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Abstract 
 

 Chemical modification of oligonucleotides has gained growing attention in research 

and therapeutic areas as these modalities, such as ribose modifications or fluorescent tags, have 

shown great promise to improve therapeutic properties and enable real-time analysis of 

biodistribution in antisense and RNA-based therapeutics. Recent development of modified 

nucleoside phosphoramidites and triphosphates enables the incorporation of modified 

functionalities and small-molecule conjugates onto synthetic oligos by solid-phase or 

enzymatic syntheses. Such approaches, however, may prove inadequate in certain applications 

where modifications on long oligos or specific inter-nucleosidic linkages are desired. In this 

thesis, we explored various solid-phase and solution-phase chemical approaches to access 

oligonucleotide bioconjugates that are challenging to access by conventional methods. These 

modalities include oligonucleotide dendrons and 3’-conjugates of long RNA. In addition, we 

examined their physical properties and biological functions, and discussed their potential 

applications.  
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1.1 Nucleic Acids Structures and Nomenclature 

1.1.1 Primary Structures of Nucleic Acids 

 Nucleic acids are biopolymers which carry genetic information in all known forms of 

life. Most organisms employ deoxyribonucleic acid (DNA) to store and propagate genetic 

instructions essential to assemble and maintain a living system. Each DNA molecule is 

composed of a long polynucleotide chain formed by four types of nucleotides as monomeric 

units. In its polymer form, the chemical structure of a nucleotide is categorised into three units: 

(i) a five-carbon sugar ring (ribose); (ii) a nitrogen-containing heterocyclic base attached to the 

anomeric carbon and (iii) phosphate groups that connect two ribose rings. The basic unit that 

encodes genetic information is simply known as a nucleoside, which contains a ribose and a 

nucleobase but without a phosphate. As a structural analogue to DNA, ribonucleic acid (RNA) 

possesses a hydroxy group at the 2’-position of the ribose instead of a hydrogen (Figure 1.1). 

It principally serves as a conduit between DNA genome and protein-synthesising machinery in 

cellular organisms, but is also capable of encoding genomes in viruses. 

 

Figure 1.1 | Chemical structures and nomenclature of nucleic acid constituents 
Left: chemical structure of a segment of DNA; highlighted are the structural motifs: nucleobase, 
phosphate and ribose sugar. Right: chemical structures of canonical nucleobases, generic forms of a 

nucleoside and a nucleotide. 
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 The encoding of genetic information by nucleic acids is governed by the sequence of 

the polynucleotide chain, which stretches from, by convention, the 5’-end (where the terminal 

5’-hydroxy group is situated) to the 3’-end. The sequence is based on the combination of four 

distinct nucleobases: adenine, guanine, cytosine and thymine (replaced by uracil in RNA) and 

offer a probabilistically unique value to identify a certain gene. These heterocyclic bases are 

connected to the sugar at the anomeric carbon (1’- position) via a flexible glycosidic linkage. 

Consequently, all nucleosides can adopt two different conformations, namely syn- (where the 

nucleobase projects towards the ribose) and anti- (where the nucleobase projects against the 

ribose) at two energy extrema. In addition, the anomeric carbon gives rise to two 

diastereoisomers – α-anomer (where the nucleobase points at the opposing direction from the 

5’-carbon) and β-anomer (where the nucleobase points at the same direction as the 5’-carbon) 

(Figure 1.2). In naturally occurring nucleic acids, the anti-conformer and β-anomer which 

favour intermolecular hydrogen-bonding between nucleobases predominate.1  

 

Figure 1.2 | Structures of the conformational and configurational isomers of nucleosides 
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 In addition to the relative position of the nucleobase, the (2’-deoxy)ribose ring can 

adopt various conformations which engender structural nuances on nucleosides and different 

duplex properties in double-stranded nucleic acids.2,3 Generally, a planar conformation where 

all carbons are on the same plane results in high torsional and angle strains and is therefore 

energetically disfavoured. To relieve this steric crowding, the sugar ring deviates from a planar 

conformation and projects one or two carbons off the plane, resulting in either an envelop (E) 

or a twisted (T) conformation, respectively. This process is described as ‘sugar puckering’. The 

spatial property of the carbon atom(s) deviated from the plane towards the relative orientation 

of the 5’-carbon is characterised as ‘endo-‘, and of those opposite to it as ‘exo-‘ (Figure 1.3). 

Although the sugar conformers are, in NMR time-scale, interchangeable due to a low energy 

barrier of transition in monomeric nucleosides, specific conformations are favoured in 

polymeric nucleic acids.3 For instance, cellular DNA adopts a C2’-endo conformation that is a 

geometry attribute of the predominant B-form double helix.4 Meanwhile, RNA generally 

prefers a C3’-endo conformation as it places the additional 2’-hydroxy group further away from 

the 3’-hydroxy group and nucleobase, and thus reduces overall energy. Of note, all 

conformations are in equilibria under different environments such as solvent or salt content.  

 

 

Figure 1.3 | Non-exhaustive representations of sugar puckers in nucleosides 
Representations of 2’-deoxyribonucleoside in C2’-endo, C3’-exo (P1) and C2’-endo (P2) 

conformations, and of ribonucleoside in C3’-endo (P3) and C3’-endo, C2’-exo (P4) conformations. In 
the example of P1, blue arrows indicate the alignment in orientation of the 3’-carbon relative to the 5’-

carbon; red arrows indicate an opposite one. 
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1.1.2 Secondary Structures of Nucleic Acids 

 All known organisms and certain classes of virus rely on DNA as a storage of genetic 

information. To date, we understand that naturally occurring DNA exists not as a single 

molecule but a duplex of two molecules that adopt a helical structure. The structural elucidation 

of DNA dates back to the early 1950s, when Erwin Chargaff first reported that the molar ratios 

between adenine (A) to thymine (T) and guanine (G) to cytosine (C) are close to unity across 

different sea urchin species.5 This regularity prompted a hypothesis that AT and GC bases are 

in some ways paired. In 1953, Rosalind Franklin discovered through X-ray fibre diffraction 

study that crystalline DNA is highly hygroscopic and it switches between two types of ordered 

structures depending on moisture levels, in which the interactions between the phosphates and 

the environment vary. Strikingly, these discoveries support that the phosphates must be 

interacting with the solvent so that it is positioned at the exterior, and neighbouring DNA chains 

are being held together by H-bonding between nucleobases.6,7 Concurrently, Watson and Crick 

proposed that DNA adopt a double helical structure in which the phosphate groups face 

outwards, the pentoses tilt to accommodate a roughly perpendicular angle of the nucleobases 

which face inwards and pair with another base8 (the discovery and verification of which earned 

them a Nobel Prize Physiology or Medicine in 1962). These seminal papers have provided the 

theoretical basis which has been verified and developed into our understanding on DNA 

structure and the molecular mechanism of heredity hitherto. 

 Currently, we understand the principles behind the formation of a stable DNA duplex 

(Figure 1.4), which is energetically driven by three physical properties, in aqueous environment. 

First, DNA carries both negative charges on its phosphate backbone and hydrophobic moieties 

on the nucleobases, thus it is an amphiphilic molecule which possesses affinity toward two 

different environments, such as those with distinct polarities. The presence of hydrophobic 

surface on nucleobases disrupts the highly organised hydrogen-bonding (H-bond) dynamics of 
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water and lowers the entropy of the system so that the hydrophobic part of the molecule tends 

to aggregate, or self-organise, to minimise contact with water.9 Consequently, a double helical 

structure with nucleobases buried inside the negatively charged phosphate backbone is 

energetically favoured as the non-polar part has minimised contact with the aqueous 

environment. This effect is an entropically driven event which is recognised as ‘hydrophobic 

effect’. 

 

Figure 1.4 | Features of nucleic acid secondary structures 
Left: graphical representation and computer simulation (PyMol) of a DNA duplex (double helix) 

formed by two DNA strands in anti-parallel orientation. Highlighted by the yellow arrow is the major 

groove, which is a wide, more accessible site of the helix; the grey is the minor groove, which is more 
narrow and less accessible to exogenous environment. π-π stacking is indicated between nucleobases in 

consecutive nucleotides. Right: scheme of hydrogen-bonding interactions between nucleobase pairs – 

adenine (A): thymine (T); and cytosine (C): guanine (G) on two antiparallel DNA strands in a duplex.  

 

 Second, DNA strands tend to adopt a vertical structure because of the energy 

contribution from ‘nucleobase stacking’, or more commonly known ‘π-π stacking’. Essentially, 

nucleobases on a DNA strand maintain a staggered stacking, in which two aromatic surfaces 

have energetically favourable electronic interactions between the individual dipoles and π 

systems10 (e.g., C-H dipole and π electrons) and orbital interactions between the aromatic 

rings11, and support a vertical structure of the entire strand. On top of the geometry of a DNA 
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single strand, base stacking interactions contribute also to the stability of a duplex to an extent 

comparable to the H-bonding between base pairs (vide infra). For instance, Karabiyik and co-

workers (2014) reported that the stacked A//T and G//C dimers contribute 11.6 and 16.9 kcal 

mol−1 to the stabilisation energy of a DNA duplex, meanwhile the H-bonding between A:T and 

G:C base pairs contributed to 15.4 and 28.8 kcal mol−1.10 The result indicates that such stacking 

interaction along the DNA strand is one of the major energy contributors for the formation of 

a double helical structure. 

 Finally, nucleobases can form extensive H-bonding with one another that brings two 

DNA molecules together to form a duplex structure, known as hybridisation. In agreement to 

the findings from Chargaff, Watson and Crick in 1953 proposed that each adenine (A) can form 

H-bonds with thymine (T) and guanine (G) with cytosine (C), given the roughly perpendicular 

orientation of nucleobases along the phosphoribosyl backbone.8 In fact, the A:T pair is able to 

form two hydrogen bonds whereas the G:C pair can form three as illustrated in Figure 1.4. 

These pairing patterns are coined as ‘Watson-Crick base pairing’ and considered as canonical. 

Despite such inter-strand H-bonding formed by nucleobases being relatively weak due to 

competing H-bonding interactions with water, structural pre-organisation of the phosphate-

containing backbone and an additive effect of nucleobase stacking along a long polynucleotide 

strand favour the formation of a duplex between two antiparallel strands, not least if they 

contain high degree of complementarity with respect to the sequence of base pairs that 

maximises H-bond interactions. In addition to its structural implications, this canonical base 

pairing pattern leads to an important consequence: the stability of nucleic acid duplex hinges 

on the sequence complementarity between the two strands. It implies that the hybridisation of 

two DNA strands does not occur randomly, but it depends on their sequence specificities and 

the length of the polynucleotide.  
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 Unlike DNA, most RNA molecules found in nature do not form duplexes but rather 

fold itself into secondary structures such as stems, loops and bulges.12 Nonetheless, they are 

capable of hybridising with a complementary poly- or oligonucleotide to form a RNA:RNA or 

DNA:RNA duplex, which can be observed in certain classes of viral RNA genomes and 

antisense oligonucleotide therapeutics, respectively. These duplexes, however, possess 

contrasting structures and biophysical properties to a DNA:DNA duplex. As mentioned above, 

ribonucleotides adopt a C3’-endo sugar pucker and assume a more rigid structure than 

deoxynucleotides due to the presence of a 2’-hydroxy group. As a result, the hybridisation of 

two RNA strands produces a more rigid tertiary structure, namely A-RNA, with a deep but 

narrow major groove, shallow but wide minor groove and more compact spacing of base 

pairs.13 This structure is different to naturally occurring DNA:DNA duplexes that adopt a B-

DNA conformation, in which the major and minor grooves are of similar depth and base pairs 

are less compact.1 In general, RNA:RNA duplexes in A-form exhibit higher duplex stability 

than DNA:DNA ones in B-form; on the other hand, DNA:RNA hybrids can be more or less 

stable than DNA:DNA but generally less stable than RNA:RNA.14 Experimentally, the duplex 

stability of any oligonucleotide hybrid is indicated by a value called melting temperature (Tm), 

which is the temperature at which half of the duplexes are denatured under a controlled, gradual 

increase in temperature. This technique will be employed in relevant chapters within this thesis. 
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1.2 Biological Functions of Nucleic Acids 

1.2.1 Central Dogma of Biology 

 In the late 1950s, the growing understanding in nucleic acids (as genetic materials) and 

proteins (as molecular machinery) has sparked the curiosity of molecular biologists on an 

important question: how proteins are synthesised. Indeed, the most intriguing puzzle at the time 

concerned the simplicity and regularity of protein synthesis from hereditary information, as the 

process seemed uniform regardless of peptide sequence or species. To answer such question, 

Crick is among the first to propose the idea of a ‘central dogma’ of biology to indicate the 

overall framework of how genetic information is passed from nucleic acids to proteins.15 

 

Figure 1.5 | Central dogma of biology indicating the flow of information between nucleic 

acids and proteins 
This scheme highlights the transfer of genetic information among DNA, RNA and proteins by arrows. 

Blue arrows indicate a general transfer, which can occur in all cell types; red arrows indicate a special 

transfer, which does not occur in most cell types but only under specific circumstances; grey arrows 

indicate an unknown transfer, which has not been observed and is postulated to be impossible. Generally, 

cells can freely replicate its genetic information (DNA replication), copy the information into RNA 

(transcription) and synthesise proteins by reading through the genetic instructions on RNA (translation). 
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 The formulation of an early central dogma by Crick and co-workers encompasses a few 

general principles which were supported by experimental observations at the time: (i) the 

specificity of a nucleic acid molecule is manifested solely by the sequence of its nucleobases, 

and this sequence is linearly translated to the amino acid sequence of a protein; (ii) the flow of 

information is only possible between nucleic acids and nucleic acids, or from nucleic acids to 

proteins, but not from proteins to nucleic acids, or between proteins and proteins; (iii) the amino 

acid is carried to the RNA template during protein synthesis via an adaptor molecule which is 

likely an RNA molecule that could fit into the template; and (iv) there exists a set of triplet 

codes (of nucleobases) that correspond to specific amino acids.15 The following decade has 

seen some minor modifications on the original concepts, but the core idea remains unchanged 

as Crick established it: once the residue-by-residue, sequential information is passed from 

nucleic acids to proteins, it cannot be passed back to nucleic acids again (Figure 1.5).16 This 

theory has set a paradigm for chemists and biologists to solve more complex problems such as 

understanding disease progression and relevant treatments. 

1.2.2 Flow of Genetic information and Its Implications 

 To date, it is widely understood that genetic instructions governing all biological 

processes are passed from DNA to RNA, and finally to proteins which carry out a vast array 

of functions in cellular organisms (Figure 1.6).  The process of copying such instructions from 

DNA to RNA is called ‘transcription’ and the process of the decoding the RNA transcript to 

generate a specific sequence of peptide is called ‘translation’, also known as ‘gene expression’ 

(Figure 1.6). In broad sense, a gene is a DNA sequence in the genome that can be transcribed 

into a functional RNA, which either encodes for proteins or serves regulatory functions.  

 During transcription in eukaryotic systems, an RNA polymerase (RNAP), together with 

a set of transcription factors (TF), binds to the promoter region of a gene and melts the double-
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stranded DNA (dsDNA) structure to form an accessible region called ‘transcription bubble’. 

Next, the RNAP brings a nucleotide to its active site and uses one strand of the genomic DNA 

as a template to guide nucleotides with correct base-pairing to polymerise in exact sequence. 

After a regulatory process called ‘abortive initiation’ where short RNA transcripts (< 10 

nucleotides, nt) are synthesised and released,17,18 the nascent RNA transcript longer than 10 nt 

enters the exit channel of the polymerase and the RNAP moves along the DNA strand from its 

promoter to continue polymerisation of the other end of the transcript. Once the RNAP reaches 

the terminator region, it releases the full-length pre-messenger RNA (pre-mRNA) and 

dissociates from the dsDNA. This pre-mRNA will then undergo a series of post-transcriptional 

modifications, including capping of the 5’-end, RNA splicing and polyadenylation etc., and the 

resulting mRNA will be exported to the cytoplasm for templating protein synthesis.  

Figure 1.6 | Schematic overview of two information transfer processes - transcription and 

translation – in cellular organisms 
Left: graphical representation of a transcription event. RNA polymerase bound to transcription factors 

unwinds a segment of genomic DNA and catalyses the incorporation of RNA nucleotides into a newly 

synthesised mRNA by complementary base pairing. Right: graphical representation of a translation 

event. The mRNA reaches the ribosome which decodes the transcript by inducing the binding of tRNA 

carrying a complementary trinucleotide (anti-codon) and corresponding amino acid according to the 

triplet code on the mRNA (codon) along the strand. The ribosome catalyses amide bond formation 

between the growing peptide chain and the incoming amino acid. Figure created under BioRender’s 

license. 
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 Translation begins when the small ribosomal subunit, with a set of initiation factors, 

recognises and binds to the approaching mRNA then moves along the strand until it finds the 

start codon, which is a trinucleotide sequence of AUG. At this point, it recruits the large 

ribosomal unit and first transfer RNA (tRNA), which carries an amino acid via an aminoacyl 

bond at its 3’-end specific to a trinucleotide anti-codon complementary to the codon on the 

mRNA. As the tRNA sits on the start codon of the mRNA at the peptidyl site (P-site), the 

ribosome accommodates another tRNA with anticodon matching the next codon downstream 

at its aminoacyl site (A-site) and catalyses peptide bond formation between the amino acid 

(growing peptide) at the P site and the incoming amino acid at the A-site. Finally, the ribosome 

moves to the next codon and the first tRNA breaks the aminoacyl bond and enters the exit site 

(E-site) while the tRNA at the A-site moves to the P-site to free up space for the next tRNA for 

peptide elongation. This process is referred to as ‘translocation’. When the stop codon (UAA, 

UAG, or UGA) is reached at the termination step of translation, it is recognised by release 

factor proteins which prompts the dissociation of the ribosome and mRNA and release of the 

peptide from the ribosomal peptidyl transferase centre.19 Notably, anti-codons made up of three 

nucleotides (each possessing four possible identities) provide a set of 43 = 64 permutations, 

which encode for a smaller set of 20 canonical amino acids. It was discovered that most amino 

acids are encoded by more than one codon (except methionine and tryptophan), giving rise to 

the ‘codon degeneracy’ property which allows codons with similar compositions to encode the 

same amino acid and enhances the tolerance of translation machinery toward point mutations.20 

 During translation, the growing polypeptide chain starts folding into three dimensional 

(3D) structures and form proteins whose structural and catalytic properties are governed by 

their structures. This process is primarily driven by the non-covalent interactions among amino 

acid side chains (i.e., hydrophobic interactions, Van der Waals forces, H-bonding and salt 

bridges etc.) and, in some cases, covalent linkages such as disulfide between cysteine 
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residues.21–23 Therefore, the sequence of amino acids linearly translated from DNA sequence 

via mRNA and tRNA intermediaries on a residue-by-residue basis ultimately impacts the 

properties and functions of every protein. 

 The fundamental process of carrying out genetic instructions is essential to life as most 

parts of its functioning involve proteins that are synthesised in faithful sequences and folded in 

correct structures. However, nucleic acids are somehow prone to chemical alterations due to 

endogenous and exogenous factors. For example, reactive oxygen species (ROS) generated 

from metabolism can oxidise nucleobases and break chemical bonds24; UV radiation can cause 

intra- or inter-strand crosslinking and DNA scission25; alkylating agents can chemically 

transform nucleobase and induce scission events.26 As a result, cellular organisms have 

developed a family of repair proteins to remove damaged nucleotides and repair scissions to 

prevent harmful mutations from being accumulated or passed on (Figure 1.7).  

 In reality, not all of these repair mechanisms are equally productive. Mutations in base 

pairs could sometimes evade cellular surveillance and DNA damage response (DDR) which is 

a cascade of signalling to recruit repair proteins. They could also introduce undesired changes 

to the gene and lead to genomic instability and progression of diseases such as cancers.27 

Among various known repair mechanisms, direct reversal repair is the simplest and most 

error-free pathway to treat base lesions. It involves enzymatic reactions that ‘reverse’ DNA 

damages on individual bases such as methylation (by alkyltransferase) or photo-crosslinking 

(by photolyase). There are more sophisticated lesions such as base mismatches which involve 

addition, deletion or alteration of nucleobases due to replication errors or chemical reactions, 

and single strand breaks (SSB) which is the bond breakage of one DNA strand due to ionising 

radiation or oxidative stress.28 Such lesions are generally structurally anomalous and can easily 

trigger DDR; they often require excision of a few nucleotides around the damaged site by 

endonucleases and are repaired by DNA polymerases and ligases using the intact strand as a 
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template. These mechanisms, namely nucleotide excision repair and mismatch repair, are 

orchestrated by multiple sensing proteins and enzymes. Despite the presence of a template, 

such delicate processes can sometimes be prone to failures such as abortive enzymatic activities 

and lead to undesirable base mutations.28 Double strand breaks (DSB), in which both DNA 

strands are cleaved in close proximity, are the most deleterious form of DNA damage and are 

linked to genomic rearrangements and carcinogenesis. During cell cycle S/G2 phase when 

sister chromatid exists, DSB can be repaired via homology-directed repair (HDR) pathway in 

which the two ends of the dsDNA are processed to form two hanging single strands (DNA end 

resection) and they will be elongated by polymerases using the homologous DNA as a template. 

This results in a conservative and error-free product of the repair. In other cell cycle phases, 

however, cells are programmed to repair DSB via non-homologous end joining (NHEJ) to 

prevent prolonged presence of the lesion. From this mechanism, DNA binding proteins will 

first bind to the break ends and recruit other enzymes to remove damaged or mismatched 

nucleotides (by nucleases), synthesise a new strand (by polymerases) and connect it to the other 

end (by ligases). This process can be accurate if the two ends harbour compatible overhangs as 

they can act as template for the repair process; otherwise, NHEJ tends to introduce random 

insertions and deletions which can threaten genomic integrity. The HDR and NHEJ repair 

mechanisms will be further discussed in Chapter 3 about CRISPR-mediated genome editing. 

 When any nucleic acid sequence within a genome or extrachromosomal DNA is altered 

without faithful repair, a mutation is formed. In some instances, mutations are a normal 

biological process and they do not change the phenotype, which is the observable 

characteristics, of an organism. Some mutations, however, lie within the protein-encoding gene 

and could result in changes of the amino acid sequence, namely amino acid dysmorphism, and 

functions of the protein product. This could be harmful to an organism and its offspring and 

lead to disease progression.  
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Figure 1.7 | Overview of DNA damages and possible repair mechanisms27 
Schematic representations of various types of DNA damages and possible repair mechanisms in cellular 

organisms. Figure created under BioRender’s license. 

 

1.2.3 Applications of Nucleic Acids in Medicine and Biotechnology 

 Naturally, nucleic acids are known for their roles as the storage and carrier of genetic 

information. With an increasing understanding of the principles of base-pairing and 

interactions with proteins, the utility of oligonucleotides in medicine and biotechnology has 

been widely expanded. Most oligonucleotide-based drug platforms interact with their cognate 

targets via Watson-Crick base-pairing. This property offers a few key advantages over 

conventional pharmaceutical modalities: (i) sequence design is modular and straight-forward; 

(ii) the range of potential drug targets is wider than protein-targeting small-molecule drugs; 

and (iii) the process of drug screening, optimisation and engineering is expedient due to 
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accessibility to automation.29,30  In this section, the growing popularity and utility of 

oligonucleotide-based drug platforms and gene-editing methodologies will be discussed. 

 

 

Figure 1.8 | Applications of artificially generated oligonucleotides in therapeutics and 

biotechnology 
Selected examples of oligonucleotide-based therapeutic platforms and gene-editing technologies in 

cellular organisms are illustrated. Antisense oligonucleotides (ASO) and small-interfering RNA 

(siRNA) can induce cleavage at target mRNA by interacting with RNase H and RNA-induced silencing 
complex (RISC), respectively, resulting in the arrest of protein synthesis. CRISPR-mediated gene-

editing system comprises Cas9 endonuclease and guide RNA (gRNA) which directs Cas9 to introduce 

breaks at the double-stranded genomic DNA target. This cleaved DNA can be repaired according to a 
donor template which contains the desired gene edits. The mRNA component in vaccine formulae is 

translated into peptide fragments of a pathogen which will be presented on cell surface and trigger 

recognition by the host’s adaptive immunity. 

 

Antisense Oligonucleotides (ASOs). Translation of mRNA is an essential process in gene 

expression but it is susceptible to interference by exogenous, short fragments of 

oligonucleotides bearing sequence complementarity. This mechanism is harnessed to silence 

or modulate the expression of a faulty gene that bears undesired mutations. Antisense 

oligonucleotides are a class of synthetic oligonucleotides, usually at a length of 18-30 
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nucleotide, which effect gene silencing and modulation when they bind to their cognate mRNA 

targets via RNase H activation or steric blocking. RNase H is an endonuclease residing in cell 

nuclei (and mitochondria) and is capable of hydrolysing RNA residues within a DNA/RNA 

duplex,31 leading to direct destruction of mRNA and thereby silencing of a gene.32 ASOs 

typically follow a ‘gapmer’ design in which the central part of a sequence is made with DNA 

to engage RNase H in cleavage activity whereas the flanking parts are composed by RNA-

based, modified nucleotides to improve target binding as well as stability.33 Alternatively, 

ASOs can adopt a ‘mixmer’ sequence in which a mixed construction of nucleotide chemistries 

is utilised to sterically block the target transcript from interacting with proteins such as 

spliceosomes and alternate the splicing decision to correct the translational reading frame.34,35  

RNA Interference (RNAi). RNAi is another gene silencing mechanism discovered in 1998 by 

Andrew Fire and Craig Mello, who were jointly awarded The Nobel Prize in Physiology or 

Medicine for their contributions in 2006. The RNAi pathway begins when double-stranded 

RNA (dsRNA) molecules are recognised and cleaved by Dicer, an endoribonuclease, which 

produces small dsRNA fragments known as small interfering RNAs (siRNAs). These siRNAs 

are then processed into single strands and one of which, namely the guide strand, is 

incorporated into a multi-protein complex known as the RNA-induced silencing complex 

(RISC). The resultant ribonucleoprotein then binds to and degrades its mRNA target via a 

complete complementarity.29 RNAi-mediated silencing has originally been observed in plants 

as a natural immune response against viral infection in which dsRNA generated from the 

replication of virus is loaded onto RISC to effect gene silencing to the viral transcript.36,37 In 

2001, the first example of synthetic siRNA effecting gene silencing in mammalian cells was 

reported.38 Two years later, the utility of siRNA in disease prevention was demonstrated by 

Lieberman and co-workers who reported the utility of synthetic siRNA in preventing liver 

injury in mice by silencing the Fas gene, which mediates hepatocyte apoptosis.39 These seminal 
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studies have prompted a rapid increase in research volume and commercial investment on 

siRNA as a therapeutic tool, with major directions to identify gene targets associated with 

disease progression and improve the pharmacological properties of siRNA drugs with chemical 

modifications.  

CRISPR-Mediated Gene Editing. CRISPR stands for Clustered Regularly Interspaced Short 

Palindromic Repeats which refer to the pattern of DNA fragments first identified in the genome 

of Escherichia coli.40 Unlike other tandem repeats, these repeat clusters are spaced by non-

repeating DNA sequences which were found to be originated from viruses or exogenous 

genetic elements41–43 and involved in bacterial immune system to degrade foreign genetic 

materials from invading species such as bacteriophages.44,45 The function of CRISPR involves 

two major components: (i)  the CRISPR-associated (Cas) protein, which is a family of DNA 

endonucleases encoded by Cas genes adjacent to the repeat sequences and (ii) a guide RNA 

(gRNA), which is transcribed from the CRISPR array and directs Cas enzymes to carry out 

site-specific scission at the specific location in the genome that bears complementarity to itself . 

After the initial findings and structural elucidation, numerous reports have demonstrated that 

CRISPR components could be re-engineered and expressed in human cells to effect site-

specific gene editing.46–48 Such efforts have realised the potential of CRISPR as a preferred 

gene targeting tool unrivalled by other conventional gene-editing platforms, largely thanks to 

its superior editing efficiency and modularity to target various genes by simply altering the 

sequence of the gRNA instead of a number of endonuclease modalities.49 To date, scientists 

are able to transfect cells with synthetic gRNA and Cas proteins, or CRISPR-encoding 

plasmids to not only edit genomes precisely, but also regulate gene expression by fusing 

deactivated Cas protein (without cleavage ability) with transcription factors50 and image 

genetic loci by appending fluorescent molecules to CRISPR modalities.51 The simplicity to 

employ laboratory-made gRNA in various gene-targeting applications has proven immensely 
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valuable across scientific fields. In Chapter 3, the detailed mechanisms and relevant chemistries 

of CRISPR-based systems will be further discussed. 

mRNA Vaccines. The COVID-19 pandemic in 2020 has catalysed recent advancements in 

mRNA-based vaccine platforms.52 This new class of vaccines comprises synthetic mRNA 

which is translated into pathogenic antigens, which are fragments of a pathogen that can 

generate an immune response, using the host’s cellular machinery when delivered into cells. 

This platform offers major key advantages over conventional vaccine components such as 

attenuated virus as it does not pose risks of genomic integration, or antigenic protein that 

requires slow and costly biosynthesis in living organisms during its manufacturing process. 

Currently, mRNA vaccine formulae are often packaged in lipid nanoparticles that are 

composed of cationic lipids (to complex with mRNA), PEGylated lipids and cholesterol (to 

modulate the size and structure of the particle) and carry the mRNA cargo into cells across the 

cell membrane. These vehicles offer essential protection to mRNA against nuclease during 

systemic circulation as the RNA cannot be easily modified with nuclease-resistance motifs 

such as phosphorothioate and 2’-MOE by in vitro transcription. Another notable aspect of 

mRNA in vaccine applications is that its nucleobases are often heavily modified. This is 

because (1) the human immune system recognises unmodified ssRNA as foreign genetic 

materials and triggers the production of interferons that block RNA translation; and (2) certain 

types of nucleobase modification can regulate translation and control the level of protein 

expression.53 These nuances have led to a growing interest in the discovery of chemical or 

biological capabilities to modify mRNA, which is often considered a difficult target due to its 

length (often >800 nt) and fragility (intrinsic susceptibility to basic hydrolysis and metal-

catalysed degradation), for further development. Some of the available strategies will be 

discussed in Chapter 4 in more detail.  
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1.3 Chemical Synthesis of Oligonucleotides 

1.3.1 Solid-Phase Synthesis 

 With an increasing demand for oligonucleotides in research and therapeutic 

development, an efficient preparative workflow for scalable production has become essential. 

Compared to the synthesis of small molecules, there are a few key differences in the process 

of oligonucleotide synthesis: (i) most oligonucleotides are large molecules (> 3,000 Dalton) 

composed of a limited number of structurally identical modules (nucleoside subunits); (ii) the 

sequence of these modules determines the identity and properties of the product; and (iii) the 

large number of steps involved precludes the possibility to remove by-product at individual 

step. These factors limit the utility of conventional solution-phase chemistry and have led to 

the adoption of solid-phase chemistry, which was first introduced by Prof. Robert Bruce 

Merrifield to improve the synthetic efficiency of polypeptides,54 for the synthesis of 

oligonucleotides with great length and molecular complexity. In this method, a starting 

nucleoside (and the growing strand thereafter) is first mobilised on a solid support, such as 

controlled pore glass (CPG) or polystyrene (PS) resins, typically through a 3’-O ester linkage. 

Then, a solution of an activated nucleoside is passed through to provide a medium for the 

immobilised species to react and form an adduct via a P-O bond. Finally, the unreacted reagents 

are washed away and the addition product remains on the solid support. After successive cycles 

of couplings, the bond between the oligo and its support is then cleaved to yield the full-length 

product. This strategy has proven highly suitable to oligonucleotide synthesis as it offers a 

number of merits: (i) the coupling efficiency of each cycle is greatly enhanced and deletion 

events can be minimised as a much higher loading of coupling reagents can be used; (ii) 

removal of excess reagents by solvent washing is simple and does not incur product loss; (iii) 

the processes involved are all mechanical and amenable to automation. For such reasons, solid-
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phase synthesis (SPS) has been the most popular method for oligonucleotide production in both 

laboratory and manufacturing scales.55  

 The overall yield of oligonucleotide synthesis is a multiplicative product of the coupling 

efficiency of each iterative addition step, meaning that the latter value has a significant 

cumulative effect on the yield for full-length oligonucleotides. Over the past decades, the 

chemistry involved in nucleoside coupling has been progressing to drive stepwise coupling 

towards quantitative yield. In the early 1950s, benzyl phosphorochloridate was first 

demonstrated to activate a 5’-protected nucleoside which couples with the 5’-hydroxy group 

of another 3’-protected DNA nucleoside to afford a P-O linkage in solution.56,57 In the 

following decades, scientists have reported various methods to activate the phosphate oxygen 

on a nucleotide to facilitate coupling with another monomer with varying degree of success.58–

60 It was not until 1980s was the coupling protocol of full-length oligo on solid-support reported. 

Two groups have independently reported the use of H-phosphonate monoester, activated by 

pivaloyl chloride or 2,4,6-triisopropylbenzenesulfonyl chloride (TPS-Cl) and coupled on solid 

support, to synthesise oligomer up to 107 nt in length.61,62  To date, the most widely adopted 

and efficient coupling reagent is nucleoside phosphoramidite63 – a 5’-dimethoxytrityl (DMT) 

protected nucleoside connected to a 3’-phosphite diester amide which is a stable P(III) 

compound and can be activated in situ before coupling to oligos on a solid support. 

 Phosphoramidite coupling in solid phase starts typically with a 5’-DMT protected 

nucleoside bound to the solid support via 3’-O linkage (Figure 1.9 and scheme 1.1, I), from 

which the strand grows in the direction of 3’ → 5’. Before entering coupling cycles, the acid-

labile DMT group is removed by treating with trichloroacetic acid (TCA) to liberate the 5’-

hydroxy group on the nucleoside (II). This step is called ‘detritylation’. Complete detritylation 

releases DMT cations (A) in equimolar ratio to the nucleoside and hence the absorbance of 

DMT cations (~495 nm) offers a quantitative measure of the level of DMT-containing 
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nucleoside incorporated in the previous cycle. Next, the phosphoramidite (B) is activated in 

situ by mixing with an activator, typically 1H-tetrazole, 5-Ethylthio-1H-Tetrazole (ETT) or 5-

Benzylthio-1H-Tetrazole (BTT), which is mildly acidic and replaces the diisopropylamine to 

form a reactive tetrazolide species (C). The P(III) core is now susceptible to nucleophilic attack 

by the 5’-hydroxy to readily release the tetrazole leaving group. This step is referred as 

‘coupling’. Then, the oligo is treated with acetic anhydride/N-methyl imidazole (Ac2O/NMI) 

mixture which generates a 1-acetyl-3-methylimidazolium active intermediate (D) and transfers 

Figure 1.9 | Schematic overview of DNA synthesis by phosphoramidite method 
This scheme describes the synthesis of a DNA oligonucleotide via standard phosphoramidite coupling 

cycles. Reagents and conditions: (i) 3% TCA in CH2Cl2, 50 seconds; (ii) 0.1 M phosphoramidite (in 
MeCN), 0.5 M tetrazole (in MeCN), 30s [R = H]; (iii) Ac2O/pyridine/THF (1/1/8 v/v/v), 17.6% NMI 

(in MeCN), 30 seconds; (iv) 0.015 M iodine in water/pyridine/THF (2/20/78 v/v/v), 45 seconds; (v) 

conc. NH4OH, 55°c, 5 hours. Between each step of coupling cycles, washing with anhydrous MeCN 
(30s) and drying with argon (10s) is performed. Abbreviations: B = nucleobase, PG = protecting groups, 

DMT = dimethoxytrityl, CE = 2-cyanoethyl. Black ball represents solid support. Figure adapted from 

literature.64 
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the acetyl group to the 5’-hydroxy group. This ‘capping’ step can mask the reactivity of any 

unreacted 5’-hydroxy groups (E) so that they do not engage in further cycles of coupling. It 

ensures the events of internal deletions of oligonucleotides, which are difficult to remove by 

chromatography, are minimised. At this stage, a P(III)-O bond has formed between the 

nucleoside phosphoramidite and the resin-bound oligo (or nucleoside). Since this P(III) core is 

reactive towards acid in subsequent coupling steps, an ‘oxidation’ step is performed with an 

iodine solution in a pyridine/water/tetrahydrofuran mixture to yield a stable P(V) species (IV). 

Then, the oligonucleotide intermediate is available for subsequent cycles of synthesis until the 

desired sequence is generated. Finally, the protecting groups on the oligo are removed and the 

free oligonucleotide product is released from the solid support by treating with aqueous 

ammonia (37%).  

 

Scheme 1.1 | Mechanistic overview of each step in DNA synthesis cycle 
This scheme describes the reaction mechanisms of each individual step in DNA synthesis.64   
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1.3.2  Protecting Groups and Deprotection 

 During synthesis, some functional groups on an oligonucleotide may participate in side-

reactions and generate undesired by-products. For example, the aromatic amines on cytosine, 

guanosine and adenosine are nucleophilic and able to attack activated P(III) species. Hence, 

these nucleoside phosphoramidites contain protecting groups on such sites in order to mitigate 

side-reactions during synthesis cycles. Common protecting groups include benzoyl (on A and 

C) and isobutyl (on G) (Figure 1.10), which are labile to basic hydrolysis and can be 

quantitatively removed by standard treatment with concentrated ammonium hydroxide at 55°C 

for 5 hours.65 Another universal protecting group is placed on the non-nucleosidic phosphate 

oxygen as a 2-cyanoethyl phosphotriester which masks the negatively charged oxygen during 

oligo synthesis. This group is also susceptible to basic treatment via a β-elimination process to 

release acrylonitrile as a neutral leaving group.  

 

Figure 1.10 | Chemical structures of phosphoramidites with various protecting groups  
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 Some oligonucleotides bear chemical modifications which are susceptible to highly 

basic environment. In such cases, more labile protecting group strategies on nucleobase is 

employed. For instance, phenoxyacetyl (on A), dimethylformamidyl (on G) and acetyl (on C) 

are common on commercially available phosphoramidites which require shorter exposure in 

concentrated ammonium hydroxide or milder conditions such as methanolic potassium 

carbonate for complete deprotection. For RNA synthesis, the presence of 2’-hydroxy groups 

requires additional consideration for protection because they can attack incoming 

phosphoramidites and promote intramolecular nucleophilic attack onto the neighbouring 

phosphate, causing strand cleavage or 3’→2’ phosphate migration (Scheme 1.2), during 

ammonia deprotection. Thus, the need to mask the reactivity of 2’-hydroxyl is essential 

throughout coupling cycles until other protecting groups are removed. Popular protecting 

groups for this purpose are tert-butyldimethylsilyl (TBDMS) and thiomorpholine-4-

carbothioate (TC), which are removed by triethylamine trihydrofluoride (TEA·3HF) in DMSO 

and neat ethylenediamine (EDA) respectively (Figure 1.10). These 2’-protecting groups are 

moderately stable under basic conditions but not with prolonged heating. As a result, the robust 

protecting groups on nucleobases, such as benzoyl and isobutyryl, are replaced by more labile 

tert-butylphenoxyacetyl groups which can be quantitatively removed without heating.65 

Scheme 1.2 | Side reactions of 2’-hydroxy group under basic conditions 
This scheme illustrates the possible side reactions of 2’-unprotected RNA molecule during standard 

basic treatment, which generates faulty products including cleaved strands and phosphate-migrated 

oligonucleotides. 
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1.3.3 Chemical Modifications 

 Scalable synthesis of DNA and RNA has enabled the rapid development of nucleic 

acids-based therapeutics and biotechnology as discussed in Chapter 1.2.3. However, the utility 

of unmodified oligonucleotides in biological systems is limited by multiple factors: (i) DNA 

and RNA are naturally occurring molecules which are susceptible to enzymatic degradation 

during metabolic processes; (ii) they are large and densely packed with phosphate oxygen 

anions along their backbones so that they are repelled by the negatively charged phospholipid 

bilayer at the cell membrane; (iii) the low concentration of oligonucleotides available inside 

cells, due to inefficient delivery or rational design to avoid toxicity, hinders the binding with 

their cognate targets; and (iv) on some occasions, exogenous DNA or RNA can trigger 

undesirable immune response of the host.29,66–68  

 To address these limitations, various strategies to modify oligonucleotides have been 

developed to enhance their physical and chemical properties for biological applications, 

including in vivo stability, delivery and targeting-binding efficacies. In a broad sense, chemical 

modifications can be categorised by the position at which they are introduced on an 

oligonucleotide, which includes: (i) the sugar and (ii) backbone, which contribute to its 

structure and involve in substrate recognition by nucleases; (iii) the nucleobase, which engages 

in base-pairing with a complementary strand; and (iv) the 5’- and 3’-termini, which are 

susceptible to exonuclease digestion (Figure 1.11). Many reported modifications aim to confer 

desirable properties to these sites.29,66,69–72 For example, the 2’-hydroxy group of RNA can be 

substituted by an O-methyl (2’-OMe),73–75 O-methoxyethyl (2’-MOE)76 or fluoro (2’-F)77 

group which provide higher stability against nucleases and improve target binding affinity 

(∆Tm = +0.9 – 2.5°c per modification) due to changes in the structure and electronic properties 

of the sugar, respectively. An increasingly popular strategy to modify the sugar as locked 

nucleic acid (LNA), which contains a carbon bridge between the 2’-OH and 4’-carbon, is 
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justified by its tremendous stabilising properties (∆Tm = + 4.0 - 8.0°c per modification) on 

RNA-target binding,78–80 which renders it desirable in situations where high-affinity binding is 

warranted, such as in therapeutic ASOs.81,82 Apart from the ribose moiety, the native 

phosphodiester backbone is involved in most enzymatic degradation pathways as well as 

exhibiting a polyanionic character on oligonucleotides. These attributes have prompted 

research interest in artificial substitutes which can reduce its susceptibility to enzymes and 

enhances its permeability to cells. A well-developed modification is a phosphorothioate (PS) 

linkage, in which a non-bridging oxygen atom of the internucleoside phosphate is replaced by 

sulfur. This substitution has been shown to not only inhibit enzymatic degradation,83 but also 

engage in binding with proteins or cell surface due to its reduced charged density (making it 

more lipophilic) and capability to form covalent disulfide bonds with cysteine that in turn 

promote biodistribution and internalisation to cells.84,85 Hence, it is commonly employed to 

either fully (in ASOs) or partially (in siRNAs) modify therapeutic oligos in order to improve 

its metabolic stability in vivo as well as delivery efficacy to target tissues.29 

Figure 1.11 | Schematic overview of possible modification sites on oligonucleotides and 

selected examples of modifications 
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 Another class of modifications has been developed to replace the anionic phosphate 

with charge-neutral internucleoside linkages, such as triazole and amide, which are structurally 

akin to phosphodiester but resistant to nuclease digestion.86,87 Early examples have been 

reported more than two decades ago to provide synthetic accessibility to these molecules,88–90 

which have since been gathering attention as more evidence emerged that they can be 

biologically active alternative backbone for therapeutic applications. For example, our group 

has investigated in the properties of amide-substituted oligonucleotides in antisense 

applications, in which they have shown enhanced stability as well as potency in RNase H-

mediated RNA digestion and exon-skipping actions.82,91 These attributes hold promising 

potential for developing future oligonucleotide therapeutics. 

 Besides structural modifications which can improve stability and binding properties, it 

is also possible to introduce small-molecule or biomolecule conjugates that confers a wide 

scope of functionalities to oligonucleotides. These modifications can be placed internally or, 

more commonly, at the termini. For instance, Givosiran® - an FDA-approved siRNA drug - 

contains a tri-N-acetylgalactosamine (GalNAc) conjugate at the 3’-end of its passenger strand 

that serves to target asialoglycoprotein receptors (ASGPr) expressed on hepatocytes and 

enhance internalisation to liver tissues.29 Another platform for oligo delivery is antibody 

conjugates, which can bind specific antigens or biomarkers of certain cell types and target 

specific tissues from circulation. This strategy has been investigated on enhancing delivery 

efficacy of siRNA to tissues such as skeletal muscle by appending a fragment antigen-binding 

(Fab) region to its 3’-end.92 Fluorophores are also commonly incorporated to oligos with a 

short carbon linker. Such moieties can generate fluorescent read-outs under an optical detector 

or confocal microscope and therefore enable tracking of oligonucleotides by quantitative93,94 

or qualitative means.51  
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1.3.4 Synthetic Strategies for Modified Oligonucleotides 

(I) Modified Phosphoramidites (pre-coupling) 

 Precise control on the location of chemical modifications within an oligo is essential 

for therapeutic applications. For short oligonucleotides (i.e., <30 nt) such as ASOs and siRNAs, 

modifications are predominantly introduced on individual nucleoside before solid-phase 

synthesis. There are a vast number of commercially available and synthetically viable options 

to access modified phosphoramidites or resin-bound nucleoside with desired structural motifs 

which are compatible to standard coupling in a synthesiser (Figure 1.12). Ribose modifications 

such as 2’-F or LNA or nucleobase modifications such as C8-alkyne T are installed on the 

phosphoramidite and routinely used in oligo synthesis. Chemical handles such as amino group 

or functional molecules such as GalNAc or cyanine-3 can also be phosphitylated (i.e., a 

hydroxy group on the molecule undergoing addition reaction to a phosphite) or immobilised 

on solid support to act as building blocks during phosphoramidite coupling cycles.95,96  

Figure 1.12 | Selected examples of phosphoramidites with various modifications 
This figure illustrates the chemical structures of modified phosphoramidites categorised as 

nucleobase/ribose, terminal and backbone modifications. The first two categories are common from 

commercial sources95,96 while the third is synthetically accessible by reported methods.91,97  
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 Backbone modifications, however, involve a change in the bond formation chemistry 

and are not easily afforded by employing modified phosphoramidite monomers during 

coupling. Phosphorothioate moiety, for example, is often introduced non-stereospecifically by 

replacing iodine by sulfurising reagents such as tetraethylthiuram disulfide (disulfiram) during 

the oxidation step which will generate a P(V)-S bond in lieu of phosphate. Of note, recent work 

by Baran and co-workers reported a chiral P(V)-containing nucleoside which can directly 

couple with growing oligonucleotides to yield stereospecific PS linkage, but its usage remains 

niche.98,99 Other non-phosphorus backbone modalities such as amide and triazole are not 

accessible via standard phosphorus chemistry. To incorporate these unnatural backbone 

modifications, researchers have developed a ‘dimer approach’, by which two nucleosides are 

first covalently linked by the desired backbone modification and then phosphitylated as a single 

unit for standard coupling in a synthesiser.90,91,97 Although this approach offers a feasible way 

to site-specifically introduce backbone modifications, its application is limited by a few factors: 

(i) the dimer synthesis requires a large number of steps; (ii) a complete set of building blocks 

entails 4 × 4 = 16 dimers which can be synthetically challenging to access; and (iii) it is not 

possible to extend the unnatural linkage consecutively beyond two nucleosides from dimer 

phosphoramidites. As a result, it has been of ongoing interest to develop a streamlined synthetic 

strategy to access modified backbones. 

(II) Modified Coupling Chemistries 

 The scope of solid-phase coupling chemistry is by no means limited at phosphoramidite 

addition. As discussed in the previous session, its early development was targeted at forming 

amide bonds for the preparation of polypeptides.54 Based on this knowledge and subsequent 

advances in amide coupling, Von Matt and colleagues reported a 5’-amino-3’-carboxymethyl 

dT analogue which efficiently couples with 5’-amino oligonucleotide (introduced by 5’-amino 

phosphoramidite monomer) on solid support and affords amide linkages that span 
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consecutively over 15 nucleosides.100 Recently, our group reported another strategy to access 

more challenging amide linkages between LNA nucleosides containing 5’-amine and 3’-active 

ester in solid phase and generated oligonucleotides with up to 4 LNA/amide modifications.82 

This approach offers additional flexibility to introduce ribose/nucleobase modifications on 

each monomer and hence opens a new avenue to explore therapeutic properties of mixed 

modifications (Scheme 1.3A).  

Scheme 1.3 | Generalised reaction scheme for the synthesis of amide and triazole linkages  

                      on solid support 

A. Generalised reaction scheme of the formation of amide linkage from a resin-bound 5’-amino 
nucleoside and free 3’-carboxyl nucleoside.82,100 R = DMT-O- or MMT-NH-, LG = pentafluorophenoxy 

B. Formation of triazole linkage from a resin-bound 5’-alkynyl nucleoside and free 3’-azido 

nucleoside.101 Black ball represents solid support. 

 

 As another charge-neutral alternative like amide, the use of triazole linkage to conjugate 

biomolecules has been popularised since the inception of Copper-catalysed Azide-Alkyne 

Cycloaddition (CuAAC), also known as ‘click chemistry’ for its robustness and chemo-

specificity in joining an azide and alkyne moiety with high yield.102 Although click chemistry 

is versatile towards solution- or solid-phase reactions, this section will focus on its use over 

solid-phase coupling with oligonucleotides, particularly on forming internucleoside triazole 

linkages and labelling oligonucleotides with small-molecules.103,104 An early example is the 

work by Isobe and colleagues on the assembly of a 15-mer oligonucleotide with all 

internucleoside linkages fully substituted by 1,4-triazole via sequential CuAAC between 5’-

alkynyl (silyl-protected) nucleosides and their 3’-azido counterparts (Scheme 1.3B).101 Apart 
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from nucleoside addition, contemporaneous work by Morvan and co-workers demonstrated the 

solid-phase assembly of glycoclusters on oligonucleotides via CuAAC-based coupling 

between alkyne-containing oligomer and azido carbohydrate derivatives.105–107 By this solid-

phase click method, the resultant click product can be cleaved and deprotected with standard 

ammonia treatment to afford a carbohydrate-oligonucleotide chimera. These examples indicate 

the versatility of solid-phase synthesis which can support a wide scope of coupling chemistries 

for modified oligo synthesis. In Chapter 2, the mechanism and novel applications of CuAAC 

in oligonucleotide chemistry will be further discussed. 

 (III) Post-Synthetic Ligation and Labelling 

 Despite the popularity of solid-phase synthesis in the manufacturing of modified 

oligonucleotides for therapeutic purposes, thanks to its high efficiency and scalability, the 

physical and chemical limitations on stepwise coupling efficiency (<100%) inherently restrict 

the length of oligonucleotides accessible (200-mer for DNA and 120-mer for RNA).108 

Alternatively, enzymatic synthesis poses little constraints on length but the incorporation of 

modified nucleosides into oligos, especially RNA, remains challenging.109 To circumvent these 

limitations, a solution-phase ligation strategy can be employed to covalently link two or more 

short, synthetic oligo fragments with desired modifications to form a single oligonucleotide via 

various chemistries. Ligation reactions between two oligos are usually performed in 

micromolar concentrations and thus this strategy generally has two features: (i) the reaction 

between the two oligos must be chemo-selective and high-yielding, otherwise side-reactions 

could drastically reduce its yield; (ii) a DNA splint which bridges two reacting oligos by 

complementary base-pairing is usually needed to increase the effective concentration of the 

two reacting groups. In the past two decades, a number of ligation chemistries have been 

developed to probe sequence mismatches110 as well as generate ultra-long (>300 nt) circular 

DNA compatible with rolling-circle amplification (RCA) (Figure 1.13).111–113 In general, these 
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examples demonstrated the utility of chemical ligation on preparing lengthy, and 

circumstantially, modified oligonucleotides beyond the capabilities of solid-phase synthesis.  

Figure 1.13 | Schematic overview of various post-synthetic ligation strategies 
Top: an illustration of the general ligation strategy to covalently join two oligonucleotides via different 

reactive groups (partial circle and arrow) templated by a splint (red strand). Bottom: reaction schemes 

of various reported ligation strategies: (1) thiophosphate-iodide SN2 reaction,110 (2) amide coupling,111 

(3) CuAAC,112 (4) CDI-mediated urea coupling,113 (5) squaramide coupling113 and (6) enzymatic 
ligation.114 LG represents a leaving group. 

 

 On the other hand, enzymatic ligation is an alternative technique to ligate 

oligonucleotides by natural phosphodiester linkages. For example, T4 DNA ligase can join a 

5’-phosphoryl DNA with a 3’-hydroxy DNA in the presence of a splint which brings the two 

into close proximity, forming a phosphate bond.115,116 Such activity is also compatible with 

RNA/DNA substrates, forming RNA-DNA hybrids, albeit at a lower efficiency. However, 

more extensive structural changes such as backbone modification or fluorescent labels is likely 

to impede reaction efficiency.110 In situations where heavily modified oligonucleotides are 

required, this method may not offer the best outcome. 
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 Apart from ligating two oligo strands, small molecules can also be incorporated onto a 

strand by chemical or enzymatic means. Typically, a chemical handle (i.e., a reactive group) is 

installed on the oligo via coupling with modifier phosphoramidites or via enzymatic 

incorporation of modified building blocks. These functional groups can then react with its 

cognate partner to generate a conjugated product. 

 Commercial vendors offer a wide selection of modifiers on phosphoramidites or CPG 

formulae such as 5’-amino and 3’-alkynyl motifs for oligo SPS. These groups can be 

universally used to conjugate any molecule with a corresponding reactive group (e.g., amine 

with active ester, alkyne with azide) after the oligo is synthesised and thus offer great versatility 

with various reaction partners. Besides chemical methods, the incorporation of these functional 

motifs can be achieved by enzymatic reactions. For example, yeast poly(A) polymerase (PAP) 

was shown to append modified nucleoside triphosphates (NTPs), such as 2’-azido-2’-dNTP, 

onto the 3’-end of RNA molecules.117 This reaction incorporates an azide group onto the RNA 

which can then react with an alkyne-bearing molecule by CuAAC or copper-free strain-

promoted azide-alkyne cycloaddition (SPAAC) to yield a bioconjugate. Alternatively, it is also 

possible to directly incorporate modified nucleotides such as non-canonical fluorescent bases 

into DNA by polymerases.118 This strategy allows the synthesis of fluorescent DNA amplicons 

in polymerase chain reaction (PCR) at a low cost, but it is limited by enzyme constraints and 

poor positional control of the modified base.  

1.3.5 Enzymatic Synthesis of Ribonucleic Acids (RNA) 

 In the past century, RNA molecules were largely seen as a transient carrier of genetic 

information or effector of niche cellular functions without intriguing applications. But with the 

development of siRNA therapeutics, CRISPR-related technologies and mRNA vaccines, 

scientific interest in these molecules has grown significantly.119 This drives up the demand for 
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the synthetic capabilities of RNA ranging from short (< 30 nt) to ultra-long lengths (> 1000 nt). 

As previously discussed, chemical synthesis of long RNA is a challenging task as the coupling 

efficiency of RNA phosphoramidites is generally lower. To satisfy demands for long RNA 

such as CRISPR gRNA or mRNA, some commercial vendors offer services to synthesise RNA 

sequence for tailored purposes.120,121 On a manufacturing scale, where kilogram-quantities of 

RNA are required, in vitro transcription (IVT) is commonly employed in the production 

process.122 Compared to natural synthesis of RNA in cells, IVT can take place in a reaction 

vessel with all essential components supplied. These include a dsDNA template which bears a 

promoter sequence and the sequence of interest, an RNAP which recognises the promoter and 

reads through the downstream sequence to polymerise RNA strand, and nucleoside 

triphosphates (NTPs) which are building blocks of the polymerisation reaction (Figure 1.14). 

The benefits of IVT over SPS on RNA production are multifold: (i) it enables the synthesis of 

long RNA unreachable by SPS, which is currently limited at ~100 nt123; (ii) enzymatic 

synthesis is template-dependent and highly accurate that generates products with high purity 

and requires simple purification procedures; and (iii) the up-scaling of solution-phase IVT is 

more facile than SPS which requires costly investment in specific equipment such as DNA 

synthesisers.  

 In the production of mRNA, the 5’-cap is a crucial molecular motif that interacts with 

the eukaryotic translation initiation factor (eIF4E) to initiate translation and thus has to be 

incorporated to the transcript.124 During IVT, it is possible to introduce modified caps at the 

5’-end of the transcript by supplying the cap reagents, such as an N7-methyl guanosine linked 

to the first transcribed nucleotide via a 5’-5’ triphosphate bridge (m7GpppX, where X = 

nucleoside). At the end stage, a homopolymer of adenosine, also referred as poly(A) tail, is 

appended to the transcript by poly(A) polymerase. The properties of this motif, such as length 

or modifications, can impact the stability and translation efficacy of mRNA.125  
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Figure 1.14 | Schematic representation of workflow in enzymatic RNA synthesis 
This figure illustrates the production of RNA transcript in lab/industrial scales. In a reaction vessel, 

DNA template with the desired sequence and nucleoside triphosphates (NTPs) are incubated with RNA 

polymerase which synthesises RNA transcripts by reading through the template. The resultant mixture 

can be subjected to DNase treatment to remove the dsDNA template and precipitated by lithium chloride 
(LiCl) salt to yield the pure RNA product. Alternative, large-scale purification is obtained by established 

chromatographic strategies (e.g., anion exchange and ion-pair reverse-phase) coupled with tangential 

flow filtration. 

 

1.3.6 RNA Modifications 

 As RNA emerged as a potent therapeutic agent, the need for site-specific modifications 

will only become more prominent. Currently, bacterial RNAP, which are commonly used in 

RNA manufacturing, have been shown to tolerate NTPs with nucleobase modification, albeit 

to a limited extent. For instance, RNAP can incorporate N7-substituted purine NTPs into RNA 

transcript with good efficiencies.126,127 Nonetheless, it is much more challenging to introduce 

bulkier nucleobase substituents, backbone modifications and modified ribose structures as they 

have less structural resemblance to the natural substrates of RNAP. Also, the insertion of these 

modifications appeared to be stochastic so that control over the site-specificity is lacking. 

 In areas where short, modified RNAs (i.e., < 100 nt) are required, SPS remains the most 

common synthetic strategy. For example, the gRNA component in CRISPR systems can be 

synthesised by phosphoramidite coupling with modified nucleoside monomers (e.g., 2’-OMe, 

2’-F RNA and LNA), which enable researchers to probe the locations of ribose modifications 
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tolerated by Cas9 endonuclease.128–130 More recently, our group reported a method to ligate 

two synthetic RNA strands to produce a functional sgRNA via click chemistry.131 This strategy 

involves the installation of 5’- or 3’-amino-modifier on the synthetic RNA and subsequent 

labelling with the click-reactive moieties (i.e., azide or dibenzocyclooctyne). Such post-

synthetic labelling method not only presents a means to produce lengthy RNA with shorter 

modified fragments but also enables one-step coupling with small molecules with 

corresponding reactive groups to generate RNA bioconjugates. Despite its usefulness, chemical 

labelling has its limitations. As RNA is more prone to degradation, the conditions employed in 

labelling chemistry can attract particular concerns. For example, amide coupling in basic 

medium can lead to hydrolytic degradation while the presence of copper in CuAAC can 

generate reactive radicals that damage the integrity of the RNA strand.104 The presence of 

truncated RNA or oxidised nucleobase may affect its biological functions and downstream 

analysis. In view of this, mild reaction conditions are usually preferred for RNA labelling. One 

example is strain-promoted azide-alkyne cycloaddition (SPAAC) which requires no copper 

catalyst but a strained alkyne that is energetically activated to react with an azide species. This 

will be discussed in Chapter 3 for the preparation of CRISPR gRNA conjugates. 

 Besides solution-phase conjugation chemistry, click chemistry also demonstrates the 

potential in generating artificial backbone on RNA with good biocompatibility. Fujino and co-

workers have reported a method to form trimeric RNA by CuAAC coupling between 5’-alkynyl 

and 3’-azido ribonucleoside monomers, with relevant protecting groups.132 This triazole-linked 

RNA fragment was then phosphitylated and incorporated onto a 13-mer ‘mRNA’ which could 

be read through and translated into simple peptides by bacterial ribosome in vitro. The study 

reveals the possibility of combining SPS and click chemistry to access mRNA analogues with 

backbone modifications, which may provide tools for researchers to modulate their properties 

in vivo. 
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 To incorporate modifications onto long RNAs (i.e., > 300 nt), however, the limitations 

on oligo length and nucleoside substrate scope restrict the utility of SPS or enzymatic synthesis. 

Precise spatial control on internal modifications on nucleosides (e.g., backbone, ribose or 

nucleobase) hence remains particularly challenging. Alternatively, researchers have 

investigated different methods to modify RNA post-synthetically to generate bioconjugates by 

the combination of enzymatic reactions and solution-phase chemistry. To this end, some 

strategies to enable terminal modifications on RNA with mild conditions have been reported. 

 In search of compatible chemistries to transform RNA, a two-step reaction involving 

oxidation and reductive amination has attracted some attention over the past two decades. This 

type of reaction commonly utilises a mild oxidant, such as periodates, to open the ribose ring 

via 3’-diol oxidation; the resultant 3’-dial species subsequently undergoes reductive amination 

with an amine in the presence of a mild reductant, such as sodium cyanoborohydride, to afford 

a morpholino-like linkage that connects the amino derivative to the RNA (Scheme 1.4). For 

example, propargylamine was appended onto a 21-mer RNA via this strategy at an isolated 

yield of c.a. 50% and subsequently labelled with azido reagents via CuAAC.133 On the other 

hand, direct amine addition (without reduction) can be achieved by using hydrazide 

nucleophiles to introduce Cy3 fluorophore at the 3’-end of RNA via 3,5-dihydroxymorpholino 

transformation.134 This method, however, furnished a lower yield at 37%.134 

 A recent study by Mamot and co-workers has identified a robust method to conjugate 

small molecules on RNA with length ranging from 1 to 2000 nt. This approach relies on an 

ethylenediamine (EDA) motif, in replacement of an amine, that is postulated to accelerate the 

second amine addition via the formation of an imidazolidine intermediate (Scheme 1.4). It was 

demonstrated that a wide scope of substrates, including propargyl, azidoethyl, biotinylated and 

fluorophore-conjugated EDA, can be labelled to a trimeric RNA fragment with an HPLC yield 

of >86%. Furthermore, Cy3-EDA was shown to participate in oxidation-reductive amination 
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to afford 3’-Cy3 mRNA (997 nt) at 70 – 85% HPLC yield, providing access to fluorescent 

mRNA for localisation studies in HeLa cells and zebrafish embryos. 

Scheme 1.4 | Various conjugation strategies via 3’-dial intermediate of oxidised RNA 
This scheme illustrates the general reaction mechanisms of various reported methods to conjugate small 

molecules on RNA via an oxidised intermediate with a reactive 3’-dialdehyde (red box). Amino 
derivatives can attack both electrophilic carbonyl groups sequentially to afford an iminium intermediate 

which is reduced by the reductant, BH3(CN)-, in acidic buffer (pathway A).133 Hydrazide derivatives 

can be used to generate stable 3,5-dihydroxymorpholino linkage without further reduction (pathway 
B).134 Ethylenediamine derivatives have been shown to catalyse iminium formation (second amine 

addition) via an imidazolidine intermediate which provides an efficient and robust pathway to afford a 

morpholino-like linkage to connect small molecules with RNA (pathway C).135 Notably, the 3’-dial can 

also be attacked by water to generate a hydrate species, which is unreactive and does not participate in 
reactions with amino nucleophiles. R = nucleobase; R’ = any conjugation motifs. 

 

 As our understanding on RNA chemistry and bioconjugation progresses, it has become 

feasible to generate long RNA bioconjugates for in vivo studies. Such development proves 

particularly valuable when researchers started investigating and improving the utility of RNA-

based therapeutic systems such as gRNA-directed CRISPR gene editing or engineered protein 

synthesis via artificial mRNA, which are lengthy and challenging to modify by conventional 

IVT or SPS methods. In Chapter 3 and 4, we will explore these bioconjugation strategies and 

discuss the potential applications of such conjugates to provide insights on the functionality of 

modified RNA in biological systems. 
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1.4 Aims and Objectives 

 The study of chemical modifications has been of immense interest in oligonucleotide 

research as they provide tools to improve therapeutic properties (e.g., nuclease resistance, 

organ-specificity) and enable real-time spatial analysis (e.g., fluorescent labelling) of antisense 

and RNA-based oligonucleotides in vivo. Thanks to a large volume of research and commercial 

availability of modified nucleoside phosphoramidites and triphosphates, these synthons are 

popular for the incorporation of modified functionalities and small-molecule conjugates onto 

synthetic oligos by solid-phase or enzymatic syntheses. Such approaches, however, may prove 

inadequate in certain applications where modifications on long oligos or specific inter-

nucleosidic linkages are desired. In this thesis, we aim to explore various solid-phase and 

solution-phase chemical approaches to access oligonucleotide bioconjugates that are 

challenging to synthesise by conventional methods, and examine their physical properties and 

biological functions, if relevant. Finally, the methods reported should provide a helpful toolkit 

for researchers who are interested in accessing oligonucleotide conjugates discussed in this 

work.  

 The specific aims of this work are to: 

 Chapter 2:  develop an efficient synthetic strategy to produce dendritic oligonucleotides 

in solid phase and study their properties in antisense applications. 

 Chapter 3:  explore bioconjugation chemistries on RNA and prepare gRNA-ASGPr-

ligand-conjugate to study receptor-mediated delivery of CRISPR RNP into hepatocytes. 

 Chapter 4:  investigate methods to conjugate mRNA fragments with modified poly(A) 

tail and ASGPr-ligands which can potentially improve functionality of mRNA in vivo. 
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Chapter 2 – Synthesis of Nucleic Acid 

Dendrons by Click Chemistry 
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2.1 Background 

2.1.1 Nucleic Acid Dendrons and Dendritic Structures 

 Dendrimers are an interesting class of highly branched macromolecules with well-

defined molecular constitution and distinctive supramolecular properties. They are composed 

of polymeric molecules branching outwards symmetrically from a single core.136 The 

constitutional unit of a dendrimer can be regarded as a dendron, which is a part of the branching 

structure with one free valence that can chemically react further (Figure 2.1).  

 

 

 

 

 

 

Figure 2.1 | Schematic representation of molecular dendrimers and dendrons 
A represents a dendrimer, or dendritic structure, which comprises polymeric repetitive units (grey box) 

arranged in a branching geometry from its core (red circle); and B represents a dendron, which is a part 

of the branches from a dendrimer and bears a free valence (blue triangle). 

 

 Since the inception of dendrimers such as polyamidoamines (PAMAMs) in laboratory, 

chemists have been intrigued by the physical properties imparted by the supramolecular 

structure of these macromolecules. For example, the branched structures possess interior 

cavities which can encapsulate molecules by hydrophobic or electrostatic interactions and form 

guest-host complexes.137,138 Moreover, the solubility of three-dimensional dendrimers can be 

modulated by adjusting their terminal groups which are in contact with the solvent. These 

properties have been harnessed to solubilise hydrophobic drugs, such as steroids, in aqueous 

environment.139 In the early 1990s, the curiosity over the role of branched RNA intermediates 
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during RNA splicing has prompted Hudson and Damha to investigate the synthesis of 

branching oligonucleotides, as an early example of nucleic acid dendrons.140 They have 

reported a novel method to couple the 5’-hydroxyl of resin-bound DNA oligonucleotide with 

a protected adenosine 2',3'-O-bis(phosphoramidite) reagent to afford a branching junction with 

both 3’-5’ and 2’-5’ linkages between two oligonucleotides. This junction could be further 

elongated by addition of standard phosphoramidite and connected through this 

bis(phosphoramidite) reagent resulting in a branching pattern from 5’ to 3’. Although this 

finding showed that branched oligonucleotides are synthetically accessible, the yields are badly 

limited as the tri-molecular coupling between two oligos and the bis(phosphoramidite) is 

inefficient and subjected to variables such as oligo length and inter-strand distance. To expand 

the utility of dendrimeric oligonucleotides, the Southern group from Oxford has reported two 

branched synthons – 1,3-bis-[5-(4,4'-dimethoxytrityloxy)pentylamido]propyl-2-[(2-

cyanoethyl)-(N,N-diisopropyl)] (Doubler) and tris-2,2,2-[3-(4,4’-

dimethoxytrityloxy)propyloxymethyl]ethyl-N,N-diisopropylaminocyanethoxy (Trebler) 

phosphoramidites – to introduce branching junctions of two and three valencies in dendritic 

oligos.141,142 Each addition of these branching points provides more than one hydroxy group 

for phosphoramidite coupling and thus strand propagation. As a result, a reiterative process of 

branching and chain elongation can be performed in a synthesiser to afford oligonucleotide 

dendrimers branching from 3’ to 5’. Since the formation of dendritic cluster requires much 

fewer coupling steps as each step is done simultaneously on multiple 5’-hydroxy groups, it has 

been used to impart a large number of negative charges on a PCR primer to shift the 

electrophoretic mobility of the amplicons from those of compatible length. The addition of this 

dendrimer-tagged has been shown to have no effect on polymerase activity.141  

 As the commercialisation of branching phosphoramidite synthons brings down 

synthetic costs, investigation on the properties and applications of nucleic acid dendrons has 
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accelerated in recent years. In 2019, a trident siRNA duplex which contains a trebler-based 

passenger strand (trimer) to carry the guide strands was reported. This construct has been 

shown to maintain RNAi activity and improve the stability of the guide strand against 

exonucleases and thus is a promising motif for therapeutic use.143 In the subsequent year, 

another group reported the incorporation of dendritic oligonucleotides on DNA brick 

nanostructures to improve their nuclease resistance in biological environment.144 Soon later, 

Mirkin’s group demonstrated the utility of dendritic poly(T) oligos to promote cellular uptake 

of peptide cargos via scavenger receptor A-mediated endocytosis, which is triggered by the 

interaction with polyanionic clusters.145 The densely-packed nature of DNA dendrons also 

raises the local concentration of oligonucleotides and improves their interactions with certain 

proteins. Such property has been harnessed to enhance immunostimulatory effects of CpG-

containing oligonucleotides in dendritic constructs, which elicit higher level of cytokine release 

in macrophage-like cells.146 These favourable characteristics of dendritic oligos have 

demonstrated great potential in the development of new therapeutic reagents or materials. 

2.1.2 Challenges in the Synthesis of Nucleic Acid Dendrons 

 Notably, all of the reported constructs from the previous session were synthesised from 

Trebler-based phosphoramidites which afford dendrons with up to 9 valencies (i.e., number of 

oligonucleotide strands within one molecule) and isolatable yield (< 1%). Although the yield 

remains quite poor, these constructs exhibit promising potential in biological applications; it 

highlights the importance of a more efficient synthetic strategy to access nucleic acid dendrons. 

 In addition to yields, this ‘top-down’ approach of dendron assembly which starts from 

the branching units requires efficient coupling of phosphoramidites on multiple hydroxy 

termini on one molecule. This could prove challenging for bulky monomers such as TBDMS-

RNA and any failure in coupling can result in a large amount of n-1 and n-2 products which 
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are difficult to remove by chromatography. Moreover, the coupling with multiple 

phosphoramidites simultaneously requires a high loading of the reagents and extended 

coupling times which could be wasteful in large scale syntheses. Hence, this chapter will 

introduce a novel ‘bottom-up’ method to generate nucleic acid dendrons by click chemistry 

that is fully compatible with standard mono-strand phosphoramidite coupling protocol. 

2.1.3 Click Chemistry on Solid Support 

 Click chemistry describes the chemistry that joins two molecular building blocks in a 

simple, chemo-selective, high-yield reaction under mild conditions with few benign or no by-

products.147,148 Among all reported click reactions, copper-catalysed azide-alkyne 

cycloaddition (CuAAC) has been a popular option to form covalent linkages between 

biomolecules as it is biocompatible and fits most criteria of click chemistry: (i) the azide and 

alkyne motifs are uncommon in naturally occurring molecules so they only react selectively 

and are inert to most chemical environments; (ii) the reaction is highly efficient (with near-

quantitative yield) in the presence of copper;103 (iii) the resultant triazole linkage has been 

shown to be non-toxic and non-reactive against hydrolysis or oxidation but retain considerable 

polarity to interact with water and hydroxy groups.104,149 These properties render triazole 

linkage an excellent mimetics for the peptide/phosphate linkages in natural biopolymers such 

as proteins and oligonucleotides as exemplified in Chapter 1. In this chapter, the terminology 

‘click reaction’ is used interchangeably with CuAAC. 

 Since the discovery of CuAAC, various reaction mechanisms have been proposed. 

Density-functional theory (DFT) calculations and kinetic studies identified two plausible 

competing pathways in triazole formation: (i) mononuclear pathway (slower) and (ii) dinuclear 

pathway (faster). In both pathways, the initial step involves the replacement of a Cu(I) ligand 

donor with an organic alkyne, resulting in the formation of a π-complex. This coordination 
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significantly lowers the pKa of the alkyne and favours its deprotonation to form the Cu-

acetylide adduct in aqueous environment. At this point, the organic azide coordinates to the 

copper core to displace its ligand and situate itself in close proximity to the acetylide. This step 

reduces the activation barrier considerably and promotes the formation of a six-membered ring 

via the attack of the distal nitrogen on the azide to the C-2 of the alkyne. In the final step, the 

ring contracts to generate the triazolyl-copper derivative, which then undergoes protolysis to 

release the 1,4-disubstituted triazole product and complete the catalytic cycle.150,151 

 

Scheme 2.1 | Reaction pathways of copper-catalysed azide-alkyne cycloaddition104  
Pathway A represents the azide-alkyne cycloaddition process catalysed by a mononuclear Cu(I) species, 

which proceeds slower. Pathway B represents a competitive catalytic process catalysed by a dinuclear 

Cu(I) core. The latter process is more kinetically favourable and hence proceeds faster.150,151 
 

 In an early study by Meldal’s group, the compatibility of CuAAC with SPS has been 

demonstrated in the couplings between resin-bound peptide with terminal alkyne group and 

various azide-bearing molecules with 67% to 95% yield.152 The chemistry has soon been 

applied to oligonucleotide SPS to synthesise a 15-mer DNA in which the backbone is 

substituted fully by triazole, from 5’-alkyne and 3’-azide-bearing building blocks.101 In both 

cases, the benefits of solid-phase synthesis to enable high loading of reactants and easy removal 
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of excess reagents are coupled with the superior reactivity of CuAAC to afford excellent 

coupling efficiency, which is essential for the assembly of biomolecules with polymeric 

characteristics. From this perspective, the robustness of solid-phase CuAAC coupling inspired 

a click-enabled synthetic method to access nucleic acid dendrons that is compatible with 

standard oligonucleotide SPS. This chapter will discuss this novel application and the physical 

properties of the dendron products generated by copper click chemistry (referred as ‘click 

dendrons’ in later sections). 

2.2 Aims and Objectives 

 The new synthetic route proposed in this chapter is a ‘bottom-up’ approach in which 

the oligonucleotides are first assembled on solid support via standard phosphoramidite 

coupling followed by a 5’-azide conversion step and crosslinking with a multivalent alkynyl 

linker. It is envisaged that the new synthetic strategy is more efficient than conventional 

doubler/trebler-based coupling as the formation of failure sequences is much less prominent 

than the latter. Also, this protocol requires only standard coupling which means no excess 

reagent or coupling duration is required, making it compatible with most existing programmes 

on DNA synthesisers. In this chapter, the concept and synthesis of multivalent linkers for 

oligonucleotide crosslinking are described. Next, the synthetic procedures, purification and 

characterisation of DNA dendrons are discussed. This part also examines the reaction 

optimisation and remarkable observation on isolating the dendritic product to act as a reference 

for readers interested in accessing this type of molecules. Finally, this chapter reports also the 

physical properties (e.g., duplex stability) and interactions between click dendrons and 

enzymes relevant to antisense applications and hence provides insight into their therapeutic 

potential.  
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2.3 Solid-Phase Synthesis of Click Dendrons 

2.3.1 Azide Conversion of 5’-hydroxyl in Oligonucleotide SPS 

 In a ‘bottom-up’ synthetic approach, a chemical functionality which enables 

crosslinking between neighbouring oligonucleotides is essential. Although there are 

commercially available synthons with an alkyne functionality such as C8-Alkyne-dT-CE or 5'-

hexynyl phosphoramidite, which can undergo CuAAC with an azido crosslinker, these 

modifiers are costly and introduce additional carbon units that could alter the solubility or 

hybridisation properties. On the other hand, azido-modifiers are not available hitherto as the 

azide moiety is prone to reduction in Phosphorus (III) coupling conditions. Hence, it is 

necessary to employ a universal method to generate a chemical handle (i.e., either an azide or 

alkyne) on an oligo with existing motifs. 

 To introduce a chemical handle at the 5’-end of a growing oligonucleotide on resin, we 

employed a two-step reaction to convert the 5’-hydroxy group into azide.153,154 In this protocol, 

the 5’-hydroxy group is first activated by methyltriphenoxyphosphonium iodide (MTPPI) and 

substituted by an iodide ion to afford a 5’-iodo oligonucleotide; then, the iodo group, a good 

leaving group, is substituted by an azide ion by treatment in saturated sodium azide in DMF 

(Scheme 2.2) at elevated temperature.  

Scheme 2.2 | Reaction scheme and mechanism of 5’-hydroxy-to-azide conversion 
A shows the reaction scheme of the conversion of 5’-hydroxy on a resin-bound oligonucleotide (black 

curve) into 5’-iodo by MTPPI, followed by substitution with sodium azide. B describes the reaction 
mechanism of substitution. 
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 To assess the conversion efficiency of 5’-hydroxy-to-azide conversion, we prepared a 

T12 model oligo on solid support (1 µmol/column) synthesised by standard coupling cycles and 

detritylated at the last step, with purity > 99%. The identity of the material was assessed by 

detachment and deprotection of an analytical amount of resin-bound oligo (c.a. 0.1 mg) in 

concentrated ammonia hydroxide then analysed by UPLC-MS and deconvoluted on 

MassLynx™. This analytical method is applied to all oligonucleotides in this chapter and 

details can be found in Chapter 5 and 6. The resin was then subjected to treatment under 

standard azide conversion conditions. The resultant oligonucleotide product was identified as 

a major peak with m/z corresponding to 5’-azido-T12 (calc. mass: 3613) with 98% purity (with 

the remaining 2% as unreacted T12) (Figure 2.2).  

 Next, we further studied the possibility to convert non-nucleosidic alcohol into azide 

which supports click reactions when the 5’-terminal moiety is not a nucleoside. To this end, 

we synthesised a 5’-propyl alcohol T12 and subjected the resin to the same treatment with 

MTPPI and sodium azide. On UPLC-MS, the majority of the product mixture was obtained as 

5’-propyl azide T12 as a major peak with found mass 3753 (Figure 2.3). This experiment 

demonstrated that terminal hydroxy groups can be efficiently converted into azide groups on 

resin-bound oligonucleotides. This set of conditions has been used for all azide conversion in 

this chapter. 

 

 

 

 

Table 2.1 | List of oligonucleotide sequences in 5’-hydroxy-to-azide conversion studies 
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Figure 2.2 | UPLC-MS results of 5’-hydroxy-to-azide conversion on T12 
Overlaid UPL chromatograms are shown on the left. Black line indicates the retention profile of ON2.1 

(starting material HO-T12, calc. mass = 3588.4). Blue line indicates that of ON2.2 (conversion product 
N3-T12, calc. mass = 3613.4) under standard azide conversion conditions: (i) 0.5 M MTPPI/DMF, r.t., 

1 h; (ii) wash with dry DMF and MeCN then dry under Ar; (iii) sat. NaN3/DMF, 55°C, 5 hours on 

UPLC-MS. Deconvoluted masses of individual peaks are shown on the right. 

 

 
 

Figure 2.3 | UPLC-MS result of 5’-hydroxy-to-azide conversion on hydroxypropyl T12 
Retention profile of the crude product from azide conversion of starting material ON2.3 (calc. mass = 
3725.5). Both peaks A and B have a mass corresponding to ON2.4 (calc. mass = 3750.5). 
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2.3.2 Synthesis of Multivalent Linkers 

 With a robust method to access 5’-azido oligonucleotides on solid support, we 

envisaged that a crosslinking reaction with a polyalkynyl linker via CuAAC be plausible. When 

having more than one alkyne group (i.e., valence), this linker should crosslink neighbouring 

oligonucleotides up to the number of its valence by forming triazole linkages, resulting in a 

dendritic oligonucleotide covalently bound at the 5’-end. At a starting point, we aimed to 

demonstrate the feasibility of simultaneous click reactions and thus designed the linker 

prototype as a branching molecule with three terminal alkynes and one hydroxy end. 

 There are a number of considerations in this design: (i) the linker should efficiently 

react with the 5’-azido oligonucleotides without side reactions in CuAAC conditions; (ii) it 

should be stable under standard deprotection conditions (i.e., strongly basic media); (iii) it 

should be hydrophilic in nature to avoid reduction in aqueous solubility or hydrophobic 

aggregation of the oligo construct; (iv) the reactive alkynyl ends should be spaced in an optimal 

distance by flexible linkers to react with nearby azides; and (v) it should be achiral to avoid the 

formation of stereoisomers which are difficult to isolate by chromatography. Based on these 

rules, we first designed a synthetic route starting from a Boc-protected Tris base which contains 

three hydroxy groups that can be symmetrically elongated with an alkynyl polyethylene glycol 

(PEG) linker via nucleophilic substitution; the deprotected amino group can then undergo 

condensation with a hydroxy acid to afford prototype D1. However, the attempts to drive ether 

formation between Tris and various alkynyl-PEG-halides did not result in satisfactory yield, 

with the isolation of only monosubstituted product and unidentified species (Scheme 2.3). This 

is attributed to the fact that aliphatic alcohol is difficult to deprotonate to form alkoxide ion 

which is more potent nucleophile and three substitution reactions in one-pot do not proceed 

efficiently. We avoided using NaH as a base for fear that the carbamate nitrogen will be 

deprotonated, resulting in undesired substitution products.  



Chapter – 2    Synthesis of Nucleic Acid Dendrons by Click Chemistry 

63 

 

Scheme 2.3 | Reaction design for trialkynyl linker from Tris core 

This scheme shows the initial reaction design to access the trialkynyl linker, D1 from a Tris-based core. 

Various reaction conditions are indicated in the table below. Conditions A: 0°c to r.t., 16 hours and B: 

-78°c to r.t., 16h. Negligible quantity of product was isolated from all four conditions. 

 

 From this observation, we decided to approach the desired alkynyl linker via a 

polyphenolic core because phenols are readily deprotonated under basic conditions and 

phenoxide ions can act as good nucleophiles. In this route, gallic acid, A1 was chosen as it 

bears three adjacent phenols at the 3,4,5-positions and a carboxylic acid which enables 

orthogonal condensation chemistry in the next step. First, the acid was protected as methyl 

ester (A1a) by condensation in acidic methanol to mask its nucleophilicity. An electrophilic 

alkynyl PEG spacer, A6 was obtained by propargylation of 2-(2-chloroethoxy)ethanol, A4 

followed by halide exchange with sodium iodide. This transhalogenation step is essential 

because chloro spacer A5 has much lower reactivity than its iodo counterpart A6 when acting 

as an electrophile in the following SN2 reaction (8% yield), due to chloride being a poor leaving 

group. The next step involved Williamson ether reaction between A1a and A6 with Na2CO3 as 

a base in DMF to furnish 75% yield of the trialkynyl intermediate A2. After quantitative 

removal of the methyl group, A2a was activated by HBTU and DIPEA to form a 

hydroxybenzotriazole (HOBt) active ester, which undergoes aminolysis with an incoming 

amino-PEG-alcohol to form the product A3 in 85% yield (Scheme 2.4). Alternative coupling 
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reagents such as N,N'-dicyclohexylcarbodiimide (DCC) and 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) were also tested but they provided lower yield at 

around 30%. This might be due to carbodiimide being a poorer leaving group than HOBt whose 

anionic form is resonance-stabilised by the aromatic ring. 

 We expected that this novel trivalent linker (A3, referred also as L3OH) is suitable for 

oligonucleotide dendron formation because it contains flexible PEG spacers which separate the 

alkyne groups within inter-oligonucleotide distance (25 Å) at standard loading density (47 

µmol/g) on resin. This means that all alkyne groups possess sufficient degree of freedom to 

react with 5’-azides but not too much which disfavours the reaction entropically. Moreover, 

L3OH is connected through mostly PEG and amide moieties which are polar and provide 

excellent aqueous solubility. 

 

Scheme 2.4 | Reaction design for trialkynyl linker from polyphenolic core 

Reaction conditions are as follows: (i) NaH, dry THF, -78°C to reflux, 4h, 75%; (ii) NaI, acetone, reflux, 

24h, 98%; (iii) conc. H2SO4, methanol, reflux, 18h, 87%; (iv) K2CO3, DMF, 60°c, 18 hours, 75%; (v) 
aq. NaOH, dioxane, 50°C, 4 hours, quant.; (vi) 2-[2-(2-aminoethoxy)ethoxy]ethanol, HBTU, DIPEA, 

DMF, r.t., 24h, 85%. 

 

2.3.3 Optimisation of CuAAC Crosslinking 

 After obtaining the linker molecule, we proceeded to study the efficiency of CuAAC 

crosslinking with oligonucleotides on solid support. The workflow of this protocol starts from 

5’-hydroxy-to-azide conversion followed by copper-catalysed click reaction with L3OH 
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(Scheme 2.5). Assuming any azide group exposed at the 5’-end of oligonucleotides can react 

quantitatively with all available alkyne groups, the loading of alkynyl linker in the reaction was 

stoichiometrically controlled. In order to minimise the formation of mono- and bi-conjugated 

products, the loading of L3OH was limited in the initial trial. For CuAAC conditions, the 

copper source was chosen to be CuSO4 which is aqueous soluble and can be reduced to Cu(I) 

in situ by sodium ascorbate. Copper-chelating ligand, trishydroxypropyltriazolylmethylamine 

(THPTA), was added to accelerate the rate of CuAAC and protect the Cu(I) core from 

oxidation.155 The reaction medium is a mixture of water and DMSO, which solubilises all 

organic components, in triethylammonium acetate (TEAA) buffer (pH 7.0). We first attempted 

to aliquot 0.2 µmol (6 mg) equivalent of T12 oligo on resin (34 µmol/g) in a vial and subject it 

to the reaction mixture with various equivalents of L3OH: 10 nmol (0.15 eq.), 20 nmol (0.30 

eq.) and 30 nmol (0.45 eq.). The conversion profile is visualised by UPLC-MS in Figure 2.4. 

 

Scheme 2.5 | Cartoon representation of CuAAC crosslinking protocol 

This general scheme shows the synthesis of oligonucleotide dendrons in solid phase. Grey ball 
represents CPG and black curve represents oligonucleotide chain.  

 

 Within 0.45 equivalents (alkyne to azide), it was observed that the formation of tri-

conjugated (trimer) T12 oligo dendron, L3OH-(T12)3 (ON2.5) increases with L3OH loading. 

The conversion rate from N3-T12 to L3OH-(T12)3, calculated as the ratio between areas of the 

two peaks, follows an increasing trend from 9% at 0.15 eq. to 41% at 0.3 eq. to 58% at 0.45 eq. 
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(Note that this value is an estimation based on 200 nmole of oligonucleotide loading, which 

could be overestimated due to loss in coupling/weighing errors). Interestingly, only an 

insignificant quantity of mono- and di-conjugated oligo was observed. The absence of such by-

products indicates that subsequent CuAAC reaction(s) after the first triazole formation proceed 

rapidly. This phenomenon can be rationalised by two factors: (i) when the linker reacts with 

the first azide and enters the solid-phase from the solvent, the local concentration of resin-

bound azide is high relatively to the solution phase; and (ii) the linker is then covalently 

constrained on the solid surface with low conformational freedom which reduces the entropic 

cost of reacting with neighbouring azide which is also solid-bound. The acceleration of reaction 

rate beyond the first CuAAC is essential in a preparative context because any by-products with 

free valence (i.e., not fully crosslinked) have similar retention properties with the desired 

product and thus are difficult to remove by chromatography.  

 From the knowledge that tri-conjugated dendrons are the most favourable product from 

solid-phase click reactions, we next attempted to drive the crosslinking reaction to completion 

by increasing the loading of L3OH in the reaction mixture. If L3OH is present in abundance 

that overcrowds the surface of the resin-bound oligos, the 5’-azide may react rapidly with the 

free linker instead of the covalently bound (already reacted) ones. Hence, in this experiment, 

the concentration of L3OH was controlled at 50 and 100 µM but the total reaction volume was 

increased to 1.0 mL. We also tested running the reaction for shorter durations (4 hours & 8 

hours) and elevated temperature (55°C). Lastly, this experiment was conducted with T12 oligo 

on commercially available 0.2 µmole CPG column directly by passing through click reaction 

mixture via syringes. This is a more facile approach to remove solvent and wash the resin. The 

results were summarised in Figure 2.5. 

 When the reaction was carried out at room temperature with 50 µM (0.75 eq.) of L3OH 

for 4 hours, the conversion was far from complete but similarly low level of by-products was  
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Figure 2.4 | UPLC-MS results from CuAAC crosslinking with various eq. of L3OH 
Stacked UPL chromatograms are shown on the top. General CuAAC condition: 0.5 mM CuSO4, 1.0 

mM THPTA, 1.0 mM sodium ascorbate in 100 mM TEAA buffer (20% DMSO, total volume = 200 
µL), incubated at r.t. in an Eppendorf Thermomixer®, 24 hours. The three sets of experiment are loaded 

with various equivalents of L3OH (to a final conc. of 50, 100 and 150 µM). The retention profiles are 

indicated as green, blue and violet lines, respectively. Deconvoluted masses of the major peaks are 
shown at the bottom, assigned to a corresponding species: (A) HO-T12, calc. mass = 3588.4; (B) N3-T12, 

calc. mass = 3613.4; (C) L3OH-(T12)3, calc. mass = 11519.5; (D) L3OH-(T12)2, calc. mass = 7906.1; 

and (E) L3OH-(T12), calc. mass = 4292.7. Conversion % was calculated as the ratio between area under 

the product peak and that of starting material, product and by-product. 

 

observed. By increasing the reaction time from 4 hours to 8 hours, the conversion of click 

reaction has recorded a significant increase to 54%. Since no significant amount of by-product 

formed, we increased the concentration of L3OH to 100 µM to drive the reaction further. The 

resulting conversion was good, at 80% but the level of bi-conjugated (dimer) product also 

increased to 14%. Finally, when the resin was incubated with 100 µM of L3OH at an elevated 
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temperature (at 55°C) for 4 hours, the reaction also proceeded at 80% conversion. The results 

suggest that increasing the linker concentration from 50 µM to 100 µM improve the conversion 

of crosslinking reaction but also slightly compromise selectivity on the tri-conjugated product; 

also, the reaction may proceed faster at elevated temperature without decomposition or 

generating additional by-products. 

 

 

Figure 2.5 | UPLC-MS results from CuAAC crosslinking in various conditions 
Stacked UPL chromatograms show the retention profiles of product mixture under various reaction 

conditions. A indicates the peak corresponding to starting material N3-T12 and B indicates the product 

L3OH-(T12)3. General CuAAC condition: 0.5 mM CuSO4, 1.0 mM THPTA, 1.0 mM sodium ascorbate 
in 100 mM TEAA buffer (20% DMSO, total volume = 1000 µL). Condition (1): 50 µM L3OH, r.t., 4 

hours; (2) 50 µM L3OH, r.t., 8 hours; (3) 100 µM L3OH, r.t., 8 hours; and (4) 100 µM L3OH, 55°C, 4 

hours. Conversion % was calculated as the ratio between area under the product peak and that of starting 
material, product and by-product. 

 

2.3.4 Syntheses of DNA and RNA Dendrons 

 The optimisation results from T12 model oligo show that CuAAC crosslinking from 

single strand to trimer could reach satisfactory conversion at elevated linker concentration 

within 8 hours. We next sought to test this reaction on a scrambled, mixed sequence to assess 

the possibility of assembling dendrons with functional sequences (i.e., capable of target binding 

or antisense applications). This is deemed more challenging because mixed sequences contain 

A, C and G nucleosides which have bulky nucleobase protecting groups which might change 

the solubility profile and affect the efficiency of crosslinking. Also, the effect of crosslinking 
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on nucleobase deprotection kinetics is unknown. Hence, we introduced some variations to the 

reaction conditions for the mixed sequence. 

 First, we designed a fully random sequence, TCACTTCGCTTCAAC (ON2.6) and 

synthesised it on a 1 µmol CPG column. The UPLC-MS results of the crude product indicated 

88% yield of the full-length product (Figure 2.6). Then, the resin was subjected treatment with 

MTPPI and sodium azide to afford the 5’-azido intermediate (ON2.7) with quantitative 

conversion. In the next click reaction, the concentration of L3OH was raised to 500 µM 

correspondingly to the increase in synthetic scale of oligo from 0.2 to 1 µmol. The solvent 

composition was modified to 50% DMSO in order to improve solubility of organic components. 

To shorten the reaction time, the temperature was set to 45°C and the concentration of copper 

catalyst was raised to 1 mM.  We applied these conditions to the crosslinking reaction of ON2.7. 

After subjecting the resin to hot ammonium hydroxide treatment (55°C) for 5 hours, the analysis 

from UPLC-MS showed that the conversion to the trimer product (ON2.8) was 80% but 19% 

of dimer by-product was also found. The remaining 1% was unreacted oligo. 

 

Figure 2.6 | Crude UPLC-MS results from DNA dendron synthesis 
Overlaid UPL chromatograms show the retention profiles of the crude sample of (1) ON2.6, starting 
material (calc. mass = 4462.9); (2) ON2.7, 5’-azido intermediate (calc. mass = 4487.9); and (3) ON2.8, 

tri-conjugated product (calc. mass = 14143). Deconvoluted mass of individual peaks was shown on the 

right. CuAAC crosslinking condition: 1.0 mM CuSO4, 2.0 mM THPTA, 5.0 mM sodium ascorbate, 500 
µM L3OH in 100 mM TEAA buffer (50% DMSO, total volume = 1000 µL), 45°C, 4 hours. 
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 Encouraged by the positive results from a scrambled DNA sequence, it is intriguing to 

explore the possibility of crosslinking ribonucleosides to form RNA dendrons. The additional 

2’-protecting group present on RNA monomers could further complicate the synthetic 

conditions because (i) it has to be stable throughout azide conversion and click reaction; and 

(ii) the linker has to be stable under the deprotection conditions for the 2’-protecting group. 

Report from Dr. Lapatrada Taemaitree (previous group member) showed that 2’-thiocarbamate 

(TC) readily decomposes under iodination conditions. Hence, we commenced the study with 

ON2.9, a 2’-TBDMS protected RNA whose nucleobase sequence is identical to ON2.6 except 

T is replaced by U (Table 2.2).  

 

 

 

 

 

Table 2.2 | List of oligonucleotide sequences and modifications in crosslinking studies 
L3OH represents the linker motif. Tr represents triazole group. 

 When ON2.9 was subjected to MTPPI/sodium azide treatment, the conversion was 80% 

on UPLC retention profile. The analytical sample was obtained by treating the resin in hot 

ammonium hydroxide/ethanol and then in triethylamine trihydrofluoride (3HF·Et3N)/DMSO 

before precipitation in sodium acetate buffer/n-butanol mixture. There was no degradation 

observed on the 5’-azido oligo after HF treatment but the formation of 5’-azido full-length 

oligo was much less efficient than in DNA, with the shoulder of the major peak identified as 

unreacted hydroxy-oligo or elimination product from the iodo-intermediate. Moving forward, 

we treated the remaining resin in the column with CuAAC conditions and analysed the product 
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with the same deprotection protocol. From the chromatogram, the major peak in the product 

mixture was identified as the trimer product, ON2.11 by mass. The conversion from the starting 

material ON2.10 to product ON2.11 was found to be 72% and the formation of dimer by-

product was at similarly low level at 11% (Figure 2.7). Likewise, no degraded product was 

observed after the HF treatment. Although the crosslinking is less efficient in RNA compared 

to DNA, possibly due to the steric hindrance or rigidity imparted by the additional 2’-TBDMS 

group, the results indicated the feasibility of generating RNA trimers with the same reaction 

conditions. It is envisaged that this protocol would be compatible with other types of 2’-

modifications such as 2’-fluoro (2’-F) or 2’-O methyl (2’-OMe). 

 

Figure 2.7 | Crude UPLC-MS results from RNA dendron synthesis 
Overlaid UPL chromatograms show the retention profiles of the crude sample of (1) ON2.10, 5’-azido 

intermediate (calc. mass = 4657.8); (2) ON2.11, tri-conjugated product (calc. mass = 14652.7). 

Deconvoluted mass of individual peaks was shown on the right. CuAAC crosslinking condition: 1.0 
mM CuSO4, 2.0 mM THPTA, 5.0 mM sodium ascorbate, 500 µM L3OH in 100 mM TEAA buffer 

(50% DMSO, total volume = 1000 µL), 45°C, 4 hours. 

  



Chapter – 2    Synthesis of Nucleic Acid Dendrons by Click Chemistry 

72 

 

2.3.5 Construction of Nonameric Oligonucleotide Dendrons 

 As the efficiency of azide conversion and CuAAC crosslinking was shown to be good, 

the majority of oligos on resin should have reacted to form a dendron branching at the 5’-end 

with a hydroxy group exposed. The following part of this study explores the possibility of 

forming a nonameric dendrons with two iterative crosslinking steps. First, the 5’-hydroxy 

groups on the oligo are converted to azide and then react with L3OH to form trimers; then, the 

hydroxy end of the linker is further converted to azide and crosslink again with L3OH and two 

other trimers to form a nonamer (Scheme 2.6). The utility of this chemistry can be demonstrated 

in multiple applications: (i) when a dense display of oligos is required such as in nanomaterials 

to improve stability,144 or (ii) when a large molecular size is desirable such as in antisense 

therapeutics to avoid renal clearance.156  

Scheme 2.6 | Cartoon representation of crosslinking oligonucleotide trimers 

This general scheme shows the synthesis of a nonamer oligo dendron in solid phase. Grey ball represents 

CPG and black curve represents oligonucleotide chain. The hydroxy ends on oligo trimers are first 

converted to azide and undergo another iterative step of CuAAC crosslinking. 

 

 We first applied the same reaction conditions to 1 µmol T12 oligo on resin to generate 

trimer T12 (ON2.5). The UPLC profile of the crude product showed an 85% conversion to the 

desired trimer species while a small amount (6%) of dimer was observed. With a majority of 
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oligos crosslinked to L3OH, we attempted to convert the hydroxy group on oligo trimers with 

MTPPI/sodium azide to azido group. The azide conversion proceeded quantitatively with only 

3% of starting material (hydroxy trimer) remaining; the dimer by-product was also substituted 

with azide from its hydroxy group. Hereafter, we refer this linker motif as L3N3 (Table 2.3). 

At this step, the available azide groups for click reaction are theoretically only one-thirds (1/3 

µmoles) of the starting scale as three oligos crosslink with one L3OH molecule which is further 

substituted with an azide. Hence, we lowered the concentration of L3OH to 250 µM in order 

to drive the formation of the nonamer product. The sample from each step was analysed after 

standard detachment and deprotection.  

 

 

 

 

Table 2.3 | List of oligonucleotide sequences and modifications in nonamer construction 
L3OH and L3N3 represent the linker motif with a hydroxy and azido end, respectively. Tr represents 

triazole group. 

 

 In the chromatogram, a broad peak was observed at a high retention time than any 

monomeric or trimeric species (Figure 2.8). Mass analysis indicated the presence of a mixture 

of dendritic oligo nonamer (calc. mass = 35312.8; found = 35314) and hexamer (calc. mass = 

23768.4; found = 23767) in that peak. In order to resolve the identity of the mixture, the crude 

mixtures of ON2.5 and ON2.13 were analysed also by polyacrylamide gel electrophoresis 

(PAGE) on an 8% gel (Figure 2.8). From the first click reaction, we observed an intense band 

which corresponds to the major peak in UPLC as ON2.5 and a faint band with higher 

electrophoretic mobility which is inferred as the bi-conjugated dimer by-product. By 

comparison, the second click reaction generated a mixture of dendritic oligonucleotides with 
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various valences; the presence of eight bands suggests the formation of dendrons with 2 to 9 

valences that include the nonameric product and any by-products from incomplete click 

reaction. Attempts to separate each species in the mixture via reverse-phase (RP) and anion-

exchange (IEX) HPLC were unsuccessful, as dendrons with different valences possess similar 

retention profiles even in different mobile phases and at elevated temperatures. This 

phenomenon is more pronounced in RP systems because the affinity of the dendron toward the 

stationary phase is heavily governed by the hydrophobic linker motif instead of the number of 

oligonucleotides. From this observation, we decided to isolate the nonameric dendron from 

preparative PAGE in order to obtain mass characterisation data as well as study its physical 

properties. 
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Figure 2.8 | Crude UPLC-MS results from nonameric oligo dendron synthesis 
Overlaid UPL chromatograms show the retention profiles of the crude sample of (1) ON2.1, 5’-

hydroxy-T12 (calc. mass = 3588.4); (2) ON2.2, 5’-azido T12 (calc. mass = 3613.4); (3) ON2.5, L3OH-

(T12)3 (calc. mass = 11519.5); (4) ON2.12, L3N3-(T12)3 (calc. mass = 11544.5). Bottom left: retention 
profile the crude mixture of (5) ON2.13, nonameric T12 product (calc. mass = 35312.8). Deconvoluted 

masses of peaks A-E are visualised. The results of 8% PAGE analysis of the mixture in (3) and (5) are 

excerpted from the same gel at identical height, as shown as F and G, respectively. Orange triangle 

indicates the major band as ON2.5 and blue indicates that as ON2.13. The 1st CuAAC crosslinking 
condition: 1.0 mM CuSO4, 2.0 mM THPTA, 5.0 mM sodium ascorbate, 500 µM L3OH in 100 mM 

TEAA buffer (50% DMSO, total volume = 1000 µL), 45°C, 4 hours. The 2nd crosslinking conditions: 

250 µM L3OH and other parameters unchanged. 
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  In the following part, we attempted to construct a nonameric dendron with the mixed 

sequence, ON2.6 which is a better model system for target-binding studies. We applied the 

same reaction conditions (with 500 µM L3OH) for the formation of the trimer dendron, ON2.8 

and lowered the concentration of L3OH to 200 µM in the second crosslinking (with other 

conditions unchanged). Then, the crude product mixture was obtained by standard detachment 

and deprotection. Purification of the nonamer, ON2.15 was performed by denaturing the oligo 

in formamide/water mixture (1/1 v/v) at 95°C before loading on an 8% denaturing PAGE gel 

(7M urea) which was connected to a 20W power supply. After RP-HPLC purification and MS 

characterisation, ON2.8 was loaded on the same gel to indicate the electrophoretic mobility of 

the trimer dendron (Figure 2.9). The top band with intense signal was excised and incubated in 

water overnight to re-dissolve the oligo into solution. Analysis from UPLC-MS indicated a 

single species with a broad peak with a corresponding mass (43189.0) to ON2.15 (calc. mass 

= 43183.4). The broad shape of the peak can be attributed to its large molecular size because 

the molecule might not migrate along the porous stationary phase efficiently. This demonstrates 

the utility of preparative PAGE over HPLC in isolating oligo dendrons. 

 

Figure 2.9 | UPLC-MS analysis of purified oligonucleotide dendrons 
Left: the image of 8% PAGE analysis of (A) HPLC-purified ON2.8 and (B) crude mixture from the 

second click reaction (ON2.15) - excerpted from the same gel at identical height. Right: UPL 
chromatograms and deconvoluted masses of the purified sample of (1) ON2.8 (calc. mass = 14143.0) 

and (2) ON2.15 (calc. mass = 43183.4). 
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 Although the synthesis and isolation of nonameric oligo dendrons is successful, the gel 

image shows that the reaction generates a mixture of products which are ‘clicked’ to varying 

degrees. Interestingly, inefficiency in the second click reaction might not be sufficient to 

rationalise the formation of by-products as electrophoretic analysis indicates the presence of 

octamer, heptamer etc. which must be constituted by smaller, dimer or monomer (single strand) 

dendritic units. That means such by-products, with one or two free alkyne groups on the linker 

motif, can engage in CuAAC crosslinking in subsequent click reactions. Hence, it is envisaged 

that an efficient protocol to generate nonameric, or larger, oligo dendrons on solid support via 

CuAAC should eliminate the presence of any by-products from the first iterative step so that 

all available azide groups are connected to a trimer unit for propagation. In this study, we would 

like to move beyond the optimisation step to explore the properties on nucleic acid dendrons 

synthesised by CuAAC crosslinking on solid support, thus we will discuss the physical and 

biological properties of the dendrons obtained in the following section. 

2.4 Properties of Click Dendrons 

2.4.1 Duplex Hybridisation Study 

 The binding affinity of oligonucleotides to their complementary target sequence has 

important implications in various applications such as in self-assembling nanostructures or in 

antisense therapeutics.144,157 Conventional method to measure hybridisation strength of a 

duplex is UV-thermal melting, by which the duplex is gradually heated up from a low to high 

temperature that forces the hydrogen bonds between the duplex to break and divides the two 

strands. Since the magnitude of UV absorbance of two oligonucleotide strands is about 40% 

higher than that of their duplex, this value increases with the process of melting. Hence, a plot 

of absorbance vs. temperature can indicate the melting profile of an oligonucleotide duplex. 

The standard value to indicate the hybridisation stability is coined ‘melting temperature’ (Tm) 

which describes the temperature when half of duplex in solution have melted into their 
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constituent single stranded oligonucleotides, the point when the first derivative of the melting 

function reaches its maximum. The following section reports the UV-thermal melting data and 

compares the hybridisation strength of single-stranded DNA, trimer DNA dendron and 

nonamer DNA dendron against DNA and RNA targets (Figure 2.10 and Table 2.4). The 

concentration of oligonucleotide strands in each duplex sample is constant at 3 μM regardless 

of the concentration of dendron molecules. 

 

Figure 2.10 | First derivative of UV-thermal melting curves of oligonucleotide dendrons  
The two plots describe the first derivative Tm curves of oligonucleotide dendrons against DNA (A) and 
RNA (B) targets. Measurement was taken with 3 μM of oligonucleotides with equimolar DNA or RNA 

target in 10 mM phosphate, 200 mM NaCl buffer (pH 7.0) and from 30–80°C. Tm values were 

determined from an average of six ramps from a smoothed plot of dA/dT. 

 

 

 

Table 2.4 | Melting temperatures of oligonucleotide dendrons against DNA/RNA targets  
L3OH represents the linker motif. Tr represents triazole group. Tm values were obtained from the 

maxima of dA260 versus temperature using 3 μM of each oligonucleotide in a 10 mM phosphate, 200 

mM NaCl buffer (pH 7.0) from 30–80°C. ΔTm is relative to the unmodified control ON2.6. 
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 Previously, a trimeric RNA dendron synthesised from a pentaerythritol-based 

phosphoramidite (at 3’-end) was shown to possess similar hybridisation stability (ΔTm < 0.4°C) 

versus RNA target compared to a single-stranded RNA of the same sequence.143 This similarity 

in thermodynamic stability can be attributed to the sufficient spacing between oligonucleotides 

and from the branching, quaternary carbon core (at three PEG units) that contributes little 

impact by steric crowding or promoting intramolecular binding. In other words, each strand 

within the trimeric dendron can bind with its target independently with small thermodynamic 

cost. This phenomenon was analogously observed in the UV-thermal melting data of trimer 

ON2.8 which shows minor decrease in duplex stability (ΔTm = - 0.7°C) when binding to either 

DNA or RNA target, compared to its ssDNA counterpart. The optimality in spacer distance 

possibly plays a similar role here. 

 When the number of oligonucleotides is increased to nine in the nonameric dendron 

ON2.15, the duplex stability drops more significantly against both DNA and RNA targets, with 

a decrease in melting temperature by 4.5°C and 3.4°C, respectively. This is possibly due to 

increasing steric hindrance which impacts the accessibility of the target strand as the 

oligonucleotide cluster grows. Moreover, with a higher local concentration of oligonucleotides 

bound on one molecule, the propensity of forming intramolecular secondary structure increases. 

This intramolecular binding can compete with intermolecular binding with the target especially 

during the initial phase of hybridisation where H-bonds are formed between the first few 

nucleobase pairs. Finally, the relative instability of the fully hybridised ON2.15 can be 

entropically driven. Compared to one and three released in the smaller dendrons, nine 

molecules are freed in the melting of ON2.15, rendering it more thermodynamically favourable. 

 Interestingly, the local maxima of dA/dT in the melting of ON2.15 are almost 40% 

lower in magnitude than those in ON2.6 and ON2.8. This indicates the melting curve is less 

steep and the melting of ON2.15 happens within a broader range of temperature. One plausible 
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explanation is that the melting of ON2.15 entails multiple dissociation processes of oligos from 

the nonameric dendron and the first few are thermodynamically favoured due to electrostatic 

repulsion of negative charges when the number of duplexes increases within close proximity. 

In general, it can be concluded that target binding in trimeric dendrons is not significantly 

influenced whereas that in nonameric dendrons is destabilised by the dendritic structure. 

2.4.2 Enzymatic Stability Assay 

 In biological environment, there are various digestive enzymes such as exonucleases 

and endonucleases, which can cleave phosphodiester bonds between nucleosides.158 

Unmodified oligonucleotides as natural substrate for these enzymes degrade rapidly. Terminal 

modifications on nucleic acid dendrons with a crosslinking moiety introduce structural changes 

to either terminus and thus may impart better stability against exonucleases that recognise the 

end of an oligo and cleave one nucleotide at a time. Moreover, a high density of negative 

charges in oligonucleotide clusters attract more charge-balancing counter-ions, which have 

been shown to retard nuclease activity.159 As a result, we next sought to examine and compare 

the nuclease stability of the click dendrons ON2.8 (trimer) and ON2.15 (nonamer) with their 

single-stranded counterpart ON2.6. All oligonucleotides (50 µM) were incubated in 50% v/v 

foetal bovine serum (FBS) and phosphate-buffered saline (PBS), a commonly used buffer 

which mimics a serum-rich environment, for designated durations (0, 1, 2, 4 and 8 hours) at 

which point the enzymatic reaction was aliquoted, quenched with equal volume of formamide 

and snap-frozen in liquid nitrogen until analysis. The samples prepared were loaded on PAGE 

gel at different percentages to visualise the digestion pattern over time (Figure 2.11). 

 When incubated with FBS, all three oligonucleotides showed a similar degradation 

pattern. Within 1 hour of incubation, both dendrons ON2.8 and ON2.15 migrated faster than 

the sample at 0 hour, indicating some nucleotides are cleaved from the strands. While a small 
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ratio of oligo remained undegraded in ON2.6, the band of intact oligonucleotide completely 

disappeared in ON2.8 and ON2.15 after 2 hours. After 8 hours of incubation, all unmodified 

single-stranded oligonucleotide ON2.6 was degraded and only a faint smear was observed from 

the dendron samples. The results demonstrate that the effects of 5’-end protection and high 

density of negative charges do not prevent oligonucleotides from degradation, possibly due to 

the open end at the 3’-termini of the oligonucleotide cluster which are still accessible to 

exonucleases. Also, unlike the dense packing of DNA on nanoparticles, the distribution of 

oligonucleotides on ON2.8 and ON2.15 might be spaced out by long distance via the flexible 

linker, which diminishes the protective effect of steric hindrance and counter-ion crowding. 

Recent report has shown that 3-branched and 9-branched unmodified DNA dendrons 

assembled by the ‘top-down’ strategy via Trebler phosphoramidite have more than double the 

half-life to their single-stranded counterpart in 20% FBS/PBS environment.146 Such difference 

in observation could be due to the serum content, where the protection from the dendritic 

structure is not sufficient in a higher FBS (50%) environment. 

 

Figure 2.11 | Results of PAGE analysis from FBS stability assay 
The three images show the electrophoretic migration of the aliquots of samples ON2.6, ON2.8 and 

ON2.15 incubated in 50% v/v FBS/PBS solution (pH 7.4) over 0, 60, 120, 240 and 480 minutes at 37°C. 

The degradation pattern of each oligonucleotide species is shown. The % of the gel is indicated on the 
top-left corner in each image. 

  



Chapter – 2    Synthesis of Nucleic Acid Dendrons by Click Chemistry 

82 

 

 Even though modification via 5’-crosslinking does not offer apparent advantage in 

preventing oligonucleotides from degradation in serum-rich milieu, it is reasonable to expect 

stability enhancement by combining with backbone or 3’-terminal modifications, given the 

versatility of the ‘bottom-up’ strategy which allows incorporation of modified 

monomers/dimers as in standard coupling.  

2.4.3 RNase H Activation 

 RNase H-induced cleavage is the principal mechanism in various ASO drugs to silence 

mRNA and arrest downstream translation of faulty proteins (See Chapter 1). Although various 

modifications have been adopted to improve the nuclease resistance of ASOs, they can also 

reduce RNase H competence (i.e., the ability to be recognised by and activate RNase H by form 

a DNA:RNA heteroduplex) to different extent.29 For example, 2’-modifications such as 2’-

OMe and 2’-MOE are not recognised by RNase H whereas backbone modifications such as 

phosphorothioates only slow down its digestion. The effect of clustering oligonucleotides as a 

dendritic structure on RNase H activation, however, has not been widely studied. The following 

section examines the compatibility of DNA dendrons ON2.8 and ON2.15 with RNase H-

mediated cleavage.  

 An RNA target ON2.16 was designed as a complementary sequence to ON2.6 that bears 

a fluorescein (FAM) modification at the 5’-end for visualisation on PAGE analysis. The RNA 

target (2.0 μM, 5 equiv.) was incubated with ssDNA ON2.6 and DNA dendrons ON2.8 and 

ON2.15 (0.4 μM of oligonucleotides) for designated durations (0, 1, 5, 15, 30 and 60 minutes) 

in the presence of E. Coli RNase H (NEB, 20 U/mL). At each time point, an aliquot of sample 

was taken, quenched with Na·EDTA solution (0.5 M) and formamide to stop enzymatic activity 

and snap-frozen in liquid nitrogen until the point of analysis. The samples prepared were loaded 

on 20% PAGE gel to visualise RNA digestion over time (Figure 2.12).  
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Figure 2.12 | Results of PAGE analysis from RNase H activation assay 
RNA target sequence (5’-to-3’) (ON2.16) is shown on the top. The three images show the 

electrophoretic migration of the aliquots of RNA sample ON2.16 (2.0 µM) when incubated with ON2.6, 

ON2.8 and ON2.15 (0.4 µM) together with E. Coli RNase H (20 U/mL) in RNase H reaction buffer® 
(50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT) over 0, 1, 5, 15, 30 and 60 mins at 37°C. 

The digestion pattern of ON2.16 is shown as fluorescent band (inverted) on the gel.  

 

 Single-stranded ON2.6 induced significant level of RNA cleavage after 5 minutes of 

incubation with RNase H and complete cleavage was observed in 15 minutes. Notably, RNase 

H prefers to cleave the phosphodiester bond downstream of a G-rich sequence,160 which 

rationalises the discrete, shorter bands which correspond to the cleavage product when the 

dinucleotide sequence is cleaved downstream of guanosine. Compared to ssDNA, both trimeric 

(ON2.8) and nonameric (ON2.15) dendrons show a similar cleavage profile, with major RNA 

cleavage activity observed after 5 minutes and complete cleavage after 15 minutes. The results 

demonstrated that the crosslinking motif at the 5’-terminus does not inhibit the interaction 

between the DNA:RNA duplex and the recognition site of RNase H. 

 While terminal modification has been applied to ASO therapeutics in form of GalNAc 

conjugates that demonstrated RNase H competence in clinical models,161 it has not been 

reported that oligonucleotide dendrons can be used in the context of ASO therapeutics at the 

time of writing. The results confirmed that 5’-crosslinking does not interfere with RNase H-

mediated RNA digestion and hence can potentially be used in ASO applications.  
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2.5 Conclusions 

 The use of dendritic oligonucleotides in material and therapeutic contexts is gaining 

popularity over the past few years. Although these molecules demonstrated desirable properties 

over their single-stranded counterparts, their syntheses are not efficient and wasteful in reagent 

input. In this chapter, we reported a new synthetic strategy to assemble oligonucleotide 

dendrons via a ‘bottom-up’ approach, by which full-length oligonucleotides are first 

synthesised by standard phosphoramidite coupling and then converted to 5’-azido intermediate 

for CuAAC crosslinking by a novel linker molecule. By this method, we are able to access 

trimeric DNA dendrons with up to 80% conversion and RNA at 72%. These products can be 

isolated by RP-HPLC and characterised on UPLC-MS. Furthermore, nonameric DNA 

dendrons are also accessible by repeating the iterative crosslinking process beyond trimer 

construction. Nevertheless, the product cannot be purified via HPLC systems possibly due to 

the presence of extensive secondary structures or its large molecular size that impacts its 

affinity to the stationary phase; it can be analysed and isolated via PAGE. 

 Previous reports have demonstrated the utility of dendritic oligos in various 

applications, such as an efficient siRNA loading platform via modified siRNA dendrons 

(duplex) and nonameric T12 conjugate that elicits scavenger receptor A-mediated delivery of 

peptides.143,145 In this study, we investigated the properties of unmodified, mixed-sequence 

DNA dendrons with 3 and 9 valences. In terms of duplex stability, it was found that a trimeric 

dendron poses little effect on melting temperature against DNA and RNA targets whereas the 

nonamer has reduced duplex stability (ΔTm = - 4.5 for DNA and - 3.4 for RNA). This suggests 

the negative effect of higher valence on target binding which is likely due to steric crowding 

and charge repulsion; such destabilising effect should be taken into account when applying 

dendritic construct on antisense applications. Next, we found that both dendritic structures have 

similar stability profile in serum compared with single-stranded oligo, with degradation 
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observed after 1 hour of incubation. Unlike previously reported RNA dendrons which are 

hybridised with terminally modified siRNA and protected from exonuclease action, the DNA 

dendrons used in this study have an accessible 3’-end which renders it susceptible to 

exonuclease digestion, in addition to endonucleases which can cleave the strand around the 

internal region. Finally, we demonstrated that DNA in dendritic structures can elicit RNase H-

mediated cleavage when bound to its RNA target with no observable difference compared to 

ssDNA. It is possible to extend the use of dendritic construct with modified oligonucleotides 

for antisense applications. 

2.6 Future Outlook 

 This study introduces a new methodology in accessing DNA and RNA dendrons. In the 

interest of time, we attempted to identify the best performing conditions and turned the focus 

to investigate the properties of the new molecules. From there on, a few aspects can be further 

optimised to improve their synthetic efficiency and physical properties. First, the efficiency of 

CuAAC crosslinking can be improved further in order to improve yield and access high-

valence dendrons. The current protocol of click reaction converts at best 80% of 

oligonucleotides into trimeric dendrons on solid support, with the remaining as dimeric and 

linker-conjugated by-products. Such level of impurity is acceptable in trimer synthesis as the 

impurities can be removed quantitatively by HPLC. To carry out higher-order crosslinking, 

however, the presence of by-products with free alkyne can compete with free linkers for azido 

groups and thus drastically reduce the yield of subsequent click reactions and produce by-

products that cannot be removed by chromatography. We envisage a few changes of the linker 

design and the reaction protocol might help overcome these issues.  

 First, it is possible to titrate the minimum loading of the linker that provides quantitative 

conversion of all oligonucleotides on resin. This is to reduce the formation of by-product by 

decreasing the availability of linker in the solution phase. Second, a longer reaction time with 
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lower concentration of linker may reduce the tendency of by-product formation because the 

resin-bound oligos can only react slowly in solution phase but are driven to react with 

covalently bound linker by proximity. Third, since the linker contains a relatively hydrophobic 

aromatic core, the retention time for any conjugated oligonucleotides is shifted right 

significantly in RP-HPLC systems. This makes the separation between impurities and products 

difficult. It is possible to improve its hydrophilic properties by replacing the phenolic core with 

pentaerythritol-based ones and introducing phosphate groups on the spacer units (Scheme 2.7). 

Such modifications may also alter the properties of the dendron as the distance between and 

packing of oligonucleotides change. In which case, a hydrophobic core tends to aggregate in 

aqueous solution while negative-charged spacers can separate strands further by charge-

repulsion. This enhanced spacing might compensate for the loss in duplex stability due to steric 

crowding. 

Scheme 2.7 | Molecular design of a hydrophilic linker 
A:  L3OH, the linker molecule used in this study. B: design of a hydrophilic linker with a pentaerythritol 

core and phosphate spacers 

 

 

 In addition to synthetic optimisation, improvements in dendron properties are worth 

further investigation. In the current construct, protection of oligonucleotides from nucleases 

has not been as pronounced as we originally believed. We anticipate the incorporation of 

backbone modifications (such as triazole, amide) at the 3’-end of the oligos can improve their 

nuclease resistance significantly as they are not substrate for exonucleases and hence can 

inhibit their activity. Thanks to their large molecular size (> 50 kDa), oligo dendrons are not 
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readily cleared by the renal system. An improvement in serum stability can increase their utility 

in therapeutic or drug delivery platform when systemically administered. However, their use 

in antisense applications might be limited by the fact that their target-binding is weaker than 

single-stranded oligos. To address this, a cleavable linker can be introduced between the 5’-

nucleoside and the crosslinking unit for intracellular release of oligos. In this case, the 

therapeutic oligos can be protected in circulation and be released for target binding after the 

dendritic cluster has been internalised. For example, a recently reported enzyme-sensitive 

dipeptide phosphoramidite by our group can be incorporated to the 5’-end of an oligonucleotide 

via standard coupling and then converted to azide at its hydroxy end for CuAAC 

crosslinking.162 This linkage can be recognised and cleaved by Cathepsin B in lysosomal 

compartments and hence release the oligos inside cells. 
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3.1 Background 

3.1.1 The Origin of CRISPR 

 In 1987, the sequencing data published by Ishino and co-workers revealed the presence 

of an unusual pattern of repeats, which are not arranged consecutively but interspaced by non-

repeating sequences (named ‘spacers’), adjacent to the isozyme-converting alkaline 

phosphatase (iap) gene of E. Coli.40 Not until early 2000s have more research papers published 

over the origin of these interspaced repeat sequences, which were linked to foreign genetic 

elements from extrachromosomal entities and bacteriophages, in bacterial and archaeal 

genomes.41–43 This unique genomic feature in microorganisms has been coined ‘Clustered 

Regularly Interspaced Short Palindromic Repeats’ (CRISPR) and has since sparked research 

interest in the fields of microbiology and genomics alike. Added to the puzzle was the finding 

of an array of CRISPR-associated (cas) genes which encode a family of helicase, exonuclease 

and other enzymes and are found exclusively adjacent to the CRISPR locus.163–165 Such 

evidence hinted at the idea that the entire CRISPR-cas locus might function in DNA 

metabolism and spacer acquisition.  

 Although various hypotheses arose at the time, an increasing volume of evidence 

emerged to attribute the functions of CRISPR to bacterial immunity. Apart from the sequencing 

data which indicates CRISPR spacers often originate from plasmid or phage-DNA, it was 

discovered that bacteria are less sensitive to phage infection as the number of spacers in their 

genome increases.42 Soon after, the process of spacer acquisition following phage challenge in 

S. thermophilus has been reported independently by three groups.166–168 Barrangou and co-

workers have provided direct evidence on conferring phage-resistance to a bacterial strain by 

inserting a spacer with sequence derived from the challenging phage, and phage-sensitivity by 

deletion of the corresponding spacer.45 This study established that CRISPR is functionally 

involved in bacterial immunity against phage infection. 
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3.1.2 Mechanism and Functions of CRISPR in Prokaryotes 

 The identification of CRISPR as an acquired immune system in prokaryotes has led 

scientists to further elucidate the mechanism of its action. To date, two classes and various 

subtypes of CRISPR-Cas systems have been identified.169,170 In this section, the class II type 2 

CRISPR-Cas9 system which is relevant to this chapter is discussed. In the event of an infection, 

the invading viral DNA is first recognised by Cas1-Cas2 complex which processes and 

incorporates a piece of the sequence into the host’s CRISPR array.171,172 The selection of the 

sequence, namely ‘protospacer’, requires a ‘protospacer-adjacent motif’ (PAM) which serves 

to distinguish between the acquired spacer (that does not have a PAM) and the foreign genetic 

material. The protospacer sequence is then integrated into the CRISPR array to yield a new 

spacer that is flanked by 20 - 50 bp direct repeats.163,173,174 This process is also referred to as 

‘adaptation’, whereby the host can memorise a piece of genetic material from the invading 

species.  

 In the next step, various effectors of CRISPR-mediated immunity are encoded and 

processed. First, the CRISPR array is transcribed to form a non-coding transcript – namely 

‘precursor CRISPR RNA’ (pre-crRNA) – and then processed by Cas effector proteins and host 

factors such as RNase III to generate mature crRNAs that contain a single spacer and at least 

one repeat.44,175,176 Meanwhile, trans-activating crRNA (tracrRNA), which carries an anti-

repeat sequence that is complementary to the crRNA repeats, is transcribed in the vicinity of 

the cas operon. The two complementary sequences then bind to form a dsRNA structure that 

is bound and stabilised by Cas9 endonuclease and furthered processed by RNase III, resulting 

in the formation of a crRNA:tracrRNA:Cas9 ribonucleoprotein (RNP) complex.175,177 After the 

5’-trimming of crRNA by an exonuclease, the surveillance RNP is now primed to recognise its 

cognate target adjacent to PAM by complementary base-pairing from its crRNA and cleave the 

target by its endonuclease activity (Figure 3.1). 
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Figure 3.1 | Overview of CRISPR–Cas9 (Class II) adaptive immunity and interference  
In a bacterial cell, (1) Viral DNA is recognised by Cas1-Cas2 complex which identifies the protospacer 
adjacent to a PAM sequence and processes it; (2) the complex then integrates a portion of the invading 

gene into the host’s CRISPR array as an immunological memory; (3) transcription of the CRISPR-cas 

array produces pre-crRNA and tracrRNA which has a complementary anti-repeat to the repeat sequence 
in crRNA; (4) the former is further processed by specific Cas proteins or host factors into mature crRNA 

containing a unique spacer with identical sequence to the invading genetical elements; (5) assembly of 

interference Cas9 protein, encoded from cas operon, with crRNA and tracrRNA forms a 

ribonucleoprotein (RNP) surveillance complex; and (6) the complex scans invading nucleic acids and 
targets foreign complementary sequences to initiate strand degradation. 

 

3.1.3 CRISPR-Cas9 in Mammalian Genome Editing 

 The precision and efficiency of CRISPR-mediated DNA cleavage has sparked immense 

interest in its utility on gene targeting and editing beyond prokaryotic systems. In 2012, 

Professors Jennifer Doudna and Emmanuelle Charpentier jointly published a study showing 

the possibility of targeted DNA cleavage by employing an artificially expressed Cas9 

endonuclease and transcribed crRNA-tracrRNA (or a chimeric single-guide RNA constituted 

by fusing the 3’-end of crRNA to 5’-end of tracrRNA) in vitro.178 The ground-breaking findings 

have demonstrated the potential of re-programming CRISPR RNA components to direct 
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cleavage on any dsDNA of interest, which has ushered in a new research field in CRISPR-

mediated genome editing and has awarded the two Nobel Prize in Chemistry in 2020.  

 Indeed, the year succeeding the initial publication has seen a number of studies 

reporting CRISPR-mediated genome-editing in human cells. For instance, heterologous 

expression of human codon–optimized Cas9 and the required guide RNA (gRNA), which refers 

to the RNA component in DNA- or RNA-targeting ribonucleoproteins, in human kidney cancer 

HEK293T cells was shown to direct cleavage at almost any loci of interest in the vicinity of 

the PAM sequence by altering the 20-nt guide sequence within the gRNA.46,48,179 More 

remarkable is the possibility to cleave multiple targets simultaneously in EMX1 locus reported 

by Zhang’s group.47 These cleavage events generated DSB in the genomic DNA target at the 

position of the -3 phosphate (the 5’-phosphate of the third nucleotide upstream of the PAM)169 

and are detected by the formation of insertions or deletions (indels) arising from the error-prone 

NHEJ repair pathway in the PCR amplicons (Figure 3.2).  

 In subsequent years, researchers have endeavoured to further control the editing output 

by promoting a template-mediated repair mechanism after DNA cleavage in order to precisely 

re-write genetic information in human cells. One notable example of which is ‘prime editing’ 

introduced by Liu’s group.180 In its design, a short RNA extension bearing the desired editing 

output was fused to the 3’-end of the gRNA to form a prime editing guide RNA (pegRNA). 

This sequence was used as a template for the reverse transcriptase (RT) fused to a re-engineered 

Cas9 nickase which introduces only a single strand break (SSB) on the target sequence. After 

the cleavage event, the cut strand binds to the primer-binding site on the pegRNA and acts as 

a primer for the RT subunit using the programmed RNA sequence template to synthesise a 

desired DNA extension. When reverse transcription completes, the flap (i.e., extended segment 

of the target strand) is processed and the break is repaired by ligase to incorporate the newly 

synthesised edit into the genome (Figure 3.2). Not only has this idea been proven highly 
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accurate and efficient (with up to 55% editing rate), it is also applicable in various human cell 

lines. This shows a great promise in correcting up to about 66,800 known pathogenic human 

genetic variants. 

 

Figure 3.2 | Schematic representation of CRISPR-mediated genome editing mechanisms  
A: Mechanism of CRISPR-mediated genome-editing at target locus. The genomic target is initially 
interrogated by Cas9 which binds to PAM and rapidly unwinds the upstream DNA duplex for target 

validation. The spacer sequence on the chimeric sgRNA then binds to adjacent DNA strand, if it is a 

bona fide target, and initiates conformational changes on Cas9 which becomes catalytically active and 

produces a DSB at the -3 phosphate (blue triangles).169 The induced DNA damage then triggers NHEJ 
repair mechanism which involves a cascade of protein recruitment, DNA polymerisation and ligation, 

at a higher propensity than the templated HDR pathway, resulting in indel formation at the target site.181 

B: Mechanism of prime editing. The Cas9 protein subunit is sequence-modified to replace the nuclease 
domains by a nickase domain (nCas9), and fused to a reverse transcriptase subunit. The sgRNA is 

extended by ‘primer binding’ and ‘RT template’ sequences (pegRNA). After target recognition, the 

nickase domain creates a SSB on the target’s complement whereby the cut strand binds to the primer 
binding site and acts as a primer for templated RT activity. After downstream processing, the editing 

output bears an identical sequence to the programmed template.180 
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3.1.4 Challenges in Intracellular Delivery of CRISPR 

 Although CRISPR technologies hold exciting promise in tackling genetic diseases and 

cancers, it remains a challenging task for in vivo research and clinical use due to the lack of 

methods for cell- and tissue-selective delivery.182 Current protocols for intracellular delivery 

can be efficient and target-specific in certain contexts but constraints and side-effects abound. 

This section provides an overview of existing methodologies and discusses their limitations. 

 In general, reprogrammed CRISPR components can be delivered to cells in form of a 

(1) plasmid which encodes Cas9 and gRNA; (2) mRNA which encodes Cas9 with a separate 

gRNA; or (3) pre-organised Cas9:gRNA ribonucleoprotein complex. Even though all three 

types of cargoes have been shown to effect CRISPR-mediated gene editing in human cells, 

plasmids are generally not considered in clinical applications as the amount of Cas9 expressed 

cannot be precisely controlled inside cells and overexpression could lead to off-target binding 

and DNA damage at undesired sites.183 A few commonly employed methods can achieve high 

delivery efficiency to cultured cells in vitro. Microinjection, for example, is a technique to 

inject plasmids, mRNA or ribonucleoprotein to single cells via a fine needle and is regarded as 

a ‘gold standard’ of introducing CRISPR components to cells with up to 100% efficiency.184,185 

To introduce these cargoes to multiple cells simultaneously, electroporation has also been 

commonly employed. By this method, pulsed high-voltage electrical currents are transiently 

applied to cells suspended in buffer, forcing open nanometer-sized pores on the cell membrane 

to allow passage of CRISPR RNP186 and expression vectors187 into the cells. Despite their high 

efficiencies, microinjection and electroporation are not suitable for in vivo applications as it is 

nigh on impossible to conduct injections to individual body cells or apply electrical current in 

biological medium inside an animal. Thus, they have been used exclusively in cell line models. 

 Achieving cell-specific delivery via systemic injection is a desirable objective. To this 

end, researchers have developed various viral vectors which can envelop CRISPR-expressing 
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vectors and deliver them to targeted cells. Adeno-associated virus (AAV), for example, is an 

excellent vehicle to delivery genetic materials because it is not known to cause or relate to any 

diseases in humans and it can target a multitude of human cell types.188 However, its loading 

capacity is limited to 4.5–5 kb of genetic material, meaning that the packaging of Cas9-

encoding genes is difficult. Apart from AAV, adenovirus (AV) and lentivirus (LV) with much 

higher loading capacity are also used in delivering vectors expressing CRISPR in human cells. 

But they are also unsuitable in clinical applications due to their propensity to elicit strong 

immunological response and integrate into the host genome.183 

 Lipid-based nanoparticles (LNPs) present another attractive option to deliver genes or 

proteins into cells. These particles can form a complex with anionic species via its cationic 

lipid composition and form an envelope to protect the negatively charged nucleic acids or 

ribonucleoproteins ex vivo or in vivo. The neutralisation of charge promotes uptake of cargoes 

as large as the CRISPR RNP across the anionic cell membrane by endocytosis.189 Such 

trafficking vehicles are superior to their virus counterparts in animal or human models as they 

tend not to trigger immunological response or undesired gene integration. However, the 

internalisation pathway via endocytosis generally brings about a lower transfection efficiency 

because the majority of cargoes, without an escape mechanism, are trapped inside endosomes 

and eventually degraded in lysosomes. Moreover, most LNP formulations are cytotoxic as their 

cationic and hydrophobic lipid motifs can interact with negatively charged organelles and 

disrupt cell membrane, respectively.190 It has been shown that commercial LNP transfecting 

agents exhibit levels of cytotoxicity with positive correlation to their efficacies.191 In addition, 

LNPs are also not target-specific without modifications of recognition motifs. Hence, they are 

rarely used in systemic administration to target tissues and organs. An alternative methodology 

which combines endocytotic internalisation and endosomal release without membrane-

disrupting reagents should mitigate such issues and promotes efficient uptake of CRISPR.  



Chapter – 3    Hepatocyte-Specific Delivery of CRISPR/Cas9 System 

96 

 

3.1.5 ASGPr-Mediated Delivery to Hepatocytes 

 Apart from exogenous vehicles which can package genes or proteins and translocate 

them across cell membrane, specific ligands can also initiate endocytosis of cargo molecules 

by the recognition of cell surface receptors. One example is asialoglycoprotein receptor 

(ASGPr) which is abundantly expressed on hepatocytes in mammals and primarily responsible 

for clearing glycoproteins from circulation.192 ASGPr has a high affinity towards terminal 

galactose (Gal) or N-acetylgalactosamine (GalNAc) residues, which can naturally be found on 

desialylated glycoproteins and trigger the formation of clathrin-coated vesicles on cell 

membrane to endocytose target molecules for degradation.193 This mechanism is highly 

specific to ASGPr-expressing cells and thus has been harnessed as a method of intracellular 

delivery of GalNAc-conjugated antibodies194 and therapeutic oligonucleotides29 to hepatocytes.  

 In particular, tri-antennary GalNAc display is a widely used moiety in therapeutic 

formulations (Figure 3.3). ASGPr has trimeric sugar binding sites which are 15−25 Å apart 

from each other in a triangular spatial geometry. This allows for high binding affinities with 

trivalent ligands spaced by optimal distance.193 Commercially available CPG enables 

installation of a tri-antennary GalNAc group at the 3’-end of oligonucleotides. The effect of 

such modification has been found to increase the potencies in ASO and siRNA designs in gene 

silencing of mouse hepatocytes in vivo, compared to unconjugated or bi-antennary GalNAc-

conjugated constructs.195,196 In fact, there are already a few oligonucleotide drugs employing 

GalNAc conjugation as a delivery platform under development or already approved by the 

FDA, such as Givosiran and Inclisiran, highlighting the utility of such strategy.29 

 Although ASGPr-mediated endocytosis presents an efficient pathway to deliver large 

biomolecules (i.e., nucleic acids and proteins alike) into hepatocytes, these molecules are prone 

to endosomal entrapment as their size and charge prevent passive diffusion across the 

endosomal membrane.195 Eventually, maturing endosomes will fuse with lysosomal bodies 
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which contain digestive enzymes to degrade their content. Small antisense oligonucleotides 

often bear heavy modifications which render them resistant to enzymatic as well as higher 

membrane permeability via neutral backbone modifications. Hence, endosomal entrapment 

might not influence the effective uptake of these oligos into the cytoplasm for mRNA silencing 

while the slow release from endosomes can be desirable for steady silencing effects. 

Unmodified biomolecules such as CRISPR RNP, however, are prone to degradation during 

prolonged entrapment in endosome/lysosome compartments. Hence, efficient endosomal 

escape mechanism is essential for intracellular delivery of CRISPR via endocytotic pathways. 

 

Figure 3.3 | Mechanism of ASGPr-mediated endocytosis  
Cartoon representation of ASGPr-mediated endocytotic pathway of a GalNAc-conjugate on a 

hepatocyte. The cargo is indicated as a red cube and ASGPr-ligand is exemplified by commonly used 

triantennary GalNAc as red circles (structure shown on top left). (1) ASGPr recognises and binds to its 
ligands on the GalNAc-cargo conjugate; (2) the recognition triggers a cascade of downstream signalling 

and promotes clathrin nucleation around the receptor to form a clathrin-coated pit; (3) the pit buds into 

the cytoplasm to form a clathrin-coated vesicle which rapidly disassembles and leaves the cargo in an 
endosome. At acidic pH, the ligands dissociate from ASGPr and allows the release of cargo inside the 

endosome; (4) ASGPr is recycled to the cell surface. 

 

 Recently, Doudna and co-workers have reported a method to deliver CRISPR RNP into 

hepatocytes by conjugating Cas9 to novel ASGPr-ligands which are artificial sugar motifs with 

high binding affinity to ASGPr (KD ≤ 100 pM).182 The ligands were covalently linked to a 
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point-mutated Cas9 protein via its solvent-exposed cysteine residues by disulfide exchange 

chemistry. This conjugation was shown to induce receptor-mediated uptake of CRISPR RNP 

by HEPG2 cells (liver carcinoma) without any transfecting agents (‘naked transfection’) by 

confocal microscopy. However, T7E1 assays which analyse indel formation indicated only 

nominal gene editing activity after internalisation. Such discrepancy between uptake and 

function has been attributed to endosomal entrapment which can be particularly challenging 

for the release of the RNP-conjugate with a molecular weight > 170 kDa. To induce endosomal 

release, the group co-incubated the RNP with an endosomolytic peptide, ppTG21 which 

becomes cationic via its histidine residues197 and membrane-disruptive at low pH (late 

endosomal environment) in HEPG2 cultures. This peptide has shown negligible impact on 

promoting the activity of unconjugated RNP but a significant increase in indel formation (4.8%) 

with ASGPr-ligands-conjugate which can trigger receptor-mediated endocytosis. Such results 

suggest endosomolytic agents be necessary in intracellular trafficking of endocytosed RNP into 

the cytoplasm (and eventually the nucleus) to effect its function. 

3.1.6 T7E1 Mismatch Detection Assay 

 To evaluate CRISPR gene-editing activity in cells, T7E1 mismatch detection assay is 

one of the most commonly used techniques. This session introduces the mechanism of this 

assay and its expected readout, which will be used to assess the gene-editing efficiencies of the 

CRISPR constructs discussed in this chapter. 

 T7 endonuclease I (T7E1) recognises and cleaves dsDNA at a site where base-pair 

mismatch exists. In order to identify CRISPR-induced indel formation at the target locus, cells 

transfected with CRISPR components are first lysed and the genomic DNA is extracted. Then, 

the locus of interest is amplified by PCR to generate a large number of copies. If there is gene 

editing activity at the target site, indels will be introduced by NHEJ repair mechanism after 
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Cas9 cleavage activity and this edit will be amplified altogether. Theoretically, the number of 

copies containing indels corresponds to the number of cells that undergo successful gene-

editing events and the former should be a quantitative representation of the latter within the 

population via an unbiased PCR amplification. The resulting mixture of original and edited 

amplicons are then melted and re-annealed at different temperatures to generate DNA 

heteroduplexes (i.e., duplexes formed by ssDNA amplified from different origins) which 

contain base-pair mismatches if the original anneals with the edited strand. This re-annealed 

mixture is then subjected to T7E1 digestion which cleaves the dsDNA at the mismatched site 

and results in the formation of shorter fragments. The quantity of these fragments relative to 

the intact amplicons is hence indicative of CRISPR gene-editing efficiency and can be 

visualised on gel (Figure 3.4). 

Figure 3.4 | Schematic representation of T7E1 mismatch detection assay  
Three steps of T7E1 mismatch detection assay to evaluate indel formation: (1) cells are subjected to 

CRISPR transfection and successful cleavage at the locus of interest will result in indel formation 

(yellow segment); (2) genomic DNA of the population is extracted and amplified by PCR. Amplicons 
are denatured and re-annealed to form DNA heteroduplexes, which contain base-pair mismatch (yellow 

bulge) if it is hybridised with both edited and original strands; (3) PCR amplicons are incubated with 

T7E1 enzyme which induces cleavage at the site of mismatch, resulting in shorter fragments relative to 

the parental amplicon. The digestion pattern can be visualised and quantified by gel electrophoresis.  
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 Notably, although T7E1 assay is a convenient tool to assess CRISPR activity based on 

indel frequencies, the results can be error-prone.198 For instance, single nucleotide dimorphism 

is poorly recognised by the enzyme so that indel of one nucleotide cannot be accurately 

identified from the digestion pattern. Also, at low indel frequencies, the parental (i.e., uncut) 

band intensity can be equal to the negative control and cut products may be barely visible above 

background, resulting in biased comparison. In general, T7E1 assays tend to underestimate 

CRISPR activity when indel frequencies are only nominal or exceeding 30% and hence it could 

only serve as a semi-quantitative indicator. 

3.2 Aims and Objectives 

 ASGPr-mediated uptake is an efficient and specific platform for intracellular delivery 

of CRISPR RNP to hepatocytes without the use of cytotoxic transfecting agents. The strategy 

presents great promise for liver-specific in vivo delivery of CRISPR reagents. While Cas9-

ASGPr-ligands conjugates have exhibited good delivery efficacy, the modification and 

purification of protein conjugates can be laborious. In this study, we attempt to focus on gRNA 

modification and aim to develop a synthetic strategy to prepare a gRNA-ASGPr-ligands 

conjugate that exhibits good delivery efficacy of CRISPR RNP to hepatocytes. Covalent 

linkage with ASGPr-ligands is expected to direct ASGPr-mediated endocytosis as the gRNA 

complexes with the effector Cas9 protein. The chemistry involved should be simple and 

efficient whereas the product should be easy to purify and apply in downstream applications. 

Then, we aim to evaluate the efficacy of this delivery strategy by assessing gene-editing 

efficiency of CRISPR-Cas9 at the target locus via ‘naked transfection’ of the gRNA-ASGPr-

ligands:Cas9 RNP complex, compared to commercially available LNP transfection 

formulations. 
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3.3 Synthesis of GalNAc-gRNA Conjugates via Click Chemistry 

3.3.1 Design and Synthesis of Triantennary GalNAc Cluster 

 As a natural ligand to ASGPr, GalNAc residues have been extensively used in 

decorating biomolecules for hepatocyte-specific delivery. We commenced the study by 

investigating the possibility to incorporate GalNAc in its triantennary form, which has the 

highest binding affinity to ASGPr, to gRNA. Conjugation chemistry of RNA is more intricate 

than with DNA since it is susceptible to degradation in basic conditions as well as in the 

presence of Cu(II) which mediates oxidative damage. Hence, we attempted to access GalNAc-

gRNA conjugates through strain-promoted azide-alkyne cycloaddition (SPAAC, a.k.a. copper-

free click chemistry), which relies on an alkyne species that is heavily strained and 

energetically activated to react with an azide species without the need of a catalyst. For its 

incorporation, the GalNAc cluster should therefore contain dibenzocyclooctyne (DBCO), a 

commonly used strained alkynyl moiety, that is reactive toward an azido-modified gRNA. As 

for the molecular structure of this sugar cluster, we slightly modified the reported strategy of 

‘clicking’ a tris-based core with acetylated GalNAc on PEG linker via CuAAC.182 In our design, 

the PEG spacer was shortened by one unit that reduces the distance between the sugar residue 

and the branching point below 19 Å as evidence suggested that longer linkers (> 19 Å) space 

out the sugars by too much and hinder their multivalent binding with ASGPr.193  

 The synthesis of this triantennary GalNAc-DBCO derivative, B7 is described in 

Scheme 3.1. We started from incorporating three PEG units at the functional end of the 

protected sugar with an azido end group which can couple with a Tris-based alkynyl core for 

trivalent display of GalNAc ligands. First, the hydroxy and amino groups on the precursor D-

galactosamine hydrochloride, B1 were globally protected by acetic anhydride in pyridine to 

yield the peracetylated intermediate B2. The reaction between B2 and 2-(2-(2-

azidoethoxy)ethoxy)ethanol in the presence of scandium (III) triflate as a Lewis acid catalyst 
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afforded B3 with an azido-PEG linker incorporated via a β-glycosidic linkage. Notably, a 

recent study has indicated the anomeric carbon configuration does not impact ASGPr-binding 

significantly and in this study we employed the predominantly used β-configuration in 

pharmaceutical formulations.199  

 

Scheme 3.1 | Synthesis of triantennary GalNAc-DBCO 

Reaction conditions are as follows: (i) Ac2O, pyridine, r.t., 18h, 89%; (ii) HO(CH2)2O(CH2)2O(CH2)2N3, 
Sc(OTf)3, anhydrous 1,2-DCE, reflux, 24 hours, 62%; (iii) Boc2O, MeOH/t-BuOH, r.t., 18 hours, 85%; 

(iv) propargyl bromide, KOH, DMF, 40°C, 24 hours, 68%; (v) TFA/DCM, r.t., 2 hours, then Fmoc-

OSu, aq. NaHCO3/THF, r.t., 18h, 75% over two steps; (vi) CuSO4, THPTA, sodium ascorbate, 

water/MeCN, 40°C, 48 hours, 52%; (vii) morpholine, DMF, r.t., 3.5 hours, quant.; (viii) DBCO-NHS 
ester, DIPEA, MeCN, r.t., 18 hours, 75%. 

 

 For the trivalent alkynyl motif, the precursor B4 was first protected by tert-

butyloxycarbonyl (Boc) protecting group by di-tert-butyl dicarbonate (Boc2O) that makes the 

reactivity of the amino group. To the intermediate B4a were then inserted three alkynyl groups 

on its hydroxy ends via nucleophilic substitution with propargyl bromide as an electrophile and 

potassium hydroxide as a base to afford B5 in 68% yield. Since Boc requires harsh deprotection 
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conditions (i.e., trifluoro acetic acid, TFA) which were found to cleave acetyl groups on the 

sugar, the next step involved the replacement of Boc protecting group on B5 to 

fluorenylmethoxycarbonyl (Fmoc) group which can be deprotected under mild basic conditions. 

The resultant B5a precursor was reacted with B3 via CuAAC in the presence of copper (I) ions 

and THPTA ligand to afford the tri-conjugated product B6 in 52% yield. Then, Fmoc was 

quantitatively removed by the treatment with morpholine and the liberated amino group on 

B6a was allowed to react with DBCO-N-hydroxysuccinimidyl ester (DBCO-NHS ester) to 

generate the SPAAC-capable product B7. This product was further purified by HPLC before 

reactions with azido oligonucleotides. 

3.3.2 Conjugation Strategies for GalNAc-gRNA Constructs via SPAAC 

 After obtaining B7, we proceeded to investigate possibilities to incorporate the 

triantennary GalNAc motif to gRNA. Although it is feasible to introduce an azide group on 

synthetic RNA via 5’-azide conversion or post-synthetic labelling on amino modifiers, the 

synthesis of modified sgRNA, whose length is often > 100 nt, is challenging and costly.200 

Hence, we conceived two approaches to incorporate this motif to shorter synthetic oligos and 

then construct the full-length GalNAc-gRNA conjugate. In this study, we chose a spacer 

sequence which targets human genomic locus EMX1, a model to evaluate CRISPR activity. 

 The first strategy is a direct SPAAC coupling between a synthetic 3’-azido crRNA and 

B7 and subsequent hybridisation with tracrRNA to form a functional gRNA conjugate which 

can be delivered to cells as a trimolecular complex with Cas9 (Scheme 3.2A). The second 

involves photo-crosslinking chemistry to incorporate a B7-conjugated oligonucleotide to the 

3’-end of gRNA. In this case, a synthetic 2’-OMe oligo complementary to the 3’-end of gRNA 

modified with an internal 3-cyanovinylcarbazole (CNVK) and 5’-azide is first conjugated to B7 

to impart the GalNAc functionality; then, the carbazole group is allowed to covalently link to 



Chapter – 3    Hepatocyte-Specific Delivery of CRISPR/Cas9 System 

104 

 

gRNA under UV irradiation (Scheme 3.2B).201 These two approaches are synthetically viable 

as they require only short synthetic fragments which react with the GalNAc moiety and 

unmodified RNA components (i.e., tracrRNA and gRNA) which can be generated via in vitro 

transcription by T7 polymerase. 

 

Scheme 3.2 | Conjugation strategies to incorporate GalNAc on gRNA 

(A) Synthetic 5’-amino-modified crRNA is first labelled with 6-azidohexanoic NHS ester to form a 5’-

azido intermediate which further reacts with B7 to yield GalNAc-conjugated ON3.1. This conjugated 
can bind with in vitro transcribed tracrRNA to form a function gRNA. (B) 5’-amino-2’-OMe oligo 

fragment bearing internal CNVK modifier undergoes the same azide labelling and conjugation with B7 

to form ON3.2. It then binds to transcribed sgRNA and photo-crosslinks with the thymine base at -1 

position on the complementary gRNA. (C) various modifications introduced to the oligonucleotides. 
Regio-isomers are indicated with the plane marked with asterisk by SPAAC coupling. 

 

 Preliminary UPLC-MS results indicated the feasibility of these conjugation strategies 

in forming GalNAc-conjugates (Figure 3.5). However, we realised two issues with these two 

approaches. First, various labelling and purification steps are time-consuming and they 

engendered significant product loss; and second, the synthesis of modified RNA is costly and 
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the coupling efficiency is relatively poor. Although we partially used RNA transcripts 

generated by enzymatic synthesis, it is overall challenging and cost-ineffective to scale up the 

synthesis for biological studies. Hence, we designed the third strategy to simplify the process 

by using enzymatic methods. In this approach, the full-length sgRNA is synthesised via in vitro 

transcription by T7 RNA polymerase. Then, the RNA transcript is labelled with an azide 

functionality at the 3’-end via the addition of 2’-azido-2’-deoxyadenosine-5’-triphosphate (2’-

azido-2’-dATP) catalysed by yeast poly(A) polymerase (PAP). The introduction of a 2’-azido 

group at the 3’-terminus of the sgRNA enables SPAAC coupling with B7 to yield a 3’-GalNAc-

conjugated construct (Scheme 3.3). 

 

Scheme 3.3 | Conjugation of GalNAc on sgRNA via enzymatic azide labelling 

The sgRNA prepared by in vitro transcription is incubated with 2’-azido-2’-dATP in the presence of 

yeast PAP. The crude mixture containing sgRNA with 2’-azido group at the 3’-end is treated with B7 

to afford 3’-GalNAc conjugate ON3.3. Regio-isomers are indicated with the plane marked with asterisk 

by SPAAC coupling. 
 

 

 After performing the labelling experiment, it was found that PAP activity with 2’-azido-

dATP is inefficient and non-specific in the number of addition (Figure 3.5). The crude UPLC-

MS chromatogram indicated that only 51% of the desired mono-conjugate was formed, with 
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20% of unreacted RNA (RT = 5.22 min) and the remainder as bis- and tri-conjugated by-

products (RT = 7.36 and 7.88 min, respectively). Since the analogous 3’-azido-2’,3’-ddATP is 

not a substrate for known poly(A) polymerases,117 the use of 2’-azido-2’-dATP enables 

multiple labelling as the 3’-hydroxy group remains available for further ATP addition via 

Poly(A) polymerisation, resulting in a mixture of SPAAC products and difficulty in 

purification. Also, the need to remove PAP enzyme after the reaction requires purification by 

affinity chromatography, on top of HPLC purification to isolate the product. Hence, this is also 

not an ideal method to prepare GalNAc-gRNA conjugates. 

 

 

 

Figure 3.5 | UPLC-MS analysis of triantennary GalNAc-conjugated oligonucleotides 
Left: UPLC-MS retention profiles of HPLC-purified ligation products ON3.1, ON3.2 and of crude 

mixture from PAP-catalysed azido-dATP addition on sgRNA (ON3.3 as major product). Major peak 
with mass corresponding to the conjugated product is indicated with an arrow. Right: deconvoluted 

mass from the major peak of ON3.1 (calc. mass = 15929.4), ON3.2 (calc. mass = 8927.1); ON3.3 (calc. 

mass = 40096.2, bis-Mg2+ adduct). Conditions for PAP-catalysed 2’-azido-2’-dATP addition: Yeast 
PAP (4400 U, MCLab, PAPY-30), 2’-azido-2’-dATP (1.04 mM, 65 eq.) in 1x reaction buffer. 

Conditions for GalNAc labelling: B7 (1.13 mM, 20 eq.), TEAA (100 mM, pH 7.0), 50% v/v/ DMSO.   
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3.4 Synthesis of GalNAc-gRNA Conjugates via Reductive Amination 

3.4.1 3’-Azide Labelling on RNA by Reductive Amination 

 The installation of B7 on synthetic gRNA fragments and enzymatically generated 

azido-sgRNA has been shown to be a feasible route to access GalNAc-conjugated gRNA. 

However, the synthetic routes demand multiple steps and do not guarantee good yields. We 

thus proposed a new reductive amination approach to introduce an azide functionality for 

SPAAC with the GalNAc-DBCO motif. Recent work by Mamot demonstrated the possibility 

to introduce 3’-modification to RNA molecules of length from 3 – 1000 nt via reductive 

amination with ethylenediamine (EDA) derivatives (See Chapter 1).135 Essentially, the 2’,3’-

diol of an RNA is first oxidised with sodium periodate, a mild oxidant, and then subjected to 

reductive amination in the presence of the EDA motif and sodium cyanoborohydride, a mild 

reductant. After that, dehydration removes the hydroxy groups at the 2’- and 3’-positions and 

results in a morpholino-like linkage that connects the functional motif on EDA with the RNA 

at its 3’-terminus. The reported conversion of this two-step reaction with EDA-Cy3 derivative 

is 85% for RNA up to 276 nt long. With this encouragingly high coupling efficiency, we 

decided to apply this chemistry to incorporate terminal EDA-N3 to our gRNA construct for 

click-enabled 3’-functionalisation (Scheme 3.4). 

Scheme 3.4 | Schematic representation of RNA 3’-functionalisation via reductive 

amination and strain-promoted azide-alkyne cycloaddition 
Chemical transformation of the 3’-end of an RNA molecule (black curve) is illustrated. The 2’,3’-diol 

is first oxidised into 2’,3’-dial which then undergoes reductive amination in the presence of EDA-N3 

derivative and sodium cyanoborohydride. The conjugation of azido handle enables SPAAC labelling of 

a functional molecule (violet star) which carries a DBCO-motif.  
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 To commence, we prepared N-(2-azidoethyl)ethylenediamine (EDA-N3) according to 

literature.135 In order to assess the efficiency of this approach, a short, mixed-sequence RNA 

ON3.4 was prepared and subjected to NaIO4 treatment. After 30 mins of oxidation, the RNA-

dial intermediate was incubated with EDA-N3 and NaB(CN)H3 in KH2PO4 buffer (pH 6.0) for 

2 hours. UPLC-MS analysis of the crude mixture indicated 82% of the starting material has 

been transformed into EDA-N3 conjugate via a morpholino linkage (calc. mass = + 95.1) after 

this one-pot reaction and without work-up (Figure 3.6). The efficiency and simplicity of this 

reaction have led us to investigate the possibility to conduct EDA-N3 ligation with longer, 

structurally complex sgRNA. We first prepared a sgRNA ON3.5 which targets human genomic 

locus EMX1, a model target for evaluating CRISPR activity. The RNA transcript after IVT 

retains 5’-triphosphate and hence we subjected it to shrimp alkaline phosphatase (rSAP) to 

remove these groups for mass analysis. Then, we carried out oxidation-reductive amination to 

conjugate an EDA-N3 and subsequently coupled it with B7 to generate the gRNA-GalNAc 

construct. From UPLC-MS analysis, we were not able to determine the conversion of EDA 

conjugation as ON3.5-EDA-N3 has a retention time close to the parental ON3.5. Thus, the 

crude mixture was incubated with an excess of B7 (20 eq.) to drive the formation of the SPAAC 

product which indicates the amount of azido derivative in the mixture. With identical reaction 

conditions for ON3.4, stepwise EDA-N3 conjugation and SPAAC with B7 afforded the desired 

GalNAc-conjugated gRNA (RT = 6.17 min) at 57% conversion (Figure 3.7). The reasons for 

such lower conversion could be two-fold: (i) the reaction kinetics with the 3’-end of the long 

and structured gRNA is lower due to steric hindrance; and (ii) the SPAAC reaction is 

incomplete. Indeed, this strategy also requires a two-step reaction which complicates the 

workflow in addition to being inefficient. Therefore, we decided to modify the strategy and 

synthesise a triantennary GalNAc-EDA derivative which can be directly coupled on gRNA in 

order to simplify the procedures and minimise product loss in the following part of this study. 



Chapter – 3    Hepatocyte-Specific Delivery of CRISPR/Cas9 System 

109 

 

  

Figure 3.6 | UPLC-MS analysis of EDA-N3-conjugated short RNA 
Left: overlaid UPL chromatograms show the retention profiles of (1) short RNA sequence ON3.4; and 

(2) crude sample of ON3.4 after oxidation-reductive amination with EDA-N3. Right: deconvoluted 

mass of the major peaks from corresponding chromatograms: (A) ON3.4 (calc. mass = 5481.3); (B) 

ON3.4-EDA-N3 conjugate (calc. mass = 5576.4). Reaction condition: (1) NaIO4 (1.5 mM), r.t., 30 

mins, in darkness; (2) EDA-N3 (1.0 mM, 10 eq.), NaB(CN)H3 (20 mM), KH2PO4 (100 mM, pH 6.0), 

r.t., 2 h, in darkness. 

 

Figure 3.7 | UPLC-MS analysis of EDA-N3 and DBCO-conjugation on gRNA 
Left: Stacked UPL chromatograms show the retention profiles of (1) sgRNA ON3.5 after IVT; (2) crude 
sample of ON3.5 treated with rSAP; and (3) crude sample of dephosphorylated ON3.5 after oxidation-

reductive amination with EDA-N3 and SPAAC with B7. Right: deconvoluted mass of the major peaks 

from corresponding chromatograms: (A) ON3.5 (calc. mass = 32942.4); (B) 5’-dephosphorylated 

ON3.5 (calc. mass = 32706.5); (C) ON3.5-EDA-Tr-GN (calc. mass = 34837.7). Reaction condition: (1) 
NaIO4 (1.5 mM), r.t., 30 minutes, in darkness; (2) EDA-N3 (1.0 mM, 10.3 eq.), NaB(CN)H3 (20 mM), 

KH2PO4 (100 mM, pH 6.0), r.t., 2 hours, in darkness; (3) B7 (3.2 mM, 20 eq.), TEAA (100 mM, pH 

7.0), 50% v/v/ DMSO. Tr denotes triazole and GN denotes the GalNAc-DBCO (B7) motif. 
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3.4.2 Synthesis of Triantennary GalNAc-ethylenediamine Conjugate 

 To functionalise the triantennary GalNAc cluster with an EDA moiety, the trimeric 

sugar motif was first modified with hexa-ethylene glycol spacer (PEG6) appended with an azido 

end group. The azido cluster was then connected to an alkynyl-EDA adaptor via CuAAC 

(Scheme 3.5). The synthesis of the PEG spacer started from an azide conversion of 

pentaethylene glycol B8 by diphenylphosphoryl azide (DPPA) and sodium azide, and then the 

addition of an acetate unit via SN2 with tert-butyl bromoacetate and sodium hydride to afford 

a tert-butyl ester derivative B10. Deprotection by trifluoroacetic acid and esterification with 

pentafluorophenyl (PFP) trifluoroacetate yielded active ester B11 which is reactive toward the 

amino GalNAc cluster B6a. The coupling between B6a and B11 with DIPEA as a base 

furnished 56% yield of the azido-GalNAc intermediate B12. The alkynyl adaptor B13135 was 

first protected by trifluoroacetic anhydride to mask the reactivity of the ethylenediamine motif, 

and then coupled with B12 via CuAAC using CuSO4 as copper source which was reduced in 

situ by sodium ascorbate. The resultant click product B14 was subjected to treatment in 

methanolic ammonia (7.0 N) to globally remove all trifluoroacetate and acetate protecting 

groups and provide the final product B14a (also referred as EDA-GalNAc) in 87% yield after 

HPLC purification. 

3.4.3 GalNAc-conjugation on RNA by Reductive Amination 

 The coupling reagent B14a provides a reactive ethylenediamine moiety to engage in 

reductive amination with sgRNA transcript directly, after in vitro transcription. After obtaining 

the compound, we attempted to test this new conjugation strategy with ON3.5 by replacing 

EDA-N3 to EDA-GalNAc. Given the previous coupling results from EDA-N3 coupling, we 

decided to double the concentration of EDA-GalNAc (20 eq.) in the hope of driving the reaction 

to completion, meanwhile other parameters were kept identical.  
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 At a loading of 5 nmol, UPLC-MS analysis indicated that 76% of ON3.5 in the crude 

mixture was converted to ON3.5-EDA-GalNAc (i.e., the conjugated product with B14a), with 

only minor amount of by-products remained (Figure 3.8). The increment in reaction efficiency 

highlights the merits of a one-pot conjugation strategy which avoids product loss over multiple 

reactions, clean-up and transfer steps, especially due to the vulnerability of RNA towards 

degradation. It also demonstrates the simplicity of the workflow as compared to fully synthetic 

approach. In this case, long RNA (> 100 nt) can be enzymatically generated in large quantities 

and subjected to EDA conjugation in one step. Such outcome is difficult and costly to achieve 

by conventional SPS and chemical labelling which can consume excess reagents and require 

numerous purification steps. 

Scheme 3.5 | Synthesis of triantennary GalNAc-EDA conjugate 
Reaction conditions are as follows: (i) PO(OPh)2N3, DBU, NaN3, THF, reflux, 18h, 43%; (ii) tert-butyl 

bromoacetate, NaH, dry THF, 0°C to reflux, 4 hours, 25%; (iii) TFA, dry DCM, r.t., 2 hours, then 
pentafluorophenyl trifluoroacetate, DIPEA, dry DCM, 2 hours, 46% over two steps; (iv) DIPEA, DMF, 

r.t., 24 hours, 56%; (v) trifluoroacetic anhydride, TEA, DCM, 0°C to r.t., 12 hours, 97%; (vi) CuSO4, 

THPTA, sodium ascorbate, water/DMSO, r.t., 2 hours, 47%; (vii) ammonia/MeOH (7.0 N), r.t., 12 

hours, 87%.  
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Figure 3.8 | UPLC-MS analysis of EDA-GalNAc conjugation on gRNA 
Left: UPL chromatograms show the retention profile of sgRNA ON3.5 subjected to oxidation and 

reductive amination with B14a. Right: deconvoluted mass of the major peaks from the chromatogram: 

(A) by-product from β-elimination at the 3’-nucleoside of ON3.5 (calc. mass = 32717.8); (B) ON3.5-
EDA-GalNAc (calc. mass = 34680.9). The pink box indicated a plausible mechanism for the formation 

of elimination product after initial oxidation. Reaction condition: (1) NaIO4 (1.5 mM), r.t., 30 minutes, 

in darkness; (2) EDA-GalNAc (2.0 mM, 20 eq.), NaB(CN)H3 (20 mM), KH2PO4 (100 mM, pH 6.0), 
r.t., 2 hours, in darkness.  

 

 Notably, the crude trace did not indicate a significant presence of the starting material 

ON3.5 but that of a major by-product from the parental RNA. From mass analysis, we 

determined the corresponding species to be the 3’-phosphate (n-1) product formed via β-

elimination. Due to the electron-withdrawing nature of the adjacent aldehyde group, the C4’ 

proton becomes more acidic and is more readily removed by a base after initial oxidation to 

generate the elimination product (Figure 3.7). This decomposition pathway can compete with 

the reductive amination pathway in an aqueous environment where base is abundant and 

generate the 3’-phosphate by-product which is no longer reactive towards oxidation. 

Prolonging reaction duration is hence not conducive in driving the reaction to completion.  

 The desired ON3.5-EDA-GalNAc conjugate from this reaction was purified by RP-

HPLC and ion-exchanged with NaCl solution on Amicon® centrifugal columns to remove 

triethylammonium counter-ions, and utilised in the next-step biological studies. 
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3.5 Biological Activities of GalNAc-gRNA Conjugates  

3.5.1 In vitro Cleavage Assay  

 Although extensive studies have been carried out to identify possible internal 

modifications on gRNA, such as nucleobase or backbone substitutes, which can enhance gene 

editing efficiency and intracellular stability without compromising CRISPR activity, the effects 

of terminal modifications remained less well-known.202,203 Previous work has indicated that the 

introduction of oligonucleotide extensions such as poly(A) tails204 or G-quadruplexes205 at the 

3’-end on gRNA do not impair CRISPR activity but even enhance gene editing efficiency in 

cells. It hints that steric hindrance might not play a significant role in the activity of RNP 

surveillance and cleavage. We were therefore intrigued to understand if 3’-conjugation is 

compatible with gRNA-directed RNP cleavage. 

 We decided to compare the cleavage efficiency of unmodified gRNA, ON3.5 and 

GalNAc conjugate, ON3.5-EDA-GalNAc against EMX1 target in vitro. In this assay, the two 

gRNA samples were separately incubated with Cas9 protein (Thermo Fisher, A36496) to form 

an RNP which was then added to a solution containing the target DNA EMX1 produced from 

PCR. The resultant DNA fragments from the mixture were then analysed on Agilent 

Bioanalyzer 2100® which performs capillary electrophoresis on microfluidic chips to quantify 

DNA of various lengths by UV absorbance. In the reaction mixture, an excess (5 eq.) of 

Cas9:gRNA RNP was used against the DNA target (1 eq.) as Cas9 is a single turnover enzyme 

and this is to ensure DNA target can be recognised and cleaved by catalytically active RNP. It 

was found that the cleavage mediated by Cas9:ON3.5-EDA-GalNAc effected 96% cleavage 

on the target DNA within 1 minute of incubation, compared to 79% by Cas9:ON3.5 

(unmodified). The results indicated not only that the 3’-conjugation of triantennary GalNAc 

does not compromise RNP nuclease activity, but also the performance is superior to 

unmodified gRNA prepared by in vitro transcription. A plausible explanation can be that Cas9 
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protein is sensitive to the residual salt from IVT and hence the RNP exhibited lower activity 

when incubated with the gRNA transcript. This property is less relevant after the RNP is 

internalised into cells and the salt content reaches an equilibrium with the cellular environment. 

From this experiment, we identified that RNP formed by ON3.5-EDA-GalNAc exhibited 

almost complete cleavage of target DNA (at 20% mol eq.) within 1 minute and the cleavage 

efficiency was better than gRNA transcript ON3.5. Such results are consistent with reported 

gRNA constructs with 3’-extensions which showed no negative impact on gene editing in 

cells.204,205  

Figure 3.9 | In vitro cleavage assay of RNP with gRNA-GalNAc conjugate 
(A) Schematic representation of in vitro cleavage assay. The RNP complexes formed by Cas9 protein 

and gRNA constructs (ON3.5 and ON3.5-EDA-GalNAc) are incubated with target DNA EMX1 in 
reaction buffer. The resultant cleavage fragments are analysed by gel electrophoresis to determine the 

% cleavage efficiency. (B) Cleavage patterns of individual RNP constructs is visualised on the 

electropherogram and cleavage efficiency is quantified by the equation fcut/ftotal x 100, where f stands 
for fraction, using Agilent Bioanalyzer 2100®. Results were calculated from three independent 

experiments (n = 3).  
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3.5.2 Delivery of RNP with gRNA-GalNAc Conjugate into Hepatocytes 

 After confirming the compatibility of ON3.5-EDA-GalNAc, we proceeded to 

investigate the efficiency of transfecting the GalNAc-bearing RNP into hepatocytes without 

using transfecting agents. It has been reported that endosomolytic peptide is essential for 

releasing RNP from the endosomes via receptor-mediated endocytosis. The peptide ppTG21 

was found to be an effective agent in inducing endosomal release at low pH when co-incubated 

with RNP cargos.182 Hence, we included the use of this peptide in our cell study. 

 In this experiment, ASGPr-expressing HEPG2 cells were seeded in 24-well plates and 

transfection was conducted on the next day when the cells reached confluency. We transfected 

each well in triplicates with various concentrations of Cas9:ON3.5-EDA-GalNAc RNP 

together with ppTG21. Results were compared with cells incubated in only transfection 

medium (negative control) and with Cas9:ON3.5 and lipofectamine CRISPRMAX™ (positive 

control). In reported protocols, the liver cells were incubated with ASGPr-ligands-decorated 

RNP at 360 nM and ppTG21 at 10.4 μM to effect observable level of indel formation (4.8%). 

We pre-incubated our GalNAc-gRNA construct with Cas9 protein in HEPES-NaOH buffer and 

transfected the cells with the RNP at concentrations ranging from 50 nM to 1.25 μM and 

ppTG21 at 10 μM. After 48 hours, the cells were harvested and lysed and the genomic DNA 

extracted. The target EMX1 locus was amplified by PCR and subjected to T7E1 enzyme 

digestion to identify indel formation.  

 It was found that at all transfection concentrations no indel was observed in the cells 

incubated with Cas9:ON3.5-EDA-GalNAc, whereas lipofectamine-based transfection of 

unmodified RNP resulted in 17% of indel formation (Figure 3.10). The resulted indicated that 

even at 1.25 μM, which is about 3.47 times higher than reported protocol with Cas9-ASGPr-

ligands transfection, the RNP was not efficiently delivered to the nucleus to induce DNA 

cleavage at the target site. This condition was not mitigated by co-incubation with ppTG21 
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which has endosome-disruptive properties. This contrasts with conventional lipofectamine 

formula which promotes internalisation of RNP and CRISPR activity inside the nucleus. We 

surmised that it might be due to poor endosomal release of the RNP cargo after ASGPr-

mediated endocytosis and the resulting degradation in lysosomes that abrogated CRISPR 

activity. Therefore, we conceived an alternative strategy to improve endosomal escape. 

 

 

 

Figure 3.10 | Indel frequencies by GalNAc-conjugated RNP by naked transfection 
Electropherogram of T7E1 digestion of EMX1 amplicon originated from HEPG2 cells transfected by 

various concentrations of RNP-GalNAc (Cas9:ON3.5-EDA-GalNAc). Lane 1: without RNP 
transfection (negative control); lane 2: RNP (Cas9:ON3.5) transfected by lipofectamine 

CRISPRMAX™ (positive control); lane 3-5: naked transfection of 50, 250 and 1250 nM of RNP-

GalNAc. Indel frequency is quantified by the equation (1 - (1-fcut/ftotal)
0.5) x100, where f stands for 

fraction, using Agilent Bioanalyzer 2100®. Results were calculated from three independent 
experiments (n = 3). 
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3.6 Dual Conjugation of gRNA for ASGPr-Mediated Uptake in 

Hepatocytes 

3.6.1 Dual Conjugation with Endosomal Escape Domain  

 Co-incubating endosomolytic peptides with RNP for receptor-mediated endocytosis 

has been proven an effective strategy for endosomal release. However, the uptake of such 

peptides is possibly through pinocytosis when the ASGPr-ligands trigger vesicle formation and 

the endosome-disrupting effect can be subject to factors such as the efficiency of peptide uptake 

as well as charge interactions with the cargo. We decided to attempt another strategy to 

covalently link a short endosomal disruptive peptide to GalNAc-conjugated gRNA to induce 

endosomal escape. In the literature, this endosomal escape domain (EED) is a synthetic peptide 

fragment that has a sequence -GWFWG with mostly hydrophobic residues that induced 

multiple-fold higher endosomal release efficiency of covalently bound protein cargos 

internalised via receptor-mediated endocytosis.206 It was believed that the hydrophobic patch 

linked to the delivery domain inserts into the endosomal membrane after internalisation to 

disrupt the structure and promotes cargo release. Hence, we designed a synthetic scheme to 

incorporate this EED as a secondary functionality to the GalNAc-EDA molecule and attempted 

dual conjugation with our gRNA construct. 

 Appending two functional molecules on RNA can be challenging and might lead to 

significant degradation over the clean-up and purification steps. Hence, we looked upstream to 

modify the synthesis the EDA-motif which incorporates the two functional moieties (i.e., 

triantennary GalNAc and EED) and enables one-step conjugation with gRNA (Scheme 3.6). 

The synthesis began with bis-alkynyl precursor B15 which underwent Appel reaction to yield 

bromo-substituted derivative B16 that further reacted with ethylenediamine in large excess to 

afford bis-alkynyl EDA adaptor B17. This EDA derivative was protected by trifluoroacetic 

anhydride and then reacted with B12 via CuAAC to provide mono-conjugated GalNAc-EDA 
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derivative B18, under stochiometric control where 10 eq. of B17a was used. The available 

alkyne enables a second click reaction with EED-N3 (Biomatik) to provide bifunctional 

intermediate B19 which was then globally deprotected to afford the EDA-GalNAc-EED 

product, B20 after HPLC purification. 

 

Scheme 3.6 | Synthesis of EDA-GalNAc-EED conjugate 
Reaction conditions are as follows: (i) CBr4, PPh3, DCM, 0°C to r.t., 1 hours, 97%; (ii) ethylenediamine, 
Cs2CO3, dry DCM, r.t., 24 hours, 61%; (iii) trifluoroacetic anhydride, DIPEA, dry DCM, 0°C to r.t., 4 

hours, 89%; (iv) CuSO4, THPTA, sodium ascorbate, water/DMSO, r.t., 2 hours, 80%; (v) R”-N3, CuSO4, 

THPTA, sodium ascorbate, water/DMSO, r.t., 2 hours, 66%; (vi) ammonia/MeOH (3.5 N), r.t., 18 hours, 

98%. R” = PEG5-GFWGF (EED) where G = glycine, F = phenylalanine and W = tryptophan in the 
order from N- to C-termini. 

 

 Next, we attempted to perform reductive amination on gRNA ON3.5 with B20 which 

was expected to be a less reactive substrate compared to EDA-N3 or EDA-GalNAc due to steric 

hindrance. UPLC-MS analysis indicated that 69% of the starting material was converted to 

GalNAc-EED dual conjugate (RT = 5.79 & 5.86 min, with identical mass) whereas 22% of 

oxidised RNA (RT = 5.09 min) remained and the rest was degraded product which cannot be 
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identified by mass (Figure 3.11). In this experiment, we observed relatively low formation of 

the (n-1) RNA by-product (calc. mass + [Mg]2+ = 32742) from mass analysis at c.a. 40% 

abundance, compared to the conjugation with B14-H (EDA-GalNAc) (Figure 3.8A). We 

rationalised it as a trivial variable because the parental peak of ON3.5 after the oxidation 

reaction should in theory result in a mixture of oxidised (dial) and elimination (n-1) products, 

and the overall abundance of these species are much lower than that of the EDA-conjugated 

product that makes quantitative mass analysis less accurate. In general, the reagent B20 

provided low conversion than its EDA-GalNAc counterpart B14-H but it remains an efficient 

strategy to install two functionalities on long RNA simultaneously. We purified the gRNA-

EDA-GalNAc-EED construct via RP-HPLC (MeCN/water, TEAA pH 7.0) and proceeded to 

biological study in the next part. 

 

 

 

Figure 3.11 | UPLC-MS analysis of EDA-GalNAc-EED conjugation on gRNA 
Left: UPL chromatograms show the retention profile of sgRNA ON3.5 subjected to oxidation and 

reductive amination with B20. Right: deconvoluted mass of the major peaks from the chromatogram: 
(A) oxidised ON3.5-dial (calc. mass + 2[Mg]2+ = 32992); (B) ON3.5-EDA-GalNAc-EED (calc. mass 

+ [Mg]2+ = 35781). Reaction condition: (1) NaIO4 (1.5 mM), r.t., 30 minutes, in darkness; (2) EDA-

GalNAc-EED (2.0 mM, 26.6 eq.), NaB(CN)H3 (20 mM), KH2PO4 (100 mM, pH 6.0), r.t., 2 hours, in 

darkness.   
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3.6.2 Biological Activities of gRNA-GalNAc-EED Conjugate  

 We first performed in vitro cleavage assay to assess the effect of a bulkier GalNAc-

EED dual conjugate on the RNP cleavage activity. Compared to unmodified gRNA, the 

conjugate ON3.5-EDA-GalNAc-EED exhibited higher cleavage activity at 93% than 

unmodified ON3.5 at the same incubation conditions (Figure 3.12). The results are similar to 

the cleavage of ON3.5-EDA-GalNAc and indicated the 3’-modification exerts little impact on 

the RNP activity. Hence, we next attempted to transfect the EED-conjugated construct to 

HEPG2 cells to evaluate the delivery efficiency by T7E1 assay. 

 The hepatocytes were incubated with ON3.5-EDA-GalNAc-EED at 50, 250 and 1250 

nM without external endosomolytic agents and indel formation as an indicator of RNP delivery 

was assessed by T7E1 digestion, compared to a control with conventional lipofectamine 

transfection. Results from gel electrophoresis indicated that the absence of indel event in every 

concentration of transfection (lanes 3-5) as only the parental amplicon was visualised, 

compared to the positive control (lane 2) where an indel frequency of 27% was identified 

(Figure 3.13). The results did not satisfy our initial expectation that GalNAc-conjugation could 

promote the internalisation and subsequent release of RNP with endosomolytic agents as no 

cleavage event was detected. There could be several reasons for this finding: (i) the RNP may 

not be internalised into intracellular vesicle or endosome via receptor-mediated endocytosis 

due to a lack of binding affinity; (ii) the RNP may be trapped in the endosome regardless of 

the addition of endosomolytic agents and subsequently undergo decomposition; (iii) the 

functionality of the RNP may be altered or abrogated. In order to better understand the limiting 

factor of this delivery approach, we next carried out an imaging study to investigate the 

localisation of GalNAc-conjugated RNP in HEPG2 culture by confocal microscopy. 
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Figure 3.12 | In vitro cleavage assay of RNP with gRNA-GalNAc-EED conjugate 
The cleavage pattern of RNP constructs with gRNA-GalNAc-EED modification is visualised and 

compared with unmodified gRNA on the electropherogram and cleavage efficiency is quantified by 

the equation fcut/ftotal x 100, where f stands for fraction, using Agilent Bioanalyzer 2100®. Results 

were calculated from three independent experiments (n = 3).  

 

Figure 3.13 | Indel frequencies by GalNAc-conjugated RNP by naked transfection 
Results of agarose gel electrophoresis from T7E1 assay of RNP transfection to HEPG2 cells at various 

concentrations of RNP-GalNAc-EED (Cas9:ON3.5-EDA-GalNAc-EED). Electrophoretic migration of 
T7E1-digested EMX1 amplicon is visualised. Lane 1: without RNP transfection (negative control); lane 

2: RNP (Cas9:ON3.5) transfected by lipofectamine CRISPRMAX™ (positive control); lane 3-5: naked 

transfection of 50, 250 and 1250 nM of RNP-GalNAc-EED. Indel frequency is quantified by the 

equation (1 - (1-fcut/ftotal)
0.5) x100, where f stands for fraction, using Agilent Bioanalyzer 2100®.  
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3.6.3 Imaging of RNP with gRNA-GalNAc-Cy5 Conjugate in HEPG2 Culture 

 The previous two transfection experiments indicated the absence of RNP activity from 

undetectable indel formation, which is a downstream readout, but did not provide sufficient 

information about the efficiency of the internalisation process. Hence, we designed another bi-

functional conjugate which incorporates both GalNAc and a fluorescent tag, Cy5, which could 

fluoresce and indicate the localisation pattern of the conjugated gRNA in real time under 

confocal microscope. 

 The synthesis proceeded from precursor B18, which already contains the triantennary 

GalNAc and EDA moieties in their protected forms (Scheme 3.7). The free alkynyl group was 

coupled with commercially available sulfo-cyanine 5 azide (Lumiprobe) via CuAAC and all 

protecting groups were globally removed by treatment with methanolic ammonia and purified 

on RP-HPLC to afford EDA-GalNAc-Cy5 reagent B22. We then subjected gRNA ON3.5 to 

reductive amination with B22 that provided 82% conversion, a value in line with previous trials, 

to the desired fluorescent conjugate ON3.5-EDA-GalNAc-Cy5 (Figure 3.14). The product was 

then isolated by RP-HPLC (MeCN/water, TEAA pH 7.0) and subsequently used in naked 

transfection to HEPG2 cells. 

 In the transfection protocol, we employed recombinant eGFP-Cas9 protein (Sigma-

Aldrich), which possesses an enhanced GFP fusion that fluoresces when excited at 488 nm and 

a nuclear localisation sequence (NLS) that induces translocation across the nuclear membrane, 

to form RNP with ON3.5-EDA-GalNAc-Cy5 to cross-validate its localisation profile in 

HEPG2 culture. To study the endosomolytic effect of ppTG21, we also attempted to incubate 

the cells in the presence of ppTG21 at 10 µM. A control set with untreated cells was also 

analysed in comparison to RNP transfected cells (Figure 3.15A). It was found that incubation 

with the RNP resulted in co-localisation of both eGFP and Cy5 signals on the cell surface after 

2 hours (Figure 3.15B), indicating that the RNP with GalNAc conjugation interacts with the  
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Scheme 3.7 | Synthesis of EDA-GalNAc-Cy5 conjugate 
Reaction conditions are as follows: (i) CuSO4, THPTA, sodium ascorbate, water/DMSO, r.t., 2h, 51%; 

(ii) ammonia/MeOH (3.5 N), r.t., 18h, 82%. 
 

 

 

 

Figure 3.14 | UPLC-MS analysis of EDA-GalNAc-Cy5 conjugation on gRNA 
Left: UPL chromatograms show the retention profile of sgRNA ON3.5 subjected to oxidation and 

reductive amination with B22. Right: deconvoluted mass of the major peaks from the chromatogram: 

(A) oxidised ON3.5-dial (calc. mass + 2[Mg]2+ = 32992); (B) ON3.5-EDA-GalNAc-Cy5 (calc. mass + 

[Mg]2+ = 35589). Reaction condition: (1) NaIO4 (1.5 mM), r.t., 30 minutes, in darkness; (2) EDA-

GalNAc-Cy5 (2.0 mM, 26.6 eq.), NaB(CN)H3 (20 mM), KH2PO4 (100 mM, pH 6.0), r.t., 2 hours, in 

darkness.  
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cell membrane of HEPG2 cells and plausibly with ASGPr according to literature findings.182 

The signals remained after 4 hours of incubation but exhibited only nominal intensity in the 

cytoplasm, indicating that minimal internalisation took place. Overnight incubation (18 hours) 

resulted in the disappearance of fluorescence on cell surface but minute puncta of Cy5 signals 

in the cytoplasm. These observations provide evidence that the GalNAc-conjugated RNP could 

interact with ASGPr on hepatocytes but endocytosis could not proceed efficiently to internalise 

the RNP into endosomes; and after longer periods of incubation, small amounts of GalNAc-

bearing gRNA might dissociate from Cas9 and enter the cell via endocytosis. In such scenario, 

no CRISPR-mediated gene editing activity can be observed. 

 When ppTG21 was co-incubated with the RNP and HEPG2 cells for 2 hours, an 

aggregation of Cy5 signal was observed beyond the cell membrane, with little intensity found 

within the membrane. The fluorescence from eGFP-Cas9 co-localised with the smearing shade 

of Cy5 (See appendix). It suggests no RNP had been internalised and it was present outside of 

the cell as an aggregate possibly due to the interaction with the cationic ppTG21 (charge = +1.3 

at pH 7.4). After overnight incubation, the intensity of Cy5 signals from gRNA dropped 

significantly and an insignificant level of Cas9 signal remained as aggregates. 

 The microscopic images provided mechanistic indications to rationalise the results from 

the CRISPR activity assays (T7E1). We suspected that the incorporation of a triantennary 

GalNAc moiety on gRNA does not confer sufficiently strong binding between the large, non-

covalently bound RNP complex and the ASGPr on HEPG2 cell surface. This binding affinity 

might be inadequate in nature and further compromised by the presence of a bulky protein unit 

(> 192 kDa). Previous studies on ASGPr-mediated delivery of RNP substantiated this 

hypothesis as they discussed the need of using two trivalent clusters of a stronger-binding 

ASGPr-ligand (with an affinity more than 5 times higher) conjugated to Cas9 to initiate 

endocytosis of the RNP.182,207 Such discussion reflected that it might be necessary to induce 
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endocytosis of very large molecules, such as RNP, with ASGPr-ligands of high affinities or 

valences. On the other hand, Cas9 was chosen to be the conjugation platform for ASGPr-

ligands in the study. The reason we believe is that RNP, unlike ASO or siRNA, has a large 

molecular weight and is formed from weak non-covalent interactions; these properties render 

it requiring a much larger activated clathrin-coated pit to engulf and more susceptible to 

dissociation. This might highlight the importance of inducing endocytosis of the protein instead 

of the gRNA subunit within RNP to effect efficient internalisation.  

 

Figure 3.15 | Images of RNP localisation in HEPG2 cells by confocal microscopy 
Internalization in HEPG2 cells of RNP via naked transfection at designated time points (T = 2, 4 and 

18 hours). (A) untreated control; (B) eGFP-Cas9:ON3.5-EDA-GalNAc-Cy5 (50 nM); and (C) eGFP-

Cas9:ON3.5-EDA-GalNAc-Cy5 (50 nM) with ppTG21 (10 µM). Blue: Hoechst stain of cell nuclei. 
Green: fluorescent signal from eGFP. Red: fluorescent signal from Cy5 on gRNA. Images not adjusted. 

Images in split channels are illustrated in Figure S4 – S6 in Appendix. 
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3.7 Conclusions 

 Recent years have witnessed a surge in the adoption of GalNAc-conjugated 

oligonucleotides as a drug delivery platform to liver tissues. The idea of ASGPr-mediated 

intracellular delivery has prompted us to investigate the possibility of delivering CRISPR RNP 

to hepatocytes by conjugating gRNA with GalNAc moieties. In this study, we explored 

methods of incorporating GalNAc to long, structured gRNA which is conventionally difficult 

to achieve by solid-phase oligonucleotide synthesis (SPOS) due to constraints in coupling 

efficiencies and instability of RNA in basic or nucleophilic environments. The synthetic 

strategies include post-synthetic labelling of shorter RNA fragments, enzymatic labelling and 

photo-crosslinking of GalNAc-bearing short oligos. We identified the simplest and most 

economical approach is to employ reductive amination to modify the 3’-end of gRNA with 

triantennary GalNAc reagents via a morpholino linkage transformation where the conversion 

can reach 69 – 82 % by using an excess of GalNAc-EDA derivatives. 

 We also established synthetic routes to access bi-functional EDA reagents which 

provide additional functionalities (e.g., endosomal escape domain and fluorescent dye) on the 

GalNAc conjugate, when coupled to gRNA. The one-pot syntheses of various gRNA constructs 

with these novel EDA derivatives proved the feasibility and efficiency of achieving dual 

conjugation on long RNA without excessive work-up and purification steps. However, after 

transfecting RNP formed by GalNAc-conjugated gRNA and Cas9 to cells, in the presence of 

endosomolytic peptides or EED, we observed no CRISPR activity at genomic level. The 

unexpected findings led us to investigate the localisation of RNP with GalNAc conjugation. 

By installing fluorescent Cy5 on the gRNA construct, we observed that the RNP constructs 

were able to interact with hepatocytes on cell surface but nominal internalisation was effected 

within the transfection timeframe. It is postulated that the binding of GalNAc with ASGPr is 

not sufficiently strong and/or the activation of clathrin-mediated endocytosis is not capable of 
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internalising RNP with a large molecular size. As a result, dissociation is favoured over 

internalisation when RNP interacts with the receptors on the cell surface. In conclusion, we 

determined that the conjugation of a single triantennary GalNAc cluster on gRNA does not 

trigger efficient delivery of CRISPR RNP into HEPG2 cells, to the contrary to the clinically 

proven delivery efficacy of shorter, less charged oligonucleotide drugs such as ASO and siRNA. 

3.8 Future Outlook 

 Although the results did not meet our initial expectations, delivering CRISPR RNP to 

hepatocytes via ASGPr-ligand conjugation on gRNA remains an attractive prospect due to its 

relative biological compatibility and target specificity over lipid- or virus-based platforms, and 

the simplicity in the manufacturing process in regard to protein modifications in reported 

transfection protocols. For the continuation of this effort, some aspects are worth further 

investigation and improvement. 

   First, it is beneficial to understand the binding affinity between GalNAc-conjugated 

gRNA and ASGPr. Although existing studies provide approximations on the dissociation 

constant (KD) between GalNAc (and other ASGPr-ligands) and immobilised ASGPr via 

surface plasmon resonance measurement, little is known about the effect on binding affinity 

when the ligands are covalently linked to gRNA, which is highly charged, or when complexed 

with Cas9, which has large molecular weight. Because of such shortfall, it is difficult to 

determine if the interaction between GalNAc-conjugated gRNA and ASGPr is sufficient to 

maintain strong binding and trigger subsequent internalisation of the entire RNP complex. 

 If poor binding strength is a valid reason for the limitation internalisation efficiency, 

possible solutions are to switch to ligands with stronger binding affinities such as 1,5-bridged 

GalNAc derivative described in literature,207 or the incorporation of multivalent ligand clusters 

(i.e. more than one sugar trimer) on gRNA to promote binding with multiple ASGPr units. 
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These approaches will be chemically accessible by the synthesis of the corresponding EDA 

derivatives with ASGPr-ligand clusters and subsequent reductive amination with gRNA. An 

example of the synthesis of such cluster with polyvalent display of GalNAc (or alternative 

ligands) from triantennary GalNAc azide, B12 and commercially available B23 is illustrated 

in Scheme 3.8. 

 

 

Scheme 3.8 | Molecular design of polyvalent GalNAc-EDA derivative  
An EDA conjugate capable of coupling to RNA via reductive amination can be synthesised from 

synthon B12 reported in this study and commercially available polyphenol B23 via CuAAC. 
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4.1 Background 

4.1.1 Eukaryotic pre-mRNA processing 

 Proteins are an indispensable class of molecules for any living organisms as they serve 

an array of essential functions including metabolism, signalling, and structural support. In 

normal cases, the biosynthesis of these molecules is tightly controlled by genes. As discussed 

in Chapter 1.2, modern biology describes proteins as the product of translation, a process where 

a transcript of genetic information is decoded to form peptides with a unique amino acid 

sequence that folds into a specific three-dimensional structure that defines their properties to 

bind to molecules and hence their functions. In this process, messenger RNA (mRNA) is a 

crucial actor to relay genetic information between genes and cellular machinery for protein 

synthesis. Following transcription, where a gene is copied from the genomic DNA to a primary 

transcript mRNA (also known as pre-mRNA), a number of processes are carried out by various 

enzymes to convert pre-mRNA into mature mRNA which is then transported to the cytoplasm 

for translation. Such modification processes significantly alter the structure of the mRNA 

molecule and are essential to regulate its stability and ability of being translated into proteins. 

Such structural alterations are regarded as ‘post-transcriptional modifications’ (Figure 4.1). 

 There are three major types of biochemical processes for these modifications. The first 

one is 5’-capping, which involves the addition of 7-methylguanosine (m7G) to the 5' end of the 

pre-mRNA via a 5’-5’ triphosphate linkage. To accomplish this, one phosphate group is first 

removed from the 5’-triphosphate by RNA triphosphatase (RNA TPase), followed by the 

addition of one guanosine monophosphate (GMP) unit by guanylyl transferases (GTase) on the 

remaining 5’-diphopshate on the pre-mRNA in a 5’-5’ fashion. After the linkage is formed, the 

covalently bound guanosine (G) cap is methylated by guanine-N7 methyltransferase (N7 

MTase) at the N7 position by the methyl donor, S-adenosylmethionine (SAM). The 2’-O on 

the +1 ribose will further be methylated by 2’-O methyltransferase (2’-O MTase) that protects 
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the primary transcript from digestion by ribonuclease.208 This cap, namely m7Gppp, not only 

provides resistance against nucleases but also a recognition site for the binding of eukaryotic 

translation initiation factor 4E (eIF4E) which triggers a cascade of additional protein 

interactions with eIF4G and eIF4A, activates the recruitment of small ribosomal unit (40S) and 

helicase activity of eIF4A to enable the initiation of the translation process.125,209  

 

Figure 4.1 | Schematic overview of post-transcriptional modifications in eukaryotes 
After transcription by RNA polymerase (RNA Pol II) in the nucleus, pre-mRNAs are processed by 5ʹ 

capping, splicing, and 3ʹ cleavage by various enzymes and polyadenylation, which is regulated by 

nuclear poly(A)-binding protein (PABPN). Mature mRNAs bearing 3’-poly(A) sequence are exported 
to the cytoplasm. Cytoplasmic poly(A)-binding protein (PABPC) binds to poly(A) tails and promotes 

translation initiation via multiple interactions with eukaryotic translation initiation factors (eIFs). 

 

 In addition to 5’-processing, the second modification process at the 3’-end is imperative 

to confer mRNA stability and activate translation machinery. This step is called 3’-cleavage 

and polyadenylation. Following the synthesis of pre-mRNA, cleavage and polyadenylation 

specificity factors (CPSF) bind to its 3’-proximal region that usually contains a polyadenylation 
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signal (PAS) sequence, AAUAAA, and recruit other cleavage factors to catalyse cleavage of 

the strand at 10 – 30 nt downstream of this sequence.210,211 Meanwhile, CPSF also interact with 

poly(A) polymerase (PAP) which incorporates adenosine monophosphate units from adenosine 

triphosphate to the cleavage site at the 3’-end of RNA, resulting in the assembly of a poly(A) 

tail which often contains 50 – 100 adenosines.125,212 This poly(A) tail, together with its 

upstream segment at the 3’-proximal end regarded as 3’-untranslated region (3’-UTR) that does 

not code for proteins, serves significant regulatory functions on gene expression. For instance, 

cytoplasmic poly(A)-binding protein (PABPC) binds to poly(A) tail on mature mRNA in the 

cytoplasm and protects it from degradation; it also interacts with a number of translation 

initiation factors at the 5’-end that act in tandem to recruit the small ribosomal unit (40S) for 

translation initiation.125 These synergistic interactions between the 5’-cap, 3’-poly(A) tail and 

protein factors have been found to strongly enhance translation efficiency compared with 

mRNAs with either or no such modification in eukaryotic cells.213 

 Finally, RNA splicing process takes place on the pre-mRNA to remove any non-coding 

region (introns) and splicing back the coding parts (exons) by spliceosomes, a 

ribonucleoprotein residing in the nucleus. Some introns of the mRNA can fold into a complex 

secondary structure and catalyse self-splicing while tRNA can also involve in splicing in 

certain species such as yeast Saccharomyces cerevisiae.214 This activity happens in all 

eukaryotes whereas the mechanism of which can differ in prokaryotes. Although introns are 

normally not translated into protein products, the presence of introns provides a reservoir of 

long non-coding RNA (lncRNA), which is involved in regulating gene expression, as well as 

potential new genes by allowing non-coding genes to be expressed through evolutionary 

processes.215 Hence, such features are retained in most protein-coding genes but are subject to 

extensive splicing processes upon mRNA maturation. 
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4.1.2 The Essential Roles and Properties of Poly(A) Tail 

 As discussed in the previous section, the poly(A) tail acts as an important structural 

motif of mRNA to provide stability against nucleases and activate a cascade of protein 

interactions for translation initiation. An early study on mRNA stability demonstrated that the 

samples (of rabbit globin mRNA) in Xenopus oocytes with 32 – 122 nt long poly(A) tail were 

translated as efficiently as the native mRNA with 150 nt poly(A), whereas those with fewer 

than 21 adenosines were translated poorly or not translated at all.216 Echoing this finding, 

deadenylation (removal of adenosine residues) was found to promote mRNA decay following 

the dissociation of PABPC.217 These results shone light on the interactions of poly(A) with 

protein factors and its stabilising effects on mRNA that are functionally important for 

eukaryotic translation.  

 In recent years, more mechanistic insights over the roles of poly(A) in controlling 

mRNA stability and translation efficiency have been revealed. Importantly, the binding modes 

and functions of the key effector protein, PABPC, have been determined, offering researchers 

greater understanding on how translation is regulated via the mRNA 3’-region. Poly(A) RNA 

segment adopts an A-form-like single-stranded structure.218 Structural elucidation of 

eukaryotic PABPC by crystallography indicated the presence of four highly conserved N-

terminal RNA recognition motif (RRM) domains which possess high binding affinities to 

poly(A) to different extents.219 The RRM domains in total covers around 30 nucleotides but 

only about 12 are needed for high-affinity binding by RRM1 and RRM2, which possess higher 

specificity and binding affinity to the poly(A) sequence than RRM3 and RRM4. A long stretch 

of poly(A) tail (> 60 nt) may be bound to multiple PABPCs which interact with each other and 

promote cooperative binding, but the amount of associated PABPCs bound to the tail is limited 

by its concentration available in the cell.220,221 
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 Apart from binding to the poly(A) tail at the 3’-region, PABPC also interacts with 

eIF4G, the protein factor that associates with the 5’-m7G cap. It in turn promotes the formation 

of the translation initiation factor complex by stabilising the interactions between eIF4E and 

5’-cap as well as stimulates the ATPase and helicase activities of eIF4A, resulting in a closed-

loop structure where the 5’-cap, eIF4E, eIF4G, eIF4A, PABPC and 3’-poly(A) are closely 

bound together in a configuration that can trigger the recruitment of small ribosomal unit (40S) 

and opening of the RNA strand for translation initiation (Figure 4.1).125 It has been understood 

that the closed-loop structure serves a quality-control function to ensure partially degraded 

mRNA, with shortened or no poly(A) tail, is not translated. 

 Finally, PABPC also serves an important function to confer stability to the mRNA via 

binding to the poly(A) tail. From a mechanistic perspective, deadenylation or poly(A) 

shortening is considered as the first and rate-determining step of mRNA decay, followed 

sequentially by the dissociation of PABPC and 5’-decapping which eventually provide access 

for exoribonucleases to digest the mRNA from either the 5’- or 3’-end.222 The binding of 

PABPC thus offers an immediate steric effect to protect the poly(A) from being accessed by 

deadenylases and prevents the dissociation of the eIF4E-cap complex that allows decapping 

activities, resulting in a slower degradation rate. The process of mRNA decay follows an 

ordered progression from poly(A) deadenylation which is a controlled process governed by its 

binding dynamics with PABPC and deadenylation enzymes. These properties of the poly(A) 

tail render it an important control of translation efficiency and metabolism of the mRNA 

transcript. 
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4.1.3 3’-Untranslated Region (3’-UTR) and Non-canonical Poly(A) Tail 

 Other than introns, mRNAs usually contain two untranslated sequences upstream and 

downstream of its protein-coding regions, namely 5’- and 3’-untranslated regions (UTRs). 

Although scant evidence has suggested that 5’-UTR participates in protein-mRNA interactions, 

there are multiple studies indicating that 3’-UTR is involved in translation regulation via its 

interactions with RNA-binding proteins.209 One example of which is demonstrated by its 

inhibitory effect on translation initiation. A widely understood model illustrates the binding of 

3’-UTR to a sequence-specific binding protein (protein X), which forms an alternative closed-

loop structure with the 5’-cap via a bridging protein (protein Y) and a cap-binding protein 

(protein Z). The identities of these proteins can vary in different cell types but they generally 

possess inhibitory properties to translation as such alternative loop structure precludes access 

of eIF4E, eIF4G and eIF4A to the 5’-end, preventing the formation of the translation initiation 

complex necessary for ribosome recruitment.223,224  In addition to that, it was reported that the 

3’-UTR-5’-cap interactions can promote mRNA oligomerisation and aggregation, leading to 

translation repression.225 

 Interestingly, 3’-UTR has also the potential to up-regulate gene expression by 

prolonging mRNA half-life. For instance, the incorporation of a consecutive U sequence within 

the 3’-UTR can introduce secondary structures at the poly(A) tail via Watson-Crick base-

pairing. Such structure was found to attenuate deadenylation and increase the half-life of 

mRNA, possibly by altering the affinity of deadenylases or PABPC at the 3’-region.226,227 As 

more experimental evidence emerges, the role of the 3’-region of mRNA in translation 

regulation has become more apparent. 

 Another factor affecting mRNA stability has been identified at the poly(A) tails in 

certain cell models. Sequencing studies have shown that non-adenosine residues are sometimes 

found in the poly(A) tails in cells, and guanosine residues, in particular, can confer stability to 
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mRNA, possibly by altering the helical structure of poly(A) and reducing its binding affinity 

to deadenylases.228–230 A recent study has identified the properties of human cytomegalovirus 

(HCMV) and hepatitis B virus (HBV) to hijack cellular post-transcriptional modification 

machinery to incorporate mixed nucleosides (C, G and U) into its poly(A) tail, resulting in 

enhanced protection of the viral mRNA against the host’s deadenylation mechanisms.231 These 

sequence anomalies naturally existing in biological systems reveal that the regulatory roles of 

3’-poly(A) in mRNA stability and translation efficiency can be multi-fold. The findings have 

intrigued researchers to investigate possible means to modify this important regulatory motif 

in mRNA and the possibility to enhance translation by such modifications. 

 

Figure 4.2 | Examples of 3’-UTR and poly(A) tail modifications  
Various non-canonical motifs can be introduced to the 3’-UTR and poly(A) tail artificially or naturally. 

Poly(U) sequence can be transcribed from a synthetic DNA template and incorporated at the 3’-UTR 
to form secondary structure with the poly(A) tail, resulting in the inhibition of deadenylase activity. 

Phosphorothioate backbone, which exhibits greater stability against CNOT7 deadenylase, can be 

incorporated into poly(A) tail non-specifically with adenosine-5'-O-(1-Thiotriphosphate) (ATPαS) by 

PAP enzyme. Some cells and viruses can introduce non-A residues, such as guanosine, on the poly(A) 
tail that can slow down deadenylase digestion. 

 

 Recently, it has been shown that mRNA poly(A) with non-specific insertion of 

phosphorothioate (PS) and boranophosphate (PBH3) modifications can be prepared by 

incubating IVT mRNA with modified ATP analogues, namely ATPαS and ATPαBH3, in the 

presence of poly(A) polymerase (PAP) in vitro.232 Treating these constructs with human 
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CNOT7 deadenylase, the mRNAs with PS-modified poly(A) tail have shown corresponding 

increase in stability against deadenylation with increasing concentration of ATPαS supplied in 

IVT; those with PBH3-modifications are conversely more susceptible to deadenylation. 

Although the assessment on translation efficiency in cells is lacking, it offers a reasonable 

hypothesis that PS-modifications on mRNA poly(A) could slow down deadenylation and hence 

prolong mRNA half-life and promote translation.  

 These examples have indicated that the 3’-proximal regions of mRNA can be subject 

to sequence or structural modifications which improve mRNA stability and, in some cases, 

translation efficiency without losing recognition of cellular translation machinery. The precise 

control of such modifications thus proves great potential to enhance the in vivo stability and 

functionality of future mRNA-based therapeutics.  

4.2 Aims and Objectives 

 Although modifications on the poly(A) tail in mRNA have shown great promise in 

promoting translation in vivo, they are difficult to be translated into therapeutic candidates as 

methods to precisely control modifications on long RNA remain lacking. In this chapter, we 

aim to develop a method of introducing sequence and structural modifications in the poly(A) 

region via chemical ligation. A 5’-EDA-conjugated synthetic oligonucleotide, which may bear 

any modifications or sequence alterations, will be ligated to the 3’-end of an RNA by reductive 

amination in a templated manner. Such strategy enables the incorporation of modified 

nucleosides (XNA) in any desired quantities and positions within synthetic limits. As 

demonstrated in Chapter 3, we envisage the chemistry between the RNA 3’-end and the 5’-

EDA moiety to be robust and efficient in forming the chimeric RNA/XNA hybrid. The 

investigation of the ligation reaction under various conditions will be discussed. Our final goal 

is to provide a new tool to site-specifically modify the 3’-region of mRNA by chemical means. 
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4.3 Ligation Strategies and Oligonucleotide Designs 

4.3.1 Synthesis of Ethylenediamine (EDA) Phosphoramidite 

 To ligate an oligonucleotide to an the 3’-end of an oxidised RNA (dialdehyde) via 

reductive amination, a reactive amino modifier is first installed at its 5’-end. As discussed in 

Chapter 3, ethylenediamine (EDA) is a more reactive function group than any alkyl amine; 

thus, we first attempted to prepare a protected EDA derivative by phosphitylating its hydroxy 

end and incorporate the EDA-motif at the 5’-end of the attachment oligo with this 

phosphoramidite by SPS. 

 

Scheme 4.1 | Synthesis of EDA phosphoramidite and incorporation of EDA-motif 
Reaction conditions are as follows: (i) Fmoc-OSu, dioxane/water, r.t., 18h, 89%; (ii) trifluoroacetic 

anhydride, Et3N, DCM, 0°C to r.t., 6 hours, 37%; (iii) 2-Cyanoethyl N,N,N’,N’-

tetraisopropylphosphorodiamidite, tetrazole, MeCN, r.t., 1 hour, 54 %. Coupling time of EDA-
phosphoramidite is discussed in experimental section. 

 

 In our initial attempt, we chose the Fmoc group, a base-labile protecting group, to mask 

the reactivity of the amino groups. We first prepared a Fmoc-protected N-(2-

hydroxyethyl)ethylenediamine (C2) which was treated with 2-cyanoethyl N,N,N’,N’-

tetraisopropylphosphoramidite, a phosphitylating reagent, and tetrazole to form the desired 



Chapter – 4 Bioconjugation of mRNA Fragments 

139 

 

phosphoramidite. However, TLC analysis indicated the formation of multiple species after 1 

hour of reaction, revealing that a number of side reactions or degradation might have taken 

place. As a result, we switched to trifluoroacetamide (TFA), a more stable protecting group, on 

the same precursor, N-(2-hydroxyethyl)ethylenediamine (C1). After the TFA groups were 

incorporated by treatment with trifluoroacetic anhydride to form C3, the free hydroxy group 

was phosphitylated with the same reagent in 1 hour to afford the product phosphoramidite C4 

at 54% yield (Scheme 4.1). The phosphoramidite product C4 was aliquoted into 100 mg portion 

in oligonucleotide synthesis vial and kept at -20°C until being used for coupling in oligo 

synthesis. No loss of reactivity was observed after 3 months of storage. 

4.3.2 Splinted Ligation 

 Compared to reported reductive amination protocols where the EDA-derivative is 

present in high concentrations (> 1 mM), the concentrations of the 3’-end of an RNA and the 

5’-EDA modifier between two oligo strands are much lower (< 10 µM) and the rate of reaction 

is also significantly reduced. Hence, it is essential to increase the effective concentrations of 

the two reactive groups. A common strategy for such purpose is templated ligation, by which 

a splint oligo is introduced to bind the two reacting oligos complementarily and bring them in 

close proximity to speed up the reaction. As a proof of concept, we designed a three-component 

system whereby a model RNA fragment (56-mer) is first oxidised by sodium periodate and 

incubated with a splint, and then a 5-EDA oligo fragment was introduced to the mixture under 

various conditions for reductive amination. Two splint oligonucleotides were designed with 

one having full complementarity to the reacting oligos and the other having a C3-spacer at the 

site of reaction (Scheme 4.2 and Table S1).  

 The aim of the initial screening is to identify if the 5’-EDA attachment on an oligo is 

reactive towards the 3’-dial of an oxidised RNA. For this purpose, we employed crude 
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oligonucleotides obtained from SPS without further purification. The RNA species remaining 

in the reaction was isolated by precipitation and subsequent elution on Monarch® RNA 

Cleanup Kit. After incubating with NaIO4 without a splint, no conjugated product was 

identified as the RNA was subjected to reductive amination in the presence of EDA-oligo (10 

eq.) and NaBH3(CN) at pH 6.0. When a splint oligo without spacer (1 eq.) was introduced at 

the oxidation step, a mass peak corresponding to the conjugated product via a morpholino-type 

linkage after reductive amination was observed by UPLC-MS, but it is covered in the same 

elution peak with the splint (Figure S1 and S2). When the splint contains an internal C3 spacer, 

the product peak was observed as a single entity from chromatography, confirming the 

presence of the ligated product after reductive amination. Within the 2-hours duration, increase 

of temperature from 25°C to 37°C did not significantly alter the chromatographic pattern, 

indicating product formation might not be limited to kinetic factors. This study provides 

evidence that reductive amination can ligate RNA with synthetic oligo. In the next part, we 

used a quantitative methodology to study the optimal conditions for the conjugation reaction. 

Scheme 4.2 | Splinted conjugation between 3’-oxidised RNA and 5’-EDA oligonucleotide 

by reductive amination 
This scheme illustrates the trimolecular reaction between the RNA (red) and 5’-EDA oligo (blue) 

assisted by a splint (black) under reductive amination conditions. n = 0 or 1. 
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 Having confirmed from the previous experiment that the 5’-EDA motif on an 

oligonucleotide is reactive towards the 3’-end of oxidised RNA to form the desired linkage, we 

moved to investigate the effect of reduced loading of 5’-EDA oligonucleotide on product 

conversion. Theoretically, the splint should bring an equimolar quantity of two reacting oligos 

in vicinity and thus 1 equivalent of the EDA-oligo is sufficient for complete conversion. In this 

study, a new set of oligonucleotides were designed to improve the chromatographic separation 

between starting-material and product peaks for quantitative analysis. They include a 42-mer 

RNA, 33-mer splint and a 72-mer 5’-EDA oligo with 64 adenosines at the 3’-end as a poly(A) 

tail mimic (Table 4.1). This mimic also contains full 2’-OMe ribose and 3’-Cy3 modifications 

to prevent depurination and provides fluorescent signal for identification.  

 Using identical oxidation-reductive amination condition, we then analysed product 

conversion with loadings of the EDA-oligo at 1.0, 2.0 and 10.0 equivalents and splint at 1.0 

equivalent by injecting the crude reaction mixture into UPLC-MS. The conversion is calculated 

by the ratio between the quantity of product (integrated area under the peak divided by its 

extinction coefficient) that of the RNA starting material and product (Figure 4.3). As shown 

before, in the absence of a splint oligo, no conjugation reaction was observed at 10 eq. loading 

of EDA-oligo (set 1). When the splint was introduced to the reaction with 10 eq. of EDA-oligo, 

the conversion to product was 18% by chromatography (set 2). As the loading was decreased 

to 2 eq., product conversion slightly improved to 23% (set 3) whereas further reduction to 1 eq. 

provided 23% conversion (set 4). We refrained from concluding that lowering EDA-oligo 

loading can improve conversion as this could be due to the attenuation of peak intensities from 

oversaturation of the EDA-oligo peak. However, this experiment provides evidence that 1 eq. 

loading of EDA-oligo furnishes comparable level of product to 10 eq., indicating that an 

equimolar reaction is possible. 
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Figure 4.3 | UPLC-MS results of RNA 3’-conjugation at various EDA-oligo loadings 
Top: Overlaid UPL chromatograms show the retention profiles of the crude reaction mixtures after 

oxidation-reductive amination with various loadings of EDA-oligo. A control experiment without splint 
was performed. Before injecting to UPLC-MS, to the mixture was added Et3N.EDTA (final conc. = 50 

mM) to remove sodium adducts at early elution. Conversion % in parentheses was calculated as the 

ratio between the quantity of product (integrated area under the peak divided by its extinction coefficient) 
that of the RNA starting material and product with triplicate experiments (n = 3). General reaction 

condition: RNA (final conc. = 5 µM) was first incubated with NaIO4 (1.5 mM) with or without a splint 

(1 eq.) in darkness for 30 minutes, then to the mixture was added various components to a final conc.: 

KH2PO4 buffer (100 mM, pH 6.0), 5’-EDA oligo (varied) and NaBH3(CN) (20 mM) for 2 hours at r.t. 
Set 1: no splint, 10 eq. of EDA-oligo; set 2: with splint, 10 eq. of EDA-oligo; set 3: with splint, 2 eq. of 

EDA-oligo; set 4: with splint, 1 eq. of EDA-oligo. Bottom: Mass determination of corresponding peaks 

from UPL chromatograms. (A) RNA (calc. mass = 13254; found mass = 12988 – 3’-(n-) phosphate, 
13269 – aldehyde hydrate, 13283 – dihydrate). (B) splint (calc. mass = 10134; found mass = 10134). 

(C) EDA-oligo (calc. mass = 25281; found mass = 25294 – mobile phase adduct). (D) RNA-EDA-oligo 

conjugate (calc. mass = 38500; found mass = 38487, 38655 – mobile phase HFIP adduct). 
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 We next attempted to increase the reaction time in order to push the conversion to 

completion. By incubating the oxidised RNA and splint with 1 eq. of EDA-oligo for 4 and 6 

hours, it was found that the conversion did not improve significantly with an increase in 

incubation time (Figure 4.4). It was hypothesised that after two hours of reaction, the reactive 

RNA-dialdehyde intermediate has degraded or been inactivated. Indeed, mass analysis on the 

peak at RT = 2.88 – 2.94 corresponding to the RNA starting material indicates only unreactive 

species such as 3’-phosphate (n-1) RNA, aldehyde-hydrate and dihydrate were present. This is 

in agreement to the observations found in Chapter 3 where a majority of oxidised RNA has 

undergone cleavage at the 3’-end nucleoside via β-elimination by deprotonation at the 4’-

position. To improve product conversion in this conjugation strategy, we moved on to 

investigate means to increase the reaction kinetics over such competing degradation pathways. 

 

Figure 4.4 | UPLC results of RNA 3’-conjugation for extended reaction times 
Overlaid UPL chromatograms show the retention profiles of the crude reaction mixtures after oxidation-
reductive amination with 1 eq. loadings of EDA-oligo for 4 and 6 hours. Before injecting to UPLC-MS, 

to the mixture was added Et3N.EDTA (final conc. = 50 mM) to remove sodium adducts at early elution. 

Conversion % in parentheses was calculated as the ratio between area under the product peak and that 

of the RNA starting material and product with triplicate experiments (n = 3). General reaction condition: 
RNA (final conc. = 10 µM) was first incubated with NaIO4 (1.5 mM) with a splint (1 eq.) in darkness 

for 30 minutes, then to the mixture was added various components to a final conc.: KH2PO4 buffer (100 

mM, pH 6.0), 5’-EDA oligo (5 µM, 1 eq.) and NaBH3(CN) (20 mM) at r.t. Set 1: incubation time = 4 
hours; set 2: incubation time = 6 hours. 
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Table 4.1 | List of oligonucleotide sequences in RNA-EDA-oligo conjugation studies 
Modifications are indicated with special characters: X = N-ethyl ethylenediamine; 3 = Cy3; bold 

underlined = LNA; double underlined = 2’-OMe. ON4.5 is fully RNA. 

 

 As it was understood that the reductive amination reaction between the 3’-dial of RNA 

and 5’-EDA motif competes with hydration and β-elimination pathways, we postulated that the 

binding of the two reacting oligos with the splint could be a limiting factor to the reaction 

kinetics which controls product conversion. As a result, we performed a test with various 

annealing conditions to examine the effect of strand hybridisation on product formation. In this 

test, we lowered the RNA concentration to 5 µM as literature suggested that high RNA 

concentration can increase the viscosity of the solution which has a negative effect on reaction 

kinetics. When the RNA oligo was first incubated with the splint with KH2PO4 buffer (high 

salt concentration) and annealed from 95°C to 25°C at -0.4°C/s, subsequent additions of the 

EDA-oligo and NaBH3(CN) furnished a product conversion of 25%. Comparable levels of 

product conversion was observed when the RNA, splint and EDA-oligo were incubated 

altogether at the annealing step at -0.4°C /s (23%) and at -0.1°C /s (22%), respectively (Figure 

S3). From this experiment, it was concluded that the additional annealing step did not improve 

the reaction kinetics significantly as about half of the RNA degraded under these conditions. 

 We next moved to study the effect of enhancing binding between the splint and the two 

reacting oligos by modifying its design. It was hypothesised that the increase in binding affinity 

may kinetically favour the two reacting groups approaching each other and hence increase the 

reaction rate. To this end, three splint designs which include a longer binding arm were 



Chapter – 4 Bioconjugation of mRNA Fragments 

145 

 

synthesised and purified. They include a full DNA splint (ON4.8), the one with an internal T 

spacer (ON4.9) and the one with 6 LNA nucleosides incorporated (ON4.10). In the UPLC-MS 

analysis, we devised a smaller gradient to separate the starting materials. In the presence of the 

short DNA splint, annealing from 95°C to 25°C, followed by oxidation-reductive amination 

transformed 37% of the RNA into the desired conjugated product. Longer splints with and 

without an internal spacer provided a conversion at comparable 32% and 34%, respectively. In 

all these cases, we observed the formation of aldehyde-hydrate and (n-1) cleavage by-product 

which arose from the oxidation of RNA. However, when the reactants were incubated and 

annealed with the long splint with LNA incorporation, the conversion dropped to 5% and the 

majority of RNA species remained as un-oxidised 3’-diol. We rationalised this as the 

structurally constrained ribose of LNA decreases the flexibility of LNA-RNA duplex and hence 

reduces the accessibility of the 3’-diol to the oxidants, resulting in incomplete oxidation before 

NaBH3(CN) was added to quench the reaction. Hence, the LNA-containing splint resulted in a 

much lower conversion. 

 

Figure 4.5 | UPLC results of RNA 3’-conjugation with various splint designs 
Overlaid UPL chromatograms show the retention profiles of the crude reaction mixtures after oxidation-
reductive amination with 1 eq. loading of different splints. General reaction condition: RNA (final conc. 

= 5 µM) was first incubated with KH2PO4 buffer (100 mM, pH 6.0), NaIO4 (1.5 mM), the splint (1 eq.) 

and EDA-oligo (1 eq.) in darkness for 30 minutes, then to the mixture was added NaBH3(CN) to a final 

conc. of 20 mM at r.t. for an incubation of 2 hours.  
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4.3.3 Self-Templated Ligation 

 Since there is no significant improvement in reaction kinetics when the splint is 

modified to improve binding with reactants, we devised a new strategy to bring the two reacting 

oligos in close proximity in a self-templated manner. To achieve this, two sequences on the 

RNA strand have been designed to include a 3’-region which is complementary to the 5’-region 

of the EDA-oligo. One of the sequences contains a trinucleotide loop and a hairpin structure 

(ON4.12) whereas the other does not (ON4.11) (Table 4.2). When incubated in sodium 

phosphate buffer, the two oligos will hybridise to form a hairpin structure and position the 

reactive EDA and dialdehyde groups in vicinity (Scheme 4.3).  

 

Table 4.2 | List of oligonucleotide sequences in RNA-EDA-oligo conjugation studies 
Modifications are indicated with special characters: X = N-ethyl ethylenediamine. ON4.11 and ON4.12 

are fully RNA. 

 

 

Scheme 4.3 | Oligonucleotide designs for self-templated and splinted conjugation 
This scheme illustrates three reaction designs that include an EDA-oligo which hybridises with (A) the 

3’-end of the RNA, (B) the splint oligo that brings the RNA in close proximity, and (C) the upstream 
region of the 3’-hairpin of the RNA. The green icon illustrates the position of the 5’-EDA modification 

where reductive amination takes place with the neighbouring dialdehyde. 
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 To compare between self-templated and splint-templated systems, we also used the 

identical RNA (ON4.11) to perform reductive amination with an EDA-tail in the presence of a 

splint (ON4.13). For these experiments, the RNA and EDA-oligo are in 1:1 mole equivalent 

and the concentrations of other reagents remained unchanged from previous experiments. We 

incubated the mixture at various temperatures (i.e., 25°C, 37°C and 45°C) after the reductant 

was added to study the impact of temperature on reaction progress. It was found that, in a 

bimolecular system where the EDA-oligo is recruited via self-templating, the ligation 

efficiency increased from 27% to 42% when the incubation temperature rose from 25°C to 

45°C (Figure 4.6). However, the efficiency was not superior to the trimolecular system where 

a splint oligo brings together two reacting groups by complementary base-pairing with oligos. 

The conversion in this splinted system was between 47 - 48% at all temperatures. The most 

efficient ligation took place when the RNA with an internal 3’-hairpin was incubated with the 

EDA-oligo. The reaction with this couple furnished a conversion to product from 64% (at 25°C) 

to 70% (at 37°C).  

 It is believed that in the first design (A) where the two reacting oligos hybridise and are 

aligned in parallel, the EDA moiety is not situated in a favourable position to react with the 

neighbouring dialdehyde and thus demands a higher entropic cost for reaction. This resulted in 

a slower reaction rate then the splinted design (B) where the two reactive groups are positioned 

heads-on. Finally, the hairpin design (C) harnesses benefits of both (A) and (B) by allowing a 

heads-on configuration between the EDA and dialdehyde groups in a bimolecular, self-

templated hybridisation mode. This resulted in the highest reaction rate as bimolecular binding 

is expected to be faster and the reactants are pre-organised in a favourable configuration. 

 Lastly, we attempted to further improve the conversion by increasing the loading of the 

EDA-oligo. Previously, no improvement was observed when the loading of the EDA-oligo 

increased. It was rationalised that a high concentration of EDA-oligo might non-specifically 
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bind to the splint and inhibit its binding to the RNA. In a self-templated system, however, the 

increase in loading should not interfere with target binding. We attempted to test this with 

design (C) by adding 1.0, 2.0 and 5.0 eq. of EDA-oligo to the reaction mixture. After 2 hours 

of incubation at 25°C, no significant enhancement in conjugation efficiency was observed 

among three sets, at between 65 – 78% (Figure 4.7). We thus conclude that the improvement 

on conversion is marginal when higher equivalents of the EDA reactant are loaded. 

 

Figure 4.6 | UPLC results of RNA 3’-conjugation of self-templated and splinted designs 
Overlaid UPL chromatograms show the retention profiles of the crude reaction mixtures after oxidation-

reductive amination with various RNA and EDA-oligo designs at different temperatures. General 

reaction condition: RNA (final conc. = 5 µM) was first incubated with KH2PO4 buffer (100 mM, pH 
6.0), NaIO4 (1.5 mM), the splint (1 eq. or none) and EDA-oligo (1 eq.) in darkness for 30 mins, then to 

the mixture was added NaBH3(CN) to a final conc. of 20 mM at r.t. for an incubation of 2 hours at 

various temperatures. The chromatograms correspond to the oligonucleotide mixtures illustrated in 
Scheme 4.3. The deconvoluted mass is indicated in parentheses. Conversion is shown next to the 

product peak. 
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Figure 4.7 | UPLC results of self-templated RNA 3’-conjugation at various EDA-oligo 

loadings 
Overlaid UPL chromatograms show the retention profiles of the crude reaction mixtures after oxidation-
reductive amination with various loadings of EDA-oligo. General reaction condition: RNA (final conc. 

= 5 µM) was first incubated with KH2PO4 buffer (100 mM, pH 6.0), NaIO4 (1.5 mM), the splint (1 eq.) 

and EDA-oligo (1, 2 or 5 eq.) in darkness for 30 minutes, then to the mixture was added NaBH3(CN) 

to a final conc. of 20 mM at r.t. for an incubation of 2 hours. The deconvoluted mass is indicated in 
parentheses. Conversion is shown next to the product peak. n = 3. 
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4.4 Conclusions 

 Site-specific introduction of modified nucleotides on RNA holds significant potential 

in promoting its pharmacological properties such as serum stability and tuning of metabolism 

and distribution. Long RNAs, however, have been proven challenging to modified due to 

inaccessibility by conventional SPS. Combining the merits of in vitro transcription and the 

simplicity of reductive amination, we successfully demonstrated the conjugation of a synthetic, 

modified oligo with an RNA species via chemical transformation with good efficiency. 

 To commence the study, we designed an ethylenediamine phosphoramidite with 

trifluoroacetamide protecting groups that can be modularly introduced on synthetic 

oligonucleotides by SPS. This novel amidite has shown good coupling efficiency to generate 

5’-EDA-modified oligos to be deprotected by standard ammonia treatment and decent stability 

after 3 months of storage at -20°C. Model RNA fragments were designed to mimic the 3’-end 

of mRNA and prepared by TBDMS-protected amidites. Both oligos could be efficiently 

purified on RP-HPLC system.  

 This study has demonstrated that good conversion efficiency (>41%) can be afforded 

by incubating an oxidised RNA fragment with a 5’-EDA-modified oligonucleotide in the 

presence of a splint. By such means, it was shown that DNA and 2’-OMe-modified 

oligonucleotides, and those with 3’-Cy3 modification, can be conjugated to the 3’-end of RNA 

via a morpholino-like linkage. Due to the templated nature of reductive amination between the 

3’-dialdehyde and 5’-EDA, it was found that increasing the equivalence of 5’-EDA oligo 

beyond equimolarity does not improve efficiency as all available reactive groups are positioned 

in close proximity by complementary base-pairing under the reaction conditions. However, 

analysis by mass spectroscopy indicated that a majority of RNA underwent degradation, such 

as hydration or strand cleavage, as competing reaction pathways to reductive amination. This 
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highlights the need to further increase the rate of reaction in order to improve conversion 

efficiency. 

 Through iterations of reaction design, we identified that 3’-hairpin-containing RNA 

performs better in reductive amination with 1 equivalent of 5’-EDA-oligo bearing 

complementarity with the 3’-region of the RNA. The high conversion efficiency (up to 70%) 

was attributed to the self-templated nature of the two reacting oligos which hybridise at a higher 

rate than a trimolecular system with the splint. At a higher temperature, the conversion was 

found to marginally improve but increasing the equivalence of 5’-EDA-oligos similarly saw 

no improvement in reaction efficiency. In general, the efficient ligation of oxidised RNA and 

5’-EDA-oligos proves possible the concept of generating RNA conjugates with various 

modifications at the 3’-end. The modularity of incorporating the 5’-EDA moiety and simplicity 

of this protocol render it applicable to larger scale syntheses and screening applications. 

4.5 Future Outlook 

 The idea of conjugating site-specifically modified oligos to RNA has potential to help 

scientists develop RNA-based therapeutics with better properties and also understand the 

molecular dynamics of RNA molecules in vivo, especially for mRNA. The development of 

such methodology is valuable to advance RNA research. Based on the findings from the current 

study, we conceived that further study may be carried out in the following directions. 

 First, this reaction protocol can be extended to modifying mRNA with synthetic 5’-

EDA oligos. To achieve this, the 3’-end sequence of an mRNA sequence can be edited via 

recombinant DNA which is a DNA vector with the desired synthetic sequence inserted via 

enzymatic reaction. To remove random insertion of nucleotides or polyadenylation at the 3’-

end, an additional 3’-homogenisation step can be introduced via sequence-specific cleavage by 

DNAzyme to leave the 3’-end sequence as desired.233 Such work has been undertaken by our 
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group member Sebastian Golojuch who demonstrated 3’-homogenisation of IVT mRNA from 

recombinant DNA. The flexibility to introduce specific sequence at the 3’-end of the RNA 

renders it possible to form a short hairpin structure similar to the oligo design (C) in Scheme 

4.3 and perform self-templated reductive amination with synthetic 5’-EDA-oligos. 

 Second, this methodology offers a useful platform to conjugate synthetic 

oligonucleotides with different modification patterns on RNA. This can be harnessed to screen 

a panel of chemical modifications with mRNA that can confer stability without compromising 

translation efficiency. As evidence emerged that non-specific incorporation of 

phosphorothioate backbone on the 3’-poly(A) tail produces hybrid mRNA construct which is 

tolerated by ribosomes as well as enhances translation efficiency, we envisage other types of 

modifications (i.e., ribose and backbone) such as 2’-OMe RNA, 2’-F and phosphoramidate 

backbone may effect similar or higher enhancement in mRNA stability and translation 

performance.232 The methodology that we developed enables a streamlined process of 

screening oligo conjugates with various modifications as the 5’-EDA oligos can be modularly 

produced by SPS and they can be subjected to identical reaction conditions with the mRNA 

model. This improves throughput by avoiding multiple synthetic/procedural designs for 

various candidates. 
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5.1 Experimental Procedures 

5.1.1 UV Melting Studies 

 UV DNA melting curves were recorded on a Cary 4000 Scan UV-Visible 

Spectrophotometer using complementary oligonucleotides (3 µM each strand) in a 10 mM 

phosphate buffer containing 200 mM NaCl at pH 7.0. Samples were melted by heating to 85°C 

(10 °C/min) and then annealed by slowly cooling to 20 °C (1 °C/min). Six successive cycles 

(including heating and cooling) were then performed at a gradient of 0.5 °C/min and the change 

in UV absorbance at 260 nm was recorded. The melting temperature of each experiment was 

calculated from a smoothed plot of dA/dT (first derivative of the melting curve) from six ramps 

using in built software.  

5.1.2 Foetal Bovine Serum Assay 

 Oligonucleotides (ON2.6, ON2.8 and ON2.15; 5 nmole of single-stranded oligo) were 

dissolved in 50 μL of Dulbecco’s PBS and 50 μL of FBS (Gibco). This was then vortexed and 

20 μL were removed (t = 0 min; control), mixed with formamide 1/1 (v/v), snap-frozen and 

kept at −20 °C. The remaining solution was incubated at 37 °C and 20 μL aliquots were 

removed at specified time points, mixed with formamide 1/1 (v/v), snap-frozen and kept at −20 

°C. Samples were analysed by PAGE (300 V) at 8 – 20% depending on size and viewed under 

short wavelength UV light using a G:Box (Syngene). 

5.1.3 RNase H Assay 

 Escherichia coli RNase H (NEB) was used for all RNase H studies. Oligonucleotides 

(0.4 μM for ON2.6, ON2.8 and ON2.15) and corresponding FAM-labelled RNA targets (2.0 

μM) and E. coli RNase H (20 U/mL) were incubated at 37 °C or 20 °C in 1 × RNase H reaction 

buffer (50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol, pH 8.3). At each 

time point, 13 μL aliquots were taken and quenched with aq EDTA-Na2 (2 μL, 500 mM) at a 
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concentration of 66.7 mM, denatured with formamide 1/1 (v/v), snap-frozen and kept at –20 

°C in the dark. The aliquots were submitted to a 20% PAGE (400 V) and analysed using a 

G:Box (Syngene) with an excitation wavelength of λ = 460 nm and an emission filter of λ = 

516–600 nm for detection of the FAM label.  

5.1.4 In Vitro Cleavage Assay 

 For DNA target cleavage, an RNP mixture (100 nM) was prepared by mixing water (30 

μL), NEBuffer™ r3.1 (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 100 µg/ml 

Recombinant Albumin, pH 7.9 at 25 °C, NEB) (10x, 10 μL), gRNA (1 μM, 5 μL) and 

TrueCut™ Cas9 Protein v2 (Invitrogen™) (1 μM, 5 μL) and incubated at 25 °C for 5 minutes. 

The DNA target was prepared as a 20 nM stock solution by mixing EMX1 amplicon (100 nM, 

30 μL) and water (120 μL) and aliquoted into separate PCR vials (5 μL each), to which the 

RNP mix (5 μL) was added and the mixture was incubated at 37 °C in for the designated 

durations. At each timepoint, Cas9 was deactivated by heating the mixture to 65 °C for 5 

minutes before cooling down to room temperature. The RNP was then digested by the addition 

of proteinase K (0.5 μL, NEB) and RNase A (0.5 μL, NEB) and incubation at room temperature 

for 5 minutes. The reaction (1 µL) was analysed using an Agilent Bioanalyzer DNA 12000 kit 

(Agilent Technologies, 5067-1508 for DNA chips and 6067-1509 for reagents), where 

appropriate, according to the manufacturer’s protocol.  

5.1.5 Cell Culture 

 HEPG2 cells (regularly tested for mycoplasma contamination) were cultured in 

Dulbecco’s modified eagle media (DMEM, high glucose) (Thermo Fisher Scientific) 

supplemented with 10% (v/v) FBS (Thermo Fisher Scientific) in a humidified incubator at 37 

°C with 5% CO2.  
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5.1.6 Naked Transfection to Hepatocytes and T7E1 Assay 

 HEPG2 cells were seeded on a 24-well plate at a density of 1.0 x 105 cells/well. After 

24 h, the growth media (DMEM, high glucose) was replaced with Opti-MEM reduced serum 

media and transfected with 6.25 μM RNP complex prepared from TrueCut™ Cas9 Protein v2 

(Invitrogen™):gRNA in RNP buffer (HEPES-NaOH (20 mM, pH7.5), NaCl (0.15 M), MgCl2 

(1.0 mM), 10% glycerol) to designated RNP concentration of 50, 250 and 1250 nM in 200 μL 

of Opti-MEM media. After 24 hours of incubation, the cells were harvested and genomic DNA 

was extracted by PureLink™ Genomic DNA Mini Kit (Invitrogen™) according to 

manufacturer’s protocol. The genomic DNA was amplified with EMX1 primers (See appendix). 

The EMX1 amplicon products were aliquoted into c.a. 100 ng in 8 μL, to which NEBuffer™ 2 

(10x, 1 μL, NEB) was added. The amplicon solution was re-annealed by heating to 95 °C in 5 

minutes and cooling down to 85 °C (ramp rate = –2 °C /s) and then 25 °C (ramp rate = –0.1 °C 

/s) to form heteroduplexes which were subjected to digestion by T7 endonuclease I (10 U/μL, 

1 μL, NEB) for 15 minutes at 37 °C. The reaction was terminated by adding 1 μL of 0.5 M Na-

EDTA (pH 7.0) and 1 µL was aliquoted for analysis using by an Agilent Bioanalyzer DNA 

12000 kit (Agilent Technologies), where appropriate, according to the manufacturer’s protocol. 

Alternatively, the reaction (3 μL) was analysed by mixing with water (2 μL) and blue gel 

loading buffer (6x, 1 μL, NEB), loaded on a 2 % agarose gel stained with 0.5x SYBR gold and 

run in 1x TBE running buffer at 60 V for 1 hour. 

5.1.7 Cell Preparation for Microscopy 

 HEPG2 cells were seeded on a Ibidi® 8-well chambered slide (Ibidi) at a density of 6.0 

x 104 cells/well. After 24 hours, the growth media (DMEM, high glucose) was replaced with 

Opti-MEM reduced serum media and transfected with 5 μM RNP complex prepared from 

eGFP-Cas9 (Sigma Aldrich):ON3.5-EDA-GalNAc-Cy5 in RNP buffer (HEPES-NaOH (20 

mM, pH7.5), NaCl (0.15 M), MgCl2 (1.0 mM), 10% glycerol) to a final RNP concentration of 
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50 nM in 200 μL of Opti-MEM media. In the experiment where ppTG21 was used, 20 μL of 

Opti-MEM media was replaced with 20 μL of 100 μM ppTG21 solution (in 5% DMSO in 

water) to a final concentration of 10 μM. After 2 hours of incubation, the Opti-MEM media 

was replaced with growth media.  

5.1.8 Live Cell Imaging 

 Live-cell imaging was performed using Zeiss LSM 780 confocal microscope system 

with a 63x 1.4 Numerical Aperture (NA) oil immersion objective at 37 °C with 5% CO2 (Zeiss 

Ltd). The samples were excited by internal lasers and emission detected as described below. 

Different channels were imaged using sequential excitation and detection of emission. Images 

were then processed by ImageJ. Cell nuclei were stained with Hoechst 33342 stain (Thermo 

Fisher Scientific), which was excited at 352 nm and emission recorded from 455 nm. For eGFP-

Cas9, GFP was excited at 488 nm and emission recorded from 493–542 nm. For Cy5-

conjugated oligonucleotides, the dyes were excited at 633 nm and emission recorded from 664 

nm.  

5.2 Synthesis, Purification and Characterisation of Oligonucleotides 

5.2.1 Synthesis of Oligonucleotides 

 Standard DNA and RNA phosphoramidites, solid supports and reagents were 

purchased from Sigma Aldrich, Link Technologies and Applied Biosystems. Modifier 

phosphoramidites were purchased from Link Technologies and Glen Research. Automated 

solid phase synthesis of oligonucleotides (trityl off) was performed on an Applied Biosystems 

394 synthesiser. Synthesis was performed on a 0.2 or 1.0 μmol scale involving cycles of acid-

catalysed detritylation, coupling, capping, and iodine oxidation. Standard DNA 

phosphoramidites were coupled for 60 seconds, TBDMS-RNA and chemically modified 

phosphoramidites for 10 minutes. Coupling efficiencies and overall synthesis yields were 
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determined by automated trityl cation conductivity monitoring facility. For on-resin 

functionalisation, the oligonucleotide was detritylated on solid support after the final coupling 

cycle. To cleave the oligonucleotides from solid support with removal of nucleobase and 

backbone protecting groups, the resin was exposed to conc. NH4OH for 60 minutes at r.t. 

followed by heating in a sealed glass vial at 55 °C for 5 hours, unless otherwise specified for 

modified oligonucleotides. The crude oligonucleotides in solution were then concentrated in 

vacuo, re-dissolved in water and desalted using NAP™-10 column (G.E. Healthcare) prior to 

downstream lyophilisation or purification. 

 For oligonucleotides with 5’-EDA modification, EDA phosphoramidite C4 was 

coupled for 10 minutes. Prior to cleavage and deprotection, the resin was washed with 20% 

DEA in MeCN for 1 hour to remove cyanoethyl protecting groups and rinsed with MeCN (5 

mL) three times. 

5.2.2 Deprotection of 2’-OTBDMS Protecting Groups on RNA 

 TBDMS-protected RNA oligonucleotides were concentrated under reduced pressure 

until formation of a turbid solution and lyophilised overnight. The residue was then 

resuspended in a mixture of DMSO (300 μL) and Et3N·3HF (300 μL) and incubated at 65 °C 

for 2.5 hours. Next, sodium acetate (3 M, 50 μL) and n-butanol (3 mL) were added to the 

sample and the solution was stored at –80 °C for a minimum of 1 hour. After thawing the 

suspension was pelleted under centrifuge (13,000 rpm, 4°C, 10 minutes) and the supernatant 

decanted. The precipitate was then washed with 70% v/v ethanol (2 × 750 μL), centrifuged at 

identical speed and then dried under vacuum.  

5.2.3 Oligonucleotide 5’-Azide Conversion on Solid Support 

 After solid-phase synthesis, the resin-bound 5′-detritylated oligonucleotides were 

treated with methyltriphenoxyphosphonium iodide (0.5 M) in anhydrous DMF (1 mL) for 1 
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hour at r.t. The solid support was then washed with dry DMF (3 × 1 mL) and dry MeCN (1 mL) 

and dried with argon. A saturated solution of sodium azide was then prepared by heating 

sodium azide (100 mg) in dry DMF (2 mL) for 5 minutes at 70 °C. After cooling to rt, the resin 

was treated with the azide solution for 5 hours at 55 °C. The resin was then washed with DMF 

(3 × 1 mL) and MeCN (1 mL) and dried with argon. The 5′-azido oligonucleotides were cleaved 

from solid support and deprotected as described previously. 

5.2.4 Copper-Catalysed Click-Crosslinking of 5’-Azido Oligonucleotides 

 After 5’-azide conversion, the resin containing the 5’-azido oligonucleotides (1 μmol) 

was washed with dry MeCN (1 mL) and dried thoroughly with argon. In the optimised click 

conditions, a click-reaction solution was prepared in a vial by mixing L3OH (5 mM, 100 μL), 

TEAA buffer (1.0 M, pH 7.0, 100 μL), Cu-THPTA solution (10 mM: 20 mM mixture, 100 μL), 

DMSO (500 μL) and water (150 μL). The catalyst was activated by the addition of sodium 

ascorbate (100 mM, 50 μL). Next, the mixture was immediately degassed under a gentle stream 

of argon for 30 seconds and transferred to a 1-mL syringe. An empty syringe was connected to 

one end of the synthetic column containing the resin, and the reaction mixture was then passed 

through the column by plunging the syringes back and forth for 10 times or until the resin was 

completely submerged (i.e., when no air bubbles were observed from the column). The reaction 

set-up was incubated in the oven at 45 °C for 4 hours and the resin was agitated by gentle 

plunging every 60 minutes. After the reaction, the mixture was cooled down to r.t., washed 

with DMF (3 × 1 mL) and MeCN (3 × 1 mL) and dried under argon. The crosslinked 

oligonucleotides were cleaved from solid support and deprotected as described previously. 

5.2.5 NHS Ester Labelling 

 Freeze-dried oligonucleotide (20 nmol) was dissolved in NaHCO3 buffer (0.5 M, pH 

8.5, 150 µL) and mixed with the corresponding NHS ester reagent (20 mM in DMSO, 100 µL). 
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The reaction was then left for 4 hours at 25 °C with 750 rpm shaking. After dilution with water, 

the samples were desalted using a NAP™-10 column (G.E. Healthcare) prior to RP-HPLC 

purification. 

5.2.6 Azide Labelling by PAP Enzyme 

 A reaction mixture (20 µL) was prepared by diluting stock solutions of RNA 

oligonucleotide into a final concentration of 16 µM together with Yeast poly(A) polymerase 

(Jena Bioscience, 600 U/µL) (to 27.6 U/µL), Yeast PAP reaction buffer (Jena Bioscience, 5 x) 

(to 1 x), and 2’-azido-2’-dATP (Jena Bioscience, 20 mM) (to 1 mM). The mixture was 

incubated at 25 °C overnight. The RNA was isolated by precipitation on MEGAclear™ 

Transcription Clean-Up Kit (Thermofisher) and analysed by UPLC-MS. 

5.2.7 Purification by HPLC 

 After complete deprotection, oligonucleotides were purified on Agilent HPLC system 

via RP-HPLC or IEX-HPLC methods. In RP method, Phenomenex Kinetex EVO C18 column 

(5.0 μm particle size, 10 mm × 250 mm) was used with a gradient of MeCN in aq. 

triethylammonium acetate (TEAA) buffers (Buffer A: 0.1 M TEAA, pH 7.0; buffer B: 0.1 M 

TEAA, 50% v/v MeCN, pH 7.0). Buffer B was increased from 20 - 40% or 20% - 60% or 20% 

- 80% over 30 min at a flow rate of 5 mL⋅min–1 at 60 - 75°C, and elution was monitored by UV 

absorption at 260 nm with a 10.0 mm or 0.3 mm flow cell. In IEX method, Thermo Fisher 

DNAPac PA200 column (9.0 mm × 250 mm) was used with a gradient of aq. NaCl in Tris-HCl 

buffers (Buffer A: 20 mM Tris-HCl, pH 8.5; buffer B: 1.0 M NaCl, 20 mM Tris-HCl, pH 8.5). 

Buffer B was increased from 20–80% over 60 minutes at a flow rate of 1.2 mL⋅min–1 at 75°C, 

and elution was monitored by UV absorption at 260 nm with a 10.0 mm or 0.3 mm flow cell.  
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5.2.8 Purification by Gel Electrophoresis 

 Oligonucleotide samples were first denatured in 1:1 v/v formamide/water at 95 °C for 

5 minutes (for DNA) or 80 °C for 5 minutes (for RNA). Then, they were loaded on denaturing 

PAGE at specific % and run at 20 W (ca. 1 nmol of oligonucleotide per lane) and the gel was 

visualised under UV. Bands of interest were excised, crushed and incubated in a ThermoMixer 

(Eppendorf) at 37 °C, 950 rpm in water (ca. 1 mL per band) for 16 hours. The gel residue was 

then filtered off and the filtrate was concentrated under reduced pressure. Oligonucleotides 

were desalted using illustra™ NAP-10 columns (GE Healthcare) before MS analysis. 

5.2.9 Characterisation by Mass Spectrometry 

 Oligonucleotide MS was recorded on a UPLC-MS Waters XEVO G2-QTOF (ESI−) 

using an ACQUITY UPLC ON BEH C18 column, 130 Å (1.7 μm particle size, 2.1 mm × 50 

mm). Mobile phase was a gradient of triethylamine (Et3N) and hexafluoroisopropanol (HFIP) 

in methanol/water buffers (Buffer A: 8.60 mM Et3N, 200 mM HFIP in 5% v/v MeOH/H2O; 

buffer B: 20% buffer A in MeOH). The gradient was formulated by increasing the content of 

buffer B from 0 – 70% over 8 minutes at a flow rate of 0.2 mL⋅min−1 at 55 °C. A specific 

gradient was formulated for the analysis of RNA conjugates in Chapter 4 by increasing the 

content of buffer B from 15 – 35% over 8 minutes at a flow rate of 0.3 mL⋅min−1 at 55 °C. 

5.2.10 Sampling of Oligonucleotide Samples from CPG 

 Analytical samples of oligonucleotide after solid-phase syntheses/reactions were 

obtained by aliquoting 0.8 ~ 1.0 mg of CPG resin from the synthetic column and subjecting it 

to treatment in conc. ammonium hydroxide at 55 °C in a heat block for 5 hours. After that, the 

solution was concentrated in vacuo and re-dissolved in 1 mL of water. The crude oligo solution 

was filtered through a PTFE syringe filter to remove residual resin particles and analysed by 

UPLC-MS. 
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5.3 Organic Synthesis 

5.3.1 General Procedures 

All reagents were purchased from Sigma-Aldrich, Acros Organics, Fisher Scientific, 

FluoroChem, Jena Bioscience or Alfa Aesar and used without further purification. Dry solvents 

(pyridine, Et3N, CH2Cl2, THF, MeCN) were obtained using an MBraun SPS Bench Top solvent 

purification system (SPS). All air/moisture sensitive reactions were carried out under inert 

atmosphere (argon) in oven-dried glassware. Reactions were monitored by thin layer 

chromatography (TLC) using Merck Kieselgel 60 F24 silica gel plates (0.22 mm thickness, 

aluminium backed). The compounds were visualized by UV irradiation at 254/265 nm and by 

staining in p-anisaldehyde or ninhydrin solution followed by gentle heating. Flash column 

chromatography was performed using Merck Geduran® 60 Å (40–62 μm) or using a Biotage 

Sfär column. 1H NMR (400 MHz, 500 MHz or 600 MHz), 13C NMR (101 MHz, 126 MHz or 

151 MHz) and 31P NMR (162 MHz) spectra were measured on a Bruker AVIIIHD 400, a 

Bruker AVII 500 (with a 13C cryoprobe) or a Bruker AVIII 600 (with a prodigy N2 broadband 

cryoprobe) spectrometer. 1H and 13C NMR spectra were referenced to the appropriate 

deuterated solvent signal, chemical shifts are given in ppm. Assignment of the NMR signals 

was aided by correlation spectroscopy (COSY; 1H–1H), heteronuclear single quantum 

correlation (HSQC; 1H–13C) and heteronuclear multiple bond correlation (HMBC; 1H–13C) 

experiments in specific experiments. Data was then processed using MestreNova® software. 

High resolution mass spectrometry (HRMS) using electrospray ionisation (ESI+) was recorded 

on a Thermo Exactive High-Resolution Orbitrap FTMS. Data was then deconvoluted using 

MassLynx v4.1. 
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Methyl gallate (A1a)234 

 

 

 

To a flask charged with gallic acid, A1 (6.00 g, 35.3 mmol) dissolved in methanol (125 mL) 

was added concentrated sulfuric acid (5 mL, 93.3 mmol). The solution was stirred at 80 °C 

under reflux for 18 hours. At this point, the solvent was removed under reduced pressure and 

the crude product was re-dissolved in ethyl acetate (150 mL) and washed with saturated sodium 

bicarbonate (150 mL). The product was further extracted from the aqueous phase with ethyl 

acetate (150 mL × 2). The combined organic phase was dried over MgSO4 and in vacuo to 

afford compound A1a (5.68 g, 87%) as an off-white solid. 1H NMR (400 MHz, DMSO) δ 9.16 

(s, 3H), 6.95 (s, 2H), 3.75 (s, 3H).  
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Methyl 3,4,5-tris(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethoxy)benzoate (A2) 

 

 

 

To a flask charged with compound A1a (460 mg, 2.5 mmol) and potassium carbonate (1.73 g, 

12.5 mmol, 5 equiv.) was added N,N-dimethylformamide (12 mL). The suspension was stirred 

and heated up to 60 °C. To the mixture was added 3-(2-(2-Iodoethoxy)ethoxy)prop-1-yne, 

compound A6 (3.18 g, 12.5 mmol) dropwise over 45 minutes. The mixture was left stirring at 

60°C for 18 hours and then concentrated under reduced pressure and resuspended in 

water/brine mixture (1:1 v/v) (120 mL). The crude product was extracted with dichloromethane 

(100 mL × 3), dried over MgSO4, concentrated in vacuo and purified by column 

chromatography (SiO2, EtOAc/Petroleum ether 50% to 70%) to afford compound A2 (1.05 g, 

75%) as an oil. Rf (EtOAc/Petroleum ether 70%) = 0.50. 1H NMR (600 MHz, DMSO) δ 7.25 

(s, 2H), 4.17 – 4.12 (m, 12H), 3.84 (s, 3H), 3.79 – 3.75 (m, 4H), 3.71 – 3.68 (m, 2H), 3.64 (dd, 

J = 5.9, 3.4 Hz, 4H), 3.61 – 3.57 (m, 6H), 3.55 (dd, J = 5.7, 3.3 Hz, 2H), 3.39 (q, J = 2.3 Hz, 

3H). 13C NMR (151 MHz, DMSO) δ 166.26, 152.46, 142.40, 124.87, 108.65, 80.80, 80.78, 

77.51, 77.47, 72.42, 70.37, 70.14, 69.94, 69.38, 69.04, 69.00, 58.00, 57.99, 52.63. HRMS (ESI-

TOF): calculated m/z: 563.2487 ([M+H]+, C29H39O11+); found m/z: 563.2486. 
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3,4,5-Tris(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethoxy)benzoic acid (A2a) 

 

 

 

To a solution of compound A2 (2.90 g, 5.15 mmol) in a mixture of dioxane / water (60 mL, 4:1 

v/v) was added 4M aqueous sodium hydroxide (2.58 mL, 10.3 mmol, 2 equiv.). The mixture 

was stirred at 50 °C for 4 hours and then cooled down to room temperature. To the stirring 

mixture was added 1M hydrochloric acid (c.a. 11 mL) to acidify the mixture to pH 2.0. After 

the removal of dioxane under reduced pressure, the crude product was extracted from 1M 

hydrochloric acid (100 mL) with dichloromethane (100 mL × 3), dried over MgSO4 and in 

vacuo to afford compound A2a (2.85 g, quant.) as a pale yellow oil. 1H NMR (600 MHz, 

DMSO) δ 12.86 (s, 1H), 7.23 (s, 2H), 4.17 – 4.10 (m, 12H), 3.78 – 3.75 (m, 4H), 3.71 – 3.68 

(m, 2H), 3.64 (dd, J = 5.8, 3.4 Hz, 4H), 3.62 – 3.58 (m, 6H), 3.57 – 3.54 (m, 2H), 3.40 (t, J = 

2.4 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 166.85, 151.85, 141.53, 125.60, 108.24, 80.31, 

80.29, 77.03, 77.00, 71.89, 69.86, 69.64, 69.44, 68.90, 68.55, 68.42, 66.34, 57.50. HRMS (ESI-

TOF): calculated m/z: 549.2330 ([M+H]+, C28H37O11+); found m/z: 549.2324. 
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N-(2-(2-(2-hydroxyethoxy)ethoxy)ethyl)-3,4,5-tris(2-(2-(prop-2-yn-1-

yloxy)ethoxy)ethoxy)benzamide (A3) 

 

 

 

To a solution of compound A2a (291 mg, 0.53 mmol) in anhydrous N,N-dimethylformamide 

(10 mL) were added DIPEA (174 μL, 3 mmol) and HBTU (212 mg, 0.58 mmol, 1.1 equiv.). 

The mixture was stirred at room temperature for 30 minutes under argon atmosphere with 

gradual deepening of colour. Then, 2-(2-(2-aminoethoxy)ethoxy)ethanol (87 mg, 0.58 mmol, 

1.1 equiv.) in anhydrous N,N-dimethylformamide (2 mL) was added to the mixture dropwise 

over 5 minutes. The mixture was stirred at room temperature for 24 hours, at which point the 

solvent was removed under reduced pressure. The crude product was re-suspended in water 

(30 mL), extracted with dichloromethane (30 mL × 3), washed with brine (50 mL × 1), dried 

over MgSO4 and concentrated in vacuo. Column chromatography (SiO2, MeOH/DCM 5% to 

10%) afforded compound A3 (606 mg, 85%) as an oil. Rf (MeOH/DCM 10%) = 0.40. 1H NMR 

(500 MHz, DMSO) δ 8.46 (t, J = 5.7 Hz, 1H), 7.18 (s, 2H), 4.57 (s, 1H), 4.14 (dd, J = 4.9, 2.4 

Hz, 10H), 4.08 – 4.05 (m, 2H), 3.78 – 3.75 (m, 4H), 3.69 – 3.66 (m, 2H), 3.65 – 3.62 (m, 4H), 

3.61 – 3.50 (m, 15H), 3.47 (d, J = 5.7 Hz, 2H), 3.42 – 3.38 (m, 6H). 13C NMR (126 MHz, 

DMSO) δ 166.23, 152.36, 141.17, 130.06, 107.78, 80.89, 80.87, 77.02, 76.98, 72.88, 72.47, 

70.39, 70.31, 70.27, 70.24, 70.05, 69.60, 69.34, 69.21, 60.90, 58.11, 31.78. HRMS (ESI-TOF): 

calculated m/z: 680.3277 ([M+H]+, C34H50NO13+); found m/z: 680.3262.  
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3-(2-(2-Chloroethoxy)ethoxy)prop-1-yne (A5)235 

 

 

 

To an oven-dried flask was loaded sodium hydride (60% in mineral oil) (5.50 g, 138 mmol, 2 

equiv.) under an argon atmosphere. While the flask was cooled down in an ice bath and kept 

at 0 °C, anhydrous tetrahydrofuran (140 mL) was transferred to the flask through a cannula. 

After 10 minutes of stirring at 0 °C, the ice bath was replaced by an acetone-dry ice bath and 

the mixture was cooled down to -78 °C. To the suspension was added 2-(2-

chloroethoxy)ethanol, compound A4 (8.59 g, 69 mmol) dropwise over 5 minutes. The 

effervescing mixture was stirred at -78 °C for 10 minutes, at which point propargyl bromide in 

toluene (80% w/w) (7.68 mL, 69 mmol, 1 equiv.) was added to the mixture slowly. Then, the 

mixture was heated up to 85 °C under reflux for 4 hours. After cooling down to room 

temperature, the reaction mixture was quenched with water (3 mL) and concentrated in vacuo. 

The crude product was re-suspended in water (100 mL) and extracted with dichloromethane 

(100 mL × 3). The combined organic phase was washed with brine (100 mL), dried over 

MgSO4, concentrated in vacuo and purified by column chromatography (SiO2, Et2O/Petroleum 

ether 30% to 50%) to afford compound A5 (8.45 g, 75%) as a yellow oil. Rf (Et2O/Petroleum 

ether 30%) = 0.40.  1H NMR (400 MHz, CDCl3) δ 4.24 (d, J = 2.4 Hz, 2H), 3.79 (td, J = 5.9, 

0.7 Hz, 2H), 3.73 (s, 4H), 3.66 (td, J = 5.9, 0.7 Hz, 2H), 2.46 (t, J = 2.4 Hz, 1H). 
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3-(2-(2-Iodoethoxy)ethoxy)prop-1-yne (A6)235 

 

 

 

To a solution of compound A5 (6.20 g, 38.1 mmol) in acetone (70 mL) was added sodium 

iodide (45.7 g, 300 mmol, 7.9 equiv.). The suspension was allowed to react at 85 °C under 

reflux for 24 hours. The orange suspension was diluted to 100 mL with acetone and filtered to 

remove the solids. The filtrate was concentrated under reduced pressure and the crude product 

was re-suspended in water (80 mL), extracted with ethyl acetate (80 mL × 3), dried over MgSO4 

and in vacuo to afford compound A6 (9.51 g, 98%) as a brown oil. 1H NMR (400 MHz, DMSO) 

δ 4.16 (d, J = 2.4 Hz, 2H), 3.67 (t, J = 6.4 Hz, 2H), 3.58 (q, J = 1.3 Hz, 4H), 3.43 (t, J = 2.4 Hz, 

1H), 3.34 (d, J = 6.4 Hz, 2H). 
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β-D-Galactosamine pentaacetate (B2)236 

 

 

 

To a flask charged with D-(+)-Galactosamine hydrochloride, B1 (3.95 g, 18.3 mmol) dissolved 

in pyridine (22 mL) was added acetic anhydride (20.76 mL, 219.6 mmol, 12 equiv.). The 

solution was stirred at room temperature for 18 hours. At this point, the reaction mixture was 

poured into a beaker filled with ice cold water (90 mL) and stirred for 45 minutes. The white 

precipitate formed was collected over a glass frit, washed with water (50 mL × 2) and diethyl 

ether (50 mL × 2) and dried under reduced pressure to afford compound B2 (6.352 g, 89 %) as 

white powder. 1H NMR (400 MHz, CDCl3) δ 5.70 (d, J = 8.8 Hz, 1H), 5.41 – 5.34 (m, 2H), 

5.08 (dd, J = 11.3, 3.3 Hz, 1H), 4.50 – 4.40 (m, 1H), 4.20 – 4.09 (m, 2H), 4.02 (t, J = 5.9 Hz, 

1H), 2.17 (s, 3H), 2.13 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.94 (s, 3H).  
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2-(2-(2-Azidoethoxy)ethoxy)ethyl-2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-

galactopyranoside (B3)237 

 

 

 

To an oven-dried flask were added B2 (5.48 g, 14 mmol), 2-(2-(2-azidoethoxy)ethoxy)ethanol 

(2.96 g, 16.9 mmol, 1.2 equiv.) and scandium (III) triflate (345 mg, 0.7 mmol, 0.05 equiv.). 

The mixture was kept in an argon atmosphere and dissolved in anhydrous 1,2-dichloroethane 

(55 mL). The off-white suspension was stirred at 85 °C under reflux for 24 hours with a gradual 

colour change from yellow to dark brown. Then, the solvent was removed under reduced 

pressure and the crude product was re-dissolved in dichloromethane (50 mL), washed with 

saturated sodium bicarbonate (50 mL), dried over MgSO4 and concentrated in vacuo. 

Purification by column chromatography (SiO2, MeOH/EtOAc 2% to 5%) afforded B3 (4.36 g, 

62%) as an orange oil. Rf (MeOH/EtOAc 5%) = 0.30; 1H NMR (400 MHz, DMSO) δ 7.79 (d, 

J = 9.2 Hz, 1H), 5.22 (d, J = 3.4 Hz, 1H), 4.98 (dd, J = 11.2, 3.4 Hz, 1H), 4.57 (d, J = 8.5 Hz, 

1H), 4.04 (d, J = 4.0 Hz, 3H), 3.93 – 3.85 (m, 1H), 3.82 – 3.75 (m, 1H), 3.64 – 3.59 (m, 3H), 

3.57 – 3.51 (m, 6H), 3.41 – 3.38 (m, 2H), 2.11 (s, 3H), 2.00 (s, 3H), 1.90 (s, 3H), 1.78 (s, 3H).  
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N-(tert-Butyloxycarbonyl)tris(hydroxymethyl)aminomethane (B4a)238 

 

 

 

To a flask charged with Tris, compound B4 (6.0 g, 49.5 mmol) suspended in methanol/tert-

butanol (90 mL, 1:1 v/v) was added a solution of di-tert-butyl carbonate (14.0 g, 64.4 mmol, 

1.3 equiv.) in tert-butanol (60 mL). The mixture was stirred for 18 hours at which point the 

solvent was removed under reduced pressure and recrystallised in hot ethyl acetate (c.a. 500 

mL) which was allowed to cool down to room temperature and stay still for 45 minutes. The 

white solids were collected, washed with cold ethyl acetate (30 mL × 2) and diethyl ether (30 

mL × 3) and dried under reduced pressure to afford compound B4a (9.32 g, 85 %) as white 

solids. 1H NMR (400 MHz, d-DMSO) δ 4.92 (s, 1H), 4.15 (d, J = 2.4 Hz, 6H), 3.79 (s, 6H), 

2.42 (t, J = 2.4 Hz, 3H), 1.42 (s, 9H). 
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N-(tert-Butyloxycarbonyl)tris[(propargyloxy)methyl]aminomethane (B5)238 

 

 

 

Compound B4a (3.0 g, 13.6 mmol) was dissolved in N,N-dimethylformamide (32 mL). To the 

solution was added propargyl bromide in toluene (80% w/w) (9.09 mL, 81.6 mmol, 6 equiv.) 

and the mixture was cooled down to 0 °C. To the yellow mixture was added KOH powder (4.58 

g, 81.6 mmol, 6 equiv.) portion-wise over 15 minutes at which point it turned into a brown 

suspension. The suspension was stirred at 40 °C for 24 hours and then diluted to 100 mL with 

ethyl acetate. The mixture was washed with water (150 mL) and the product was further 

extracted with ethyl acetate (100 mL × 2), dried over MgSO4, filtered off and concentrated in 

vacuo. Purification by column chromatography (SiO2, EtOAc/Petroleum ether 5% to 10%) 

afforded compound B5 (3.12 g, 68%) as a pale yellow oil. Rf (EtOAc/Petroleum ether 30%) = 

0.58; 1H NMR (400 MHz, CDCl3) δ 4.92 (s, 1H), 4.15 (d, J = 2.4 Hz, 6H), 3.79 (s, 6H), 2.42 

(t, J = 2.4 Hz, 3H), 1.42 (s, 9H). 
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N-(9-Fluorenylmethoxycarbonyl)tris[(propargyloxy)methyl]aminomethane (B5a) 

 

 

 

Compound B5 (2.68 g, 8.00 mmol) was dissolved in dichloromethane (30 mL) and cooled 

down to 0 °C. To which was added trifluoroacetic acid (10 mL) dropwise over 30 minutes. 

After stirring at r.t. for 3 hours, the reaction mixture was diluted with toluene to 50 mL and 

evaporated to dryness. The residual trifluoroacetic acid was removed by co-evaporation with 

toluene. The crude product was used in the next step without purification. The brown 

trifluoroacetate salt was dissolved in a mixture of tetrahydrofuran (20 mL) and 0.5M aqueous 

sodium bicarbonate (20 mL). To which N-(9-fluorenylmethoxycarbonyloxy)succinimide (2.97 

g, 8.8 mmol, 1.1 equiv.) was added. The mixture was stirred at room temperature for 18 hours, 

at which point the solvent was removed under reduced pressure. The crude product was re-

dissolved in dichloromethane (80 mL), washed with 0.1 M citric acid (40 mL) and brine (40 

mL), dried over MgSO4 and concentrated in vacuo. Purification by column chromatography 

(SiO2, EtOAc/Petroleum ether 10% to 30%) afforded compound B5a (2.75 g, 75% over two 

steps) as an off-white oil. Rf (EtOAc/Petroleum ether 30%) = 0.30; 1H NMR (500 MHz, DMSO) 

δ 7.89 (d, J = 7.5 Hz, 2H), 7.73 (d, J = 7.4 Hz, 2H), 7.44 – 7.41 (m, 2H), 7.35 (t, J = 7.4 Hz, 

2H), 6.94 (s, 1H), 4.24 (s, 3H), 4.14 (s, 6H), 3.65 (s, 6H), 3.42 (d, J = 2.5 Hz, 3H). 13C NMR 

(126 MHz, DMSO) δ 155.17, 144.38, 141.21, 128.08, 127.56, 125.77, 120.55, 80.65, 77.69, 

68.08, 65.67, 58.90, 58.57, 47.18. HRMS (ESI-TOF): calculated m/z: 458.1962 ([M+H]+, 

C28H28NO5+); found m/z: 458.1959. 
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Compound B6 

 

To a flask charged with a solution of compound B5a (147 mg, 0.32 mmol) in acetonitrile (1.4 

mL) was added a solution of compound B3 (810 mg, 1.6 mmol, 5 equiv.) in acetonitrile (4.2 

mL). The mixture was purged with argon for 15 minutes at room temperature. The catalyst 

solution prepared by dissolving copper (II) sulfate pentahydrate (20 mg, 80 μmol), THPTA (34 

mg, 80 μmol) and sodium ascorbate (31.7 mg, 160 μmol) in water (2.8 mL) and degassing with 

argon was added to the reaction mixture. After stirring for 48 hours at 40 °C, the crude mixture 

was concentrated in vacuo and directly purified by column chromatography (SiO2, 

MeOH/DCM 5% to 10%). Compound B6 (330 mg, 52%) was afforded as a white foam after 

drying in vacuo overnight. Rf (MeOH/DCM 10%) = 0.25; 1H NMR (500 MHz, DMSO) δ 7.92 

(s, 3H), 7.86 (d, J = 7.5 Hz, 2H), 7.69 (d, J = 7.5 Hz, 2H), 7.56 (d, J = 9.2 Hz, 3H), 7.41 (t, J = 

7.4 Hz, 2H), 7.31 (td, J = 7.5, 1.2 Hz, 2H), 6.36 (s, 1H), 5.26 – 5.23 (m, 3H), 5.05 (dd, J = 11.2, 

3.4 Hz, 3H), 4.62 (d, J = 8.5 Hz, 3H), 4.51 – 4.48 (m, 12H), 4.29 (d, J = 6.6 Hz, 2H), 4.21 (t, J 

= 6.7 Hz, 1H), 4.06 (d, J = 7.2 Hz, 6H), 3.99 (t, J = 6.4 Hz, 3H), 3.92 – 3.88 (m, 3H), 3.84 (t, 

J = 5.5 Hz, 6H), 3.78 (dd, J = 10.5, 5.7 Hz, 3H), 3.60 (q, J = 6.5 Hz, 9H), 3.54 – 3.49 (m, 18H), 

2.10 (s, 9H), 1.99 (s, 9H), 1.90 (s, 9H), 1.78 (s, 9H). 13C NMR (126 MHz, DMSO) δ 170.26, 

170.20, 169.88, 169.72, 155.18, 144.48, 141.26, 128.00, 127.49, 125.59, 124.24, 120.41, 

101.54, 71.09, 70.67, 70.23, 70.19, 69.99, 69.25, 68.95, 68.71, 67.49, 67.37, 65.88, 64.85, 

62.03, 59.56, 50.29, 49.90, 47.40, 31.78, 23.17, 20.80, 20.75, 20.73. HRMS (ESI-TOF): 

calculated m/z: 1971.8196 ([M+H]+, C88H124N13O38+); found m/z: 1971.8140.  
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Compound B6a 

 

To a flask charged with compound B6 (500 mg, 254 μmol) in N,N-dimethylformamide (8.5 

mL) was added morpholine (1.5 mL) dropwise over 5 minutes. The mixture was stirred at room 

temperature for 3.5 hours, at which point the solvent was removed under reduced pressure and 

the crude mixture was resuspended in water (35 mL). The insoluble precipitate was solubilised 

and removed by washing with diethyl ether (20 mL × 3). The aqueous phase remained cloudy 

at this point. The product, compound B6a (440 mg, quant.) was obtained after removing water 

by co-evaporation with acetonitrile (20 mL) and toluene (20 mL) and dried in vacuo. 1H NMR 

(600 MHz, DMSO) δ 8.04 (s, 3H), 7.79 (d, J = 9.2 Hz, 3H), 5.22 (d, J = 3.4 Hz, 3H), 4.99 (dd, 

J = 11.2, 3.4 Hz, 3H), 4.56 (d, J = 8.5 Hz, 3H), 4.53 – 4.48 (m, 12H), 4.06 – 4.01 (m, 9H), 3.91 

– 3.86 (m, 3H), 3.82 (t, J = 5.4 Hz, 6H), 3.77 (ddd, J = 11.1, 5.6, 3.8 Hz, 3H), 3.59 – 3.56 (m, 

3H), 3.54 – 3.50 (m, 9H), 3.49 – 3.45 (m, 9H), 3.29 (s, 6H), 2.10 (s, 9H), 2.00 (s, 9H), 1.90 (s, 

9H), 1.76 (s, 9H). 13C NMR (151 MHz, DMSO) δ 169.97, 169.90, 169.60, 169.26, 160.96, 

143.88, 124.08, 100.92, 79.15, 72.08, 70.45, 69.88, 69.65, 69.52, 69.37, 68.68, 68.29, 66.71, 

65.73, 64.13, 61.44, 55.67, 49.31, 49.28, 45.07, 22.76, 20.49, 20.42, 20.40.  
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Compound B7 

 

 

To a flask charged with compound B6a (68 mg, 39 μmol) in acetonitrile (1 mL) was added a 

solution of DBCO-NHS ester (60 mg, 149 μmol, 3.82 equiv.) in acetonitrile (1.5 mL). The 

mixture was stirred at room temperature for 1 minute and then DIPEA (10 μL, 57.4 μmol, 1.47 

equiv.) was added dropwise. The mixture was stirred at room temperature for 18 hours, at 

which point the solvent was removed under reduced pressure and the crude mixture was re-

dissolved in a mixture of water and acetonitrile (4 mL, 1:1 v/v). The crude mixture was purified 

by reverse-phase HPLC (mobile phase A: 0.1% TFA in water; mobile phase B: 0.1% TFA in 

acetonitrile; monitored at 260 nm) with a gradient of 0% - 100% B over 30 minutes and 

lyophilised to afford the product B7 (59 mg, 75%). HRMS (ESI-TOF): calculated m/z: 

2036.8462 ([M+H]+, C92H127N14O38+); found m/z: 2036.8427.  
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Azido-PEG5-alcohol (B9) 

This procedure is modified from the literature.239 

 

 

Pentaethylene glycol, B8 (5.72 g, 24 mmol, 2 equiv.) was dissolved in tetrahydrofuran (50 mL) 

in a round-bottom flask. To the stirring solution was added 1,8-Diazabicyclo[5.4.0]undec-7-

ene (DBU) (2.00 g, 13.2 mmol, 1.1 equiv.) and the mixture was cooled down to 0 °C. 

Diphenylphosphoryl azide (DPPA) (3.30 g, 12 mmol) was added to the mixture dropwise over 

5 minutes at 0 °C. After stirring at room temperature for 1 hour, sodium azide (2.34 g, 36 mmol, 

3 equiv.) was added to the turbid solution and the mixture was allowed to react at 70 °C under 

reflux for 18 hours. Then, the mixture was diluted to 100 mL with diethyl ether and filtered to 

remove the solids. The filtrate was concentrated in vacuo and purified by column 

chromatography (SiO2, MeOH/DCM 2% to 5%) afforded compound B9 (1.37 g, 43%) as a 

pale yellow oil. Rf (MeOH/DCM 5%) = 0.18; 1H NMR (400 MHz, CDCl3) δ 3.76 – 3.73 (m, 

2H), 3.71 – 3.68 (m, 14H), 3.64 – 3.62 (m, 2H), 3.44 – 3.38 (m, 2H), 2.42 (s, 1H). 
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Azido-PEG5-tert-butyl ester (B10)240 

 

 

 

To an oven-dried flask charged with compound B9 (1.36 g, 5.17 mmol) was added anhydrous 

tetrahydrofuran (15 mL). The solution was cooled down to 0 °C with stirring for 5 minutes 

before sodium hydride (60% in mineral oil) (414 mg, 10.3 mmol, 2 equiv.) was added in 

portionwise over 1 minute under an argon atmosphere. The mixture was allowed to react at 

0°C for 15 minutes. Then, tert-Butyl bromoacetate (1.51 g, 7.76 mmol, 1.5 equiv.) dissolved 

in anhydrous tetrahydrofuran (5 mL) was added to the reaction flask dropwise over 5 minutes. 

After the mixture being stirred at room temperature for 3 hours, sodium hydride was quenched 

with water (1 mL) and the orange-coloured suspension was diluted with diethyl ether (80 mL) 

and filtered off. The filtrate was concentrated in vacuo and purified by column chromatography 

(SiO2, MeOH/EtOAc 2% to 5%) afforded compound B10 (495 mg, 25%) as a yellow oil. Rf 

(MeOH/EtOAc 2%) = 0.55; 1H NMR (400 MHz, CDCl3) δ 4.04 (s, 2H), 3.75 – 3.67 (m, 20H), 

3.43 – 3.39 (m, 2H), 1.49 (s, 9H). 
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Azido-PEG5-pfp ester (B11) 

 

 

 

To a solution of compound 10 (490 mg, 1.30 mmol) in anhydrous dichloromethane (8.5 mL) 

was added trifluoroacetic acid (1.5 mL) dropwise over 10 minutes at 0 °C. The mixture was 

warmed up to room temperature and stirred for 2 hours. At this point the solution was diluted 

to 50 mL with toluene and concentrated under reduced pressure. The residual acid was removed 

by co-evaporating with toluene (50 mL × 2). The crude product was used in the next step 

without purification. The carboxylic acid product was re-dissolved in anhydrous 

dichloromethane (12 mL) and cooled down to 0 °C. To the stirring solution was gradually 

added DIPEA (680 μL, 3.90 mmol, 3 equiv.) over 5 minutes, followed by pentafluorophenyl 

trifluoroacetate (PFPTFA) (437 mg, 1.56 mmol, 1.2 equiv.) over 10 minutes. The mixture was 

stirred at room temperature for 2 hours. Then, the solvent was removed in vacuo and the crude 

product was re-dissolved in dichloromethane (30 mL), washed with water (30 mL), dried over 

MgSO4 and concentrated for column chromatography (SiO2, Et2O/Petroleum ether 50% to 

100%) which afforded compound B11 (290 mg, 46%) as a yellow oil. Rf (MeOH/DCM 2%) = 

0.10; 1H NMR (400 MHz, CDCl3) δ 4.57 (s, 2H), 3.87 – 3.83 (m, 2H), 3.77 – 3.74 (m, 2H), 

3.69 (d, J = 2.9 Hz, 14H), 3.41 (t, J = 5.1 Hz, 2H). 
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Compound B12 

 

To a vial charged with compound 6a (92 mg, 52.6 μmol) dried in vacuo overnight was added 

a solution of azido-PEG5-pfp ester, compound B11 (103 mg, 210 μmol, 4 equiv.) in dry N,N-

dimethylformamide (3 mL). To the mixture was added dry DIPEA (10.5 μL, 60 μmol) and the 

reaction was stirred at room temperature for 24 hours. The crude mixture was purified by 

reverse-phase HPLC (mobile phase A: 0.1% TFA in water; mobile phase B: 0.1% TFA in 

acetonitrile; monitored at 260 nm) with a gradient of 0% - 80% B over 30 minutes and 

lyophilised to afford compound B12 (60 mg, 56 %) as an oily white solid. RT  = 20.3 min. 1H 

NMR (600 MHz, DMSO) δ 8.02 (s, 3H), 7.79 (d, J = 9.2 Hz, 3H), 6.87 (s, 1H), 5.22 (d, J = 3.4 

Hz, 3H), 4.98 (dd, J = 11.2, 3.4 Hz, 3H), 4.56 (d, J = 8.5 Hz, 3H), 4.52 (t, J = 5.3 Hz, 6H), 4.49 

(s, 6H), 4.03 (h, J = 4.3 Hz, 9H), 3.89 (dt, J = 11.2, 8.9 Hz, 3H), 3.82 (t, J = 5.3 Hz, 6H), 3.79 

(d, J = 3.3 Hz, 2H), 3.78 – 3.75 (m, 2H), 3.67 (s, 6H), 3.61 – 3.59 (m, 2H), 3.58 – 3.46 (m, 

38H), 3.40 – 3.37 (m, 2H), 2.10 (s, 9H), 2.00 (s, 9H), 1.90 (s, 9H), 1.76 (s, 9H). 13C NMR (151 

MHz, DMSO) δ 170.46, 170.39, 170.10, 169.76, 169.35, 158.86, 158.61, 144.10, 124.63, 

116.77, 114.85, 101.42, 70.95, 70.61, 70.38, 70.27, 70.25, 70.22, 70.20, 70.15, 70.02, 69.92, 

69.86, 69.71, 69.19, 68.78, 68.49, 67.20, 64.52, 61.92, 59.60, 50.46, 49.80, 49.79, 31.77, 23.24, 

20.96, 20.90, 20.89. HRMS (ESI-TOF): calculated m/z: 1026.9509 ([M+2H]2+, 

C85H136N16O422+); found m/z: 1026.9470. 
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2,2,2-trifluoro-N-(prop-2-yn-1-yl)-N-(2-(2,2,2-trifluoroacetamido)ethyl)acetamide 

(B13a) 

 

 

 

To a flask charged with compound B13135 (171 mg, 1 mmol) in dichloromethane (5 mL) was 

added triethylamine (836 μL, 6 mmol) and the mixture was cooled down to 0 °C. After 5 

minutes of stirring, trifluoroacetic anhydride (630 mg, 3 mmol) was added to the mixture 

dropwise over 5 minutes and the reaction mixture was stirred at room temperature for 12 hours. 

Then, the mixture was diluted to 20 mL with dichloromethane and washed with saturated 

sodium bicarbonate solution (20 mL). The crude product was extracted once more from the 

aqueous phase by dichloromethane (20 mL). The combined organic phase was dried over 

MgSO4 and concentrated in vacuo. Purification by column chromatography (SiO2, 

EtOAc/Petroleum ether 10% to 30%) afforded compound B14 (294 mg, quant.) as a brownish 

oil. Rf (EtOAc/Petroleum ether 30%) = 0.20. 1H NMR (400 MHz, CDCl3) δ 7.05 (s, 1H), 4.29 

(dd, J = 21.3, 2.8 Hz, 2H), 3.80 (dd, J = 6.9, 4.9 Hz, 2H), 3.75 – 3.67 (m, 2H), 2.42 (dt, J = 4.8, 

2.5 Hz, 1H). 
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Compound B14 

 

 

 

To a vial charged with compound B12 (33 mg, 16 μmol) dissolved in dimethyl sulfoxide (500 

μL) was added compound B13a (16 mg, 55 μmol) in equal volume of DMSO. The mixture was 

purged with argon for 5 minutes at room temperature. The catalyst solution prepared by mixing 

copper (II) sulfate solution (1.0 M, 10 μL, 10 μmol), THPTA (100 mM, 100 μL, 10 μmol) and 

sodium ascorbate (1.0 M, 100 μL, 100 μmol) in TEAA buffer (1.0 M, 150 μL, pH 7.0) and 

degassing with argon was added to the reaction mixture. After stirring for 2 hours at room 

temperature, the crude mixture was purified by reverse-phase HPLC (mobile phase A: 0.1% 

TFA in water; mobile phase B: 0.1% TFA in acetonitrile; monitored at 215 nm) with a gradient 

of 0% - 80% B over 30 minutes and lyophilised to afford compound B14 (17.6 mg, 47 %). RT  

= 22.0 min. HRMS (ESI-TOF): calculated m/z: 2341.9404 ([M+H]+, C94H143F6N18O44+); 

found m/z: 2341.9519. 
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Compound B14a 

 

 

Compound B14 (3.0 mg, 1.28 μmol) was dissolved in ammonia in methanol (1.5 mL, 7.0 N) 

and left at room temperature for 12 hours. After that, the solution was concentrated by 

evaporation under a gentle stream of argon and re-dissolved in 2 mL of water. Then, the crude 

mixture was purified by reverse-phase HPLC (mobile phase A: 0.1% TFA in water; mobile 

phase B: 0.1% TFA in acetonitrile; monitored at 215 nm) with a gradient of 0% - 80% B over 

30 minutes and lyophilised to afford compound B14a (2.0 mg, 87 %). RT  = 11.7 min. 
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1-(bromomethyl)-3,5-bis(prop-2-yn-1-yloxy)benzene (B16)241 

 

 

 

To a flask charged with (3,5-bis(prop-2-yn-1-yloxy)phenyl)methanol, compound B15242 (840 

mg, 3.88 mmol) in dichloromethane (12 mL) was added carbon tetrabromide (1.60 g, 4.85 

mmol, 1.25 equiv.) at 0 °C. Under a stream of argon, triphenylphosphine (1.27 g, 4.85 mmol, 

1.25 equiv.) was added and the mixture was stirred at room temperature for 1 hour. At this 

point, the solvent was removed and the crude product was re-dissolved in ethanol (10 mL) and 

mixed with anhydrous zinc (II) chloride (1.06 g, 7.77 mmol) to induce precipitation of 

triphenylphosphine oxide for 4 hours. The crude product was filtered and concentrated in vacuo 

and subjected to column chromatography (SiO2, DCM/Petroleum ether 30% to 50%) which 

afforded compound B16 (1.04 g, 97%) as an oil. Rf (DCM/Petroleum ether 50%) = 0.42. 1H 

NMR (400 MHz, CDCl3) δ 6.65 (d, J = 2.3 Hz, 2H), 6.56 (t, J = 2.3 Hz, 1H), 4.68 (d, J = 2.4 

Hz, 4H), 4.42 (s, 2H), 2.54 (t, J = 2.4 Hz, 2H). 
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N1-(3,5-bis(prop-2-yn-1-yloxy)benzyl)ethane-1,2-diamine (B17)  

 

 

 

To an oven-dried flask charged with caesium carbonate (1.32 g, 4.06 mmol, 1.1 equiv.) was 

added dry dichloromethane (16 mL) and ethylenediamine (2.22 g, 37 mmol, 10 equiv.). A 

solution of 1-(bromomethyl)-3,5-bis(prop-2-yn-1-yloxy)benzene, compound B16 (1.03 g, 3.69 

mmol) in dry DCM (10 mL) dropwise over 40 minutes. The suspension was stirred at room 

temperature for 24 hours and then diluted to 50 mL with toluene. The excess amine was 

removed by co-evaporation with toluene (50 mL × 2). The concentrated crude product was re-

suspended in water (50 mL) and extracted with dichloromethane (50 mL × 4), dried over 

MgSO4 and concentrated in vacuo. Purification by column chromatography (SiO2, 

MeOH/DCM 5% to 20% + 1% conc. ammonia) afforded compound B17 (580 mg, 61%) as an 

oil. Rf (MeOH/DCM 10% + 1% conc. ammonia) = 0.07. 1H NMR (400 MHz, DMSO) δ 6.60 

(d, J = 2.3 Hz, 2H), 6.46 (t, J = 2.3 Hz, 1H), 4.76 (d, J = 2.4 Hz, 4H), 3.63 (s, 2H), 3.56 (t, J = 

2.4 Hz, 2H), 3.35 (br, 1H), 2.59 (t, J = 6.2 Hz, 2H), 2.47 (t, J = 5.8 Hz, 2H), 1.63 (br, 2H). 13C 

NMR (101 MHz, DMSO) δ 158.64, 144.36, 107.51, 100.61, 79.75, 78.64, 55.90, 53.31, 52.44, 

42.00. HRMS (ESI-TOF): calculated m/z: 259.1441 ([M+H]+, C15H19N2O2+); found m/z: 

259.1437. 

  



Chapter – 5 Materials and Methods 

186 

 

N-(3,5-bis(prop-2-yn-1-yloxy)benzyl)-2,2,2-trifluoro-N-(2-(2,2,2-

trifluoroacetamido)ethyl)acetamide (B17a) 

 

 

 

To a flask charged with a solution of compound B17 (570 mg, 2.20 mmol) in dry 

dichloromethane (12 mL) was added DIPEA (2.30 mL, 13.2 mmol, 6 equiv.). After the mixture 

was cooled down to 0 °C, trifluoroacetic anhydride (1.39 g, 6.60 mmol, 3 equiv.) was added to 

it dropwise over 10 minutes. The mixture was stirred at room temperature for 4 hours, at which 

point the acid and solvent were removed by co-evaporation with toluene (30 mL × 3) under 

reduced pressure. The crude product was re-suspended in water (30 mL), extracted with 

dichloromethane (30 mL × 3), dried over MgSO4 and concentrated in vacuo. Purification by 

column chromatography (SiO2, EtOAc/Petroleum ether 30% to 50%) afforded compound 

B17a (878 mg, 89%) as an oil. Rf (EtOAc/Petroleum 50%) = 0.55. 1H NMR (400 MHz, DMSO) 

δ 9.57 (s, 1H), 6.61 – 6.56 (m, 1H), 6.50 (t, J = 2.2 Hz, 2H), 4.79 (dd, J = 6.4, 2.4 Hz, 4H), 

4.62 (d, J = 2.2 Hz, 2H), 3.58 (dt, J = 3.3, 2.4 Hz, 2H), 3.50 (s, 2H), 3.46 (q, J = 3.3 Hz, 2H). 

19F NMR (376 MHz, DMSO) δ -67.28, -67.67, -74.65 (d, J = 4.3 Hz). HRMS (ESI-TOF): 

calculated m/z: 451.1087 ([M+H]+, C19H17F6N2O4+); found m/z: 451.1084. 
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Compound 18 

 

To a vial charged with compound B12 (50.7 mg, 24.7 μmol) dissolved in dimethyl sulfoxide 

(750 μL) was added compound B17a (109 mg, 247 μmol, 10 equiv.) in equal volume of DMSO. 

The mixture was purged with argon for 5 minutes at room temperature. The catalyst solution 

prepared by mixing copper (II) sulfate solution (1.0 M, 10 μL, 10 μmol), THPTA (100 mM, 

200 μL, 20 μmol) and sodium ascorbate (1.0 M, 100 μL, 100 μmol) in TEAA buffer (1.0 M, 

240 μL, pH 7.0) and degassing with argon was added to the reaction mixture. After stirring for 

2 hours at room temperature, the crude mixture was purified by reverse-phase HPLC (mobile 

phase A: 0.1% TFA in water; mobile phase B: 0.1% TFA in acetonitrile; monitored at 215 nm) 

with a gradient of 0% - 80% B over 30 minutes and lyophilised to afford compound B18 (49.5 

mg, 80 %). RT  = 22.9 min. This intermediate compound has only been characterised by LCMS 

and used in the next step after isolation. 
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Compound B19 

 

To a vial charged with compound B18 (15 mg, 6.0 μmol) dissolved in dimethyl sulfoxide (500 

μL) was added EED-N3 (6.0 mg, 6.5 μmol, 1.08 equiv., Biomatik) in equal volume of DMSO. 

The mixture was purged with argon for 5 minutes at room temperature. The catalyst solution 

prepared by mixing copper (II) sulfate solution (50 mM, 100 μL, 5 μmol), THPTA (100 mM, 

100 μL, 10 μmol) and sodium ascorbate (1.0 M, 50 μL, 50 μmol) in TEAA buffer (1.0 M, 150 

μL, pH 7.0) and degassing with argon was added to the reaction mixture. After stirring for 2 

hours at room temperature, the crude mixture was purified by reverse-phase HPLC (mobile 

phase A: 0.1% TFA in water; mobile phase B: 0.1% TFA in acetonitrile; monitored at 215 nm) 

with a gradient of 0% - 80% B over 30 minutes and lyophilised to afford compound B19 (15 

mg, 66 %). RT  = 20.1 min. This intermediate compound has only been characterised by LCMS 

and used in the next step after isolation. 

  



Chapter – 5 Materials and Methods 

189 

 

Compound B20 

 

 

Compound B19 (2.7 mg, 790 nmol) was dissolved in ammonia in methanol (0.9 mL, 3.5 N) 

and left at room temperature for 18 hours. After that, the solution was concentrated by 

evaporation under a gentle stream of argon and re-dissolved in 2 mL of water. Then, the crude 

mixture was purified by reverse-phase HPLC (mobile phase A: 0.1% TFA in water; mobile 

phase B: 0.1% TFA in acetonitrile; monitored at 215 nm) with a gradient of 0% - 80% B over 

30 minutes and lyophilised to afford compound B20 (2.2 mg, 98 %). RT  = 17.3 min. HRMS 

(ESI-TOF): calculated m/z: 2848.3488 ([M+H]+, C127H192N27O47+); found m/z: 2848.3372. 
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Compound 21 

 

To a vial charged with compound B18 (15 mg, 6.0 μmol) dissolved in dimethyl sulfoxide (500 

μL) was added sulfo-cyanine5-N3 (5.0 mg, 6.5 μmol, 1.08 equiv., Lumiprobe) in equal volume 

of DMSO. The mixture was purged with argon for 5 minutes at room temperature. The catalyst 

solution prepared by mixing copper (II) sulfate solution (50 mM, 100 μL, 5 μmol), THPTA 

(100 mM, 100 μL, 10 μmol) and sodium ascorbate (1.0 M, 50 μL, 50 μmol) in TEAA buffer 

(1.0 M, 150 μL, pH 7.0) and degassing with argon was added to the reaction mixture. After 

stirring for 2 hours at room temperature, the crude mixture was purified by reverse-phase HPLC 

(mobile phase A: 0.1% TFA in water; mobile phase B: 0.1% TFA in acetonitrile; monitored at 

215 and 647 nm) with a gradient of 0% - 80% B over 30 minutes and lyophilised to afford 

compound B21 (10 mg, 51 %). RT  = 20.7 min. HRMS (ESI-TOF): calculated m/z: 1612.1227 

([M-H]2-, C139H192F6N24O53S22-); found m/z: 1612.1268.  
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Compound B22 

 

 

Compound B21 (2.6 mg, 796 nmol) was dissolved in ammonia in methanol (0.9 mL, 3.5 N) 

and left at room temperature for 14 hours. After that, the solution was concentrated by 

evaporation under a gentle stream of argon and re-dissolved in 2 mL of water. Then, the crude 

mixture was purified by reverse-phase HPLC (mobile phase A: 0.1% TFA in water; mobile 

phase B: 0.1% TFA in acetonitrile; monitored at 215 and 647 nm) with a gradient of 0% - 80% 

B over 30 minutes and lyophilised to afford compound B22 (1.73 mg, 82 %). RT  = 14.8 min. 

HRMS (ESI-TOF): calculated m/z: 2655.1928 ([M]-, C117H177N24O42S2-); found m/z: 

2655.1899. 
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Compound C4 

 

To a round-bottom flask charged with compound C3 (800 mg, 2.7 mmol) dissolved in dry 

acetonitrile (6 mL) was added 2-cyanoethyl N,N,N’,N’-tetraisopropylphosphodiamidite (1.3 

mL, 4.05 mmol, 1.50 equiv.) and 1H-tetrazole (0.45 M solution) (6.0 mL, 2.7 mmol, 1 equiv.). 

The mixture was stirred at room temperature for 1 hour. The crude mixture was filtered and 

the filtrate was concentrated under reduced pressure and purified by (SiO2, DCM/Petroleum 

ether 50% + 1% Et3N, isocratic) afforded compound C4 (730 mg, 54%) as an oil. Rf 

(DCM/Petroleum 60% + 1% Et3N) = 0.45. 1H NMR (500 MHz, CDCl3) δ 7.42 (dt, J = 116.4, 

6.5 Hz, 1H), 3.98 – 3.45 (m, 12H), 2.74 – 2.50 (m, 2H), 1.17 (ddd, J = 10.1, 6.8, 3.6 Hz, 12H). 

31P NMR (202 MHz, CDCl3) δ 149.00, 148.18. 19F NMR (470 MHz, CDCl3) δ -68.68 (d, J = 

99.7 Hz), -76.03 (d, J = 83.2 Hz). 
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6.1 List of Oligonucleotides 

 Oligonucleotides used in each chapter are shown in this section. Each oligonucleotide 

has an ON number corresponding to the experiments conducted in this study. The unique 

identification number provides reference to the raw analytical data. 

  
 

Figure 6.1 | List of oligonucleotides used in Chapter 2 
L3OH and L3N3 represent the linker motif with a hydroxy and azido end, respectively. Tr represents 

triazole group.  
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Figure 6.2 | List of oligonucleotides used in Chapter 3 
Each nucleoside modification is represented by a number. The structures of the modifications are 
illustrated. 
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Figure 6.3 | List of oligonucleotides used in Chapter 4 
Each nucleoside modification is represented by a number. The structures of the modifications are 

illustrated. Underlined = 2’-OMe. Bold/underlined = LNA. Blue letters = RNA. M indicates a special 
modifier as a morpholino linkage between the 5’- and 3’- nucleotides.   
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6.2 NMR Spectra 

 NMR spectra of novel compounds are shown in this section. Reagents for reactions 

with oligonucleotides are characterised by high resolution mass spectroscopy (HRMS) 

illustrated in the next section. 
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1H and 13C NMR spectra of compound A2 

  

A2 

A2 
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1H and 13C NMR spectra of compound A2a  

A2a 
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1H and 13C NMR spectra of compound A3  
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1H and 13C NMR spectra of compound B5a  
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1H and 13C NMR spectra of compound B6   
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1H and 13C NMR spectra of compound B6a   
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1H and 13C NMR spectra of compound B12 
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1H and 19F NMR spectra of compound B13   

B13

a 
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1H and 13C NMR spectra of compound B17 
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1H and 19F NMR spectra of compound B17a 
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1H and 31P NMR spectra of compound C4 
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6.3 High-Resolution Mass Spectra 
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6.4 Supplementary Experimental Data 

 

 

Table S1 | List of oligonucleotide sequences in RNA-EDA-oligo conjugation studies 
X = N-ethyl ethylenediamine; Y = C3 spacer  
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Figure S1 | UPLC results from screening of RNA-EDA-oligo conjugation conditions 
(A) Overlaid UPL chromatograms show the retention profiles of the isolated RNA species after 

precipitation under various conditions with reductive amination. General reaction condition: RNA (final 

conc. = 10 µM) was first incubated with NaIO4 (1.5 mM) with or without a splint (1 eq.) in darkness 

for 30 mins, then to the mixture was added various components to a final conc.: KH2PO4 buffer (100 

mM, pH 6.0), 5’-EDA oligo (100 µM, 10 eq.) and NaBH3(CN) (20 mM) for 2 hours at different 

temperatures. Set 1: no splint was used, reacted at 25°c; set 2: ODN4.3 as splint, reacted at 25°c; set 3: 

ODN4.3 as splint, reacted at 37°c; set 4: ODN4.4 as splint, reacted at 25°c; set 5: ODN4.4 as splint, 

reacted at 37°c. The RNA species was isolated by Monarch® RNA Cleanup Kit. Ligated product was 

identified at the major peak at Rt = 4.61 min. (B) Retention profiles of the crude oligonucleotides 

employed in this study: ON4.1 – 56-mer RNA (calc. mass = 17797; found mass = 17799); ON4.2 – 20-

mer 5’-EDA oligo (calc. mass = 6256; found mass = 6257); ON4.3 – 40-mer splint (calc. mass = 12352; 

found mass = 12351); ON4.4 – 40-mer splint with internal C3 spacer (calc. mass = 12488; found mass 

= 12490).  
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Figure S2 | MS results from screening of RNA-EDA-oligo conjugation reaction 
Integration of the peak at Rt = 4.61 mins of corresponding chromatograms (Figure S1) over the RNA 
conjugation reaction indicates the presence of the ligation product (calc. mass = 24019). In set 2 (and 

set 3), the splint oligo ON4.2 (calc. mass = 12352) was eluted at the same Rt as the product whereas in 

set 4 (and set 5), the peak indicates the presence exclusively of the product. 
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Figure S3 | UPLC results from RNA-EDA-oligo conjugation at annealing conditions 
Overlaid UPL chromatograms show the retention profiles of the isolated RNA species after 

precipitation under various conditions with reductive amination. Before injecting to UPLC-MS, to the 

mixture was added Et3N.EDTA (final conc. = 50 mM) to remove sodium adducts at early elution. 

Conversion % in parentheses was calculated as the ratio between area under the product peak and that 

of the RNA starting material and product. General oxidation-reductive amination condition: RNA (final 

conc. = 5 µM) was annealed with reactant oligos from 95°c to 25°c, incubated with NaIO4 (1.5 mM) in 

KH2PO4 buffer (100 mM, pH 6.0) in darkness for 30 mins, then to the mixture was added NaBH3(CN) 

(20 mM) for 2 hours at r.t. Set 1: splint (1 eq.) was added during oxidation, annealing rate = -0.4°c/s 

and EDA-oligo was added after oxidation; set 2: splint (1 eq.) and EDA-oligos were added during 

oxidation, annealing rate = -0.4°c/s; set 3: splint (1 eq.) and EDA-oligos were added during oxidation, 

annealing rate = -0.1°c/s. 
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Figure S4 | Images of RNP localisation in HEPG2 cells in split channels (untreated control) 
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Figure S5 | Images of RNP localisation in HEPG2 cells in split channels (eGFP-

Cas9:ON3.5-EDA-GalNAc-Cy5) 

  



Chapter – 6 Appendix 

219 

 

 

Figure S6 | Images of RNP localisation in HEPG2 cells in split channels (eGFP-

Cas9:ON3.5-EDA-GalNAc-Cy5 with ppTG21) 
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