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LAY ABSTRACT 

 Oligonucleotides are short synthetic sequences of DNA or RNA that have 

the capacity to treat diseases at the genetic level. However, they face challenges 

such as degradation, low cell uptake, and poor tissue distribution. To overcome 

this issue, we plan to incorporate chemical modifications at the phosphate 

backbone of oligonucleotides to make them more stable and facilitate more 

favourable interactions at cell membranes. Conferring oligonucleotides into a 3D 

arrangement further enhances their stability and cell uptake relative to linear 

oligonucleotides. By densely functionalizing them onto a nanoparticle core, we can 

create spherical nucleic acids (SNAs). We hypothesize that the modifications 

imparted onto the phosphate backbone of linear oligonucleotides will translate their 

properties into SNAs. The new properties afforded to the SNAs will provide 

increased cell uptake, alternative uptake mechanisms, and access to cytosolic and 

nuclear targets, highlighting their potency and therapeutic potential. 

 

 

 

  

 

 

 

 



 iv 

ABSTRACT 

 The increasing number of nucleic acid-based therapeutics demonstrates the 

potential to treat diseases at the genetic level. Although oligonucleotides show 

clinical potential, challenges remain including nuclease degradation, rapid 

clearance when administered systemically, low cell permeability, and limited 

distribution to tissues of interest. This is largely imparted by the polyanionic 

phosphate backbone, which produces unfavourable electrostatic interactions at 

cell membranes. As a result, their clinical translation is dependent on delivery 

technologies that improve stability, facilitate cell entry, and increase target affinity. 

Spherical nucleic acids (SNAs) consist of radially orienting linear nucleic acids onto 

a nanoparticle core, conferring them a three-dimensional, spherical architecture. 

These structures enter cells readily and display distinct properties that are 

independent of their nanoparticle core. Accordingly, we decided to replace the 

intrinsically anionic phosphodiester linkage of DNA with a phosphoramidate 

linkage (P-N), allowing us to incorporate new functionality at the phosphate 

backbone. With this handle, we inserted cationic and hydrophobically modified 

functional groups that were compatible with nanoscale architectures, giving rise to 

new properties relevant in biological contexts. Specifically, amine and guanidinium 

derivatized functional groups provided SNAs with a ~10-fold increase in cell uptake 

at early incubation times compared with unmodified SNAs. This demonstrates that 

we can tune the behaviour of SNAs with phosphate backbone modifications in a 

highly controlled manner. We hypothesize that the stringent control over location 
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and placement of functional groups within the SNA framework will afford them 

favourable interactions at cell membranes, not only increasing their cell uptake, but 

also access to alternative uptake mechanisms and potency as therapeutics. 
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CHAPTER 1 – INTRODUCTION  

Oligonucleotide Based Therapeutics 

 Oligonucleotides are short synthetic oligomers of DNA or RNA, typically less 

than 100 bases, that can be synthesized using automated protocols with full control 

over their sequence and position of functional groups. Recently, they have 

garnered significant interest for clinical applications since they can be tailored to 

treat a wide variety of genetic and neurodegenerative diseases.1,2 In the context of 

therapeutics, the majority of oligonucleotides interact with their biological target via 

complementary Watson-Crick base pairing to modulate gene expression. This 

sequence specific complementarity suggests that oligonucleotides need to exhibit 

unparalleled specificity for their targets, reducing the possibility for off-target and 

deleterious side effects.3,4 Stephenson and Zamecnik first elucidated the approach 

to use oligodeoxyribonucleotides to hybridize with their biological targets and 

silence gene expression via inhibition of Rous sarcoma viral RNA translation.5 This 

pioneering work paved the way for the use of synthetic oligonucleotides to silence 

or modulate gene expression, and subsequent protein production. Antisense 

oligonucleotides (ASOs) in particular, can modulate the expression of genes 

through various mechanisms including RNase H dependent and steric blocking 

pathways.6 The RNase H dependent mechanism relies on the recognition of DNA-

RNA heteroduplex substrates by RNase H1, an enzyme that catalyzes the 

degradation of target RNA, effectively silencing or downregulating the expression 

of disease-causing genes (Figure 1a). The steric blocking pathway is typically 
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used for the modulation of alternative splicing, whereby a splice correction is used 

to either retain or exclude specific exons that encode for proteins (Figure 1b).6–8  

 

 

An example of a splice modulating ASO is Nusinersin (Spinraza®), an FDA 

approved oligonucleotide which treats patients with spinal muscular atrophy (SMA) 

by increasing the amount of functional survival motor neuron (SMN) protein. 

Additionally, the desirable properties of oligonucleotides including their 

biocompatibility, programmability, water solubility, and ease of synthesis has 

highlighted them as an emerging class of biologics for personalized medicine.9 

Since they can be designed to target any gene of interest with high selectivity, 

oligonucleotides hold the potential to target patient specific sequences associated 

with rare disease pathologies.10 

 

 

 

Figure 1. a) RNase H1 degradation. ASO binds to target mRNA with high affinity. 
The RNA-DNA duplex is recognized by RNase H1 and degrades the transcript. b) 
Steric block. ASO binds to pre-mRNA and induces alternative splicing through 
exon skipping or inclusion.6 
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Challenges of Oligonucleotide Drug Delivery 

 Although oligonucleotides show clinical potential, they still face challenges 

as they are being translated to the clinic including nuclease degradation, rapid 

clearance when administered systemically, low cell permeability, and limited 

distribution to tissues of interest.1 Additionally, their polyanionic phosphate 

backbone leads to repulsion at cell membranes due to unfavourable electrostatic 

interactions, drastically reducing their uptake into various tissues and cell types.11 

Another limitation to the clinical translation of oligonucleotides is their inability to 

effectively escape endosomal entrapment, limiting access to cytosolic and nuclear 

targets.12 To overcome these challenges, many strategies have been implemented 

including chemical modifications on the nucleobase, sugar modifications at the 2’ 

position (i.e., 2’-O-methoxyethyl, 2’F), backbone modifications (i.e., 

phosphorothioate), and use of alternate chemistries such as locked nucleic acids 

(LNAs) and peptide nucleic acids (PNAs) (Figure 2).6 
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Additionally, ligands such as N-acetylgalactosamine, dendrimers, and 

cholesterol have been used as oligonucleotide conjugates to facilitate uptake and 

promote targeted delivery to specific tissues or cell types.1 Along with chemical 

modifications and bioconjugates, the advent of nanocarriers has offered an 

alternative solution to the delivery of oligonucleotides and other highly charged and 

polar macromolecules, most notably lipid nanoparticles (LNPs). Lipid nanoparticles 

can deliver nucleic acid cargos by providing them protection from nuclease 

digestion and precludes them from renal filtration due to their size.6 However, 

difficulties remain stemming from the challenge to precisely control their size and 

Figure 2. Chemical modifications used for oligonucleotide-based drugs.3 
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distribution, as well as poor drug loading efficiencies. As a result, the clinical 

translation of oligonucleotide-based therapeutics is dependent on the delivery 

technologies that they employ. A system that can facilitate cellular internalization, 

demonstrate target affinity, maintain stability in vivo, and retain drug potency are 

key considerations when establishing a relevant platform. 

Another important consideration when designing oligonucleotides for 

neurodegenerative diseases is their administration methods. The blood-brain 

barrier poses a significant challenge for systemically administered drugs, impeding 

the uptake of most pharmaceuticals.13,14 Consequently, to access the central 

nervous system (CNS), invasive administration methods such as intrathecal 

injections are required.15,16 Therefore, it is important to keep exploring strategies 

that also enhance drug adsorption through less invasive means. 

 

The Effect of Charge on Delivery Efficiency 

 Charge is another important parameter governing the ability to cross cell 

membranes and access intracellular compartments. Many transfection reagents 

such as lipofectamine employ cationic lipids to facilitate cell entry.17,18 Similarly, cell 

penetrating peptides (CPPs) such as R9, TAT (48-60), and Penetratin have been 

widely employed to translocate a wide variety of materials into cells, the latter two 

being derived from natural proteins.19 The R9 peptide, a homopolymer of the amino 

acid arginine, maintains a cationic charge at physiological pH (pKa = 12.48) due to 

its inherent guanidinium functional groups. Guanidinium-rich molecular 
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transporters have been used to facilitate the uptake of a diverse array of cargos, 

not limited to peptides, proteins, siRNA, and small molecules across a variety of 

tissues and barriers.20 For example, peptide nucleic acids (PNAs) employing 

guanidinium-based backbones have demonstrated remarkable uptake properties, 

resistance to nucleases and proteases, and maintenance of their Watson-Crick 

recognition with complementary sequences.21 Poly-arginine analogues have not 

only aided in cell entry, but have also been shown to escape the endosome and 

access subcellular organelles such as the mitochondria and nucleus.20,22,23 The 

ability to escape the endosome and access intracellular compartments is 

imperative for drugs to interact with their intended targets, demonstrating the utility 

of cationic polyarginine motifs. 

Contrastingly, the phosphodiester (P-O) backbone of oligonucleotides is the 

main driver of their physiological properties, stemming from the anionic charge 

carried on the non-bridging oxygen of the phosphate group. Their polyanionic 

character and hydrophilicity leads to repulsion at cell membranes due to 

unfavourable electrostatic interactions and differences in hydrophobicity.6,24 As a 

direct result, little to no uptake has been reported within the cytoplasm and nucleus 

when treated with cells, hindering their ability to interact with intracellular DNA or 

RNA.25–28 We hypothesize that by replacing the intrinsically anionic phosphodiester 

backbone with a cationic charge, we can modulate the properties of 

oligonucleotides and promote favourable electrostatic interactions at cell 

membranes, leading to an increased cellular uptake and access to other 
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intracellular compartments. 

 

Phosphate Backbone Modifications   

Phosphate backbone modifications entail replacing the non-bridging oxygen 

of an oligonucleotide with alternative atoms. The most common backbone 

alteration consists of replacing the oxygen atom with a sulfur atom, known as a 

phosphorothioate (P-S) oligonucleotide. Phosphorothioate oligonucleotides have 

been widely used as therapeutics due to their improved resistance to nuclease 

mediated degradation and tissue distribution.29 Many phosphorothioate 

oligonucleotides have been clinically approved including Pegaptanib, Spinraza, 

and Vitravene. This highlights how minimal changes induced to the phosphate 

backbone can have pronounced effects on oligonucleotide properties and their 

clinical utility. 

 More recently, phosphoramidate (P-N) modified oligonucleotides have 

gained traction and show interesting physiochemical and biological properties, 

pioneered by the work done by Letsinger and Mungall in 1970.30 Companies such 

as Wave Life Sciences have heavily investigated the application of 

phosphoramidate modified oligonucleotides in the context of gene knockdown for 

multiple indications. Multiple studies by Wave have demonstrated the 

pharmacological benefits of the P-N backbone including its increased potency of 

silencing, duration of response, and access to difficult to reach tissues, expanding 

the scope of indications amenable to therapeutic oligonucleotides.31,32 Additionally, 
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replacing the non-bridging oxygen with a nitrogen atom will provide a handle to 

introduce new functionality at the phosphate backbone (Figure 3).  

 

Figure 3. Exchanging the non-bridging oxygen of the phosphate backbone with a 
nitrogen atom will provide a handle to introduce new functionality at the phosphate 
backbone. 

 

Michel and Vasseur have reported an efficient post synthesis method to 

introduce several guanidinium motifs to amine derivatized internucleotide 

phosphoramidate linkages.33 Alternatively, Skakuj, Bujold and Mirkin have devised 

a method to replace the phosphate backbone altogether with guanidinium groups 

using iodine and TMP (2,2,6,6-tetramethylpiperidine), inspired by Dempcy and 

Bruice.34,35 This was shown to have a pronounced effect on the uptake properties 

of oligonucleotides, displaying a ~40 fold increase in uptake relative to their 

unmodified counterparts.34 Therefore, the effect of incorporating charged 

backbone motifs to oligonucleotides, in particular guanidinium modifications, is an 

effective strategy to not only enhance the stability against degradation by 

nucleases, but also shown to be an effective way to tailor the cell uptake properties 
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of these drugs. However, while efficient syntheses have been reported, the impact 

of guanidinium modifications remains largely unexplored in the context of 3D 

nucleic acid architectures. 

 

Spherical Nucleic Acids (SNAs) 

 The spherical nucleic acid, invented by Chad Mirkin in 1996, has provided 

a non-conventional nanoparticle-based approach to the delivery issue of 

oligonucleotides.36 The SNA consists of radially orienting linear oligonucleotides 

onto a nanoparticle core, conferring them a three-dimensional, spherical 

architecture.37 Compared with traditional nanoparticle delivery approaches such as 

LNPs and liposomes, which embed their drugs within the core, SNAs expose 

oligonucleotides on the surface. The densely functionalized arrangement of 

oligonucleotides on nanoparticle surfaces gives rise to many of their functional 

properties, which are independent of their nanoparticle core.37,38 Compared to their 

linear counterparts, SNAs have distinct properties that have garnered interest with 

respect to their use in diagnostics and therapeutics, such as their plasmonic, 

catalytic, magnetic, and luminescent properties.37 Work done by Cutler and Mirkin 

have underscored the advantages of SNAs in a therapeutic setting, including their 

robust uptake in a multitude of cell lines without transfection, resistant to nuclease 

degradation afforded by their tightly packed corona, ability to regulate protein 

expression levels, low cytotoxicity, and have higher affinity constants for 

complementary nucleic acids compared to their linear counterparts.37–41 However, 
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a well-known challenge of the SNA is that it precludes endosomal escape, an 

obstacle that needs to be addressed in order to interact with cytosolic and nuclear 

targets.42 Despite the clear advantages that the SNA platform possesses, in 

conjunction with its well defined structure and control, the exploration of phosphate 

backbone modifications to further tailor the properties of SNAs has been 

unexplored.  

 

Context and Scope of This Thesis 

 We propose to leverage the unique properties of SNAs by exploiting their 

core independence using 13 nm gold nanoparticles (AuNPs). The choice of 

nanoparticles 13 nm in size stems from their long-term stability at room 

temperature, narrow size distribution, extensive surface to volume ratios, and 

biocompatibility. In this way, we can afford SNAs with new and improved 

properties, stemming from their phosphate backbone modifications. We 

hypothesize that the nanoscale arrangement of phosphate backbone modifications 

will dictate the biological properties of the SNA, driving new interactions at cell 

surfaces, increasing cell uptake, and providing alternative uptake mechanisms. 

Additionally, the SNA platform presents a way to rigorously control the presentation 

of charge and hydrophobics in a nanoscale context (Figure 4). The modular design 

strategy of this approach can potentially be leveraged into a platform technology in 

which various ASOs can be inserted depending on the target of interest. 
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Charge Modified SNAs 

 We expect that the 3D architecture of the SNA will allow us to modulate its 

surface charge through cationic backbone modifications, specifically using amine 

and guanidinium derivatized functional groups. In this way, we expect to be able to 

produce more favourable electrostatic interactions at cell membranes, facilitating 

their uptake and decoupling the oligonucleotide drug from the uptake mechanism. 

This may provide unique characteristics including alternative uptake pathways, 

access to cytosolic and nuclear targets, and more potent therapeutic effects 

stemming from the stability of the phosphoramidate linkages. 

 

Hydrophobically Modified SNAs 

 To broaden the scope of targets that can be accessed by SNAs, specifically 

neurological indications, we proposed to devise hydrophobically modified SNAs 

Figure 4. Oligonucleotide Design & Conjugation Strategy. A thiol tail is 
placed at either the 3’ or 5’ terminus of the oligonucleotide to conjugate the 
strand to AuNPs (13 nm). An antisense oligonucleotide will be placed 
between the thiol tail and a phosphoramidate modified region. 
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with the capacity to traverse the blood-brain barrier (BBB). The backbone 

modifications were informed by a machine learning model that predicted species 

with aliphatic character. We hope that the hydrophobically modified 

oligonucleotides can offer better solutions to current administration methods for 

treating CNS related diseases with oligonucleotides, which involve intrathecal 

injections. Additionally, we anticipate that the aliphatic character imposed onto the 

phosphate backbone will provide the corona of SNAs with lipophilic character, a 

property notably required for passive BBB transport.43 
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CHAPTER 2 – MATERIALS & METHODS 

Materials & Supplies 

 1,3-diaminopropane, 1-adamantanecarbonyl chloride, isopropyl phosphite, 

ammonium citrate, sodium citrate, chloroauric acid, boric acid, urea, 

tris(hydroxymethyl)aminomethane (Tris), ethylenediaminetetraacetic acid (EDTA), 

O-methylisourea hemisulfate, dithiothreitol, 40% methylamine solution, Tween-20, 

sodium chloride, potassium cyanide, agarose, all solvents (acetonitrile, methanol, 

pyridine, tetrahydrofuran (THF)) were purchased from Sigma-Aldrich. 

Triethylamine, 19:1 acrylamide:bis-acrylamide (40% solution), hydrochloric acid, 

nitric acid, ammonium persulfate,  tetramethylethylenediamine (TEMED), 30% 

ammonium hydroxide solution, glacial acetic acid, fetal bovine serum, 

penicillin/streptomycin (10,000 U/mL), trypsin-EDTA (0.25%) and Dulbecco’s 

modified Eagle’s medium (DMEM) were obtained from Fisher Scientific. Ethyl 

trifluoroacetate, and 2,6-dihydroxyacetophenone were obtained from TCI 

Chemicals. Cy5 maleimide was obtained from Lumiprobe. Column 

chromatography was performed using SiliaFlash® P60 with a pore diameter of 40-

63 μm (50:1 silica: crude mixture) obtained from Silicycle. Desalting columns were 

obtained from Glen Research (Gel-Pack™ Desalting Column). MDA-MB-231 cells 

are a generous gift from the Wylie group. 

 Reagents required for DNA synthesis were made in house using chemicals 

and solvents purchased from Sigma-Aldrich. Deblock consisted of 3% 

dichloroacetic acid in dichloromethane. 5-(Ethylthio)-1H-tetrazole (ETT) was used 
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as activator and purchased as a 0.25 M solution in acetonitrile from Sigma-Aldrich 

to which a molecular trap pack (2 g for 200 mL, LGC Genomics) was added to keep 

it anhydrous. Oxidizer was made from 0.02 M Iodine in 

tetrahydrofuran/pyridine/water (70:20:10). Cap A consisted of tetrahydrofuran/2,6-

Lutidine/Acetic Anhydride (80:10:10) and Cap B was made from 16% 1-

Methylimidazole in tetrahydrofuran (16:84). Both capping solutions were kept 

anhydrous with molecular trap packs (5 g for 450 mL, LGC Genomics). Acetonitrile 

was used as diluent with a molecular trap pack to keep it anhydrous (20 g for 4 L). 

All other reagents required for DNA synthesis, including phosphoramidites, solid 

support (Glen UnySupportTM CPG 1000) and DNA synthesis columns were 

purchased from Glen Research. H-phosphonate monomers were acquired from 

ChemGenes (Thymidine H-phosphonate TEA Salt, ANP-3413). 

 High performance liquid chromatography (HPLC) purifications were 

conducted using a 100 mM triethylammonium acetate (TEAA) buffer at pH 7 

containing 3% acetonitrile. First, 10X TEAA buffer was made by adding 800 mL of 

Milli-Q water to a flask. 140 mL of triethylamine was added while stirring in an ice 

bath. Glacial acetic acid was added dropwise to the solution until a pH of 7.00 was 

reached and the solution was stored at 4 °C. HPLC buffer was then made by 

combining one part 1 M TEAA with 9 parts autoclaved Milli-Q water, to which 3% 

acetonitrile (ACN) was added. The entire solution was filtered through a 0.45 μm 

filter prior to use on the HPLC. Polyacrylamide gel electrophoresis (PAGE) was 

conducted using 1X tris-boric acid-EDTA (TBE) as running buffer, which consists 
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in 89 mM Tris, 89 mM boric acid, 2 mM EDTA. 

 

Instrumentation 

Small molecules were analyzed via 1H-NMR using a 600 MHz NMR 

spectrometer (AV 600 (2002)) with an auto sampler, processing the data with 

Bruker TopSpin 3.6.3 software. Oligonucleotide synthesis was carried out on a 

MerMade 6 (BioAutomation) automated oligonucleotide synthesizer. A SpeedVac 

ISS100 vacuum concentrator was used to concentrate oligonucleotides. HPLC 

was conducted on a Shimadzu Prominence instrument equipped with a manual 

injector (1 mL loop), column oven, and automated fraction collector. 

Oligonucleotide detection was conducted at 254 nm. PAGE purification was 

performed at room temperature on Hoefer 600 gel electrophoresis boxes, using 16 

x 16 cm gels with 0.75 mm or 1.5 mm thickness and corresponding accessories. 

Ultraviolet-visible (UV-vis) spectroscopy measurements were acquired on a Cary 

50 instrument using the Cary WinUV Scan application. Matrix-assisted laser 

desorption ionization – time of flight mass spectrometry (MALDI-TOF MS) was 

performed on a Bruker maXis 4G Mass Spectrometer in positive ion mode using 

2,6-dihydroxyacetophenone as the matrix. A Thermo Scientific Talos L120C was 

used to characterize the 13 nm AuNPs based on their size (diameter) and 

distribution. ImageJ software was used to determine the nanoparticle size 

distribution. Dynamic light scattering measurements were conducted on a 

Zetasizer Nano ZS instrument. A CytoFLEX LX Flow Cytometer (Beckman Coulter) 
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was used to analyze the cellular uptake of SNAs using the red laser to track 

cyanine 5 (Cy5) emission.  

 

Synthesis of N-Trifluoroacetyl-1,3-propylenediamine 

This synthesis was carried out according to the procedure by Michel et al. 

with minor modifications.33 Briefly, 1,3-diaminopropane and triethylamine (TEA, 2 

equiv.) were combined in a round bottom flask and stirred on ice. Ethyl 

trifluoroacetate (1 equiv.) was added dropwise to the solution over 5 minutes. The 

mixture was then allowed to warm to room temperature over 16-24 hours. The 

mixture was concentrated under vacuum to remove the TEA from solution. The 

crude residue was then purified via column chromatography on silica using 77.5% 

tetrahydrofuran (THF), 17.5% methanol (MeOH), and 5% TEA as the eluent. The 

reaction was monitored by TLC using the same solvent system and ninhydrin as 

the stain. Fractions containing the product were combined and dried. Yields a clear 

oil in ~15% yield. The product was confirmed by 1H NMR (Figure 5, Figure S1 and 

Figure S2). 
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Figure 5. 1H-NMR of N-Trifluoroacetyl-1,3-propylenediamine. N-
Trifluoroacetyl-1,3-propylenediamine: 1H-NMR (DMSO-d6, 600 
MHz): δ 1.56 (quint, 2H), 2.57 (t, 2H), 3.25 (t, 2H). 
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Oligonucleotide Synthesis 

Phosphoramidite Synthesis (“P-O” Backbone) 

 DNA oligonucleotides containing phosphate linkages were synthesized 

using standard solid phase phosphoramidite chemistry protocols44 at the 1 or 5 

μmole scale. Briefly, at each cycle, the trityl group on the solid support or 5’ end of 

the growing chain was removed using deblock to reveal a 5’ alcohol, which was 

coupled with an incoming phosphoramidite in 20-fold excess in the presence of 

ETT activator. The phosphite linkage formed is then oxidized to form a phosphate 

linkage with oxidizer and unreacted alcohols are capped with Cap A and B prior to 

restarting the cycle. Table 1 lists the oligonucleotides synthesized where “-SH” 

indicates the incorporation thiol-modifier C6 S-S (100 μmoles, Glen Research), “-

Cy5” indicates the incorporation of Cyanine 5 phosphoramidite (50 μmoles. Glen 

Research). Non-standard amidites were incorporated onto the oligonucleotides 

according to the manufacturer’s specifications. 

 

Table 1. Sequences of Cy5 labelled oligonucleotides and controls ("P-O" 
backbone). 

Oligonucleotide Sequence (5’-3’) 

T10-Cy5 5’-Cy5-TTTTTTTTTT-SH-3’ 

T20-Cy5 5’-Cy5-TTTTTTTTTTTTTTTTTTTT-SH-3’ 

T3 Control 5’-SH-AGGTCTTGTTTCCTTTGCTTTT-3’ 

T7 Control 5’-SH-GGTCTTGTTTCCTTTGCTTTTTTTT-3’ 

T10 Control 5’-SH-TTTTTTTTTT-3’ 
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Phosphoramidate Synthesis (“P-N” Backbone) 

 Oligonucleotides containing phosphoramidate modifications (“P-N”) were 

synthesized at the 1 μmole scale according to the protocol described by Vlaho and 

Damha, which was automated onto a MerMade 6 oligonucleotide synthesizer. The 

deblocking solution proposed in the protocol (3% trichloroacetic acid in 

dichloromethane) was replaced by 3% dichloroacetic acid in dichloromethane to 

minimize risk of acid-mediated degradation. The activator and Cap A solutions 

consisted of 0.35 M adamantane carbonyl chloride in 95:5 acetonitrile/pyridine 

(v/v). The Cap B solution was made from 1% isopropyl phosphite in 95:5 

acetonitrile/pyridine (v/v). The amine monomer solution was made by combining 

10% N-trifluoroacetyl-1,3-propylenediamine, 10% anhydrous pyridine, and 80% 

carbon tetrachloride (CCl4).45 H-phosphonate building blocks were obtained from 

a commercial supplier and dissolved in 50:50 pyridine:acetonitrile. All solutions 

were kept anhydrous using molecular trap packs (0.5 g per 30 mL solution, LGC 

Genomics). Briefly, at each cycle, the trityl group on the solid support or 5’ end of 

the growing chain was removed using deblock to reveal a 5’ alcohol, which was 

coupled with an incoming thymidine H-phosphonate building block in 10-fold 

excess in the presence of 1-adamantanecarbonyl chloride activator. The H-

phosphonate linkage formed is then oxidized to form a phosphoramidate linkage 

with the amine monomer solution and unreacted alcohols are capped with Cap A 

and B prior to restarting the cycle. Table 2 lists the oligonucleotides synthesized 

where “n” denotes phosphoramidate linkages. 
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Table 2. Sequences of phosphoramidate modified oligonucleotides synthesized. 
"n" represents phosphoramidate linkages. 

Oligonucleotide Sequence (5’-3’) 

3X NH2 5’-SH-AGGTCTTGTTTCCTTTGCTnTnTnT-3’ 

7X NH2 5’-SH-AGGTCTTGTTTCCTTTGCTnTnTnTnTnTnTnT-3’ 

3X Guanidinium 5’-SH-AGGTCTTGTTTCCTTTGCTnTnTnT-3’ 

7X Guanidinium 5’-SH-AGGTCTTGTTTCCTTTGCTnTnTnTnTnTnTnT-3’ 

4X Propylamine 5’-SH-TTTTTTnTnTnTnT-3’ 

4X Hexylamine 5’-SH-TTTTTTnTnTnTnT-3’ 

4X Octylamine 5’-SH-TTTTTTnTnTnTnT-3’ 

4X 1-(3-aminopropyl) 
pyrrolidine 

5’-SH-TTTTTTnTnTnTnT-3’ 

 
Cleavage & Deprotection of Oligonucleotides 

 Oligonucleotide synthesis columns were removed from the MerMade6 

instrument and any remaining solvent in the synthesis columns was removed under 

a vacuum pull for a few seconds. A blunt needle was used to disrupt the frit and 

transfer the solid support to a scintillation vial. For 1 μmol and 5 μmol syntheses, a 

global deprotection was performed by adding a 1:1 solution of 28-30% ammonium 

hydroxide (NH4OH) and 33 wt. % aqueous methylamine (AMA) to the solid support 

(1 mL total for 1 μmole and 5 mL total for 5 μmole). The mixtures were immediately 

placed on a heating block set at 55°C for 45 minutes in screw cap vials or tubes. 

The methylamine and ammonium hydroxide were removed from solution by either 

gently drying under a stream of nitrogen or at 60 °C on a vacuum concentrator. 1 

μmole and 5 μmole syntheses were resuspended in 1 mL and 5 mL of autoclaved 

Milli-Q water, respectively prior to purification. 
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Purification of Oligonucleotides 

Reverse-Phase High-Performance Liquid Chromatography (HPLC) 

 The crude deprotected oligonucleotides were filtered through a 0.45 μm 

polyethersulfone (PES) syringe filter (25 mm diameter). The volume of the filtered 

oligonucleotides was adjusted to 1 mL with autoclaved Milli-Q water (passed 

through the same syringe filter to collect any oligonucleotide remaining on the 

membrane). This buffer was loaded onto line A of the HPLC while line B was loaded 

with 100% HPLC-grade acetonitrile. Oligonucleotides that retained a 4,4’-

dimethoxytrityl (DMT) group at the 5’ position were purified out of the crude mixture 

containing failed sequences using an 8 μm, 100 Å PLRP-S column (4.6 mm x 250 

mm, Agilent) pumping at 2.5 mL/min using a linear gradient from 0 to 100% 

acetonitrile over 30 minutes as described in Table 3: 

 

Table 3. HPLC gradient for oligonucleotide purification. 

Time (minutes) [100 mM TEAA, 3% ACN] % (Line A) [ACN] % (Line B) 

0 100 0 

5 100 0 

35 0 100 

45 0 100 

46 100 0 

60 100 0 

 

Fractions containing the purified oligonucleotide were collected and dried on 

a SpeedVac vacuum concentrator and stored at 4 °C. The figure below (Figure 6) 

depicts a standard HPLC chromatogram of a phosphoramidate modified 

oligonucleotides eluting at ~26 minutes. 
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Preparative Denaturing Polyacrylamide Gel Electrophoresis (PAGE) 

 A 24% acrylamide stock (250 mL) was made by combining 105 grams of 

urea, 150 mL of 19:1 acrylamide:bis-acrylamide 40% solution, and 25 mL of 10X 

TBE. The 24% acrylamide stock solution was diluted to either 15% or 20% with 

Milli-Q water depending on the length of the oligonucleotide being purified as per 

Table 4. 

 

Table 4. Polyacrylamide percentage versus oligonucleotide length. 

Oligonucleotide length (bases) Polyacrylamide concentration (%) 

<25 20 

25-50 15 

 

Figure 6. HPLC chromatogram of a phosphoramidate modified oligonucleotide 
(4X Propylamine). 
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The gel was then polymerized by first adding 0.1% (v/v) N,N,N’,N’-

tetramethylethylenediamine (TEMED) and mixing thoroughly. 0.1% (w/v) 

ammonium persulfate (APS) was then added rapidly afterwards and mixed 

thoroughly. The gel was cast between two plates separated by 1.5 mm spacers 

and allowed to polymerize with a comb inserted to generate a large single well. 

The well was with water prior to loading the oligonucleotide to be purified as a 1:1 

mixture with 8 M urea at a final volume of 500 μL. Gels were run for 2.5 hours at 

250 V and 30 mA using 1X TBE as running buffer. Oligonucleotides were visualized 

on the gel using a UV lamp and the band of interest was excised using a single 

edge razor blade (typically the most retained band corresponded to the product). 

The excised bands were placed into a 15 mL falcon tube, crushed to small pieces, 

and resuspended in ~10 mL of Milli-Q water. The tubes were frozen solid in liquid 

nitrogen and immediately placed on a heat bock set at 55 °C for 24 hours with 

intermittent shaking to distribute the crushed gel and facilitate the diffusion of the 

oligonucleotides out of the gel pieces. Once incubation was completed, the gel was 

separated from the purified oligonucleotide solution by filtering through a Buchner 

funnel. The purified oligonucleotides were dried on a SpeedVac vacuum 

concentrator until they reached a total volume of 1 mL. The oligonucleotides were 

run through a desalting column according to the protocol described by Glen 

Research to remove small molecules and salts from solution and stored at 4 °C. 
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Detritylation & Reduction of Oligonucleotides 

Detritylation 

 For oligonucleotides that retained a 5’-DMT protecting group, acetic acid 

was added to bring the total volume in solution to 20% (v/v). The solution was 

allowed to incubate at room temperature for 1 hour to cleave the 5’-DMT protecting 

group. The acetic acid was removed from solution by either 1) drying it on a 

SpeedVac vacuum concentrator or 2) subjecting it to a desalting column (buffer 

exchange) and stored at 4°C. 

 

Reduction of Disulfide Linkages 

 To reduce the disulfide installed at either the 3’ or 5’ end of the 

oligonucleotides, stock solutions of 1 M dithiothreitol (DTT) and 10X Tris-

hydrochloride (HCl, pH 8.4) were prepared. The 1 M DTT stock and 10X Tris-HCl 

(pH 8.4) were added to the oligonucleotides such that their final concentrations in 

solution were 0.1 M and 1X (v/v), respectively. The solutions were thoroughly 

mixed and left to react at room temperature for 45 minutes. The oligonucleotides 

were passed through another round of desalting columns and stored at 4 °C. 

 

Guanidinylation of Amine Functionalized Oligonucleotides 

 This reaction was adapted according to the procedure by Michel et al. with 

minor modifications.33 Amine derivatized oligonucleotides (~10 OD) were 

combined with 28-30% ammonium hydroxide (1:1). A freshly made solution of 
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aqueous O-methylisourea hemisulfate (~4 M) was added to the oligonucleotide 

solution in a ratio of 1 part salt, 2 parts oligonucleotide. The mixture was allowed 

to react for 45 minutes at 65 °C. The solution was quenched to 0 °C and partially 

dried on a SpeedVac vacuum concentrator. The guanidinylated oligonucleotide 

was corrected to 1 mL with Milli-Q water and run through a desalting column to 

remove all reaction components and stored at 4 °C. 

 

Characterization of Oligonucleotides 

Ultraviolet-Visible Spectroscopy 

 UV-vis spectroscopy was used to determine the concentration of 

oligonucleotides, cyanine 5-labeled oligonucleotides, and spherical nucleic acids 

(SNA), using their maximum absorption bands at 260 nm, 647 nm, and 520 nm 

respectively. Absorbance spectra were acquired from 800 nm to 200 nm with 

approximately one reading per nanometer using a 1 cm pathlength microvolume 

cuvette. For each measurement, the instrument was baselined with Milli-Q water 

and zeroed. Readings for each sample were acquired using dilution with Milli-Q 

water to ensure the readings were between 0.1 and 1 absorbance units (a.u.), 

which is the range where the instrument is the most precise. For oligonucleotides, 

extinction coefficients were determined using the IDT DNA OligoAnalyzer™ Tool 

(www.idtdna.com/calc/analyzer). For cyanine 5 labels, an extinction coefficient of 

250,000 cm-1 M-1 was used based on manufacturer’s specifications. For spherical 

nucleic acids, an extinction coefficient of 2.76 x 108 cm-1 M-1 was used based on 
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literature for 13 nm gold nanoparticles.37 Concentrations were determined using 

the recorded absorbances, dilution factor, and molar extinction coefficient using 

the Beer Lambert law (𝐴 = 𝜀𝑙𝑐), where 𝐴 = absorbance, 𝜀 = molar extinction 

coefficient (M-1 cm-1), 𝑙 = optical path length (cm), and 𝑐 = molar concentration (M). 

 

Analytical Denaturing Polyacrylamide Gel Electrophoresis 

 A denaturing polyacrylamide gel was prepared and casted according to the 

“Preparative Denaturing Polyacrylamide Gel Electrophoresis (PAGE)” section with 

modifications. Instead, a 20-well comb was inserted after casting the acrylamide 

solution in between plates separated by 0.75 mm spacers. 10 μL solutions of each 

oligonucleotide were prepared (~0.1 OD) and combined with 10 μL of 8 M urea. 

The oligonucleotide solutions were loaded into the wells and run for 2.5 hours at 

250 V and 15 mA. The gel was removed and stained in Stains-All solution (0.005% 

(w/v) Stains-All in 1:1 formamide/water (v/v)) for ~5 minutes to visualize the bands. 

 

MALDI-TOF MS 

 DHAP matrix was prepared by dissolving 25 mg of 2,6-

dihydroxyacetophenone into 300 μL methanol. Saturated ammonium citrate 

solution (111 μL) was added next, and the matrix was vigorously vortexed and 

centrifuged until a white precipitate formed at the bottom and the supernatant was 

a bright yellow solution. 0.5 μL of each oligonucleotide were spotted onto a steel 

MALDI target plate followed by 0.5 μL of the DHAP matrix supernatant. The 
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oligonucleotides were allowed to dry before they were analyzed by MALDI-TOF 

MS in positive ion mode. 

 

Stability of Phosphoramidate Linkages in 1X PBS & DMEM 

 The concentration of a 3X amine derivatized oligonucleotide was 

determined by UV-vis. Three 30 μM stock solutions (200 μL) of the oligonucleotide 

were prepared in Milli-Q water. The three oligonucleotide solutions were 

completely dried down and resuspended in either 200 μL of 1X phosphate-buffered 

saline (PBS), 1X Dulbecco’s Modified Eagle Medium (DMEM), or Milli-Q water. The 

oligonucleotides were incubated for 4 hours at 37°C and run through a desalting 

column. MALDI-TOF MS was used to analyze the oligonucleotides. 

 

Synthesis of 13 nm gold nanoparticles (AuNPs) 

13 nm gold nanoparticles were synthesized according to the protocol 

outlined by Liu and Lu using aqua regia-cleaned glassware.46 Briefly, 2 mL of a 50 

mM chloroauric acid (HAuCl4) solution was added to 98 mL of Milli-Q water. The 

solution was brought to a reflux while stirring on a mineral oil bath, then 10 mL of 

a 38.8 mM sodium citrate solution was added rapidly and directly into the solution. 

When a deep red colour became apparent (~1 minute), the solution was allowed 

to reflux for another 20 minutes. The gold nanoparticles were collected in aqua 

regia-cleaned glassware and stored at room temperature in the dark. 
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TEM Analysis of 13 nm AuNPs 

 13 nm citrate capped AuNPs were sonicated for ~5 minutes and spotted 

onto a 300 nm copper mesh with holey carbon film purchased from Ted Pella. The 

AuNPs were left to dry for ~2 hours. The grid containing dried AuNPs was placed 

on a single tilt sample holder and inserted into the goniometer. Alignment 

procedures were followed according to CCEM (Canadian Centre for Electron 

Microscopy) and images were required using Velox acquisition software. Particle 

size and distribution was analyzed by ImageJ software. 

 

Dual Layer Spherical Nucleic Acid (SNA) Synthesis 

Cyanine 5 SNA Monolayer Synthesis 

 The concentration of a T20 cyanine 5 (Cy5) labelled oligonucleotide was 

determined by UV-vis by measuring its absorbance at 260 nm (A260) and using the 

extinction coefficient of a 20-base poly-thymine sequence (162,600 M-1 cm-1 

determined using the OligoAnalyzer Tool from IDT DNA, 

www.idtdna.com/calc/analyzer) and the Beer-Lambert equation. Similarly, the 

concentration of the 13 nm AuNPs was determined by UV-vis by measuring their 

extinction at 520 nm (Ext520) using an extinction coefficient of 2.76 x 108 M-1 cm-1.37 

Using these concentrations, SNAs with a low-density T20 Cy5 monolayer were 

synthesized by incubating DNA with AuNPs at a ratio of 85:1 for 16-24 hours at a 

final concentration of 10 nM AuNPs and 850 nM DNA, diluting with Milli-Q water as 

required. The AuNPs, Milli-Q water, and DNA were combined, vortexed, and left 
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on an inverting mixer for ~5 minutes. Tween-20 was then added to a final volume 

of 0.25% in solution. Salt aging was performed by adding sodium chloride (NaCl) 

every 30 minutes in 0.01 M increments until the final concentration in solution was 

0.05 M, mixing thoroughly between each addition. The Cy5 monolayer SNAs were 

then allowed to mix for 16 to 24 hours. After the incubation was completed, the 

excess DNA and salts were removed through 3 rounds of pelleting (45 min, 14,800 

rpm) and aspirating the supernatant, replacing it with an equal volume of Milli-Q 

water. The final concentration of SNAs with a low density of T20 Cy5 was then 

assessed using UV-visible spectroscopy, monitoring their extinction at 520 nm with 

typical concentrations ranging from 50-100 nM. SNAs functionalized with a low 

density of Cy5 T20 are transiently stable and were used immediately in a second 

DNA functionalization assay. 

 

Dual Layer SNA Synthesis with Modified Oligonucleotides 

 The concentration of the Cy5 monolayer SNA (Ext520) and the modified 

oligonucleotides (A260) were determined by UV-vis. To assemble dual layer SNAs, 

the protocol from the section “Cyanine 5 SNA Monolayer Synthesis” was used. The 

ratio of modified oligonucleotide to Cy5-SNA used was either 500 or 750:1. The 

Cy5-SNA stock, Milli-Q water, and modified oligonucleotides were combined and 

left to mix on an inverting mixer for 16-24 hours. Tween-20 was added to a final 

volume of 0.25% in solution. The dual layer SNAs were salt aged in 0.1 M 

increments to a final concentration of 0.5 M NaCl in solution. The dual layer SNAs 
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were allowed to mix for another 16 to 24 hours. The excess DNA and salts were 

removed via 3 rounds of pelleting (45 min, 14,800 rpm), aspirating the supernatant, 

and replacing with Milli-Q water. SNAs were then assessed for their concentration 

using their extinction at 520 nm and stored at 4 °C. 

 

SNA Characterization 

Cy5 Monolayer SNA Functionalization Assay 

 This assay was conducted to determine the number of Cy5-labeled 

oligonucleotides were functionalized onto the Cy5 monolayer SNAs. A 1 μM stock 

of cyanine 5 labelled oligonucleotide (200 μL) and a 1 nM stock of the 

corresponding Cy5 monolayer SNA (200 μL) were prepared. A 40 mM potassium 

cyanide (KCN) solution and a 20 mM KCN solution were prepared. 160 μL of 40 

mM KCN was added to the Cy5 monolayer SNA sample (1:1) and thoroughly mixed 

to dissolve the AuNPs. 100 μL of the mixture was dispensed into 3 adjacent wells 

(rows 9-11) on a 96-well plate. A calibration curve for Cy5 signal was established 

by dispensing 100 μL of 40 mM KCN in a well (row 8) followed by 100 μL of 1 μM 

Cy5 DNA stock. 100 μL of 20 mM KCN was dispensed into 7 adjacent wells (rows 

1-7). A 1:2 serial dilution was performed starting from row 8 and stopping at row 2. 

The fluorescence of the Cy5 dye was measured on a microplate reader using an 

excitation of 651 nm and an emission of 670 nm. The number of T20 Cy5 

oligonucleotides per AuNP was determined from the Cy5 reading on the Cy5 

monolayer SNA samples, dividing by their known gold concentration. 
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Oligreen Total DNA Functionalization Assay 

 This assay was conducted to determine the number of DNA strands per 

AuNP were found on average on SNAs after both DNA strands were functionalized 

(Cy5 label and strand of interest). The Oligreen total DNA functionalization assay 

was prepared according to the protocol described in the section above using a 

separate calibration curve for each different oligonucleotide that was assessed. 

Prior to measuring fluorescence, a 0.5% Oligreen stock solution was made in water 

(v/v). 100 μL of Oligreen solution was dispensed in each well and the fluorescence 

was measured within 5 minutes on a plate reader using an excitation of 480 nm 

and an emission of 520 nm. The number of oligonucleotides per AuNP was 

determined from the Oligreen reading on the Cy5 monolayer SNA samples, 

dividing by their known gold concentration. 

 

Agarose Gel Electrophoresis 

 A 1% agarose gel (w/v) was prepared by combining 0.5 g of agarose with 

50 mL of 1X TBE buffer. The mixture was microwaved in 30 second intervals until 

the solution became clear. The volume was corrected back to 50 mL with water 

and poured into a gel box. A 10-well comb was inserted, and the gel was allowed 

to solidify for 30 minutes at room temperature. The gel was then placed in 1X TBE 

running buffer. The SNAs were loaded at a final concentration of ~20 nM with 10% 

glycerine (v/v). The gel was run for 1 hour at 100 V and 50 mA. 
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Dynamic Light Scattering (DLS) 

 For measurements of hydrodynamic diameter, 3 nM solutions of SNAs were 

prepared at a volume of 1 mL in disposable cuvettes and filtered. Measurements 

were carried out at a temperature of 25°C. For each SNA, three replicates were 

performed with 11 acquisitions each. 

 

Bioconjugation of Thiolated Oligonucleotides with Cy5 Maleimide 

 A stock solution of Cy5 maleimide (Lumiprobe) was made by suspending it 

in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/mL. A fresh solution of 

Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) was made (0.5 M) and 

corrected to a pH of 7 with 10 M sodium hydroxide (NaOH). 100 μM solutions of 

thiolated oligonucleotides (100 μL) were prepared. 2 μL of the TCEP solution was 

added to the oligonucleotides and left to react for ~5 minutes. 10X PBS was added 

to each oligonucleotide to bring its concentration to 1X in solution. A 10X molar 

excess of Cy5 maleimide was added to each oligonucleotide and thoroughly mixed. 

DMSO was used as a cosolvent if the Cy5 maleimide did not fully dissolve in 

solution (~10 μL increments). The solutions were vigorously vortexed and allowed 

to mix at room temperature for 2 hours. The oligonucleotide solutions were 

corrected to 1 mL with milli-Q water and run through a desalting column, eluting 

with 1 mL fractions. RP-HPLC was performed on the oligonucleotides according to 

the standard protocol described above. 
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Octanol-Water Partitioning of Oligonucleotides 

 Oligonucleotides were prepared at a final concentration of 100 μM (100 μL). 

100 μL of octanol was added to each oligonucleotide, mixed thoroughly, and 

allowed to settle for ~20 minutes. An aliquot of the water layer was analyzed by 

UV-vis. To determine the ratio of oligonucleotide partitioned into the octanol phase 

versus the water phase, the following equation was used: 𝑃𝑜/𝑤 =
[𝑂𝑙𝑖𝑔𝑜𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒]𝑜

[𝑂𝑙𝑖𝑔𝑜𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒]𝑤
, 

where P represents the n-octanol-water partition ratio. 

 

SNA Uptake by Flow Cytometry 

 MDA-MB-231 cells were plated at 50,000 cells/well in 24-well plates one 

day before the experiment. To assess cellular uptake of different SNAs, first, the 

media was aspirated out of each well and replaced with 1X DMEM (1% penicillin-

streptomycin) without FBS (300 µL per well for a 24-well plate). Wells were then 

treated with SNAs incubated at a final concentration of 2 nM or 1X PBS (negative 

control). The SNAs were incubated at 37 °C and 5% CO2 for varying lengths of 

time. For samples incubated longer than 4 hours, the media was supplemented 

with 10% FBS at the 4-hour mark. Once the incubation was completed, the media 

in each well was aspirated and 200 µL of trypsin was added to each well and 

incubated at 37°C and 5% CO2 for 5 minutes. 300 µL of 1X DMEM FULL was 

added to each well and thoroughly combined. The mixtures were transferred into 

round bottom tubes and centrifuged for 5 minutes at 1400 rpm. The media was 

carefully aspirated to not disturb the cell pellet. The cells were resuspended in 500 
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µL of 1X PBS and transferred and filtered into 5 mL round-bottom polystyrene 

tubes with a 35 µm strainer for analysis by flow cytometry. The fluorescence 

intensity was determined using a red laser (638 nm) to excite the Cy5 fluorescent 

dye conjugated to the SNAs. Data analysis was performed using FlowJo software 

to determine the relative fluorescence intensity of each SNA. 

 

Processing Flow Cytometry Data with FlowJo 

Data analysis was performed using FlowJo software to determine the relative 

fluorescence intensity of each SNA in live MDA-MB-231 cells. The following two 

examples demonstrate how fluorescence intensities were acquired for unstained 

cells and cells incubated with a dual layer SNA derivatized with seven guanidinium 

residues per oligonucleotide. A plot of forward versus side scatter was generated 

to identify live MDA-MB-231 cells (Figure 7). 

 

Figure 7. Plot of forward scatter versus side scatter for a) Unstained MDA-MB-
231 cells and b) 7X Guanidinium SNA incubated with MDA-MB-231 cells. 
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The live cells were gated and a second plot of forward scatter (area) versus 

forward scatter (height) was generated to show single cells (Figure 8). 

 

The single cells were further gated and a plot of side scatter (height) versus 

side scatter (area) was created to separate the single cells based on granularity 

(Figure 9). 

 

Figure 8. Plot of forward scatter (area) versus forward scatter (height) for a) 
Unstained MDA-MB-231 cells and b) 7X Guanidinium SNA incubated with MDA-
MB-231 cells. 

Figure 9. Plot of side scatter (height) versus side scatter (area) for a) Unstained 
MDA-MB-231 cells and b) 7X Guanidinium SNA incubated with MDA-MB-231 
cells. 
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The single cells separated by granularity were gated and a histogram of Cy5  

fluorescence intensity was plotted (Figure 10). 

 

The histograms were overlayed in layout editor and the mean fluorescence 

intensity was determined by adding the mean Cy5 intensity statistic (Figure 11). 

Figure 10. Histogram of Cy5 fluorescence intensity for a) Unstained MDA-MB-
231 cells and b) 7X Guanidinium SNA incubated with MDA-MB-231 cells. 
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Figure 11. a) Overlayed histogram of unstained MDA-MB-231 cells with 7X 
Guanidinium SNA incubated with MDA-MB-231 cells. b) Mean fluorescence intensity 
statistic was applied to all samples. 
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CHAPTER 3 – SYNTHESIS OF GUANIDINIUM FUNCTIONALIZED SNAS 

Synthesis & Purification of N-Trifluoroacetyl-1,3-Propylenediamine 

 We hypothesized that phosphate backbone modifications could be used at 

the nanoscale to facilitate the cell entry of spherical nucleic acids and improve their 

localization to compartments of interest (e.g., cytoplasm). To test this, we first 

elected to synthesize SNAs functionalized with cationic modifications, such as 

guanidiniums, due to their demonstrated ability to facilitate transport of nanoscale 

objects across membranes.20 To achieve this, we synthesized oligonucleotides 

derivatized with guanidiniums according to the protocol by Michel et al. In their 

approach, guanidinium groups are incorporated post-synthetically onto the 

phosphate backbone of oligonucleotides derivatized with primary amines in a 3 

step process where 1) a diamine is protected with a base-labile protection group, 

2) this protected diamine is introduced on the phosphate backbone of 

oligonucleotides using H-phosphonate chemistry to form a phosphoramidate-

derivatized oligonucleotide that contains primary amine groups and 3) the amines 

are converted into guanidiniums post synthesis and deprotection to give the 

oligonucleotide of interest (Figure 12).  

 

 

Figure 12. Synthesis of guanidinium-functionalized oligonucleotides. 
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As a first step, 1,3-diaminopropane was protected using ethyl 

trifluoroacetate, a protecting group that is conveniently removed during global 

deprotection of oligonucleotides under basic conditions.45 By using a 1:1 

stoichiometric ratio of 1,3-diaminopropane to ethyl trifluoroacetate, one amino 

group can be protected while the other amino group is left free to react (Figure 13). 

 

Figure 13. Schematic of the Synthesis of N-Trifluoroacetyl-1,3-propylenediamine. 

 

This was done to avoid having the diamine starting material react from both 

ends, which would leave a nucleophilic group on the growing oligonucleotide chain, 

which can produce undesirable crosslinks between strands during solid phase 

synthesis. The amine protection reaction proceeds through a nucleophilic acyl 

substitution mechanism, producing ethanol as a by-product, which can be removed 

through rotary evaporation. To achieve effective separation of the mono-protected 

product from the starting material and di-protected product, column 

chromatography was performed using a silica column with an eluent composition 

of 77.5% THF, 17.5% MeOH, and 5% TEA. Typical yields of ~15% were achieved 

after purification due to loss of product on the silica column. This is because silica 

is slightly acidic while the primary amine of N-trifluoroacetyl-1,3-propylenediamine 

is slightly basic. This creates a strong interaction that requires a competing amine, 
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hence the use of TEA during the separation, and reduces the overall yield of 

synthesis. Although the yield is poor, minimal product is required for oxidative 

amination onto the phosphate backbone of oligonucleotides and all starting 

material were cheap to acquire, facilitating gram scale syntheses. Another 

convenient aspect of this synthesis was its applicability to diamines of different 

lengths (e.g., ethyl and butyl), which provided a handle to modulate the 

hydrophobic character of the modified oligonucleotides. Successful synthesis of 

the product was confirmed using 1H NMR, which showed three strong resonances 

corresponding to an integration of 2 protons each (Figure 5, Figure S1 and Figure 

S2). 

 

Oligonucleotide Synthesis 

Oligonucleotides were then synthesized using a combination of automated 

protocols using phosphoramidite and phosphoramidate chemistry.44,45 

Phosphoramidite chemistry was used to synthesize unmodified oligonucleotide 

sequences on a solid support that contain phosphate internucleoside linkages. The 

phosphoramidite cycle entails a stepwise addition of nucleotides in the 3’ to 5’ 

direction until the desired sequence is achieved (Figure 14). Briefly, the 5’ DMT 

group is removed on the growing oligonucleotide chain, revealing a 5’ hydroxyl 

group. An incoming phosphoramidite is activated by a tetrazole catalyst and the 5’ 

hydroxyl group of the growing chain attacks the phosphorous. An oxidation step is 

then performed using iodine to generate a phosphorus(V) centre from a 
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phosphorus(III) centre. The cycle is repeated until the desired oligonucleotide 

sequence is achieved. Phosphoramidite chemistry has been well established and 

is the gold standard method for producing synthetic DNA/RNA due to its nearly 

quantitative yields at each coupling step (typically >99.5%).47  

  

 

Figure 14. Phosphoramidite cycle used to generate oligonucleotides. 

 

In contrast, phosphoramidate chemistry was used to amidate the 

phosphorus atom, effectively replacing the typical phosphodiester bond with a P-
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N linkage instead, allowing for chemical manipulation and introduction of new 

functionality at the phosphorus atom directly (Figure 15). Introducing modifications 

to the phosphate backbone of oligonucleotides is not as accessible when 

compared to other chemical modifications such as deoxyribose sugar or 

nitrogenous base alterations. This is because the typical phosphoramidite 

synthesis cycle is disrupted and new coupling chemistry needs to be adapted, 

including the introduction of different precursors. Vlaho and Damha have optimized 

phosphoramidate synthesis using an automated solid-phase synthesis approach 

that employs H-phosphonate nucleosides as precursors to establish 

internucleoside phosphoramidate linkages, with coupling yields of >97% per step.45 

Compared to phosphoramidite synthesis, the H-phosphonate approach has a 

distinct set of advantages, including access to a broad scope of biologically 

relevant phosphate analogues through changes in oxidation conditions.48 Despite 

the longer synthesis times and the modified building blocks needed to introduce P-

N linkages, they induce pronounced changes to the properties of oligonucleotides, 

providing them with new utility in a biological setting. Conveniently too, all standard 

DNA nucleosides can be purchased as H-phosphonate derivatives, further 

reducing access barriers to these types of modified oligonucleotides. 
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Figure 15. H-Phosphonate approach to phosphoramidate linkages. 

 

To successfully incorporate phosphoramidate internucleoside backbone 

linkages, commercial H-phosphonate nucleoside derivatives were coupled in 

sequence to establish oligonucleotides of various lengths, using adamantane 

carbonyl chloride as an activator. An additional oxidative amination step was then 

performed to create P-N linkages at the phosphorus using primary amines 

derivatized with different substituents (Figure 16).33,45 Briefly, the 5’ DMT group on 

the growing oligonucleotide chain is removed to expose a 5’ hydroxyl group. An 

incoming thymidine H-phosphonate nucleoside derivative is activated with 

adamantane carbonyl chloride and coupled onto the growing chain. An oxidative 

amination step is performed using carbon tetrachloride to effectively amidate the 

phosphorus, generating P-N linkages. The cycle is repeated to achieve as many 

phosphoramidate linkages as required. Both synthetic methods (phosphoramidite 

and phosphoramidate) were carried out in an automated fashion on an 

oligonucleotide synthesizer (MerMade 6). 
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Figure 16. Complete H-phosphonate cycle to introduce phosphoramidate 
linkages. 

 

Synthesis of Oligonucleotides Containing Phosphoramidate Linkages 

The protected monomer (N-trifluoroacetyl-1,3-propylenediamine) was 

introduced onto the phosphate backbone of H-phosphonate nucleoside 

derivatives. Specifically, N-trifluoroacetyl-1,3-propylenediamine was functionalized 

either 3 times or 7 times onto thymidine H-phosphonate nucleosides at the 3’ end 

using phosphoramidate synthesis protocols as described in the Materials & 

Methods section. As controls, oligonucleotides of the same length and sequence 

were synthesized using unmodified phosphate linkages. Following these 

couplings, an antisense oligonucleotide was synthesized using phosphoramidite 
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chemistry, thereby creating mixed backbone oligonucleotides where the 

phosphoramidate was introduced at the 3’ end to facilitate cell entry, and the 5’ end 

carries the ASO for a therapeutic effect (Figure 17). To incorporate these strands 

into spherical nucleic acids, each strand was provided with a thiol tail at the 5’ end 

using phosphoramidite chemistry, introduced during synthesis as a disulfide. This 

allows the bioconjugation of oligonucleotides to gold nanoparticles through a 

covalent (Au-S) bond. The thiol was incorporated on the ASO side to ensure the 

therapeutic oligonucleotide was clustered near the core of the nanoparticles and 

thereby protected from nucleases in serum. In contrast, the phosphoramidate 

linkages were placed on the other end of the strand (3’ end) to ensure they ended 

up on the surface of the SNAs and facilitate their interactions with cell membranes. 

The modular design strategy of this approach ensured the number and type of 

phosphoramidate modifications were controlled, enabling the study of structure-

function relationships with these backbone modifications in the context of cell 

uptake. This approach could also potentially be leveraged into a platform 

technology in which various ASOs can be inserted depending on the target of 

interest, highlighting its addressability to a broad scope of indications. 

 

Figure 17. Oligonucleotide Design Strategy. Phosphoramidate linkages are placed 
at the 3' end to facilitate cell entry. A thiol tail is placed at the 5’ end for 
bioconjugation to AuNPs along with an ASO for therapeutic effect. 
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Oligonucleotide Deprotection & Purification 

 Post-synthesis, a global deprotection step was carried out in basic 

conditions to cleave 1) the protecting groups from the nitrogenous bases, 2) the 

solid support from the oligonucleotides, 3) the cyanoethyl protection groups on 

phosphate linkages and 4) the ethyl trifluoroacetate protecting groups on the 

primary amines. The phosphoramidate linkages remained stable under these basic 

conditions while being heated at a temperature of 55°C for 45 minutes, indicating 

no cleavage of the phosphoramidate linkage when analyzed by MALDI-TOF MS. 

At the 5’ end, a 4,4’dimethoxytrityl (DMT) group was maintained on each 

oligonucleotide during the synthesis cycle to enable purification by RP-HPLC. The 

DMT group is a bulky and hydrophobic protecting group that interacts with the 

hydrophobic stationary phase of RP-HPLC columns, allowing separation from 

sequences that do not carry this handle. As a result, the fully synthesized 

oligonucleotide sequences containing a final 5’-DMT group have a higher affinity 

for the hydrophobic stationary phase of the RP-HPLC column and be retained 

longer in the column as failed sequences are eluted earlier. This approach 

facilitated the synthesis of mixed backbone oligonucleotides in high purity as 

evidenced by MALDI-TOF MS.  
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Detritylation, Reduction & Desalting 

 Following purification of the oligonucleotides, the 5’-DMT (DMT) group is 

typically cleaved in acidic conditions, followed next by a reduction of the disulfide 

to obtain a primary thiol for AuNP conjugation, thus giving rise to the fully purified 

and deprotected oligonucleotide. However, for amine-derivatized oligonucleotides, 

a slightly altered protocol was used. They were first detritylated in acid, followed by 

a guanidinylation reaction to introduce guanidium groups and they were reduced 

to thiols as the last step. This order of reaction was used since primary thiols are 

strong nucleophiles and can become guanidinylated as well by attacking the 

electrophilic carbon of the primary imine of O-methylisourea hemisulfate. As a 

result, there would be no handle to covalently attach the oligonucleotides to the 

AuNPs, disrupting SNA formation. Importantly, under the acidic conditions used to 

remove the DMT group, the phosphoramidate linkages remained completely intact, 

highlighting their resistance to acidic environments. To remove any remaining salts 

and small molecules from solution, including the cleaved DMT group, desalting 

columns made of Sephadex G20 resin were used. Sephadex is a cross-linked 

dextran gel that effectively serves as a form of size exclusion chromatography 

(SEC) and can perform buffer exchanges. Overall, the approach used to complete 

the deprotection of the modified oligonucleotides was successful and enabled the 

preparation of highly pure mixed backbone oligonucleotides. 
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Guanidinylation Reaction of Primary Amines 

 Oligonucleotides bearing free amines from phosphoramidate linkages were 

subjected to a guanidinylation reaction using O-methylisourea hemisulfate.33 O-

methylisourea hemisulfate was the guanidylating reagent of choice as previous 

procedures have shown its improved guanidinylation efficiency relative to other 

reagents.33,49 The reaction mechanism most likely proceeds through a nucleophilic 

attack initiated by the primary amine derivatized on the phosphate backbone of the 

oligonucleotide. The amine can attack the electrophilic carbon centre of the primary 

imine of O-methylisourea hemisulfate to form a tetrahedral intermediate. Upon 

reforming the guanidinium, methanol is lost as a leaving group in the process. This 

provides the oligonucleotides with inherently cationic guanidinium residues at 

physiological pH (pKa = 12.48). Due to the intrinsic acidity of O-methylisourea 

hemisulfate in solution, ammonium hydroxide was used to correct the reaction to 

a pH of >11. It is imperative that the reaction is maintained above or equal to a pH 

of 11 as primary amines and lysine have a pKa ranging from ~9.5-11 and require 

deprotonation to activate them as potent nucleophiles.50 We found that pH was the 

most important parameter governing the efficiency of the guanidinylation reaction, 

as decreasing the O-methylisourea hemisulfate concentration still provided full 

guanidinylation of the amine derivatized backbone linkages compared with 

concentrations used in literature.33,49 The oligonucleotides were stable under the 

reaction conditions (65°C) and no deleterious effects were observed including P-N 

cleavage or depurination by MALDI-TOF MS, confirming the synthesis of mixed 
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charge oligonucleotides carrying guanidinium groups. 

 

MALDI-TOF MS Analysis of Oligonucleotides 

The exact mass of the oligonucleotides was determined using MALDI-TOF 

MS in positive ion mode. MALDI-TOF MS analyzes the oligonucleotides based on 

the time they take to fly through a time-of-flight tube or “drift” region to the detector 

which provides the exact mass of the oligonucleotides. Figure 18, Figure 19, 

Figure 20 and Figure 21 show the MALDI-TOF MS spectra of phosphoramidate 

modified oligonucleotides and depict sharp and narrow peaks associated with the 

expected masses of the strands. These results are also tabulated in Table 5 which 

show excellent match between expected values and found masses by MALDI-TOF 

MS for mixed backbone oligonucleotides. This demonstrates the feasibility of our 

synthetic approach and the ability to maintain rigorous control over the placement 

of charged motifs within the phosphate backbone of oligonucleotides. Additionally, 

we can effectively and selectively saturate all the free amines derivatized on the 

oligonucleotide backbone with guanidinium residues, eliminating the need for a 

subsequent purification step. 
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Figure 19. 7X NH2 oligonucleotide MALDI-TOF MS spectrum. 

Figure 18. 3X NH2 oligonucleotide MALDI-TOF MS 
spectrum. 
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Figure 20. 3X Guan oligonucleotide MALDI-TOF MS spectrum. 

Figure 21. 7X Guan oligonucleotide MALDI-TOF MS spectrum. 
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Table 5. Oligonucleotide masses found by MALDI-TOF MS compared to their 
exact masses. 

Oligonucleotide Exact Mass (Da) Found Mass (Da) Δ 

T10-Cy5 3710.8 3712.4 +1.6 

T20-Cy5 6752.8 6757.3 +4.5 

3T Control 6572.4 6586.3 +13.9 

7T Control 8093.3 8101.6 +8.3 

3X NH2 7050.6 7053.1 +2.5 

7X NH2 8499.3 8496.2 -3.1 

3X Guanidinium 7176.6 7180.5 +3.9 

7X Guanidinium 8793.2 8795.7 +2.5 

 

Guanidinium Oligonucleotides Display Strong Electrostatic Interactions 

 A purification gel was performed on a 3X guanidinium functionalized 

oligonucleotide with 8 M urea. Three bands were excised from the gel and the 

oligonucleotides were extracted and analyzed by MALDI-TOF MS for exact mass 

determination (Figure 22a). 

 

Figure 22. (a) 20% polyacrylamide purification gel (8 M urea) of 3X Guan oligonucleotide. 
(b) Electrostatic interaction between guanidinium motifs and phosphate groups. (c) 
MALDI-TOF MS spectra showing dimer of guanidinium oligonucleotides. 
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PAGE separates oligonucleotides based on their size and charge, allowing 

smaller and more negatively charged oligonucleotides to migrate further down the 

gel towards the cathode. Additionally, the gel was conducted in 8 M urea, which 

functions as a denaturant and will disrupt hydrogen bonding between the 

nucleobases, linearizing the oligonucleotides. As a result, electrostatic forces are 

governing the interactions between the oligonucleotides. Specifically, the 

guanidinium groups carry a positive charge at physiological pH and are forming 

electrostatic interactions with the phosphate groups, which are negatively charged 

at physiological pH (Figure 22b). An analysis by MALDI-TOF MS confirms that a 

dimer had formed, indicated be a peak that is approximately twice in mass relative 

to the single stranded oligonucleotide (Figure 22c). This demonstrates that 

guanidinium derivatized oligonucleotides display strong electrostatic interactions, 

even with minimal guanidinium motifs. Molecular dynamics simulations by Deglane 

and Vasseur support these findings by revealing interactions between the anionic 

backbone of nucleic acid targets and the cationic backbone of modified 

oligonucleotides, enhancing their affinity for complementary targets and duplex 

formation.51 

 

Stability of Phosphoramidate Linkages 

 An oligonucleotide containing three phosphoramidate linkages (3X NH2) 

was incubated with either water, 1X PBS, or 1X DMEM media at a final 

concentration of 30 μM. The mixtures were incubated for 4 hours at 37°C to 
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determine if the phosphoramidate linkages were stable under relevant 

physiological conditions. The oligonucleotides were analyzed by MALDI-TOF MS 

to determine if there was any cleavage of the phosphoramidate linkages (Figure 

23, Figure 24 and Figure 25). Analysis by MALDI-TOF MS revealed that under all 

three conditions, phosphoramidate linkages remained intact and no cleavage was 

observed. A consistent mass of ~7044 Da was observed for all 3 samples, 

consistent with the expected mass of the strand (Table 5). As discussed above, 

the phosphoramidate-modified oligonucleotides displayed stability over a broad pH 

and temperature range. In addition to that. we observed no degradation or loss of 

linkages at temperatures of 4°C and -20°C for months at a time. Moreover, 

reactions conducted at elevated temperatures (~65°C) and in pH ranges from ~2.5-

11.5 did not induce any degradation or cleavage of the phosphoramidate linkages. 

Their stability over a broad range of conditions not only makes their handling and 

manipulation facile, but also validates their utility in various biomedical applications. 
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Figure 23. 3X NH2 incubated with water for 4 hours at 37°C. 

Figure 24. 3X NH2 incubated with 1X PBS for 4 hours at 37°C. 
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Figure 25. 3X NH2 incubated with 1X DMEM for 4 hours at 37°C. 
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Dual Layer Spherical Nucleic Acid Synthesis 

Synthesis & Characterization of 13 nm AuNPs 

13 nm citrate capped AuNPs were synthesized according to Liu and Lu 

(2006).46 The nanoparticles were analyzed by transmission electron microscopy 

(TEM) to determine their size, shape, and distribution (Figure 26). 

 

Figure 26. 13 nm gold nanoparticles observed by TEM. 

 

The nanoparticles were found to have an average size of 13.48 nm with a 

standard deviation of 1.41 nm based off 100 measurements using ImageJ 

software. The size of the nanoparticles is directly correlated with their properties 

and cellular interactions. The uniform size distribution of the 13 nm citrate capped 

gold nanoparticles will ensure the control, predictability, and reliability of their 

behaviours across different batches of SNAs and in biological assays. 
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Cy5 Monolayer SNA Synthesis 

 To track and quantify SNAs in biological systems, a fluorescent label is 

required to visualize and quantify them. Therefore, we synthesized 

oligonucleotides with Cy5 fluorescent dyes and generated spherical nucleic acids 

with an initial layer of Cy5 dye. We chose to incubate the Cy5 labelled DNA and 

AuNPs at a ratio of 85:1, as increasing the loading density would saturate the 

surface of the AuNPs, leaving limited space for the second layer of backbone 

modified oligonucleotides. Conversely, lowering the loading density of Cy5 DNA to 

AuNPs was found to cause aggregation and instability of the monolayer. The 

aggregation can be attributed to the instability of the nanoparticles in highly ionic 

environments52, a requirement when functionalizing them with biomolecules. We 

found that at a ratio of 85:1, the surface charge imparted by the negatively charged 

oligonucleotides can repel neighbouring particles, imparting higher nanoparticle 

stability. Therefore, this ratio provides a nice compromise between nanoparticle 

stability while minimizing surface functionalization. 

 

Dual Layer SNA Synthesis 

After the Cy5 SNA monolayer had been established, it was used as the new 

stock to synthesize dual layer SNAs. The remainder of the Cy5 monolayer SNA 

surface was saturated with backbone modified oligonucleotides and the salt 

concentration in solution was gradually increased to achieve densely 

functionalized surfaces, a process known as salt-aging (Figure 27).53 Salt-aging is 
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a technique that promotes a high loading density of oligonucleotides onto the 

surface of gold nanoparticles by gradually increasing the concentration of salt in 

solution. The electrostatic repulsion of neighbouring oligonucleotides is effectively 

screened, enabling an increased packing density on the nanoparticle surface until 

steric constraints prevent further adsorption.37 Because phosphate backbone 

modifications have been largely unexplored in the context of nanoscale 

architectures, we used a variety of techniques to characterize them including 

ultraviolet visible spectroscopy (UV-vis), agarose gels, fluorescence based 

functionalization assays, and dynamic light scattering (see next chapter). 

 

Figure 27. Synthesis of dual-layer SNAs. 

 

Characterization of Dual Layer SNAs 

UV-visible Spectroscopy 

At a specific wavelength/frequency of light, electron oscillation on gold 

nanoparticle surfaces causes a phenomenon called surface plasmon resonance 

(SPR), resulting in a strong adsorption and scattering of light. For 13 nm spherical 

AuNPs, this wavelength is 520 nm. Therefore, UV-vis can provide us important 

information regarding the size, shape, and concentration of our dual layer SNAs. 
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Figure 28 highlights a series of dual layer SNAs with absorbances between ~522-

523 nm, consistent with 13 nm AuNPs functionalized with a DNA corona. 

Additionally, the SNAs remained a deep red colour, consistent with the colour of 

naked gold nanoparticles, and did not exhibit a colour change from red to purple. 

Aggregation was not observed as a colour change from red to purple would ensue, 

in accordance with a shift in the SPR peak from ~520 nm to ~600 nm.37 

 

 

Agarose Gels 

 Dual layer SNAs were subjected to 1% agarose gels run in 1X TBE buffer 

(Figure 29 and Figure 30) to determine their monodispersity as well as to verify 

that a second layer of phosphate backbone modified oligonucleotides was 

functionalized. 
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Dual layer SNAs were assembled using a ratio of either 500:1 or 750:1 

backbone modified oligonucleotide: Cy5 SNA monolayer. The dual layer SNAs 

have a reduced mobility through the gel compared with the Cy5 monolayer, 

indicative of an increased oligonucleotide loading density on the nanoparticle 

surfaces. Additionally, the extent of oligonucleotide functionalization on the AuNPs 

1       2      3      4      5      6       7      8 

1       2     3      4      5      6     7      8 

Figure 29. 1% Agarose (1X TBE) 500:1 DNA: AuNP 

Figure 30. 1% Agarose (1X TBE) 750:1 DNA: AuNP 
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can be controlled by varying the loading ratio between the two. Oligonucleotides 

loaded with a ratio of 750:1 (Figure 30) strands per Cy5 SNA monolayer display 

an even greater separation from the Cy5 monolayer, compared to a ratio of 500:1 

(Figure 29). Furthermore, the SNAs appear as sharp bands on the gel with minimal 

to no streaking, representative of monodisperse SNAs. This indicates that we can 

incorporate positively charged phosphate backbone modifications into well-defined 

SNA architectures. 

 

DLS (Dynamic Light Scattering) 

DLS was performed on dual layer SNAs to determine their size distribution 

profile, which provides more quantitative measurements compared with UV-vis and 

agarose gels. 13 nm AuNPs were analyzed by DLS as a control (Figure 31, Figure 

32 and Figure 33) and were found to have a diameter of ~13 nm, consistent with 

the size measured by TEM. 
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Figure 31. 13 nm AuNPs size distribution by volume 

Figure 32. 4X NH2 dual layer SNA size distribution by volume 

Figure 33. 8X NH2 dual layer SNA size distribution by volume 
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Additionally, 4X and 8X NH2 modified dual layer SNAs were analyzed by DLS 

and were found to have diameters of ~28 nm and ~31 nm, respectively. The found 

diameters were very close to their expected diameters (Table 6). 

 

Table 6. Expected versus found diameters of dual layer SNAs measured by DLS. 

Dual Layer SNA Expected Diameter (nm) Found Diameter (nm) 

13 nm AuNP ~ 13 12.99 ± 0.37 

4X NH2 ~ 28 28.02 ± 0.33 

8X NH2 ~ 31 30.00 ± 0.40 

 

The DLS data demonstrates that monodisperse dual layer SNAs can be 

assembled from phosphoramidate modified oligonucleotides, corroborating the 

data seen with agarose gels and UV-vis. 

 

AuNP Functionalization Assays 

 To accurately determine the extent of oligonucleotide functionalization on 

the gold nanoparticles, fluorescent based assays were used to provide quantitative 

assessments of how many oligonucleotides were functionalized per AuNP. A 

calibration curve was established by performing a 2-fold serial dilution on a Cy5 

labelled oligonucleotide, the strand used to assemble the Cy5 SNA monolayer 

(Figure 34). By dividing the recorded absorbances for the SNAs by the slope of 

the calibration curve, we can determine the concentration of Cy5-DNA in the 

monolayer. Dividing this concentration of Cy5-DNA by the concentration of initial 
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AuNPs in the assay, we can establish the number of strands/AuNP. Typical 

monolayer functionalization was found to be between ~69-75 strands per AuNP. 
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Figure 34. Calibration curve for Cy-5 labelled DNA. Excitation (651 nm), Emission 
(670 nm). 
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When measuring the functionalization of dual layer SNAs, a calibration curve 

was established as previously described using an excitation (480 nm) and emission 

(520 nm) for Oligreen® (Figure 35). Oligreen is an ultrasensitive nucleic acid stain 

for quantitating oligonucleotides and single-stranded DNA in solution. 

 

The Oligreen fluorophore will provide the total number of oligonucleotides on 

the SNA surfaces. To determine how many modified oligonucleotides are on the 

AuNP surfaces, the total number of oligonucleotide strands was subtracted by the 

amount of Cy5 labelled strands determined using the Cy5-DNA calibration curve 

(Table 7). For every strand of Cy5 DNA functionalized, ~2 more strands of 

backbone modified oligonucleotides were functionalized. This suggest that the 

SNAs will be more likely to exhibit the properties of the charge modified 

oligonucleotides, compared to the Cy5 labelled strands. 
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Figure 35. Calibration curve for 7X guan oligonucleotide. Excitation (480 nm), 
Emission (520 nm). 
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Table 7. The number of modified oligonucleotides on each SNA was determined 
by subtracting the number of Cy5 strands per SNA. 

 

Calibration curves for all the dual layer SNAs can be found in the 

supplementary section (Figure S10 - Figure S15). 

 

Live Cell Uptake Assays of Dual Layer SNAs (7X Series) 

 A 7X series of dual layer SNAs were incubated in MDA-MB-231 cells at a 

final concentration of 2 nM in serum free media (non-transfected). The mean 

fluorescence intensity (MFI) of each SNA was determined using flow cytometry, 

which is correlated with the relative uptake of the SNAs into the cells. The uptake 

of each SNA was measured at incubation times of 30 minutes, 1 hour, and 6 hours. 

At all 3 time points, the amine and guanidinium derivatized SNAs displayed an 

increased uptake relative to the unmodified SNAs and the PBS negative control 

(Figure 36, Figure 37 and Figure 38). The mean fluorescence intensity of the 

amine and guanidinium modified SNAs were ~10X higher than the unmodified 

SNAs at all three time points, indicating a rapid cellular uptake at early time points 

when introduced to cells (Figure 39). These results suggest that the new 

Dual Layer SNA Total DNA/NP (Total DNA/NP) – (Cy5 Monolayer) 

Scram 344 275 

Scram3T 113 44 

Scram7T 233 165 

3XNH2 236 167 

7XNH2 186 118 

3XGuan 228 159 

7XGuan 232 164 
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functionality introduced at the phosphate backbone of oligonucleotides affords 

SNAs with distinct properties at the nanoscale level, demonstrated by the rapid and 

increased cellular uptake relative to unmodified SNAs in live MDA-MB-231 cells. 

These results indicate that the new functionality incorporated at the phosphate 

backbone through P-N linkages may be providing the SNAs with alternative uptake 

mechanisms, potentially governed by more favourable electrostatic interaction at 

cell surfaces. To further explore this rapid uptake at early time points, receptor 

blocking assays should be employed with confocal microscopy to determine both 

the uptake mechanism of these charge modified SNAs as well as their intracellular 

fate. 

 

Figure 36. Histogram of Cy5 fluorescence intensities of SNAs containing unmodified 
backbones (8T), amine derivatized backbones (NH2), and guanidinium derivatized 
backbones (Guan) incubated for 30 minutes with MDA-MB-231 cells. 
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Figure 37. Histogram of Cy5 fluorescence intensities of SNAs containing unmodified 
backbones (8T), amine derivatized backbones (NH2), and guanidinium derivatized 
backbones (Guan) incubated for 1 hour with MDA-MB-231 cells. 
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Figure 38. Histogram of Cy5 fluorescence intensities of SNAs containing unmodified 
backbones (8T), amine derivatized backbones (NH2), and guanidinium derivatized 
backbones (Guan) incubated for 6 hours with MDA-MB-231 cells. 

Figure 39. Mean fluorescence intensity of dual layer SNAs at 30 minutes, 1 hour, 
and 6 hours. 
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CHAPTER 4 – DESIGN OF SNAS FOR BLOOD-BRAIN BARRIER CROSSING 

 The properties of oligonucleotides at the nanoscale have been shown to be 

independent of their nanoparticle core.38 We hypothesize that by introducing 

hydrophobic modifications to the phosphate backbone of SNAs, we can open the 

door for more favourable interactions at the blood-brain barrier by facilitating 

hydrophobic interactions with the lipid membranes of cells. Currently a challenge 

with the intravenous delivery of biological molecules to the brain is their low ability 

to elicit either passive or active transport mechanisms that will deliver them across 

the blood-brain barrier (BBB) and into the interstitial fluid towards the brain.13,54–56 

As a direct consequence, invasive administration methods such as intranasal and 

intrathecal delivery are the only effective means to address this problem.57,58 We 

aim to circumnavigate this challenge by synthesizing hydrophobically modified 

SNAs that we hypothesize will elicit new uptake mechanisms afforded by their 

backbone functionality, possibly enabling passive transport or diffusion through the 

BBB. 

 

Synthesis of Hydrophobically Modified Oligonucleotides 

 Oligonucleotides (10mers) were synthesized with different 

phosphoramidate backbone modifications derivatized with either propylamine, 

hexylamine, octylamine, and 1-(3-aminopropyl) pyrrolidine (Figure 40) to introduce 

hydrophobic character at each internucleoside linkage. The oligonucleotides were 

synthesized, purified by HPLC and analyzed by MALDI-TOF MS for exact mass 
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determination (Figure 41, Figure 42, Figure 43 and Figure 44) according to the 

protocols described in Materials & Methods. The expected masses of the 

oligonucleotides were corroborated by MALDI-TOF MS as shown in Table 8. 

 

 

 

Figure 40. Oligonucleotides synthesized with different backbone modifications; blue = 
propylamine, pink = hexylamine, orange = octylamine, green = 1-(3-aminopropyl) 
pyrrolidine.  

Figure 41. MALDI-TOF MS spectrum of 4X Propylamine. 
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Figure 42. MALDI-TOF MS spectrum of 4X Hexylamine. 

Figure 43. MALDI-TOF MS spectrum of 4X Octylamine. 
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Table 8. Oligonucleotide masses found by MALDI-TOF MS. 

 

The results indicate that using H-phosphonate chemistry to introduce 

hydrophobic phosphoramidate linkages onto oligonucleotides is applicable to a 

large scope of functional groups. 

 

Oligonucleotide Exact Mass (Da) Found Mass (Da) Δ 

4X Propylamine 3344.2 3341.1 -3.1 

4X Hexylamine 3512.2 3509.5 -2.7 

4X Octylamine 3624.2 3621.8 -2.4 

4X 1-(3-aminopropyl) 
pyrrolidine 

3620.2 3617.5 -2.7 

Figure 44. MALDI-TOF MS spectrum of 4X 1-(3-aminopropyl) pyrrolidine. 
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Synthesis of Hydrophobic Dual Layer SNAs 

 Dual layer SNAs were assembled according to the protocols previously 

described in Chapters 2 and 3. When salt-aging the SNAs, a salting out effect was 

observed due to the hydrophobic nature of the backbone modifications, causing 

the SNAs to aggregate. The amount of salt (NaCl) that could be added to the SNAs 

was directly proportional to the hydrophobicity of the modification. For the 

propylamine, hexylamine, and octylamine SNAs, final salt concentrations of 0.4 M, 

0.3 M, and 0.1 M were achieved, respectively. For the 1-(3-aminopropyl) 

pyrrolidine, a final salt concentration of 0.5 M could be achieved, most likely due to 

the tertiary amine which can accept hydrogen bonds from water, making it slightly 

more soluble than the other modifications, and therefore less likely to salt-out. 

 The dual layer SNAs appeared to be monodisperse when run on a 1% 

agarose gel in 1X TBE (Figure 45). The monolayer was functionalized with ~78 

strands of Cy5 labelled DNA (Figure S16) and the dual layer SNAs were 

functionalized with a second layer of hydrophobically modified oligonucleotides as 

seen with the increased retention time through the agarose gel. The intrinsic salt 

concentration within the gel was strong enough to induce a salting out effect of the 

most hydrophobically modified SNA (octylamine), leading to aggregation and a 

complete halt in mobility through the gel. 
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Octanol-Water Partitioning of Hydrophobically Modified Oligonucleotides 

 An octanol-water partitioning experiment was performed to determine the 

relative lipophilicity of the linear oligonucleotides as well as their respective SNAs. 

Lipophilicity is one of the most important parameters associated with the ability to 

cross the BBB for small molecule drugs less than 600 Da.14 We hypothesize that 

the modifications imparted onto the phosphate backbone of the oligonucleotides 

and subsequent SNAs will confer their properties to the these larger structures, 

providing them with an increased lipophilicity. UV-vis was used to determine the 

concentration of the modified oligonucleotides in the water phase relative to an 

unmodified (P-O) oligonucleotide control (Figure 46). Increasing the aliphatic 

length of the backbone modification favours the oligonucleotides to partition into 

the octanol phase, demonstrating that the modifications imparted onto the 

SNA Lane 

Cy5-Monolayer 1 

P-O 2 

4X Propyl 3 

4X Hexyl 4 

4X Octyl 5 

4X 1-(3-
aminopropyl) 

pyrrolidine 

6 

         1     2     3      4      5     6 

Figure 45. 1% Agarose (1X TBE) of Hydrophobically modified dual layer SNAs. 
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oligonucleotides maintain their properties at the macromolecular level. 
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Figure 46. Octanol-water partitioning of linear oligonucleotides. 
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Octanol-Water Partitioning of Hydrophobically Modified SNAs 

 The hydrophobically modified dual layer SNAs, regardless of the backbone 

modification imposed, did not show any partitioning into the octanol layer. To 

establish the properties of the aliphatic functional groups at the nanoscale, we 

propose to fully saturate every available phosphate linkage available with a P-N 

linkage, allowing us to introduce more functionality, and subsequently more 

hydrophobicity to each oligonucleotide. Additionally, decreasing the AuNP size is 

another avenue to explore because the size of AuNPs can be rigorously 

controlled.59–62 In this way, we can (1) reduce the total size of the SNAs and (2) 

allow the backbone modifications to dominate their properties, attributed by the 

larger ratio between modifications to nanoparticle size. 

 

Bioconjugation of Thiolated Oligonucleotides with Cyanine5 Maleimide 

 To further explore the properties of linear oligonucleotides containing 

hydrophobic modifications, we decided to react the 5’ thiol on each strand with a 

cyanine5 maleimide, effectively clicking on a fluorescent label to them. This will 

allow us to track and quantify them in more biologically relevant systems, such as 

permeability assays and potentially in vivo models. To maximize the specificity and 

reactivity of the thiol-maleimide bioconjugation reaction, we determined that the 

two most important parameters were the reducing reagent chosen and the pH. As 

a result, we conducted the reaction at a pH of ~7, in accordance with literature 

values for various thiol-maleimide reactions.63,64 As for the reducing reagent, we 
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chose TCEP instead of DTT as the free thiols in DTT may compete with the 5’ thiol 

on each oligonucleotide, and would need to be removed from solution prior to 

conjugation. Moreover, TCEP does not regenerate during reduction like DTT, 

which exists in equilibria and can directly catalyze thiol-disulfide exchange 

reactions.65,66 The MALDI-TOF MS spectra for the oligonucleotide-Cy5 conjugates 

can be seen in Figure 47, Figure 48, Figure 49, and Figure 50. The spectra 

display sharp and narrow peaks, associated with the expected masses of the 

conjugates as summarized in Table 9 below. 

 
Table 9. Expected versus found masses of oligonucleotide-Cy5 conjugates by 
MALDI-TOF MS. 

Oligonucleotide-Cy5 
Conjugate 

Exact Mass (Da) Found Mass (Da) Δ 

4X Propylamine-Cy5 3950 3947.754 -2.246 

3X Hexylamine-Cy5 4034 4029.270 -4.73 

5X-Octylamine-Cy5 4342 4339.706 -2.294 

4X 1-(3-aminopropyl) 
pyrrolidine 

4226 4224.005 -1.995 

 

 The results indicate that we can selectively label thiolated oligonucleotides 

containing hydrophobic phosphoramidate linkages. However, yields of ~30% were 

achieved for the conjugates, necessitating improved reaction conditions to 

increase the efficiency of labelling. The low yields may be attributed to the poor 

water solubility of the Cy5 maleimide, crashing out of solution and decreasing the 

extent of labelling. To overcome the solubility issue, sulfo-cyanine5 maleimides 

should be considered as they confer an increased water solubility stemming from 

their sulfonate groups. 
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Figure 47. MALDI-TOF MS spectrum of 4X Propylamine-Cy5 
conjugate. 

Figure 48. MALDI-TOF MS spectrum of 3X Hexylamine-Cy5 
conjugate. 
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Figure 49. MALDI-TOF MS spectrum of 5X Octylamine-Cy5 conjugate. 

Figure 50. MALDI-TOF MS spectrum of 4X 1-(3-aminopropyl) 
pyrrolidine conjugate. 
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CHAPTER 5 – CONCLUSIONS AND FUTURE OUTLOOK 

The main objective of this thesis was to tune the properties of spherical 

nucleic acids with phosphate backbone modifications, taking advantage of the core 

independent properties elicited by the SNA architecture. Specifically, we attempted 

to dictate the biological properties of SNAs by driving new interactions at cell 

surfaces with charged and hydrophobically modified functional groups introduced 

through phosphoramidate linkages. In this way, we aimed to provide them stability 

over a broad range of conditions, increased cellular uptake, and alternative uptake 

mechanisms compared to traditional SNAs.   

We demonstrated that phosphoramidate modified oligonucleotides can be 

readily synthesized in high yields in an automated fashion using H-phosphonate 

nucleoside precursors and are stable under relevant physiological conditions. 

Additionally, they can be stored for months at a time at -20°C and tolerate broad 

temperature and pH ranges, making their handling facile and convenient. Post 

synthesis, oligonucleotides containing amine derivatized internucleotide 

phosphoramidate backbone linkages can be saturated with guanidinium residues 

without a subsequent purification step, demonstrating the efficiency of the 

guanidinylation reaction above a pH of 11 with O-methylisourea hemisulfate. These 

synthetic approaches enabled the synthesis of oligonucleotide bearing both 

negatively charged phosphate linkages and cationic guanidinium groups. 

 We were also able to tailor the lipophilicity of oligonucleotides by introducing 

aliphatic modifications, increasing their partitioning into the octanol phase. This 
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indicates that the functional group imposed onto the phosphate backbone of 

oligonucleotides retain their properties at the macromolecular level. Similarly, 

integrating cationic guanidinium motifs to the backbone of linear oligonucleotides 

exhibited strong electrostatic interactions, even with minimal modifications per 

strand. This highlights the stringent control we have over the placement of 

modifications along the phosphate backbone and underscores the use of various 

functional groups to tune their properties for specific purposes. 

We were able to incorporate the charge and hydrophobically modified 

oligonucleotides into well-defined spherical nucleic acid architectures. 

Fluorescence assays, DLS, and agarose gels demonstrated that we could 

effectively synthesize monodisperse SNAs with consistent size distributions. The 

new functionality incorporated at the phosphate backbone affords these SNAs new 

properties distinct from their nanoparticle core, demonstrated by their high cellular 

uptake relative to unmodified SNAs in MDA-MB-231 cells without transfection. 

It is widely known that unmodified SNAs are taken up into cells through 

scavenger receptors and endocytosis, an energy-dependent process, and sorted 

into early endosomes.67 As a result, they have difficulty interacting with their 

cytosolic and nuclear targets67, hindering their efficacy as drugs. Therefore, future 

work should be geared toward determining the uptake mechanism and intracellular 

fate of the phosphate backbone modified SNAs. Specifically, receptor blocking 

assays should be employed to block specific cell uptake pathways to determine if 

the phosphate backbone modified SNAs exhibit new uptake mechanisms, driven 
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by their new functionality. Confocal microscopy should be implemented to track 

their intracellular fate and determine if the modified SNAs can access new 

compartments and penetrate the nuclear envelope. This information would reveal 

how SNA architecture and composition can regulate uptake pathways and escape 

endosomal entrapment. 

Lastly, to determine their efficacy as therapeutic agents of gene regulation, 

these modified SNAs should be evaluated on their ability to silence gene 

expression and protein production through Wester blots. Specifically, ASOs should 

be evaluated in the context of linear oligonucleotides and SNA architectures to 

verify the therapeutic potential of this approach for multiple targets.
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SUPPLEMENTARY FIGURES 

 

 

 

 

 

Figure S1. 1H-NMR of N-Trifluoroacetyl-1,3-propylenediamine. N-
Trifluoroacetyl-1,3-propylenediamine: 1H-NMR (DMSO-d6, 600 MHz): 
δ 1.56 (quint, 2H), 2.57 (t, 2H), 3.25 (t, 2H). 
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Figure S2. 1H-NMR of N-Trifluoroacetyl-1,3-propylenediamine. 
N-Trifluoroacetyl-1,3-propylenediamine: 1H-NMR (DMSO-d6, 
600 MHz): δ 1.56 (quint, 2H), 2.57 (t, 2H), 3.25 (t, 2H). 
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Figure S3. UV-vis of oligonucleotides (A260). 

Figure S4. UV-vis of Cy5 labelled DNA (A647). 
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Figure S6. 3T control oligonucleotide MALDI-TOF MS spectra. 
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Figure S5. UV-vis of SNAs (A520). 
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Figure S7. 7T control oligonucleotide MALDI-TOF MS spectra. 

Figure S8. T10-Cy5 oligonucleotide MALDI-TOF MS spectra. 
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Figure S9. T20-Cy5 oligonucleotide MALDI-TOF MS spectra. 
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Figure S10. Calibration curve for an unmodified 
oligonucleotide. Excitation (480 nm), Emission (520 nm). 

Figure S11. Calibration curve for 3T oligonucleotide. Excitation 
(480 nm), Emission (520 nm). 
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Figure S12. Calibration curve for 7T oligonucleotide. Excitation 
(480 nm), Emission (520 nm). 

Figure S13. Calibration curve for a 3X NH2 modified 
oligonucleotide. Excitation (480 nm), Emission (520 nm). 
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Figure S14. Calibration curve for a 7X NH2 modified 
oligonucleotide. Excitation (480 nm), Emission (520 nm). 

Figure S15. Calibration curve for 3X guanidinium modified oligonucleotide. 
Excitation (480 nm), Emission (520 nm). 
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Figure S16. Calibration curve for Cy5-labelled DNA used for 
hydrophobically modified SNAs. Excitation (651 nm), Emission (670 
nm). 
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