mesh), using the procedure developed by Still, Kahn and Mitra.41 NMRs were performed 

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

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

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

ACD labs NMR Processor Academic Edition. 2,6 difluoroanline (compound 1) was 

purchased from TCI chemicals and used without further purification. 

5.2.2 Synthesis of 4-bromo-2,6-difluoroaniline- Compound (2) 

To a solution of 2,6-difluoroaniline 1 (12.9 g, 100 mmol) in acetonitrile (200 ml) was added 

NBS (17.8 g 100 mmol) at room temperature. The mixture was stirred for 22 h, and then 

diluted with water and hexanes. The organic phase was dried over Na2SO4, filtered, and 

concentrated under reduced pressure. The crude residue was purified by column 

chromatography (DCM / hexanes = 1 / 1) to give 2,6-difluoro-4-bromoaniline 2 as a brown 

solid. (15.9 g, 76 %), 1H NMR (400 MHz, CDCl3) δ 6.99 (dd, 3JH,F = 6.4 Hz, J = 1.4 Hz, 

2H), 3.71 (br, 2H). 13C NMR (100 MHz, CDCl3) δ 151.74 (dd, 1JC,F = 243 Hz, J = 8.7 Hz), 

123.60 (t, 3JC,F = 16.0 Hz), 114.73 (dd, 2JC,F = 16.8 Hz, 4JC,F = 8.7 Hz), 107.07 (t, 2JC,F = 

11.6 Hz). 19F NMR (470 MHz, CDCl3, Internal standard: Hexafluorobenzene) δ 31.03 (d, 

J = 6.5 Hz). IR (ATR) 3422, 3325, 3197, 3092, 1696, 1642, 1604, 1583, 1497, 1427, 1298, 
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1241, 1217, 1150, 963, 869, 869, 839, 760, 717 cm-1. HRMS (ESI) calcd for C6H5Br1F2N1 

(M+H)+ 207.95, found 207.95. 

5.2.3 Synthesis of 4-amino-3,5-difluorobenzonitrile-Compound (3) 

To a solution of 2,6-difluoroaniline 2 (1.78 g, 8.6 mmol) in DMF (15 ml) was added CuCN 

(2.3 g, 26 mmol). The mixture was refluxed for 18 h. A lot of solids precipitated by adding 

a NH3 12 % aqueous solution. After filtering out solids, organic layer was separated by 

EtOAc, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 

product was purified by column chromatography (DCM / hexanes = 1 / 1) to give 4-amino-

3,5-difluorobenzonitrile 3 as a white solid. (932 mg, 70 %). 1H NMR (400 MHz, CDCl3) δ   

7.14 (dd, 3JH,F = 6.2 Hz, J = 1.5 Hz, 2H), 4.28 (br, 2H), 13C NMR (100 MHz, CDCl3) 150.5 

(dd, JC,F = 242 Hz, 3JC,F = 8.8 Hz), 129.6 (t, J = 15.6 Hz), 117.9, 115.4 (dd, 2JC,F = 16.0 Hz, 

4JC,F = 8.6 Hz), 98.3 (t, J = 11.0 Hz). 19F NMR (470 MHz, CDCl3, Internal standard: 

Hexafluorobenzene) δ 30.96 (d, J = 7.6 Hz). IR (ATR) 3481, 3362, 3229, 2228, 1637, 1576, 

1428, 1444, 1349, 1277, 1144, 970, 865, 775, 725, 674 cm-1. HRMS (ESI) calcd for 

C7H4F2N2 (M) 154.03, found 154.03. 

5.2.4 Synthesis of 4-amino-3,5-difluorobenzoic acid -Compound (4) 

4-amino-3,5-difluorobenzonitrile 3 was suspended in 1M NaOH aqueous solution () and 

refluxed for 16 h. After confirming disappearance of starting material by TLC (DCM / 

Hexanes = 1 / 1), the reaction was quenched by addition of 1M HCl until salts precipitate. 

The salts were then dissolved in EtOAc. The organic layer was dried over Na2SO4, filtered, 

and concentrated under reduced pressure. the resulting orange solid was used in the next 
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step without further purifications. 1H NMR (400 MHz, DMSO-d6) δ 12.65 (br, 1H), 7.38 

(dd, 3JH,F = 7.1 Hz, J = 2.0 Hz, 2H), 3.34 (br, 3H).  

5.2.5 Synthesis of 4-amino-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-3,5-

difluorobenzamide -Compound (5) 

A mixture of 4-amino-3,5-difluorobenzoic acid 4 (1.11 g, 5.3 mmol), 2-((tert-

Butyldimethylsilyl)oxy) ethanolamine (1.12 g, 6.4 mmol), HOBT (81 mg, 0.6 mmol) and 

EDC・HCl (1.22 g, 6.4 mmol) was stirred at room temperature for 21 h. The reaction 

mixture was dissolved in AcOEt, and then washed with water. The organic layer was dried 

over Na2SO4, filtered, and concentrated under reduced pressure. The residue was purified 

by column chromatography (AcOEt / Hexanes = 1 / 2) to give the target product 5 as a 

white solid (1.77 g, 93 % from 6.27 mmol of 4-amino-3,5-difluorobenzonitrile 4), 1H NMR 

(400 MHz, CDCl3) δ 7.27 (d, 3JH,F = 8.92 Hz, 2H), 6.35 (br, 1H), 3.77 (t, J = 5.1 Hz, 2H), 

3.54 (q, J = 5.2 Hz, 2H), 0.91 (s, 9H), 0.08 (s, 6H), 13C NMR (100 MHz, CDCl3) δ 165.2, 

151.0 (dd, 1JC,F = 240 Hz, 3JC,F = 7.9 Hz), 127.2 (t, J = 16.0 Hz), 122.8 (t, J = 7.3 Hz), 110.0 

(dd, 2JC,F = 15.0 Hz, 4JC,F = 7.6 Hz), 61.7, 42.1, 25.8, 18.2, -5.3. 19F NMR (470 MHz, 

CDCl3, Internal standard: Hexafluorobenzene) δ 29.75 (d, J = 7.4 Hz). IR (ATR) 3480, 

3359, 3282, 3200, 2951, 2928, 2857, 1645, 1618, 1578, 1511, 1462, 1338, 1298, 1254, 

1988, 931,829, 779 cm-1. HRMS (ESI) calcd for C15H24F2N2Na1O2Si1 (M+Na)+ 353.14, 

found 353.14. 
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5.2.6 Synthesis of (E)-4,4'-(diazene-1,2-diyl)bis(N-(2-((tert-

butyldimethylsilyl)oxy)ethyl)-3,5-difluorobenzamide -Compound (6) 

To a prepared dry ice bath with acetone at -78°C, 4-amino-N-(2-((tert-

Butyldimethylsilyl)oxy)ethyl)-3,5-difluorobenzamide (compound 5) (0.12g, 3.6 mmol) 

was dissolved in 5 mL DCM. DBU (0.11g, 7.2 mmol) was added to the solution and stirred 

at -78°C for 20 minutes. NaHCO3 solution (15 ml) was added to the solution, then the 

washed with water three times. Collected the organic layer and dried under reduced 

pressure. The crude product was purified with column chromatography (1:2 EtOAc : 

hexanes) to give a orange solid. (0.20g, 84%). 1H NMR (400 MHz, CDCl3) δ 7.48 (d, 3JH,F 

= 9.2 Hz, 4H), 6.57 (t, J = 5.2 Hz, 2H), 3.83 (t, J = 4.8 Hz, 4H), 3.61 (q, J = 5.2 Hz, 4H), 

0.94 (s, 18H), 0.12 (s, 12H), 13C NMR (100 MHz, CDCl3) δ 164.0, 155.6 (d, J=203.75 Hz), 

138.0 (t, J = 8.33 Hz), 133.1 (s), 111.3 (dd, 2JC,F = 22.43 Hz, 4JC,F = 2.88 Hz), 61.4, 42.3, 

25.8, 18.2, -5.3. 19F NMR (470 MHz, CDCl3, Internal standard: Hexafluorobenzene) (E 

isomer) δ 43.11 (d, J = 9.3 Hz). IR (ATR) 3271, 3085, 2929, 2853, 1719, 1638, 1547, 1472, 

1427, 1340, 1250, 1203, 1124, 1097, 934, 828, 689 cm-1. HRMS (ESI) calcd for 

C30H44F4N4Na1O4Si2 (M+Na)+ 679.27, found 679.27. 

5.2.7 Synthesis of (E)-4,4'-(diazene-1,2-diyl)bis(3,5-difluoro-N-(2-

hydroxyethyl)benzamide) Compound (7) 

To a solution of azobenzene 6 (1.21 g, 1.84 mmol) dissolved in 10 ml of EtOH was 1% of 

HCl in EtOH (10 ml) at room temperature. The reaction mixture was stirred under argon 

for 3 h and then, EtOH and HCl were removed under reduced pressure. The solid was 

dissolved in MeOH, washed with hexane and concentrated under reduced pressure to give 

target diol 13 as a brown solid. (790 mg, 100 %) 1H NMR (400 MHz, DMSO-d6) 8.83 (t, 
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J = 5.5 Hz, 2H), 7.84 (d, 3JH,F = 10.2 Hz, 4H), 3.55 (t, J = 6.0 Hz, 3H), 3.36 (q, J = 5.7 Hz, 

2H), 3.36 (br, 2H). 13C NMR (126 MHz, CDCl3) (E isomer) δ 162.9, 154.3 (dd, J = 260.7, 

4.0 Hz), 138.5 (t, J = 2.6 Hz), 131.8 (t, J = 2.6 Hz), 112.1 (dd, J = 21.8, 2.8 Hz), 59.4. 19F 

NMR (470 MHz, CDCl3, Internal standard: Hexafluorobenzene) (E isomer) δ 42.39 (d, J 

= 10.7 Hz). IR (ATR) 3326, 3075, 2938, 2882, 1639, 1546, 1432, 1364, 1336, 1275, 1210, 

1132, 884, 725 cm-1. HRMS (ESI) calcd for C18H16F4N4Na1O4 (M+Na)+ 451.10, found 

451.10. 

5.2.8 Synthesis of (E)-N-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-4-((2,6-

difluoro-4-((2-hydroxyethyl)carbamoyl)phenyl)diazenyl)-3,5-difluorobenzamide– 

Compound (8) 

To a solution of anhydrous pyridine 5.0 mL 0.20 g of compound 7 (0.46 mmol, 1.00 

equiv.) was added and stirred until fully dissolved. To the solution 0.158 n g of 4,4’-

dimethoxytrityl chloride (0.47 mmol, 1.00 equiv.) The reaction mixture was stirred 

vigorously overnight and monitored by TLC. The crude reaction was then concentrated by 

rotovap and purified on silica gel column using MeOH (5% to 10%) in CH2Cl2 to afford 

compound 8 as a dark red oil (0.341 g, 58%). 1H NMR (500 MHz, CDCl3) (E isomer) δ 

7.28-7.17 (m, 13H), 6.88 (t, J = 5.3 Hz, 1H), 6.84-6.81 (m, 4H), 6.47 (t, J = 5.4 Hz, 1H), 

3.87-3.84 (m, 2H), 3.77 (s, 6H), 3.66-3.61 (m, 4H), 3.41 (t, J = 5.0 Hz, 2H). 13C NMR (126 

MHz, CDCl3) (E isomer) δ 164.8, 164.2, 158.6, 158.5, 155.2 (dd, J = 264.4, 3.8 Hz), 144.5, 

137.9 (t, J = 8.6 Hz), 137.6 (t, J = 8.6 Hz), 135.7, 133.0 (t, J = 10.0 Hz), 129.9,127.9, 127.9, 

127.0, 113.2, 111.7-111.3 (m), 86.4, 61.7, 61.7, 61.6, 55.2, 55.2. 19F NMR (470 MHz, 

CDCl3, Internal standard: Hexafluorobenzene) (E isomer) δ 43.25 (d, J = 9.3 Hz), 43.21 

(d, J = 9.4 Hz).IR (ATR) 3296, 3064, 2933, 1643, 1607, 1570, 1541, 1507, 1427, 1334, 
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1300, 1247, 1218, 1174, 1032, 876, 826, 750, 701 cm-1. HRMS (ESI) calcd for 

C39H34F4N4Na1O6 (M+Na)+ 753.23, found 753.23. 

5.2.9 Synthesis of (E)-2-(4-((4-((2-(bis(4-

methoxyphenyl)(phenyl)methoxy)ethyl)carbamoyl)-2,6-difluorophenyl)diazenyl)-

3,5-difluorobenzamido)ethyl (2-cyanoethyl) diisopropylphosphoramidite- 

Compound (9) 

To a solution of 5.00 mL of anhydrous THF 0.22 g of compound 8 (0.30 mmol, 

1.00 equiv.) was added to a flame dried flask. To that solution 0.419 mL of anhydrous 

triethylamine (5.7 mmol, 10.0 equiv.) was added along with 0.45 mL of 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite with (1.91 mmol, 3.00 equiv.) and stirred at room 

temperature until TLC showed starting materials were consumed (2 h). After rotary 

evaporation, the compound was then purified on silica gel using a 86%:10%:4% 

acetone/ethyl acetate/triethylamine mobile phase. This afforded compound 9 as a dark red 

oil (0.15 g, 58%). 1H NMR (400 MHz, CDCl3)  ppm 7.44- 7.30 (m, 13H), 7.18 (d, J=9.05 

Hz, 2H), 6.78 - 6.87 (m, 4H), 3.78 - 3.80 (m, 6H), 3.66-3.61 (m, 4H),2.16 - 2.20 (m, 4H), 

1.17 - 1.24 (m, 12H). 31P NMR (162 MHz, CDCl3)  ppm 148.45 (s, 1 P). 

 

5.2.10 Procedure for Oligonucleotide Synthesis and Purification 

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

supports were purchased from Chemgenes Corporation and Glen Research. Wild-type 

luciferase strands including the sense and 5'-phosphorylated antisense strand were 

synthesized. All commercial phosphoramidites were dissolved in anhydrous acetonitrile to 

a concentration of 0.10 M. The chemically synthesized (azobenzene derivative) 
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phosphoramidites were dissolved in 3:1 (v/v) acetonitrile:THF (anhydrous) to a 

concentration of 0.10 M. The reagents that were used for the phosphoramidite coupling 

cycle were: acetic anhydride/pyridine/THF (Cap A), 16% N-methylimidazole in THF (Cap 

B), 0.25 M 5-ethylthio tetrazole in ACN (activator), 0.02 M iodine/pyridine/H2O/THF 

(oxidation solution), and 3% trichloroacetic acid/dichloromethane. All sequences were 

synthesized on 0.20 μM or 1.00 μM dT solid supports except for sequences that were 3'-

modified, which were synthesized on 1.00 μM Universal III solid supports. The entire 

synthesis ran on an Applied Biosystems 394 DNA/RNA synthesizer using 0.20 μM or 1.00 

μM cycles kept under argon at 55 psi. Standard and synthetic phosphoramidites ran with 

coupling times of 999 seconds. 

Antisense sequences were chemically phosphorylated at the 5'-end by using 2-[2-(4,4’-

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

phosphoramidite. At the end of every cycle, the columns were removed from the 

synthesizer, dried with a stream of argon gas, sealed and stored at 4 °C. Cleavage of 

oligonucleotides from their solid supports was performed through on-column exposure to 

1.50 mL of EMAM (methylamine 40% wt. in H2O and methylamine 33% wt. in ethanol, 

1:1 (Sigma-Aldrich)) for 1 hour at room temperature with the solution in full contact with 

the controlled pore glass. The oligonucleotides were then incubated overnight at room 

temperature in EMAM to deprotect the bases. On the following day, the samples were 

concentrated on a Speedvac evaporator overnight, resuspended in a solution of 

DMSO:3HF/TEA (100 μL:125 μL) and incubated at 65 °C for 3 hours in order to remove 

the 2'-O-TDBMS protecting groups. Crude oligonucleotides were precipitated in EtOH and 

desalted through Millipore Amicon Ultra 3000 MW cellulose. Oligonucleotides were 
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separated on a 20% acrylamide gel and were used without further purification for annealing 

and transfection. Equimolar amounts of complimentary RNAs were annealed at 95 °C for 

2 min in a binding buffer (75.0 mM KCl, 50.0 mM Tris-HCl, 3.00 mM MgCl2, pH 8.30) 

and this solution was cooled slowly to room temperature to generate siRNAs used for 

biological assays. A sodium phosphate buffer (90.0 mM NaCl, 10.0 mM Na2HPO4, 1.00 

mM EDTA, pH 7.00) was used to anneal strands for biophysical measurements. 

5.2.11 Procedure for LC/MS: LC/MS chromatograms were acquired on an Agilent 6545 

QTOF-MS with Agilent 1260 Infinity Binary Pump HPLC using a ZORBAX Eclipse 

Plus C18 2.1x100mm 1.8-Micron Agilent column and a mobile phase of 5 mM 

ammonium acetate buffer (pH 7)/acetonitrile (95:5). Oligonucleotide samples were 

prepared at a concentration of 0.01 O.D/μL with an injection volume of 20 μL. Data were 

analysed using Agilent Technologies MassHunter Workstation Qualitative Analysis 

Software (Qual. 10.0). 

5.2.12 Procedure for Performing CD Experiments 

Circular Dichroism (CD) spectroscopy was performed on a Jasco J-815 CD equipped with 

temperature controller. Equimolar amounts of each siRNA (10 μM) were annealed to their 

compliment strand in 500 μL of a sodium phosphate buffer by incubating at 95 ⁰C for two 

minutes and allowing to cool to room temperature. CD measurement of each duplex were 

recorded in triplicate from 200-500 nm at 25 °C with a screening rate of 20.0 nm/min and 

a 0.20 nm data pitch. The average of the three replicates was calculated using Jasco’s 

Spectra Manager version 2 software and adjusted against the baseline measurement of the 

sodium phosphate buffer.  
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5.2.13 Procedure for Thermal Relaxation Measurements  

The AZ2-4F azobenzene diol in DMSO was exposed to 15 min of green light (530 nm) to 

obtain the cis conformer. It was then placed in the Jasco J-815 CD spectropolarimeter and 

then absorbance was measured 250-500 nm at a temperature of 95 °C. Absorbance was 

read every 5 min for 30 min to track changes in the absorbance profile. Temperatures (20-

60 °C) were left 24 h at the required temperature and then measured. Temperatures (70-90 

°C) were measured at various time points to showcase the thermal relaxation. Absorbance 

was adjusted to baseline by subtracting absorbance of the DMSO.  

5.2.14 Procedure for Melting Temperature of siRNA Duplexes (Tm)  

The siRNA duplexes annealed as above were placed in the Jasco J-815 CD 

spectropolarimeter and then UV absorbance was measured at 260 nm against a temperature 

gradient of 10 °C to 95 °C at a rate of 0.5 °C per minute with absorbance being measured 

at each 0.5 °C increment. Absorbance was adjusted to baseline by subtracting absorbance 

of the buffer. The Tm values were calculated using Meltwin v3.5 software. Each siRNA 

result was the average of 3 independent experiments and the reported values were 

calculated using Meltwin v3.5 assuming the two-state model.42 

5.2.15 Procedure for Absorbance Spectra Experiments 

All absorbance spectra measurements were done on a Jasco J-815 CD with temperature 

controller. Measurement was recorded from 200 -500 nm at 10 °C at least 3 times.  
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5.2.16 Procedure for HPLC Characterization 

HPLC chromatograms were obtained on a Waters 1525 binary HPLC pump with a Waters 

2489 UV/Vis detector using the Empower 3 software. A C18 4.6 mm x 150 mm reverse 

phase column was used. Conditions were 5% acetonitrile in 95% 0.1 M TEAA 

(Triethylamine-Acetic Acid) buffer up to 100% acetonitrile over 30 min. Cis conformers 

were obtained by green light exposure for at least 15 min (530 nm), and left in the dark for 

duration of the assay (0 or 72 h). 

5.2.17 Procedure for Maintaining Cell Cultures of HeLa Cells 

 For biological analysis of these siRNAs in a live environment, human epithelial 

cervix carcinoma cells were  used (HeLa cells). They were kept in 250 mL vented culture 

flasks using 25.0 mL of DMEM with 10% fetal bovine serum and 1% penicillin-

streptomycin (Sigma) in an incubator set for 37 °C @ 5% CO2 humidified atmosphere. 

 Once cell lines became confluent (80-90%) they were passaged by washing 3 times 

with 10 mL of phosphate buffered saline (NaCl 137 mM, KCl 2.70 mM, PO4
3-

 10.0 mM, 

pH 7.40) and incubated with 3.00 mL of 0.25% trypsin (SAFC bioscience) for 4 min @ 37 

°C to detach the cells. The cells were transferred to a 50.0 mL centrifuge tube after the 

addition of 10.0 mL of DMEM solution and pelleted at 2000 rpm for 5 minutes. The 

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

A standard haemocytometer was used to obtain cell counts, after which the cells 

were diluted to a final concentration of 1.00 x 106 cells/mL for subsequent assays. To 

continue the cell line 1.00 mL of freshly passaged cells was added to 24.0 mL of 
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DMEM/10% FBS and 1% penicillin-streptomycin at 37 °C in a new culture flask while the 

rest were used for assays. 

5.2.18 Procedure for siRNA Transfections 

100 μL of cells (total 1.00 x 105) were transfected into 12 well plates (Falcon®) with 1 mL 

of DMEM (10% FBS, 1% penicillin-streptomycin) and incubated at 37 °C with 5% CO2. 

After 24 hours the cells were transfected with various concentrations of siRNAs, along 

with both pGL3 (Promega) and pRLSV40 luciferase plasmids using Lipofectamine 2000 

(Invitrogen) in Gibco’s 1X Opti-Mem reduced serum media (Invitrogen) according to the 

manufacturer’s instructions. 1.00 μL of siRNA was added along with 2.00 μL (pGL3 200 

ng) and 0.50 μL pRLSV40 (50.0 ng) to 100 μL of 1X Opti-Mem in a microcentrifuge tube 

and kept on ice for 5 min. In a different microcentrifuge tube 1.00 μL of Lipofectamine 

2000 (Invitrogen) was mixed with 100 μL of Gibco’s 1X Opti-Mem reduced serum media 

(Invitrogen) and incubated at room temperature for 5 min. After 5 minutes the tubes were 

mixed and incubated at room temperature for 20 min and then the entire contents 

transferred to the wells of the 12 well plate. 

5.2.19 Procedure for in vitro Dual-Reporter Luciferase Assay 

100 μL of cells (total of 1.00 x 105 cells) were added to 12 well plates (Falcon®) with 1 

mL of growth media (DMEM 10% FBS, 1% penicillin-streptomycin) and incubated at 37 

°C with 5% CO2. After 24 hours the cells were transfected with 8.00, 20.0, 40.0, 160, 400 

and 800 pM concentrations of siRNAs, along with both pGL3 (Promega) and pRLSV40 

luciferase plasmids using Lipofectamine 2000 (Invitrogen) in Gibco’s 1X Opti-Mem 

reduced serum media (Invitrogen) according to the manufacturer’s instructions. After a set 
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amount of time (24, 48 or 72 h) the cells were incubated at room temperature in 1X passive 

lysis buffer (Promega) for 20 minutes. The lysates were collected and loaded onto a 96 

well, opaque plate (Costar). With a Dual-Luciferase reporter Assay kit (Promega), Lar II 

and Stop & Glo® luciferase substrates were sequentially added to the lysates and enzyme 

activity was measured through luminescence of both firefly/Renilla luciferase on a Synergy 

HT (Bio-Tek) plate luminometer. The ratio of firefly/Renilla luminescence is expressed as 

a percentage of reduction in firefly protein expression to siRNA efficacy when compared 

to untreated controls. Each value is the average of at least 3 different experiments with 

standard deviation indicated. 

5.2.20 Procedure for Light Inactivation of Azobenzene Modified siRNA (trans to cis) 

Cell culture was exposed to green wavelength light (530 nm) from time 0 h for 1 h. The 

light was then removed and the assay left for the duration of 24, 48,72 hours. The lamp 

used was a 4.0 Watt discrete green LED wavelength 530 nm, held directly above the cell 

culture plates to maximize green light exposure. 

5.2.21 Procedure for Thermal Relaxation and Reactivation of Azobenzene Modified 

siRNA (cis to trans) 

 Immediately following transfection, cell culture was exposed to green wavelength 

light (530 nm) from time 0 h for 1 h as above, which was then removed 1 hour post 

transfection. Using a 4.0 Watt blue LED, 470 nm wavelength 3 hours post transfection for 

1 h to reactivate the siRNA to the active form. The cells were then lysed and luminescence 

measured as above in the luciferase assay. 
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5.2.22 Procedure for consecutive Green/Blue Light Cycling (1.5x and 2x light cycling) 

 The first cycle was performed normally: green light inactivation at time 0 hours, 

for 1 hour, and then blue light reactivation at time point 2 hours for 1 hour.  We then re-

exposed cells to green light at time 24 hours (1.5x, 2 green and 1 blue exposures total. Both 

48 and 72 h endpoints) to keep the siRNA inactive. The 2x procedure was identical except 

after the second green exposure, blue light was re-administered to reactivate the siRNA  

(2x, 2 green and 2 blue exposures total. Both 48 and 72 h endpoints). 
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5.3 Results 

 

Scheme 5.1. Synthesis of an ortho-functionalized tetrafluorinated azobenzene DMT-

phosphoramidite: (a) 1 equiv. NBS in ACN, r.t, 22 h, 95% (2); (b) 3 eq CuCN, reflux 18 h, 

in DMF, 88% (3); (c) 1M NaOH, reflux 16 h, add 1M HCl, 84% (4); (d) 1.2 eq. 

ethanolamine, 0.8 eq HOBt, 1 eq EDC-Cl, r.t,21 h 93% (5);(e) 2eq. DBU, -78 °C, 20 min, 

add 15 mL NaHCO3, 84% (6); (f) 1% HCl in EtOH, r.t, 3 h 100% (7);(g) 1 equiv. 

dimethoxytrityl chloride (DMT-Cl), in anh. pyridine, r.t., o/n 58% (8); (h) 3 equiv. 2-
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cyanoethyl N,N-diisopropylchlorophosphoramidite, 10 equiv. TEA, anhydrous THF, r.t. 

2h, 58% (9). 

Our hypothesis was that the fluorinated azobenzene, in the cis form, would distort the 

siRNA helix, thus rendering it non-functional in a similar manner to our previous research, 

without the use of toxic UV light, but with the added benefit of a stable cis conformer (see 

Figure 5.4). Controlling the timing of activation of an siRNA with minimal amounts of 

light exposure would make the system more practical in a clinical setting.   

The synthesis starts with 2,6 difluoroaniline, which brominated at the para position with 

N-bromo-succinimide (NBS) to afford compound 2 in 95% yield. The next step replaced 

the bromine with cyanide group, using CuCN as the donating compound, to afford 

compound 3 in 88% yield. The copper cyanide is very dangerous and care must be taken 

to ensure that is always in a basic solution otherwise hydrogen cyanide (HCN) gas can 

form. After refluxing 3 in 1 M NaOH for 16 h and then precipitating it out with 1 M HCl, 

compound 4 was generated in 84% yield. Next, compound 4 was reacted with 

ethanolamine, EDC-Cl and HOBt to afford compound 5. Using DBU as a coupling reagent, 

compound 5 dimerizes to form the N=N bond, providing us with the fluorinated 

azobenzene core of compound 6 in 84% yield. After this coupling, the TBS groups are 

removed with 1% HCl in EtOH, affording diol 7 in 100% yield. The next step is to react 

the diol with 1 eq. of DMT-Cl, in order to protect one of the diols. This resulted in a good 

yield of 58%,  
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Figure 5.4. Photoinduced inactivation and reactivation of siRNAzos. The blue strand 

corresponds to the anti-sense strand and contains the azobenzene moiety. The red strand 

corresponds to the sense strand. 

 

affording the DMT-mono alcohol 8. The final step was to react the mono-alcohol with 2-

cyanoethyl N,N-diisopropylchlorophosphoramidite, which resulted in a 58% yield to afford 

our DMT-phosphoramidite building block, compound 9, for solid phase synthesis. Overall, 

from compound 1, phosphoramidite 9 was generated in 19.8 % total yield over eight steps.  
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Once the phosphoramidite was synthesized, a single F-siRNAzos was synthesized (Table 

5.1). In the F-siRNAzo, the azobenzene derivative replaces two nucleosides on the 

oligonucleotide anti-sense strand. These F-siRNAzos were purified and characterized by 

mass spectrometry (see Table S1 in the Supporting Information, Appendix IV). F-

SiRNAzo-1 contains an azobenzene modification (Az2-4F) that replaces positions 11 and 

12, on the anti-sense strand, counting from the 5’-end of the anti-sense strand. This 

azobenzene insertion is opposite from the Argonaute 2 cleavage site.35  

Table 5.1. Table of RNAs used and its target.[a] 

 

[a] Az2-4F is the azobenzene derivative synthesized from Az2; the top strand corresponds 

to the sense strand; the bottom strand corresponds to the antisense strand. In all duplexes, 

the 5’-end of the bottom antisense strand contains a 5’-phosphate group.  

 

 

Prior to biophysical characterization of the F-SiRNAzo1, we first characterized the 

monomer diol (compound 7). Firstly, we tested was its thermal stability at 20 °C, where 

there was minimal thermal relaxation after 24 h in the dark (Figure 5.5). This trend 

continued until 60 °C, where 24 h allowed the trans isomer to relax back to unexposed 

levels. We tested 70,80 and 90 °C temperatures as well (See Figures S2-S8 in appendix 

IV), and found the cis stability was exponentially worse until lastly the half-life thermal 

  

 

  

siRNA siRNA duplex   target αTm 

(°C) 
ΔTm 

(°C) 

 
WT 
 

 

5'-CUUACGCUGAGUACUUCGAtt-3' 

3'-ttGAAUGCGACUCAUGAAGCU-5' 

 

luciferase 

74.0 -- 

F-SiRNAzo-1  

 

 

 

5'-CUUACGCUGAGUACUUCGAtt-3' 

3'-ttGAAUGCGAz2-4FUCAUGAAGCU-5' 

 

luciferase 

 

56 - 17.1 
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stability of this diol at 95°C was approximately 15 min (Figure 5.6). This was an excellent 

result, and was promising as a solution to our previous half-life issues. 

These siRNAzos were then tested for cis-trans isomerization, via HPLC, and we were 

excited to see that not only were the trans and cis conformers separated, they had a high 

quantum yield and the cis conformer was stable for up to 72 h (Figure 5.7). This was a 

massive improvement over the unstable Cl-siRNAzo’s half-life of < 2 min. 

Figure 5.5. Thermal stability of diol 7 at 20 °C. 15 min of green light exposure prior to 

being left in the dark for 24 h showing minimal thermal relaxation. 

 

Previously, our Az2-4Cl tetra-chlorinated derivative achieved a difference of almost 20 nm 

between the trans and cis isomers λmax due to the red-shifting of the N=N bond.19 Figure 

5.5 clearly shows a much larger difference between the n→π* λmax peaks for the Az2-4F 

monomer. The dark spectra, corresponding to the trans isomer has a λmax = 468 nm. The 

cis conformer however has a λmax 415 nm which is a difference of over 50 nm, which is a 

two and a half fold increase in separation over Az2-4Cl. 
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Figure 5.6. Thermal stability of diol 7 at 95 °C. 15 min of green light exposure prior to 

time 0 min. It was then left at 95 °C, readings taken every 5 min. 

 

These F-siRNAzos also exhibited thermal destabilization of the duplex since there are no 

bases to hydrogen bond and pi stack inside the duplex (Table 5.1). This is consistent with 

other studies that place thermal destabilizers into the central region of the sense strand.36-

38 The results are similar even when placed in the anti-sense strand like we have done here. 

These siRNAs also retained the A-type duplex is required for an active RISC complex, 

characterized by circular dichroism (Figure S1 Appendix IV). 
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Figure 5.7. HPLC chromatogram of anti-sense strand of F-siRNAzo-1 Conditions were 

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

acetonitrile over 40 min. Black traces are 0 min of green light, the trans conformer. Blue 

spectra were exposed to 20 min of green light and then injected, or left in the dark for 72 h 

and then injected. Top spectra is 0 h time point, bottom spectra is 72 h time point. Spectra 

were processed using the Empower 3 software. 

 

After the bio-physical characterizations, our siRNA’s gene silencing was tested against the 

endogenous firefly luciferase gene using the Promega Dual Reporter Assay. As per our 

prior results, we expected the trans isomer to be the active form of the siRNA, while 

isomerization to cis would cause it to inactivate through disruption of the duplex. 
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Figure 5.8. Normalized firefly luciferase expression for F-siRNAzo-1 at 5, 10 and 20 nM 

in HeLa cells monitored 24-hours post-transfection. Green corresponds to the siRNA being 

exposed under a 530 nm LED lamp immediately after transfection for 1 h, it is then 

removed. Green/blue corresponds to green light exposure for the first hour after 

transfection, after which the light was removed and the siRNA exposed to blue, 470 nm 

LED light for 1 h, after which it was removed for the remainder of the assay. Dark 

corresponds to siRNAs being transfected in HeLa cells in the absence of green light.   

 

As expected siRNAzo F3 exhibited excellent knockdown in the active form, which 

corresponds to the black bars, dark treatment Figure 5.8. Exposure to one hour of green 

light, causes the siRNAzo to go into the cis conformer and inactivate the siRNA ( green 

bars). This inactivation shows wt ( control) levels of gene expression which is what is 

expected for a poor silencing profile. This is a great result, being able to maintain the 

inactive form for 24 h, with minimal light exposure because a persistant inactive cis 

conformer makes a better theraputic and research tool, by simplifying treatments and 

protocols by removing steps that could introduce variabilty into the results. Finally, to 

ensure the siRNAzo can be returned to its active form, after exposure to green light, the 
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cells were then allowed a 2 hour rest period in the inactive form, and then exposed to blue, 

470 nm light to reactivate the siRNA. This can be seen in Figure 5.5, as the blue bars. The 

reactivation pushes the silencing to levels similar to the siRNA exposed to no light, near 

dark levels of silencing, which is the expected result since the luciferase protein has been 

known to persist for long periods of time in cell culture.  

 

Previously, we hypothesized that our inactivation was preventing uptake into the 

RISC complex, rather than being a truly reversible system. This was because our 

modifications were on the sense, or passenger strand, which is discarded after strand 

selection. We hypothesized that instead of disrupting the RISC complex after it had bound 

the siRNAzo, that we were preventing the uptake of remaining unbound siRNAs in the 

RNAi pathway with our system. At any one time, it has been reported that only about 4% 

of the active siRNAs are taken up into the RISC complex immediately upon transfection.37 

Our system would only allow the unbound population of siRNAzos to be affected by light 

control.17 In this case, our F3 siRNAzo has the modification in the central region of the 

anti-sense, or guide strand. This allows us to retain the true reversibilty of being able to 

disrupt the active RISC complex after it has formed, since the light-switching moiety is 

retained in the RISC complex after strand selection. This is an improvement over our 

previous system, since we are no longer limited by the unbound population of siRNAs, it 

should afford greater tunabilty and control over the silencing activity. 
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Figure 5.9. Normalized firefly luciferase expression for F-siRNAzo-1 at 5, 10 and 20 nM 

in HeLa cells monitored 48-hours post-transfection. Green corresponds to the siRNA being 

exposed under a 530 nm LED lamp immediately after transfection for 1 h, it is then 

removed. Green/blue corresponds to green light exposure for the first hour after 

transfection, after which the light was removed and the siRNA exposed to blue, 470 nm 

LED light for 1 h, after which it was removed for the remainder of the assay. Dark 

corresponds to siRNAs being transfected in HeLa cells in the absence of green light.   

 

Next we tested the siRNAzo at a longer time point, 48 h (Figure 5.9). As shown, the active 

form retains its excellent gene silencing ability at 48 h, and like before, 1 h of green light 

at the beginning of the assay keeps the siRNA off for the entire 48 h, showing how stable 

the cis conformer is. Addition of blue light after green also reactivates the siRNA, like 

before with little to no loss of silencing activity. 
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Figure 5.10. Normalized firefly luciferase expression for F-siRNAzo-1 at 5, 10 and 20 nM 

in HeLa cells monitored 72-hours post-transfection. Green corresponds to the siRNA being 

exposed under a 530 nm LED lamp immediately after transfection for 1 h, it is then 

removed. Green/blue corresponds to green light exposure for the first hour after 

transfection, after which the light was removed and the siRNA exposed to blue, 470 nm 

LED light for 1 h, after which it was removed for the remainder of the assay. Dark 

corresponds to siRNAs being transfected in HeLa cells in the absence of green light.   

 

Figure 5.10 shows the results 72 h post-transfection. Even after 72 h, the cis conformer 

remains inactive at 37 °C, with only 1 h of green light exposure. The dark treatment retains 

approximately 80% silencing after 72 h, and exposure to blue light to re-activate the siRNA 

shows similar silencing with no loss of activity despite being turned off for the first few 

hours of the assay.  
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Figure 5.11. Normalized firefly luciferase expression for F-siRNAzo-1 at 5, 10 and 20 nM 

in HeLa cells monitored 48-hours post-transfection. Green corresponds to the siRNA being 

exposed under a 530 nm LED lamp immediately after transfection for 1 h, it is then 

removed. Green/blue corresponds to green light exposure for the first hour after 

transfection, after which the light was removed and the siRNA exposed to blue, 470 nm 

LED light for 1 h, after which it was removed for the remainder of the assay. Green/blue 

@24 h corresponds to green light exposure for the first hour after transfection, after which 

the light was removed and the siRNA exposed to blue, 470 nm LED light for 1 h at time 

point 24 h, after which it was removed for the remainder of the assay. 1.5x green/blue/green 

corresponds to green light exposure at time 0 and 24 h, with one exposure of blue light 

occurring at time 2 h. 2x green/blue/green/blue corresponds to green light exposure at time 

0 and 24 h, with two exposures of blue light occurring in between at time 2 and 26 h. Dark 

corresponds to siRNAs being transfected in HeLa cells in the absence of green light.  

 

 

Figure 5.11 shows the results 48 h post-transfection of OFF/ON cycling. To test the 

durability of the fluorinated photo-switch, we performed multiple OFF/ON cycles in the 

48 h window. The green, green/blue and dark conditions were as previous studies. The 

purple bar, “green/blue @ 24 h“ data series, was performed by turning the photo-switch 

off at time 0 h, like in previous studies. We then reactivated the the azobenzene with blue 
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at time 24 h, not time 2 h. This result shows that the siRNA does not need to be reactivated 

immediately, can be allowed to sit in the cis conformer for an extended period of time 

before resuming activity, whereas before the off window was only 2 h, now reactiviation 

is shown to be effective after 24 h in the cis conformer as well. Having shown this retention 

in activity, we then went ahead with the OFF/ON cycling assays. These assays were 

designed to test the robustness of the azobenzene photo-switch through multiple OFF/ON 

cycles through various time points. The light green bar represents 1.5 cycles, where it was 

turned off at time 0 h with green light, turned back on at 2 h through exposure to blue light, 

and then returned to its inactive state through the exposure of green light at time 24 h. It 

then remained inactive for the remainder of the assay. This result shows after one OFF/ON 

cycle, the azobenzene is still available to be inactived and kept inactive until the 48 h 

endpoint of the assay. Finally, the light blue bar shows 2 full cycles where it was turned 

off at time 0 h with green light, turned back on at 2 h through exposure to blue light, and 

then returned to its inactive state through the exposure of green light at time 24 , and the 

final exposure of bluee light occuring at 26 h to reactivate the siRNA for the final time. It 

then remained active for the remainder of the assay. Figure 5.12 shows the same 

experiments conducted at the same time points but with a 72 h endpoint. Both the 48 and 

72 h endpoints show good photo-switch robustness, and show that we can are able to 

activate or inactivate the siRNA at any point during the assay, with no loss of photo-switch 

function.  
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Figure 5.11. Normalized firefly luciferase expression for F-siRNAzo-1 at 5, 10 and 20 nM 

in HeLa cells monitored 72-hours post-transfection. Green corresponds to the siRNA being 

exposed under a 530 nm LED lamp immediately after transfection for 1 h, it is then 

removed. Green/blue corresponds to green light exposure for the first hour after 

transfection, after which the light was removed and the siRNA exposed to blue, 470 nm 

LED light for 1 h, after which it was removed for the remainder of the assay. Green/blue 

@24 h corresponds to green light exposure for the first hour after transfection, after which 

the light was removed and the siRNA exposed to blue, 470 nm LED light for 1 h at time 

point 24 h, after which it was removed for the remainder of the assay. 1.5x green/blue/green 

corresponds to green light exposure at time 0 and 24 h, with one exposure of blue light 

occurring at time 2 h. 2x green/blue/green/blue corresponds to green light exposure at time 

0 and 24 h, with two exposures of blue light occurring in between at time 2 and 26 h. Dark 

corresponds to siRNAs being transfected in HeLa cells in the absence of green light.  

 

 

This study demonstrated that we can actively control siRNA activity using fluorinated 

siRNAzos (F-siRNAzos) by using only visible wavelength light, which represents a 

significant advancement over the UV and red light utilized in our previous system and other 

reported technologies.8-10,14-17 This is an enhancement over our previous generation of 

siRNAzos, where we have eliminated the need for harmful UV light, have overcome the 
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unstable half-life of the cis conformer, and can keep the siRNA inactive for up to 72 h with 

a minimum amount of light exposure. 

 

 

5.4 Conclusions 

 

We have synthesized and evaluated red-shifted F-siRNAzos that can be photo-chemically 

controlled using visible wavelength light. To our knowledge this is the first time, a system 

utilizing siRNAs with an azobenzene moiety could be photo-controlled using only visible 

light, using wavelengths of 530 nm for green, and 470 nm for blue light. We believe this 

to be an improvement over the previous systems, which either required the use of toxic UV 

light to induce photo-chemical control of the siRNA, or utilized red light with an unstable 

cis conformer which limited its utility for long term use.16,17 Using this new improved 

system, light exposures are minimal and inactivation can last for up to 72 h with one short 

term exposure of green light. Additionally, we have improved the spatial control by not 

being limited to only the unbound siRNAs. Having the photo-switch on the anti-sense 

strand allows for the disruption of fully formed RISC complexes, rather than only being 

able to control uptake of the unbound population. It also retains all the previous advantages 

over photocages, by producing no toxic by-products and being reversible. 

A visible light controllable therapeutic with a long half-life would be very beneficial to the 

research sector for use as a biomolecular tool, as well as within the pharmaceutical industry 

where fine-tuned spatio-temporal control of a drug would be desirable. This is an important 

issue: a paper published from Alnylam® Pharmaceuticals in 2018 disclosed that a short 

oligonucleotide was capable of reversing the activity of an active siRNA.40 Due to these 

advances over the previous system, this opens the way for patients undergoing treatment 
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for at home care. Because it requires minimal light exposures and interactions, it is 

something the patient could control themselves at home with their LED light systems. It 

can also reduce siRNA-mediated toxicity since the inactive form is stable, and should not 

interfere with normal biological functions in that state. Further directions include 

exploration of further chemical modifications to improve desired properties in the siRNAs, 

and the development of a multi-siRNAzo system where multiple targets could controlled 

selectively with different wavelengths of light. 
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5.6 Manuscript I Supplementary Figures and Tables 

Full Supplementary information can be found in Appendix IV 

Table 5.1. Table of RNAs used and its target.[a] 

     siRNAzo                         siRNA Duplex Predicted 

Mass 

Actual    

Mass[b] 

αTm 

(°C) 

ΔTm 

(°C) 

wt    5’- CUUACGCUGAGUACUUCGAtt -3’  

     3’- ttGAAUGCGACUCAUGAAGCU – 5’ 

 

      

 

74.0 -- 

F-SiRNAzo-1  

 

5'-CUUACGCUGAGUACUUCGAtt-3' 

3'-ttGAAUGCGAz2-4FUCAUGAAGCU-5' 

6625.89 6625.25 56 - 17.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

[a] Az2-4F corresponds to the azobenzene derivative synthesized from Az2; the top 

strand corresponds to the sense strand; the bottom strand corresponds to the antisense 

strand. In all duplexes, the 5’-end of the bottom antisense strand contains a 5'-

phosphate group. [b] Deconvolution results for siRNAzos. ESI-qTOF (ES+) m/z 

calculated for F-siRNAzo-1 [M+H]+ 
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Figure S1. CD spectra of tetra-fluorinated azobenzene modified spacers replacing two 

nucleobases targeting firefly luciferase mRNAs. Wildtype and modified anti-firefly 

luciferase siRNAs (10 μM/duplex) were suspended in 500 μL of a sodium phosphate buffer 

(90.0 mM NaCl, 10.0 mM Na2HPO4, 1.00 mM EDTA, pH 7.00) and scanned from 200-

300 nm at 25 °C with a screening rate of 20.0 nm/min and a 0.20 nm data pitch. All scans 

were performed in triplicate and averaged using Jasco’s Spectra Manager version 2. 
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Figure S2. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 30 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  24 h thermal was allowed to sit in the dark at 

temperature until time elapsed. 

 

 

Figure S3. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 40 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  24 h thermal was allowed to sit in the dark at 

temperature until time elapsed. 
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Figure S4. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 50 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  24 h thermal was allowed to sit in the dark at 

temperature until time elapsed. 

 

Figure S5. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 60 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  24 h thermal was allowed to sit in the dark at 

temperature until time elapsed. 

Trans isomer restored after 24 h. 
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Figure S6. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 70 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  2,4 and 8 h thermal was allowed to sit in the dark 

at temperature until time elapsed. Trans isomer restored after 8 h. 

Figure S7. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 80 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  1 and 2 h thermal was allowed to sit in the dark at 

temperature until time elapsed. Trans isomer restored after 2 h. 
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Figure S8. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 90 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  0.5 and 1 h thermal was allowed to sit in the dark 

at temperature until time elapsed. Trans isomer restored after 1 h. 
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Chapter 6: General Conclusions  

RISC-mediated gene silencing is quickly becoming a new field of research 

dedicated to difficult to treat genetic diseases, as evidenced by the three US FDA approved 

RNAi therapeutics developed by Alnylam.1-3 There are still several limitations to surpass 

before they can be in widespread use for a variety of different applications. The work 

presented in this dissertation utilized three different azobenzene derivatives to overcome 

three of the barriers preventing siRNAs widespread use: off-target effects, toxicity and 

controlling the siRNA’s activity in situ inside the host system. 

The first azobenzenes we explored, Az1 and Az2, were synthesized previously in 

our lab and then incorporated into the sense strand of the oligonucleotides.1 After 

determining the gene silencing and photo-control ability of the central region siRNAzos, 

we placed the Az2 moiety at the 3’-end of the sense strand, to measure the nuclease 

resistance and gene silencing capability. A secondary goal was to determine the difference, 

if any of the trans and cis conformers for both of these applications. We hypothesized there 

would be only a minimal difference in gene silencing between the isomers since the 3’-end 

modification was suspected to be less disruptive than a central region one. In Chapter II, 

we report the stability and gene-silencing efficiency of two siRNAs containing azobenzene 

at the 3’-end of the sense strand.  In siRNA 1 (Az1 moiety), one carbon is placed between 

the aromatic group and the oxygen; whereas in siRNA 2 (Az2 moiety), two carbons are 

present. We found that isomerization of the 3’-azobenzene to its cis form by UV light 

appears to modestly enhance nuclease stability in the presence of fetal bovine serum at 

some time points. Each siRNAzo also showed differences between each other, likely 

because the active RISC complex itself and exonucleases do not distinguish the isomeric 
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forms of the cis and trans azobenzenes. That being said, there was an observed larger 

difference between the isomeric forms of Az2, likely due to its slightly larger size and 

flexibility. Wildtype luciferase siRNAs have been shown to be effective up to one week 

after transfection in HeLa cells,5 and this modification could allow for better temporal 

control of nuclease stability when in the cis isomer. Most wildtype siRNAs are degraded 

within 30 min but our modification prevents this rapid degradation, allowing the gene 

silencing to persist. We developed two siRNAs that are useful for moderate changes in 

gene silencing between trans and cis conformers, but always imparts moderate nuclease 

resistance that can be controlled with light. In addition, the 3’-azobenzene could be used 

as a minimal chemical modification for other siRNA targets, also giving enhanced nuclease 

stability.6  

Based on our previous results, we then wanted to expand the scope of the protocol 

to include longer inactivation times, as well as endogenous targets. In Chapter III, we 

developed the methodology to be compatible for long term inactivation with UV light, for 

up to 24 h using carefully controlled doses of UV light.7 This was a large improvement 

over the previous protocol, where reactivation would occur after 12 h due to the unstable 

half-life of the Az2 cis conformer. Additionally, we demonstrated the system’s ability to 

go through multiple inactivation/activation cycles over a 24 h period. This was an important 

advancement, because it shows the siRNA remains available for photo-switching after 

multiple inactivations. We also showed its efficacy against the endogenous BCL-2 

oncogene, by keeping it inactive for up to 24 h. This system differs in its reversibility 

mechanism compared to the reported high-affinity short oligonucleotides that reversibly 

target the siRNA guide strand.8 In our system, a population of siRNAzos will be loaded by 
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the RISC complex to form an active RISC-antisense complex, and another population of 

siRNAzos will remain unbound. Thus, by subjecting the cells to UV light, we hypothesized 

that the inhibition of RISC loading and formation of active RISC complex would be 

inhibited. Many prior siRNAs that targeted a variety of diseases resulted in unexpected side 

effects.9 Unlike the system mentioned above, our system does not require the addition of 

an extra aptamer or chemical to disable the system, only the application of UV light. 

Next in Chapter IV, we utilized a late stage chlorination procedure to develop a 

novel chlorinated azobenzene derivative, that we then used to make chlorinated siRNAzos. 

This was an advancement over the previous technology by red-shifting the π→π* and 

n→π* transition of the N=N bond into the visible region of the electromagnetic spectrum.10 

This enhancement over the previous molecule allowed us to use only visible wavelength 

light, to control the Cl-siRNAzo’s activity, thus eliminating the need for high energy, toxic 

UV light. This red-shift came with an extra problem however, an incredibly short cis 

conformer half life at 37 °C (< 2min). Fortunately, this could be circumvented by simply 

keeping the cell culture under red light (λ= 660 nm) for the entire assay, since it is non-

toxic to the cells. That allowed us to keep the siRNA inactive for up to 24 h, without toxic 

UV light. To reactivate the siRNA, removal of the red light source was sufficient to allow 

for immediate thermal relaxation back to the trans isomer for gene silencing to resume. 

This system retains all the advantages over photocages: no toxic by-products released, and 

is reversible. The short half-life of the cis conformer however remains problematic, since 

constant exposure to red light is inconvenient for use as a bio-molecular tool or a 

therapeutic.  
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In Chapter 5, we developed the final improvements to our system that was discussed 

in this thesis, the replacement of the chlorines in the ortho position with fluorines. We 

synthesized and evaluated these red-shifted F-siRNAzos, using green light to inactivate it 

(λ= 530 nm) and blue light to reactivate it (λ= 470 nm). This was an upgrade over the 

previous systems, since we eliminated the need for toxic UV light, but also improved the 

half life of the cis conformer considerably. While the large bulky chlorines prevented a 

stable cis conformer, the smaller fluorines had the opposite effect, making it more stable 

than even the original Az2 which had only hydrogens in the ortho position. This new 

improved system utilizes only minimal light exposures (1 h of light exposure) with 

inactivation lasting for up 72 h with only one dose of green light. Additionally, because the 

Az2-4F moiety is on the antisense strand, we are no longer limited to the unbound 

population of siRNAzos, and may be able to disrupt active RISC formations with the green 

light. This is in addition to retaining all previous advantages over photocages, producing 

no toxic by-products and being reversible. A visible light controllable therapeutic with a 

long half-life would be very beneficial to the research sector for use as a biomolecular tool, 

as well as within the pharmaceutical industry where fine-tuned spatio-temporal control of 

a drug would be desirable. These advancements also open the path for patients undergoing 

at home care. Because it requires minimal light exposures and interactions, it is something 

the patient could control themselves at home with their LED systems. The next step is the 

development of a multi-siRNAzo system where multiple targets could be controlled 

selectively with different wavelengths of light. In Figure 6.1 the potential of such a finely 

tuned, controllable system with multiple siRNAzos utilized at the same time is highlighted. 
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Figure 6.1. A potential future system with multiple siRNAzos, individually controlled by 

independent wavelengths of light.  
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In this kind of scenario, there are 3 options: 1) exposure to UV light prevents silencing on 

target 1, but targets 2 and 3 are affected; 2) exposure to blue light causes all 3 targets to be 

silenced and 3) green to red light inactivates targets 2 and 3 while silencing is retained on 

target 1. There also the additional exploitable property of the thermal stability, which could 

be useful in different scenarios, such as inactivating an siRNAzo, and leaving it to turn 

itself back on overtime (moderate thermal relaxation) or immediately (high relaxation). 

Another alternative is to keep the siRNA inactive, until it is ready to be turned on with a 

very low thermal relaxation profile. Having shown these scenarios are possible 

individually, next steps would be to try combing the different systems in order to have 

silencing on different targets, in real time individually. A visible light controllable 

therapeutic with a long half-life would be very beneficial to the research sector for use as 

a biomolecular tool, as well as within the pharmaceutical industry where fine-tuned spatio-

temporal control of a drug would be desirable. This is an important issue: a paper published 

from Alnylam® Pharmaceuticals in 2018 disclosed that a short oligonucleotide was 

capable of reversing the activity of an active siRNA.4 Further design and optimization is 

required before a multi-siRNAzo could be a reality however. If successful, it could lead to 

advancements in therapeutics where multiple targets could be activated or inactivated in 

real time, leading to more effective treatments. It could also be utilized to study 

complicated biological pathways in real time, such as developmental pathways for G-

protein mediated cascades.11,12 

Combined, the research summarized in this thesis exhibits the utility of adding a 

photo-switch into a system that previously had no way to control its activity with light. It 

also demonstrates that building on the initial system, how it can be modified and fine-tuned 
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through chemical modification to add or remove specific properties that are desirable. In 

the future, the development of a multi-siRNAzo system, that utilizes multiple discrete 

wavelengths of light to attack multiple targets has the potential for many future 

breakthroughs in the pharmaceutical industry and in the research sector. 
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Appendix I. Manuscript I and Supplementary Data 
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Table 5.1. Table of RNAs used and its target.[a] 

     siRNAzo                         siRNA Duplex Predicted 

Mass 

Actual    

Mass[b] 

αTm 

(°C) 

ΔTm 

(°C) 

wt    5’- CUUACGCUGAGUACUUCGAtt -3’  

     3’- ttGAAUGCGACUCAUGAAGCU – 5’ 

 

      

 

74.0 -- 

F-SiRNAzo-1  

 

5'-CUUACGCUGAGUACUUCGAtt-3' 

3'-ttGAAUGCGAz2-4FUCAUGAAGCU-5' 

6625.89 6625.25 56 - 17.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[a] Az2-4F corresponds to the azobenzene derivative synthesized from Az2; the top 

strand corresponds to the sense strand; the bottom strand corresponds to the antisense 

strand. In all duplexes, the 5’-end of the bottom antisense strand contains a 5'-

phosphate group. [b] Deconvolution results for siRNAzos. ESI-qTOF (ES+) m/z 

calculated for F-siRNAzo-1 [M+H]+ 
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Figure S1. CD spectra of tetra-fluorinated azobenzene modified spacers replacing two 

nucleobases targeting firefly luciferase mRNAs. Wildtype and modified anti-firefly 

luciferase siRNAs (10 μM/duplex) were suspended in 500 μL of a sodium phosphate buffer 

(90.0 mM NaCl, 10.0 mM Na2HPO4, 1.00 mM EDTA, pH 7.00) and scanned from 200-

300 nm at 25 °C with a screening rate of 20.0 nm/min and a 0.20 nm data pitch. All scans 

were performed in triplicate and averaged using Jasco’s Spectra Manager version 2. 
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Figure S2. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 30 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  24 h thermal was allowed to sit in the dark at 

temperature until time elapsed. 

 

 

Figure S3. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 40 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  24 h thermal was allowed to sit in the dark at 

temperature until time elapsed. 
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Figure S4. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 50 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  24 h thermal was allowed to sit in the dark at 

temperature until time elapsed. 

 

Figure S5. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 60 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  24 h thermal was allowed to sit in the dark at 

temperature until time elapsed. 

Trans isomer restored after 24 h. 
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Figure S6. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 70 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  2,4 and 8 h thermal was allowed to sit in the dark 

at temperature until time elapsed. Trans isomer restored after 8 h. 

Figure S7. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 80 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  1 and 2 h thermal was allowed to sit in the dark at 

temperature until time elapsed. Trans isomer restored after 2 h. 
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Figure S8. Absorbance Profile of Az2-4F when exposed to 15 min of green 530 nm light 

using a 4W LED in DMSO, scanned from 250-600 nm at 90 °C with a screening rate of 

20.0 nm/min and a 0.20 nm data pitch.  0.5 and 1 h thermal was allowed to sit in the dark 

at temperature until time elapsed. Trans isomer restored after 1 h. 
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1H/13C/19F/31PNMR Spectra of Compounds 

1H NMR Spectrum of Compound 2  

13C NMR Spectrum of Compound 2 
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19F NMR Spectrum of Compound 2 

 

1H NMR Spectrum of Compound 3  
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13C NMR Spectrum of Compound 3 

 

19F NMR Spectrum of Compound 3 
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1H NMR Spectrum of Compound 4  
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1H NMR Spectrum of Compound 5 

 

13C NMR Spectrum of Compound 5 
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19F NMR Spectrum of Compound 5 

 

1H NMR Spectrum of Compound 6  
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13C NMR Spectrum of Compound 6 

 

 

19F NMR Spectrum of Compound 6 
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1H NMR Spectrum of Compound 7  

 

13C NMR Spectrum of Compound 7 
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19F NMR Spectrum of Compound 7 

 

1H NMR Spectrum of Compound 8  
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13C NMR Spectrum of Compound 8 

 

19F NMR Spectrum of Compound 8 
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1H NMR Spectrum of Compound 9  

 

31P NMR Spectrum of Compound 9 
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Appendix V. Copyright Permission Letters 
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