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Abstract 

Aptamers are oligonucleotide sequences that have shown promise as alternatives to antibodies due 

to their high binding affinities with various targets. While aptamers possess some advantages over 

their protein counterparts, including the ease of chemical modification and the ability to undergo 

in vitro selection from a randomized pool, their limited chemical diversity, stemming from the four 

canonical nucleosidic bases, restricts their binding capabilities. Many methods have been used to 

broaden the chemical space of aptamers including SOMAmer technology and or click-SELEX, 

but methods rely on nucleosidic monomers that are compatible with DNA polymerases or ligases. 

Previously, the Sleiman and McKeague labs introduced Aptamer-Like ENcoded OligoMERs 

(Alenomers) to address the limited chemical diversity of aptamers. This approach incorporates 

synthetic, non-nucleosidic building blocks into sequence-defined oligo strands to expand the range 

of molecular interactions. The proof-of-concept study made use of the thrombin binding aptamer 

(TBA) as a template, a well-known stable G-quadruplex. We also include a DNA code strand that 

is covalently linked to the oligomer through a nucleoside-based branching unit to identify the 

corresponding oligo strand. Solid-phase phosphoramidite synthesis and the split-and-pool strategy 

were used to create a combinatorial library of nearly 300,000 alenomers. Libraries were subject to 

biomolecule selection, separation, and code amplification. Alenomers identified from next-

generation sequencing of the DNA code showed improvements in binding affinity and serum 

stability, underpinning our strategy as an effective method to identify new and useful sequence-

defined oligomer for biomolecule binding.  

The goal of this thesis was to study the important parameters of the alenomer library structure and 

design that can be tuned for efficient aptamer function. First, we identified a model aptamer that 
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binds to a protein target with high affinity but lacks the common G-quadruplex structure. We next 

identified a suitable library template design, including positions suitable for modification, the 

length of the code, the spacer between the aptamer, and the types of branching unit. New types of 

monomer phosphoramidites were also synthesized and their coupling ability was tested. Finally, 

the compatibility of library synthesis protocol to the new design was examined. This work expands 

the alenomer library approach, making it more generalizable to diverse aptamer structures and 

designs – and thus can be applied widely to identify highly stable and functional aptamers. 
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Résumé 

Les aptamères sont des séquences d’oligonucléotides qui ont montré leur potentiel comme 

alternatives aux anticorps en raison de leur grande affinité de liaison avec diverses cibles. Bien 

que les aptamères présentent certains avantages par rapport à leurs homologues protéiques, tels 

que la facilité de modification chimique et la capacité de sélection in vitro à partir d'un pool 

aléatoire, leur diversité chimique reste limitée aux quatre bases nucléosidiques canoniques, ce qui 

restreint leur affinité avec leur cible. De nombreuses méthodes ont été utilisées pour élargir l'espace 

chimique des aptamères, notamment la technologie SOMAmer et le click-SELEX, mais ces 

méthodes reposent sur des monomères nucléosidiques compatibles avec les ADN polymérases ou 

les ligases. Les laboratoires Sleiman et McKeague ont par le passé introduit des oligomères 

encodés semblables aux aptamères (Alénomères) pour pallier cette diversité chimique limitée. 

Cette approche intègre des monomères synthétiques et non nucléosidiques dans des oligomères 

avec un contrôle précis de la séquence pour étendre la gamme d'interactions moléculaires. Une 

étude de preuve de concept a utilisé un aptamère de la thrombine (TBA) en tant que modèle, un 

quadruplex G bien connu et stable. Un brin de code ADN est lié de manière covalente à l'oligomère 

par le biais d'un nucléoside ramifié pour identifier l’ oligomère modifié correspondant. La synthèse 

par phosphoramidite en phase solide et une stratégie de fractionnement et de combinaison ont 

permis la création d’une bibliothèque combinatoire de près de 300 000 alénomères. Ces 

bibliothèques ont été soumises à une étape de sélection, suivie d’une séparation et une 

amplification. Les alénomères ainsi obtenus, identifiés à partir du séquençage de nouvelle 

génération du code ADN, ont une affinité de liaison et une résistance à la dégradation dans le 

sérum élevées, ce qui confirme que notre stratégie est efficace pour identifier de nouveaux 

oligomères à séquence contrôlée se liant à des biomolécules. 
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L'objectif de cette thèse était d'étudier quels paramètres de la structure et de la conception de la 

bibliothèque d'alénomères peuvent être ajustés pour assurer une fonction efficace. Tout d'abord, 

nous avons identifié un aptamère modèle qui se lie à une cible protéique avec une grande affinité 

tout en ne présentant pas de structure en quadruplex G. Ensuite, nous avons identifié une 

conception de appropriée de la bibliothèque d’alénomères, identifiant les positions adaptées à la 

modification, la longueur du code, l'espaceur entre l'aptamère et les types d'unités de ramification 

nécessaires à une synthèse efficace. De nouveaux types de phosphoramidites ont également été 

synthétisés et leur capacité de couplage a été testée. Enfin, la compatibilité du protocole de 

synthèse de la bibliothèque avec la nouvelle conception a été examinée. Ce travail étend l'approche 

de notre bibliothèque d'alénomères, la rendant plus généralisable à des structures et des 

conceptions d'aptamères diverses, et peut donc être largement appliqué pour identifier des 

aptamères hautement stables et fonctionnels. 
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CHAPTER 1: INTRODUCTION 

1.1 Nucleic acids 

1.1.1 Introduction to nucleic acids 

Nucleic acids are a class of biopolymer molecules that function primarily as genetic carriers in 

most living organisms. The building blocks of nucleic acids are nucleotides, which consist of three 

main components: a pentose sugar ring, a nitrogen-containing nucleobase and a phosphate group 

1 (Figure 1a).  In ribonucleic acid (RNA) the sugar ring is ribose while deoxyribose nucleic acid 

(DNA) contains a 2-deoxyribose ring. There are two types of nucleobases that attach at the C1 

position of the sugar: purine-based (adenine and guanine) and pyrimidine-based (thymidine, 

cytosine, and uracil) nucleobases. A phosphodiester linkage connects the C3′ and C5′ of 

consecutive nucleotides. As a result, each nucleic acid strand has a directionality, determined by 

the direction from C5′ to C3′ of the sugar-phosphate backbone (Figure 1b). 
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Figure 1: a. ǀ Ribonucleotide and deoxyribonucleotide structures. (adapted from reference 1) 1 ; b. ǀ 

Double-stranded oligodeoxyribonucleotide structure. (adapted from reference 2) 2 

Nucleic acids were first discovered inside the nuclei of human white blood cells in 1869 by Swiss 

doctor Friedrich Miescher. 3 By the 1910s, many studies had revealed that nucleotides composed 

of a sugar, a nitrogen-containing base and a phosphorus-based linkage, are the monomers of 

nucleic acids. 4 In 1944, DNA was found to be the molecule containing genetic information by 

Avery, Macleod and McCarty. The X-ray structure of DNA was found in a famous X-ray 

experiment by Watson, Crick and Franklin in 1953. 5 

DNA has a 2-deoxyribose backbone and the nucleobases are adenine (A), thymine (T), cytidine 

(C) and guanine (G). DNA occurs in natural systems mostly as double-stranded, where two single-

stranded DNA wrap around each other to form a double helix 6 (Figure 2a). The two 

complementary strands in a DNA double helix are antiparallel or have opposite 5′-to-3′ 

directionality. The base of nucleotide in each strand is connected to one from the other strand 
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through a specific hydrogen bonding pattern called Watson-Crick base pair. In Watson-Crick base 

pair, a purine and a pyrimidine interact with each other through a system of specific hydrogen 

bonds: adenine and thymine pairs to through two hydrogen bonds, while the connection between 

cytidine and guanine are three hydrogen bonds. This Watson-Crick base pair gives DNA specific 

complementarity, which is an important property for most DNA functions. The double helix 

structure is stabilized mainly by -stacking between nucleobases, while base-pairing is a lesser 

contributor to the stability of the helix. 7 The spaces around a base pair are not similar in size and 

therefore are divided into major or minor grooves. These two types of grooves have different 

hydrogen-bond acceptor or donor patterns, therefore are important sites for protein binding and 

recognition (Figure 2b). 

 

Figure 2: a. ǀ Double helix structure of double-stranded DNA. (adapted from reference 6) 6 ; b. ǀ Major and 

minor grooves structure in a base pair. (adapted from reference 6) 6 
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There are three major polymorphic forms of DNA double helix: A-, B- and Z-form 8 (Figure 3). 

In the most common B-form, the helix is right-handed and contains 10.5 nucleotides per helical 

turn. 9 The diameter of the helix is 1.9 nm, while the length of one turn is about 3.4 nm. 9, 10 The 

A-form DNA is also right-handed, but includes more base pairs in a turn and more compress to 

the axis than B-form. 9  Z-form is left-handed and rarer than the other two forms.  

 

Figure 3: B-form, A-form, and Z-form double-stranded DNA structure. (adapted from reference 8) 8 

RNA contains a ribose sugar backbone and the four nucleobases are adenine (A), guanine (G), 

uracil (U) and cytidine (C). Unlike DNA, RNA mostly exists as single-stranded in nature with 

various secondary structures such as stem, hairpin loop or bulges. 11 RNA can also form 

RNA/RNA homo-duplexes or RNA/DNA hetero-duplexes, in which the uracil nucleobase can 

form Watson-Crick base pairing with adenine in a similar hydrogen bond system as A-T pair in 

DNA. Generally, the stability of the duplexes decreases by the order: RNA/RNA, RNA/DNA and 

DNA/DNA, with the heteroduplex stability highly dependent on the composition of both ribose 

and deoxyribose nucleotides. 12, 13 The presence of the 2′-hydroxyl group makes RNA more 

susceptible to basic conditions or enzymatic degradation, as the deprotonated hydroxyl group can 

undergo nucleophilic attack to phosphate linkage and cleave the RNA strand. Besides the vital role 
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in gene transcription and translation, RNA also participates in many other biological functions, 

including catalysis in ribozymes or molecular recognition in riboswitches.   

1.1.2. Nucleic acids synthesis 

1.1.2.1 Solid-phase synthesis 

The solid phase synthesis (SPS) was pioneered in 1963 when Merrifield used the approach to 

synthesize oligopeptides. 14 The growing peptide was covalently linked to a polymeric support to 

facilitate the purification of the final strand. The synthesis of oligonucleotides using SPS was also 

developed after this, and started thriving when phosphoramidites were used as the phosphorus-

containing intermediates in the process. 15 Currently, short to medium oligonucleotides can be 

synthesized using automated SPS with phosphoramidite chemistry depending on the size of the 

resin pore (the 1000 Å CPG can provide good synthesis of oligonucleotide with the length up to 

100 bases). In most SPS protocols, the nucleoside phosphoramidites are protected at the 5′-end 

with a dimethyl trityl (DMT) group. The nucleobases (except thymine and uracil) and the 2′-

hydroxyl group of ribose phosphoramidites also need to be protected to prevent unwanted 

nucleophilic reactions. The amino groups of A, G and C are protected as amide derivatives. The 

2′-hydroxy group is normally protected with tert-butyldimethylsilane (TBDMS).  

The synthesis occurs on the surface of a functionalized solid support, usually controlled pore glass 

(CPG), in a 3′ to 5′ direction. 16 (Figure 4) A synthesis cycle starts with the deprotection of the 

existing DMT in the growing strand in acidic conditions, leaving the free 5′-hydroxyl group. The 

protected amidite of the next nucleotide is then added by the synthesizer, and couple to the 5′-

hydroxyl group in the presence of a weak acid activator. Since the coupling yield is not 100%, the 

uncoupled free hydroxyl group is then capped as an ester, to prevent the growing of truncated 
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sequence. P (III) is oxidized to the more stable P (V) to prevent the reverse cleavage of the newly 

formed linkage. Finally, the DMT protecting group is removed under acidic conditions to leave 

the 5′-hydroxyl group for a new cycle.  

 

Figure 4: Oligonucleotide solid-phase synthesis cycle in the synthesizers. (adapted from reference 16) 16 

Once the strand growing is complete, the solid-supported oligonucleotide is incubated in an 

aqueous base (normally ammonium hydroxide) to deprotect the nucleobases and the cyanoethyl 

group in the phosphodiester linkage. The oligonucleotide strands are also cleaved from the solid 
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support to the solution phase in this step. TBDMS deprotection with fluoride treatment is carried 

out after the basic deprotection to avoid base-catalyzed RNA cleavage. The final strand can be 

purified by gel electrophoresis or high-performance liquid chromatography (HPLC) and 

characterized by mass spectrometry. 

1.1.2.2. Other type synthesis 

1.1.2.2.1. Liquid-phase synthesis 

Oligonucleotides can also be synthesized in a homogeneous phase with the solution. Technically, 

removing the heterogenous support facilitate the distribution and accessibility of the reagents. 

Moreover, liquid phase synthesis does not require excess amounts of expensive reagents as well 

as an automated synthesizer. 17 This reduces the price of oligonucleotides synthesis and therefore 

can help with scaling up the synthesis procedure. In liquid-phase synthesis, a soluble polymeric 

support from which the strand can grow is needed to facilitate the post-synthesis purification. 

Polyethylene glycol (PEG) is one of the most frequently used support in liquid-phase synthesis 

because the support facilitates the ether precipitation and filtration, which helps lower the cost of 

the total synthesis process. 17 Most of the liquid-phase synthesis also utilize phosphoramidite 

chemistry similar to SPS. In a synthesis cycle, instead of capping the truncated strand, the growing 

oligonucleotides can be separated from reaction mixture in each cycle by precipitation, extraction, 

or chromatography. 18-20 However, these removals of reagents and by-products make the synthesis 

more laborious and not environmentally friendly. Recently, there are some advances in liquid-

phase synthesis protocol to facilitate the isolation of the fully grown strands, such as using organic-

solvent nanofiltration 21, 22 or Aliphase support 23.  
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1.2.2.2. Enzymatic synthesis 

The SPS and liquid-phase synthesis methods are efficient to synthesize short- to medium-chain 

oligonucleotide. However, as the coupling yield of a single phosphoramidite is not 100%, the 

synthesis yield will decrease dramatically when the strand becomes very long. Also, the separation 

method would significantly affect the amount of desired strand one can get. Therefore, current SPS 

technique should only be used with oligonucleotide strands that have smaller than 200 nucleotides 

24. Longer DNA strands can be synthesized by assembling short oligonucleotide fragments with 

enzyme such as ligases or polymerase. Furthermore, to synthesize sequence-controlled 

oligonucleotide, many enzymes that do not require templates or primers were examined. For 

example, terminal deoxynucleotidyl transferase (TdT) – a DNA polymerase that allow template-

independent synthesis – was used to incorporate free nucleoside triphosphates dNTPs into a free 

3′ hydroxyl end 25.  

1.1.3. Nucleic acids applications 

Besides being genetic carriers in living organisms, nucleic acids have many other applications in 

various fields. This section covers main applications of nucleic acids, such as nanotechnology and 

therapeutics: functional nucleic acids will be discussed separately in section 1.2.  

1.1.3.1. DNA nanotechnology 

With its well-defined and programmable structure, DNA is a promising material for bottom-up 

assembly. The field of DNA nanotechnology was pioneered in 1982 by Nadrian Seeman. 26, 27 

Inspired by the Holliday junction structure in the homologous recombination that happens in 

meiotic cell cycles, he constructed a four-arm junction made from four different oligonucleotide 

strands around. Ten years later, the same group showed the double-crossover (DX molecule) 
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consisting of two double-stranded DNA connected through two crossover points can be used to 

make a more rigid structure than the single-crossover Holliday junction. 28  The triple-crossover 

(TX) 29 and paranemic crossover (PX) 30 molecules were designed by the same group a few years 

later. These crossover structures can also be assembled in a periodic way to form a larger 

architecture. For example, Winfree, Seeman and colleagues created DX molecules, which they 

called DNA tiles, that can self-assemble through sticky ends into nano-scale pattern crystals. 31 

 

Figure 5: DX, TX and PX structures. (adapted from reference 27) 27 

Since then, many studies have more complex DNA architectures using different strategies 

including DNA origami and DNA bricks. In DNA origami, the folding of a long, single-stranded 

DNA scaffold into a defined shape is controlled by many other shorter oligonucleotide strands. 32, 

33 The 2D DNA origami structure can be folded into 3D by simply shifting the position of the 

crossover between two antiparallel helices by less than a turn. 34 The DNA origami structures can 

be built from either cylinder models or wireframe models. In the cylinder models, a filled structure 

is composed of tightly packed cylinders made of origami helices. 34 In the wireframe model, a 

porous, hollow structure is designed using vertices and edges, which are brought together by 

scaffold-staple crossovers. 35 Theoretically, programmable DNA origami can be used to address 

any shape, with the recent Mona Lisa DNA portrait 36 as an example. However, the need for a 
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large number of different DNA strands makes this method impractical for building large, 

complicated architectures.  

 

Figure 6 : DNA origami  and DNA wireframe. a. ǀ DNA origami scaffold and staples design. (adapted from 

reference 33) 33 ; b. ǀ 3D DNA origami with stacked helices design. (adapted from reference 34) 34 ; c. ǀ 

DNA wireframe with lines and vertices design. (adapted from reference 35) 35 ; d. ǀ Mona Lisa portrait 

made from DNA origami. (adapted from reference 36) 36  
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On the other hand, DNA bricks utilize the assemblies of single-stranded DNA tiles (SSTs) which 

has two “head” and two “tail” domains that were complementary with others “tail” and “head”. 37 

A strand’s head could be designed to specifically bind to a tail domain of another strand, therefore 

creating the self-assembly of many SSTs into a large object. The 3D version of DNA tile, also 

called DNA brick, is made by decreasing the length of each domain, therefore changing the helical 

turn. 38 Arbitrary shapes created by DNA SST or DNA bricks can be constructed by designing the 

SSTs as “pixels” on a pre-designed molecular canvas.  

 

Figure 7: Self-assembly of single-stranded tile motif into a DNA brick structure. (adapted from reference 

37) 37 

There are many other strategies that have been utilized to create nanostructures, such as gold 

nanoparticle assemblies templated by DNA,39-41 or metal-DNA junctions held together by metal-

ligand interactions, as well as DNA hybridization. 42-44 Many reports of minimal DNA assemblies 

have appeared, where the least possible number of DNA strands is used. For example, the Sleiman 

group has developed DNA minimal nanotubes with controlled length by stepwise assembly. 45, 46 



27 
 

 

Figure 8: Other strategies to create DNA nanostructures a. ǀ Cu(I)-mediated DNA junctions. (adapted from 

reference 44) 44 ; b. ǀ Stepwise assembly of DNA minimal nanotube. (adapted from reference 46) 46 

Due to DNA’s biocompatibility, biodegradability and low toxicity, DNA nanostructures have 

many advantages compared to other nanomaterials, especially in biomedical applications. For 

example, many DNA nanostructures have been used as delivery vehicles for oligonucleotide 

therapeutic agents, intercalated drugs or nanoparticles. 47-49 Moreover, DNA nanotechnology can 

also be used to create dynamic nanodevices such as a thermoresponsive DNA flexor 50 or the pH-

responsive DNA nano-switch 51.  

1.1.3.2. Gene silencing 

Gene silencing is a promising oligonucleotide therapy, where the oligonucleotide strands are used 

to produce the therapeutic effect. Instead of directly binding to the proteins, which is the case for 

biologics and small molecules, gene silencing inhibits protein production, therefore controlling the 

target expression. Two of the most frequently used gene silencing agents are antisense 

oligonucleotides and small interfering RNAs. Antisense oligonucleotide (ASO) is a short, single-
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stranded DNA that is complementary to a sequence in mRNA and interferes  with its activity by 

several mechanisms, one being the RNase H-mediated cleavage of ASO/mRNA duplex. 52 Other 

inhibition methods including altering pre-mRNA splicing or sterically blocking ribosome 

translation are often employed in ASO with modified backbones. 53 On the other hand, the activity 

of small interference RNA (siRNA) is operated through the RNA interference process. The first 

step is the cleavage of long dsRNA to the short siRNA duplex by Dicer enzyme. When siRNA 

duplex enters the cell, it can form a complex with multiple proteins to form RISC (RNA-induced 

silencing complex). 54 One of the siRNA strands, also called antisense strand, guides RISC to the 

target mRNA, and the proteins in RISC will catalyze the cleavage of the mRNA. 55 

 

Figure 9: Working mechanism of ASO and siRNA a. ǀ Mechanism of ASO. (adapted from reference 54) 54 ; 

b. ǀ Mechanism of siRNA. (adapted from reference 54) 54 

Gene silencing is a promising therapeutical strategy as it can target the expression of many 

undruggable proteins. By the end of 2022, eighteen oligonucleotide-based therapeutics have been 

approved by FDA, nine of which are ASOs and siRNAs. 56 However, the main limitations of gene 
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silencing agents are their low in vivo stability and their poor cellular uptake. These problems can 

be tackled by chemical modifications, bio-conjugation or using delivery vehicles.   

1.1.3.3. DNA-encoded libraries 

The accuracy of base pairing as well as the fidelity in PCR and sequencing techniques make DNA 

a great “barcoding” tool, with DNA-encoded libraries (DEL) as the most popular application. In 

the DEL approach, each compound is tagged by a unique oligonucleotide “barcode”, enabling all 

members of the library to be synthesized and screened simultaneously in a single solution. 57 The 

coding power and amplifiability of DNA enable the information of library to be stored and decoded 

after the screening process. The technique was pioneered by Brenner and Lerner in 1990s, when 

they prepared tripeptide library encoded by single-stranded DNA. 58, 59 According to Neri, DELs 

can be divided into two subgroups: single- and dual-pharmacophore libraries. 60 In single-

pharmacophore libraries, a single molecule is attached to one DNA fragment, while in double-

pharmacophore one, two molecules are tagged with a double-stranded DNA in an individual 

member of the library.  

There are two common ways to synthesize a single-pharmacophore library, either by DNA-

recorded or DNA-templated synthesis. In DNA-recorded synthesis, after each building block 

coupling step, a DNA fragment encoding that block is also enzymatically attached to the nascent 

coding strand. A “split-and-pool” procedure is usually used to yield a combinatorial library. 60, 61 

The coding DNA used in this method is normally double-stranded, but some studies also reported 

the use of single-stranded fragments in encoding DNA-recorded libraries. 62, 63 On the other hand, 

DNA-templated libraries are synthesized by pools of pre-encoded DNA templates. The building 

blocks contain the compound and its anticodon sequence, and the complementary codon-anticodon 

pairing directs the coupling of the building block to the template. A novel universal strategy has 
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been developed with templates containing poly-inosine that can bind to any of the four bases, 

enabling the creation of random combination of building blocks in a rapid and simple way. 64    The 

dual-pharmacophore library, also known as encoded self-assembling combinatorial (ESAC) 

library, was pioneered by Neri et al. in 2004. 65 The two sub-libraries of two building blocks, each 

of which linked with the coding strands that were able to hybridize with ones in the other sub-

library, were synthesized. The building blocks were linked only by the complementary pairing of 

the two coding strands, leading to the need of re-synthesizing two-component compounds with 

proper covalent linkers for hit evaluation. A d-spacer was added in a later study to prevent the 

hybridization mismatch of the two DNA strands. 66     
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Figure 10: DNA-encoded library synthesis methods. (adapted from reference 60) 60 

Figure 11 shows the common steps in the affinity-based screening and analysis of a DEL toward 

a biochemical target. 67 In contrast to general high-throughput screening protocol, a DEL exists as 

a mixture, so all the screening experiments happen in parallel within a single tube. The target, 

which is in many cases protein, is mixed with library mixture in an appropriate condition. In solid-

phase selections, the targets are often tagged with an oligohistidine or biotin for immobilization 

on solid supports 68, 69, and the unbound compounds are washed away after the affinity capture. In 

the next step, the barcodes are amplified using PCR and decoded by sequencing to yield the binders’ 

information. The sequence frequency, which represents the relative number of a barcode sequence 
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found after decoding, can be used to estimate the abundance of the corresponding compound. 60 

The enrichment step can be repeated through several cycles, and the degree of repetition of 

building blocks in the hits is statistically analyzed. The most frequently appearing building blocks 

will be used to build the off-DNA compounds for re-validation using biochemical assays. 

 

Figure 11: General workflow for DEL screening and analysis process. (adapted from reference 67) 67 

DELs provide an inexpensive and rapid method for screening of large libraries (which can reach 

106 members) without the need for expensive automated systems. In addition, the screening can 

happen in a single tube as the library exists as a mixture. The DEL members also do not need to 

be prepared in high concentration thanks to the amplification ability of DNA coding strands. 

However, compared to other screening methods, there are still various limitations that prevent 

DELs to be widely applied. First, the requirement of DNA-compatible coupling reactions for 

building blocks significantly reduces the choices of library synthetic routes. Moreover, the non-

equal yields between coupling reactions may create a bias in the library. Second, most current DEL 

screening techniques are only based on physical affinity between the target and ligands. As a result, 

many site-selective biological functions need to be studied from the post-screening off-DNA 
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validation. Third, for many DEL-targeting proteins, the solid-phase immobilization techniques 

require pure proteins in their active forms. However, many proteins cannot be isolated or denature 

in the isolation process, leading to the need for in vivo DEL screening protocols.  

Recently, many advances in DEL have been created to overcome these problems. A wide variety 

of DEL-compatible reactions have been found, including metal-catalyzed 70-73 or photoredox 74, 75 

coupling reactions. In addition, many screening strategies targeting biological properties have been 

developed. For example, during the selection of FTase, protein kinase A (PKA), and caspase 3 

enzyme with DNA-encoded peptide substrates, Jetson and Krusemark used additional enzymes to 

selectively biotinylate the products, which helps isolate the successful products later. 76 The “one-

bead-one-compound” (OBOC) techniques are also utilized frequently to create functional DELs. 

In OBOC-DELs, each library member is attached to a bead, often through a cleavable linker, that 

also contains its own DNA code. In 2019, Cochrane and colleagues created the first activity-based 

screening DEL to identify phosphodiesterase autotaxin inhibitor. 77 In their OBOC-DEL, 

microfluidics was used to separate each bead in a droplet, and the compound was cleaved from the 

bead to interact with the target in the same droplet. The droplets were sorted based on the 

fluorescent signal intensity that showed the inhibition of the library compound. The non-

immobilization screening techniques are also examined to broaden the scope of targets for DEL. 

For example, the solution-phase DNA-encoded dynamic chemical library (DEDL) utilized photo-

driven crosslinking to lock up the highest affinity combination of pharmacophores in a dynamic 

equilibrium. 57, 78  For example, Petersen et al. reported an in vivo DEL screening targeting protein 

with the assistance of another integrated “bait” protein that helps discriminate the hits and the non-

binders. 79 
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1.2. Aptamers and ribozymes 

1.2.1. Introduction to aptamer 

1.2.1.1. Aptamer and antibodies 

Aptamers, or nucleic acid aptamers, are short single-stranded oligonucleotide sequences that bind 

specifically to a target. 80 Each aptamer often has a functional structure that may include various 

secondary structures such as stem-loop or G-quadruplex. There is a wide variety of targets reported 

for DNA or RNA aptamers, from small molecules, and proteins to cells and viruses. The 

interactions responsible for the binding between an aptamer and its target include non-covalent 

interactions such as hydrophobic effect, electrostatic interaction, hydrogen-bonding or π-π 

stacking. 81  

Aptamers can be considered the “nucleic acid version” of antibodies. In fact, while having binding 

affinity comparable with antibodies, aptamers have many advantages over antibodies.  As 

therapeutics, aptamers are generally non-immunogenic.  Their small size allows them to penetrate 

efficiently into many biological areas that antibodies might be too large to access. 82 In addition, 

since aptamers can be chemically synthesized, their production process is cheaper, and also able 

to avoid viral or bacterial contamination that often occurs in antibody manufacturing. 82 Aptamers 

can undergo in vitro selection and endure various chemical modifications, which can facilitate the 

screening and optimization process.  Their storage conditions are also more tolerable than 

antibodies, as aptamers can refold to their original form simply by heating and cooling. 83 However, 

there are still some significant drawbacks that prevent aptamers from being widely applied. First, 

unmodified aptamers lack the chemical diversity that is observed in antibodies (both DNA and 

RNA consist of only 4 nucleotides compared to 20 amino acids in antibodies). This shortage limits 
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the available non-covalent interactions, reducing the binding affinity and specificity of aptamers 

to their targets. Moreover, the charged nature of the phosphodiester backbone prevents the 

diffusion of aptamers into the interior of cells. Aptamers are also labile to nuclease degradation, 

decreasing in vivo efficiency when compared to antibodies. 84 As a result, until 2021, only one 

aptamer drug has been approved by FDA. 85, 86 These disadvantages can be addressed by chemical 

modification, which will be discussed in more detail in section 1.2.3. 

1.2.1.2. SELEX 

Aptamers for a specific target can be identified from a pool of oligonucleotides through an in vitro 

selection process called SELEX (Systematic Evolution of Ligands by EXponential enrichment). 

A general SELEX protocol starts with the generation of a randomized DNA or RNA library. 87 

(Figure 12) The oligonucleotide library can be generated from either solid-phase synthesis with 

phosphoramidite chemistry, or from enzymatic synthesis with polymerase and deoxyribose 

triphosphates or ribose triphosphates (dNTPs or NTPs). A SELEX library design usually contains 

two parts: primer regions at both ends and a random region in the middle. Primer regions, which 

are similar among library members, are used for amplification. On the other hand, random regions 

are the “actual aptamer” part and are variable between strands. In the next step, the target is 

incubated with the library and some oligonucleotides will bind to the target. The target-bound 

complexes are isolated, in many cases through immobilization of the target, and the non-binding 

sequences are washed away. Finally, the binders are amplified by the polymerase chain reaction 

(PCR) to create a new pool that is ready for another selection round. The binder information can 

also be identified in each round by sequencing using Sanger sequencing or Next-Generation 

Sequencing (NGS).  
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Figure 12: General procedure of a SELEX cycle. (adapted from reference 88) 88 

1.2.2. Aptamer binding characterization 

1.2.2.1. Aptamer binding equilibrium and kinetics 

When an aptamer (A) binds to a target (T) in 1:1 ratio, there is an equilibrium between A, T and 

the aptamer-target complex AT:  

 

In equilibrium, kon represents the rate-constant of the association reaction (forward reaction) and 

koff represents the rate-constant of the dissociation reaction (reverse reaction). The association and 

dissociation constants, KA of KD respectively, are calculated as follows:  

KA =  
1

KD
=  

[AT]

[A][T]
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[A], [T] and [AT] represent the concentration at equilibrium of A, T and AT, respectively. When 

the KD value is low (or the KA value is high), the formation of AT will be more favored, therefore 

the binding affinity of the aptamer to the target will be stronger. In addition, if [T] = [AT], KD = 

[A]. Therefore, KD can be considered as the concentration of free aptamer when the target is half-

saturated.  

In terms of kinetics, the rate constants koff and kon values highly depend on the free energy of the 

transition state, which cannot be isolated during the binding process. Therefore, these kinetics data 

are difficult to observe, and highly sensitive methods such as surface plasmon resonance (SPR) 

are required to observe the kinetic behavior of aptamer binding. In addition, the kinetic properties 

can also be used to study the binding affinity of aptamer. Theoretically, KD can be calculated from 

rate constants: 

KD =  
koff

kon
 

As a result, lower KD is also characterized by low koff and high kon. In other words, high-affinity 

aptamers are likely to display a low value of rate of dissociation (slow off-rate) and high value of 

rate of rate of association (fast on-rate). Slow off-rate can be achieved by stabilizing the aptamer-

target complex (AT), and this strategy can be utilized to optimize better aptamer binders. For 

example, Gold et al. created high-affinity SOMAmer (Slow Off-rate Modified Aptamer) in which 

nucleobases were modified with hydrophobic moieties to mimic amino acid side chains, therefore 

generating a more stable oligonucleotide-protein complex. 89 

1.2.2.2. Aptamer binding thermodynamics 

The Gibbs free energy of binding process between aptamer and target can be calculated as: 
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∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 

The binding process is spontaneous thermodynamically if ∆𝐺 < 0, which is favored by more 

negative ∆𝐻  and more positive ∆𝑆. As a result, the aptamer binding can be driven by either 

enthalpy or entropy factor. The change in enthalpy is the total energy change when an aptamer 

binds to its target, resulting in forming new non-covalent interactions in the aptamer-target 

complex. Moreover, solvent also contributes to the net ∆𝐻  value, as the interaction between 

solvent and aptamer or target is disrupted during the binding process. On the other hand, the total 

entropy change indicates the variation in the degree of freedom of the system consisting of aptamer, 

target, and solvent, with a more positive value meaning the system is more chaotic. Generally, the 

formation of a more ordered complex from free molecules contributes negatively to the system ∆𝑆. 

90 To compensate for this entropic loss, in some aqueous systems, the binding is driven majorly by 

water entropy – water molecules are released from interaction with oligonucleotide or the target. 

91  

1.2.2.3. Methods for aptamer characterization  

1.2.2.3.1. Fluorescent anisotropy (FA) 

A fluorophore when excited by a polarized light will also emit polarized light with different 

intensities in the planes that are parallel, versus perpendicular, to the excited plane. A fluorescent 

anisotropy (FA) value is calculated based on the parallel (𝐼∥) and perpendicular intensities (𝐼⊥) as 

following formula:  

𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 =  
𝐼∥ − 𝐼⊥

𝐼∥ + 2𝐼⊥
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Figure 13: Principle of fluorescent anisotropy. (adapted from reference 92) 92 

Physically, FA represents the rotational speed of the fluorophore with respect to its fluorescent 

lifetime. 92 Therefore, the value of FA depends heavily on the volume and the degree of freedom 

for rotation around the fluorophore. The larger the volume, the slower the fluorophore can rotate, 

which leads to the more polarized emitted light and therefore the FA value is higher. The maximum 

anisotropy can also be calculated based on the angle between the absorption and emission dipole 

moments as follow 93:  

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 =  
2

5
(

3 cos2 𝛽 − 1

2
) 

Therefore, the maximum theoretical anisotropy value is 0.4, obtained when β = 0.  

 FA assay is a frequently used method to study the binding affinity of aptamers to proteins. In most 

of the FA assays, the fluorophore-labelled aptamer is incubated with the protein in a homogeneous 

solution. Since the aptamer is generally smaller than the protein, the binding will generally increase 

the anisotropy of the fluorophore. Therefore, by monitoring the change in fluorophore anisotropy 

over a range of protein concentrations, one can fit the data to the binding curve and therefore get 

the affinity values such as dissociation constant KD. A competitive assay between non-labelled and 

labelled aptamer is also often used to examine the specificity of the binding. 92 The localization of 
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fluorophore in the aptamer is also important. Ideally, the fluorophore should be attached close to 

the binding site so that the binding can have enough effect on the fluorophore's local rotation. 

Examples of proteins used FA assays to study the binding with their aptamers are thrombin 94, 

vascular endothelial growth factor (VEGF) 95, CD63 96 and immunoglobulin E (IgE) 97.  

Unlike with proteins, the study of aptamer-small molecule binding using FA assay is more 

complicated. Since in most cases the aptamers have a larger size than the small molecule, having 

the fluorophore attached to the aptamer might not yield enough significant anisotropy change to 

be observed. To overcome this problem, the attachment site needs to be examined very carefully 

to produce the best signal. For example, Zhao et al. identified the proper label site of ochratoxin 

A aptamer by screening the anisotropy signal of many different fluorophore positions. 98 On the 

other hand, attaching the fluorophore to the small molecule might change the molecule's nature, 

as the fluorophore might have the same size as the small molecule. In that case, additional 

competitive assay with non-labelled small molecules can give the actual binding data of the target. 

99, 100 Some molecules that have the aptamer binding studied by FA are ochratoxin A 98, ATP 100  

or cocaine 101.  

Fluorescent anisotropy provides a simple, cost-effective homogeneous method to measure the 

binding affinity for a wide range of targets. However, there are some general limitations with the 

FA assays. First, the method might not be sensitive enough to study the kinetic properties of many 

aptamer-ligand systems. Second, the attachment of fluorophore to either the aptamer or target 

might interfere with binding interactions. Moreover, the binding lifetime and the location of 

fluorophore can affect the result significantly.  
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1.2.2.3.2. Surface plasmon resonance (SPR) 

Surface plasmon resonance (SPR) is a phenomenon that takes place in the surface of a thin metal 

sheet placed in the boundary of a dielectric medium is excited by light photon. 102 At a certain 

angle of the incident light, there is a coincidence between the energy of the evanescent wave caused 

by the total reflection and the plasmon energy in the surface of the metal, SPR occurs. At that angle 

when the resonance happens, called SPR angle, the reflection is minimal, and a “dip” will appear 

in the detector. Since the SPR phenomenon is very sensitive to the refractive index near the surface 

of the metal sheet, a change at the metal surface can be tracked by recording the “dip” response. 

As a result, SPR can be used to monitor the binding event of the aptamer to its target that occurs 

on the metal surface.   

A general SPR experiment requires an SPR chip, which is usually a thin gold film, which has the 

analyte anchored in the surface (Figure 14). A prism with a high refractive index is connected to 

one side without the analyte of the chip, and the other side is a flow channel with the dielectric 

medium (water of buffer solution). In many SPR instruments, a second blank flow channel is used 

as a reference channel to eliminate noise signals. As the incident light hits the film through the 

prism, the change in mass concentration near the film surface can be monitored by the change of 

SPR angle, and the detector will record that signal as a response unit (RU). 
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Figure 14: General set up and working principle of a SPR instrument. (adapted from reference 102) 102 

A typical cycle of an SPR experiment for an aptamer binding assay is shown in Figure 15. For the 

analytes that are not attached to the gold film, the first step is the analyte capture. This analyte can 

be either aptamer or the target, which is often conjugated with a linker that can bind with another 

linker covalently attached to the gold film. Some common linker pairs are poly(A)/poly(T) 103 and 

biotin/streptavidin 104. Next, the flow channel brings the ligand into contact with the thin film. The 

binding increases the RU signal (association step) until it reaches a maximum value where the 

equilibrium occurs. After this, the buffer is flown to detach the bound ligand and generate a new 

cycle (dissociation step). Normally, there are two ways to analyze the SPR data. The affinity 

analysis fits the equilibrium response unit at different ligand concentrations to the binding curve 

to generate the binding constant value such as KD. On the other hand, the kinetic analysis fits the 

signal in association and dissociation steps to find out kon and koff, respectively, and one can find 

the KD values based on these rate constant values.  
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Figure 15: A typical cycle of an SPR experiment with immobilized aptamer and small molecule. (adapted 

from reference 103) 103 

One of the most important advantages of SPR compared to other methods is its very high 

sensitivity, which enables real-time kinetic studies. Second, the technique is totally label-free, 

which reduces the cost and the labor to prepare any fluorescent probes. However, SPR requires 

expensive instruments with expensive gold film chips, that in some cases are not reusable. 

Moreover, the linker may affect the folding and binding of the aptamer, especially the poly(A) or 

poly(T) linker. 103 It is worth noting that since the technique is heterogeneous, the measurement 

results may not be consistent with other homogeneous methods such as FA or isothermal titration 

calorimetry (ITC). For example, Potty and colleagues identified a significant difference between 

the KD value of VEGF binding with its aptamer when measured by FA and when measured by 

SPR, with a possible explanation due to different binding modes observed in solution and in 

immobilized conditions. 105 

1.2.3. Chemical modifications of aptamers 

As mentioned above, there are several obstacles preventing aptamers from being applied as widely 

as antibodies. Two of the most significant disadvantages of aptamers are the lack of chemical 
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diversity and their liability to nuclease degradation. With the tolerance of many chemical reactions, 

modified aptamers are often used to ease those obstacles.   

1.2.3.1. Pre-SELEX and post-SELEX modification 

Generally, there are two strategies to make a chemical modification of aptamer:  either before or 

after the SELEX process. In pre-SELEX modification, the modified nucleotides or other building 

blocks are introduced into the initial library. These modifiers can be incorporated either through 

solid-phase or enzymatic synthesis. The great advantage of this approach is the ability to create a 

highly diverse aptamer library, which includes theoretically all possible combinations of all 

available monomers. Also, the binders are fully identified by the selection process, which removes 

the time and cost needed for the laborious post-SELEX optimization. However, there are several 

large trade-offs for this strategy. First, an appropriate library generation protocol for the modified 

building blocks must be employed. Second, the modified monomers must be recognized by 

polymerases. Although some polymerases have been reported to tolerate a few base-modified 

nucleotides, 106 there are still large limitations on the number and composition of building blocks 

that can be used. Moreover, to maintain the fidelity of the amplification and sequencing process, 

each monomer must be recognized specifically by its sequence. This can be eased by the research 

in unnatural base pairs (UBPs), which aims to expand the genetic alphabet of aptamers. 107  

On the other hand, post-SELEX modification is an optimization process of the selected binders. 

Normally, the selected candidates from a canonical oligonucleotide pool will undergo many 

mutations for structure-affinity or structure-activity studies. As a result, there is no polymerase-

compatible requirement for modification to be introduced into the aptamer. However, there is a 

risk of the mutants losing the binding affinity from the original aptamer, as chemical modifications 
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can significantly change the oligonucleotide folded structure. 108 In addition, synthesizing a large 

number of individual mutants and testing each of them is a tedious and costly task.  

Different types of chemical modification have different suitability for either strategy. In the next 

few sections, examples of different types of modified oligonucleotides and their improvement from 

the original aptamers will be discussed.    

1.2.3.2. Modification of the sugar ring 

RNA strands can undergo enzymatic cleavage in specific sites by RNase due to their nucleophilic 

2′-hydroxyl group. 109 As a result, the ribose 2′ position is a frequent target for modification to 

make more nuclease-stable aptamers. Some remarkable examples with replacement of the 2′-

hydroxyl group by 2′-fluoro, 2′-amino or 2′-O-methyl showed both improved nuclease resistance 

and great binding affinity. 110-112  In addition, several polymerases can tolerate 2′-fluoro and 2′-

amino NTPs, while fewer enzymes can recognize and incorporate 2′-O-methyl NTPs. 113 The first 

and only aptamer drug that was accepted by FDA, Pegaptanib, consists of 2′-fluoro and 2′-O-

methyl nucleotides that help increase the stability to nucleases. 86 

 

Figure 16: 2′-modified oligonucleotide structures 

In broader terms, “xeno” nucleic acids (XNAs) are nucleic acid analogues in which the ribose or 

deoxyribose ring was replaced by other chemical moieties. Various engineered polymerases have 
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been able to transcribe XNA from DNA or reversely synthesize DNA from XNA, 114 enabling the 

SELEX of many types of XNA aptamers. Moreover, since the structures of nucleobases are 

maintained, many XNAs can form duplexes with complementary DNA or RNA. 115 Some of them 

can even form a more stable hetero-duplex with DNA/RNA than the homo-duplex itself,116-118 

which can increase the fidelity of transcription and PCR process. A frequently studied XNA, 

locked nucleic acid (LNA), has the 4′-carbon and 2′-O of ribose sugar covalently linked through a 

methylene group. Although this locked conformation enhances nuclease resistance and thermal 

stability, its steric hindrance restricts the flexibility of the aptamers. 119, 120 To minimize this 

limitation, aptamers are often selected from a mixture of LNA and other residues, e.g., chimeric 

DNA/LNA aptamers can target the TAR RNA element from the HIV virus with high affinity. 119 

Beside LNA, aptamers of other XNAs such as threose nucleic acid (TNA) or 2′-deoxy-2′-

fluoroarabinose nucleic acid (FANA) also show great nuclease resistance and high binding affinity 

(sometimes even greater than the ribose analogues) to various targets. 121-123  

 

Figure 17: XNA structures 

1.2.3.3. Modification of phosphate linkage  

Sulfurization of the phosphate linkage (PO) into the phosphorothioate (PS) is probably the most 

common method to increase the nuclease resistance of nucleic acids. 124 In PS linkage, an oxygen 

atom in PO is replaced by a sulfur atom, therefore creating a chiral center at the phosphorus atom. 
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As a result, the PS linkage exists as two enantiomers: left-handed (Sp) and right-handed (Rp), and 

PS oligonucleotides are diastereomer mixtures. The Sp stereoisomers are more stable in duplex 

form while Rp ones offer more nuclease resistance, 125  so a mixture of stereoisomers can offer a 

balance of the benefit between the two stereoisomers. The oligonucleotides can be sulfurized in 

solid-phase synthesis, in which the sulfurizing agents such as the Beaucage reagent or 3-

((dimethylamino-methylidene)amino)-3H-1,2,4-dithiazole-3-thione (DDTT) are added instead of 

the oxidizing agent. 126 While most of the sulfurizing agents yield a mixture of Sp and Rp PS 

linkages, a sulfur-containing phosphorylation reagent was found by the Baran group recently can 

help synthesize stereo-defined PS linkages through a P(V)-based synthesis protocol. 127 The 

stereochemistry of PS linkage can also be controlled in enzymatic synthesis using polymerases 

that prefer alpha-S thiotriphosphate substrates. 128 Overall, PS modifications have been 

implemented to increase nuclease resistance in many aptamers with a wide range of structures and 

targets. 129-132 Beside PS, phosphorodithioate (PS2) modification can be created by replacing both 

non-bridge oxygen atoms to sulfur on the phosphate linkage. The non-chirality of PS2 center 

prevents the formation of racemic mixtures in the modified aptamer. Many dithio-aptamers express 

great nuclease assistance; some of them even have higher binding affinity than the PS-modified 

strands with the same sequence. 133 However, di-sulfurization of aptamers might alter the 

specificity depending on the modified positions. 133 
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Figure 18: Structures of common PS sulfurization agents. (adapted from reference 126) 126 

Recently, Chen et al. reported a study of modified aptamer which they called “ensemble modified 

aptamers” (EMAmer). 134 In EMAmer, hydrophobic moieties are attached directly to the sulfur 

atom in PS linkage through a nucleophilic substitution reaction. As a result, the modified sites can 

be controlled by controlling the sulfurization of the original aptamer. EMAmers were shown to 

bind to seven proteins, and a sensor based on an EMAmer library was constructed to identify some 

unknown proteins with high accuracy. 
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Figure 19: a. ǀ Phosphorothioate diastereomer structures. (adapted from reference 124) 124 ; b. ǀ EMAmer 

modification on PS bond. (adapted from reference 134) 134 

1.2.3.4. Modification of nucleobases 

While modification of the sugar and phosphate bonds mainly aims to increase the stability of the 

aptamers, changing the nucleobases widens the aptamer chemical diversity, which can directly 

affect the binding affinity. Therefore, pre-SELEX modification of the nucleobases is preferred as 

it will utilize the selection process with the modifiers. 135 As discussed above, to undergo SELEX, 

the modified nucleobases must be recognized by polymerase and must be able to form Watson-

Crick base pairs normally with complementary natural nucleobases.  

Modifications at the C5 position of pyrimidines and at the N7 or C8 position of purines are the 

most common since those positions do not participate in base-pair hydrogen bonding and can be 

tolerated by many polymerases. 136, 137 Moreover, the modified moieties at those positions will 

likely protrude from the major groove, with greater access to the target. 137 For a protein target, 
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aromatic and hydrophobic modification groups are frequently incorporated since they resemble 

the side chains of many amino acids. 138 One notable example of this approach is the Slow Off-

rate Modified Aptamer (SOMAmer) that was first reported in 2010 by Larry Gold and colleagues. 

89 By adding hydrophobic moieties into the 5-position of uridine, they were able to select high-

affinity and high-specificity aptamers with several “difficult” protein targets. Furthermore, 

adjustment of the SELEX protocol to select binders with slow off-rate allows them to select high-

quality SOMAmers for a huge number of human proteins with success rate above 90%. 

 

Figure 20: SOMAmers with 5-modified uridine. (adapted from reference 89) 89 

Uridine derivatives can also be found in X-aptamers – a next-generation of thioaptamers that was 

created by Gorenstein group. 139 The X-aptamer library is the fully mono-sulfurized library that 

was synthesized in bead support with one-bead-one-compound strategy. The library contains 

amino-uridine that can be conjugated with drug-like appendages. The X-aptamers with small 

molecular drug ADDA conjugated were selected with CD44 protein, and the binders showed 

significant increase of nuclease stability as well as an enhancement in binding affinity depending 

on the position of the drug-like moiety. 

In a recent report, the Soh group integrated modified uracil into their aptamer library and used a 

multiparameter particle display screening technique to target glycosylated proteins. 140 The 

aptamers were hybridized with magnetic beads to form monoclonal aptamer particles, which were 

then incubated with different fluorescently tagged targets. The combination of fluorescent signals 
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could distinct the binding affinity of the aptamer to each individual molecule. In the aptamer, the 

uracil bases were attached to indole moieties to resemble tryptophan. The modified aptamers were 

reported to have great selectivity against different protein glycoforms and could be used to 

discriminate the glycoproteins in research or clinical applications.  

The modifications can also be introduced after library generation, e.g., through click chemistry. In 

the click-SELEX method, developed by the Mayer group, a library of single-stranded DNAs is 

generated, in which deoxythymine (dT) is replaced by 5-ethynyldeoxyuridine (EdU). 141 An azide 

moiety, usually hydrophobic or aromatic, is attached to the triple bond through copper-catalyzed 

alkyne-azide cycloaddition (CuAAC) reaction before the target binding step. The amplification of 

the binders with EdU yields a new modified library, and the azide must be “clicked” again to start 

a new cycle. Click-SELEX has been able to select a few high-affinity modified aptamers, also 

called clickmers, against several targets including streptavidin or 3 Green Fluorescent Protein 

(3GFP). 142, 143  However, there are still some limitations that need to be improved for this method. 

First, only one azide moiety can be “clicked” into the modified thymidine in one cycle. Also, 

because the clicked product still needs to be read by the polymerase in the first round of PCR, the 

size of the azide moieties needs to be compatible with the enzyme. Moreover, the appearance of 

PCR by-products may prevent the enrichment of the binders, although this problem can be eased 

by reducing the number of modification on a single strand. 142  
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Figure 21: A cycle of Click-SELEX. (adapted from reference 141) 141 

To overcome the requirement for polymerase compatibility in library synthesis, the Hili and Liu 

groups came up with the idea of using the enzyme ligase in a technique called Ligase-Catalyzed 

Oligonucleotide Polymerization (LOOPER). 144 They synthesized short fragments of 5′-

phosphorylated oligonucleotides (containing 3 or 5 nucleotides), in which one of the nucleotides 

has a modified nucleobase and the rest act as an anti-codon for the modifier. A template DNA 

library with a reading frame containing the codon is synthesized, and the fragments are annealed 

to the template and ligated together by T3 or T4 ligase. 145-147 The double strand is then separated 

and incubated with the target. The PCR and sequencing step of the binders will yield another 

template library, which will be ready for the next selection round. Besides the advantage of not 

using polymerase to incorporate modified nucleotides, LOOPER allows the attachment of many 

types of modification for an individual nucleobase in a single strand. However, the use of a 

fragment consisting of three to five nucleotides instead of a single modified nucleotide in library 

synthesis can decrease the randomness and the diversity of the initial library. In addition, the high 

cost of ligase and extensive time for LOOPER-SELEX are also major problems for scaling up the 
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protocol. Nevertheless, some high-affinity aptamers were able to be selected from LOOPER, 

including the first non-G-quadruplex thrombin binding aptamer with nanomolar dissociation 

constant value. 148 

 

Figure 22: LOOPER library synthesis with oligonucleotide fragments and DNA ligase. (adapted from 

reference 144) 144 

Introducing new base pairs is one of the most direct ways to expand the chemical diversity of the 

aptamer. However, the discovery of new base pairs is not straightforward because of the strict 

requirements for high PCR fidelity and efficiency. One successful example is the Ds-Px pair 

created by the Hirao group. 149 Since both bases do not contain any hydrogen bonding units, the 

pairing between them relies mostly on shape complementary. Nevertheless, the Ds-Px base pair 

was shown to undergo PCR efficiently, 149 and aptamers with Ds nucleobases were selected against 

vascular endothelial cell growth factor-165 (VEGF-165) and interferon-γ (IFN-γ) with much 

higher affinity than natural aptamers. 150 A few years later, the Benner group also found an 

unnatural hydrogen-bonding base pair dZ-dP that is totally orthogonal to the other two canonical 

Watson-Crick pairs.  A SELEX protocol for expanded genetic information systems (AEGIS-
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SELEX) was developed by the same group to yield high-affinity aptamers against breast cancer 

cell 151 and T cell receptor-CD3ε 152.  

 

Figure 23: Unnatural base pairs (adapted from reference 153) a. ǀ Ds-Px base pair structures 153; b. ǀ Z-P 

base pair structures 153 

1.2.4 Ribozyme and DNAzyme 

Nucleic acid enzymes, another class of functional nucleic acids, are nucleic acid molecules that 

can perform specific catalytic activities for certain biochemical or chemical reactions. Because of 

their limited chemical space as compared to proteins, nucleic acid enzymes usually need co-factors, 

which in most cases are metal ions, to facilitate their catalytic activities. However, the 3D 

conformation and Watson-Crick base pairing enable them to interact specifically with other 

nucleic acid substrates, therefore increasing the selectivity and stabilizing the catalyst-substrate 

complex. Nucleic acid enzymes can be divided into ribozymes (enzymatic RNA) and DNAzymes 

(enzymatic DNA). Ribozymes were first found in 1980s from independent works by Thomas Cech 

and Sidney Altman. 154 The discovery of many naturally occurring ribozymes later provided 

evidence for the “RNA world” theory, in which RNA is thought to pre-exist DNA and protein in 

the prebiotic world. 155 
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Figure 24: Representative ribozymes and their structures. (adapted from reference 155) 155 

Unlike ribozymes, there is still no evidence that DNAzymes can be found in nature. However, a 

huge number of DNAzymes have been discovered from DNA pools through in vitro selection over 

many years. Artificial ribozymes or DNAzymes can be selected by SELEX in a similar manner to 

aptamers, but the catalytic products need to be isolated from the pools to be amplified for the 

following round. For example, the SELEX library design of self-cleaving DNAzymes or 

ribozymes often contains a biotinylated primer that is used to immobilize the unreacted substrates. 

156 Another frequently used strategy is to isolate the catalytic products from the pool by preparative 

gel electrophoresis. 157 Numerous enzymatic nucleic acids that catalyze a wide variety of reactions 

have been in vitro-selected by SELEX, including ribozymes catalyzing the Diel-Alder reaction,158, 

159 or an amide-hydrolysis-mediating DNAzyme 160.   

1.2.5. Aptamers and ribozymes applications 

1.2.5.1. Therapeutics 

Aptamers can be used as drugs in therapy in the same way as antibodies. Unlike siRNAs or ASOs, 

where nucleic acids are used to control protein expression, aptamers bind to and interfere with the 
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protein activity directly, mainly by blocking protein-protein interactions. 161 As drugs, aptamers 

possess many advantages over antibodies, such as no batch-to-batch variation and less 

immunogenicity. 162 Moreover, aptamers have lower production costs, a longer shelf life and easier 

maintenance. However, aptamers are easily degraded by nucleases. Moreover, because of their 

small sizes, aptamers are often excreted by renal filtration. 163 As a result, many aptamer drugs 

being tested in therapy contain chemical modifications. Nevertheless, the toxicity of the 

modification also needs to be considered; for example, LNA has been found to cause cell toxicity 

164. Until 2022, besides one aptamer that has been approved by the FDA, there are also some 

candidates in clinical trials. For example, E10030, an aptamer targeting platelet-derived growth 

factor (PDGF), is undergoing phase III trial. 165 In addition, many other aptamers are still in earlier 

clinical trials, such as ARC-1779 166, ARC1905 167 or REG1(RADAR) 168.   

1.2.5.2. Riboswitches 

A riboswitch is a mRNA segment that can regulate the expression of the same mRNA upon binding 

to a specific ligand. Riboswitches were discovered in 2002 in the 5′-untranslated region of bacterial 

mRNAs 169-172, presenting the earliest evidence that aptamers can be found in nature. Riboswitches 

can also be found in eukaryotic cells, such as the THIC TPP riboswitches found in many plant 

species. 173 Most riboswitches contain two main parts: an aptamer platform where the ligand binds 

and changes the conformation (and therefore the activity) of an expression platform. Riboswitch 

aptamers can specifically target many types of metabolites including metal ions, nucleotides and 

their derivatives, amino acids or coenzymes. 174 The binding of metabolites to aptamer platform 

can also induce a conformational change in the other platform that regulates gene expression 

through various mechanisms. For example, in the bound state (the ‘ON’ state), the transcription 

terminator sequences, which appear in many riboswitches, such as SAM-riboswitches, force the 
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termination of transcription by RNA polymerase. 175, 176 On the other hand, in the absence of the 

ligand (the ‘OFF’ state), an anti-terminator sequence is released and helps the transcription to 

continue beyond the terminator. Some riboswitches, including the plant TPP riboswitch, alter RNA 

3′-end splicing by changing the flexibility and accessibility of the splice site in their ‘ON’ state. 

173   As another example, the glimS riboswitch also acts as a ribozyme and performs self-cleavage 

upon binding of the metabolite. 177 Besides acting as a natural sensor for mRNA, riboswitches can 

be engineered to perform other applications. For example, many riboswitches have been utilized 

as molecular biology tools to target transcription or translation regulation of certain proteins in 

gene therapy. 178 

 

Figure 25: SAM riboswitch ‘ON’ and ‘OFF ‘states. (adapted from reference 176) 176 

1.2.5.3. Biosensors 

Aptamers and enzymatic nucleic acids are utilized in many biosensing systems. A typical 

biosensor contains two main elements: a bioreceptor that recognizes the sensing target and a 

transducer that reports the signal. 179, 180 As bioreceptors, nucleic acids possess advantages over 

other types of molecules such as monoclonal antibodies. Since some aptamers undergo 

conformational change upon ligand binding, they can induce a signal with high sensitivity. For 

example, electrochemical aptamer-based sensors (E-AB), one of the most common classes of 
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applied aptamer sensors, use a redox tag attached to the aptamer that is immobilized to a 

conducting support to report the structural change with the appearance of the target. 181 E-AB is 

also built in many real-time sensors, such as in the Microfluidic Electrochemical Detector for In 

vivo Continuous monitoring (MEDIC) which continuously tracks the therapeutic agent 

concentration in blood and has the potential to be applied in personalized therapy. 182 In addition, 

many aptamer sensors use fluorescent reporters to monitor the signal. For example, fluorescent 

resonance energy transfer (FRET)-based sensors, where the signal is detected by the distance 

between a dye and a quencher, have been developed for many types of targets like heavy metal 

ions, 183 dopamine, 184  Tat protein 185 or lysozyme. 186  Another advantage of using nucleic acids 

for biosensors is the ability for amplification of the probe sequence or signal. For example, an 

ultra-sensitive biosensor for a wide range of targets has been developed utilizing rolling circle 

amplification (RCA). 187 With a circular template, RCA can amplify isothermally a short DNA 

probe into a long, linear strand with repetitive tandem sequence that can facilitate the detection. 

Ribozymes and DNAzymes that require cofactors such as metal ions to perform catalytic activity 

can be used to sense such ions. The selectivity can be achieved by tuning the catalytic activity to 

the conformational change. For example, He et al. reported a DNAzyme that can recognize Na+ 

and K+. 188 In addition, the binding of a high amount of potassium cation will misfold the 

DNAzyme strand and inhibit the catalytic activity, leading to the discrimination between the two 

cations.  
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Figure 26: An example of an E-AB that recognize L-tryptophan. (adapted from reference 181) 181 

1.3. Previous work: Alenomers 

Most of the chemical modification methods discussed in section 1.2.3, such as SOMAmers, click-

SELEX or use of XNA, are still relatively conservative modifications required to maintain 

compatibility with the enzymes. Although some strategies do not need polymerase to generate the 

pre-SELEX modified library (e.g., LOOPER by using ligase, or X-aptamer by using SPS), there 

is still a requirement for enzymatic reactions in the PCR and sequencing steps. As a result, the 

range of modification is still highly limited, as none of these methods can produce the aptamers 

with non-nucleosidic modifications. 

Recently, the Sleiman and McKeague groups developed a method, called aptamer-liked encoded 

oligomer or alenomers, which can overcome the aforementioned problems. 189 An alenomer 

molecule consists of two strands: the “aptamer” strand and the code strand. These strands are 

covalently attached through an uracil-based branching unit. The “aptamer” strand consists of both 

conventional nucleosidic and synthetic non-nucleosidic building blocks connected through 

phosphodiester linkages. The code strand consists of only nucleotides, in which each monomer in 
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the “aptamer” is encoded by a codon combination of three nucleotides in the code strand. The 

“aptamer” strand will be the one that binds to the target, while the code strand containing the 

aptamer identification will undergo amplification and sequencing later. Two regions flanking the 

code strand act as the primer regions for PCR amplification.  

Previously, the two groups have used the alenomer approach to optimize the thrombin-binding 

aptamer (TBA). 189 A library of alenomers was prepared in which the “aptamer” strand is a 

modified TBA. The thermodynamically stable G-quadruplex structure was conserved, and all of 

the other positions were modified by both conventional or synthetic monomers. The code strand 

and the aptamer strand were covalently connected by a uridine-based branch unit (BU). The BU 

was inserted in the reversed primer region for a better PCR efficiency.  
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Figure 27: TBA alenomer library design with monomer structures. (adapted from reference 189) 189 

The library was synthesized by solid-phase synthesis with natural or synthetic monomer 

phosphoramidites. The two strands were synthesized in parallel, using two orthogonal 5′-

protecting groups: dimethoxytrityl (DMT) and levulinyl (Lev). The deprotection of DMT group 

requires acidic treatment (dichloroacetic acid 3% in DCM), while the cleavage of Lev protecting 

group requires hydrazine treatment (hydrazine 0.5 M in pyridine/acetic acid buffer). A split-and-

pool strategy was utilized to created more than 300,000 alenomers with their distinct codes.  
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Figure 28: Alenomer library synthesis protocol. (adapted from reference 189) 189 

The screening process was done in a similar way as a normal DNA-encoded library screening 

process. Prior to the screening, the library was eluded through a blank column and a streptavidin-

immobilized column to eliminate all non-specific binding oligomers. The remaining pool was then 

incubated with solid matrix with immobilized thrombin, and the non-binders were eluded out of 

the column. In the next few steps, weak binders were removed from the solid support by 

competitive elution using thrombin or unmodified TBA. Finally, the remaining strong binders 

were totally removed from the column by heat. The elution fractions from competitive binding and 

the final elutions were all undergone PCR and next-generation sequencing to identify the code 
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information in each portion. From the sequencing data, the abundance and frequency of the 

monomers in each elution were compared to identify the strongest-binder sequence. 

 

Figure 29: TBA-based alenomer library screening process with thrombin and other controls. (adapted 

from reference 189) 189 

The strongest-binding strands were synthesized again without the code strands for more detailed 

study. The sequences of those binders, including the best binders AlenA and AlenB, were 

illustrated in Figure 30. The fluorescent anisotropy experiment (Figure 30D) resulted in a higher 

thrombin binding affinity of AlenA and AlenB compared to the original TBA, which has KD value 

of 11 ± 8 nM (not shown in Figure 30). The SPR kinetic analysis (Figure 30B and 30C) also 

showed a longer off-rate of AlenB to the original aptamer. For the stability, AlenA obtained similar 
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half-life in serum as the unmodified TBA, while the stability of AlenB improved more the ten 

times.  

 

Figure 30: TBA alenomer library screening result and evaluation (adapted from reference 189) 189  a. ǀ The 

sequence name, composition, and serum stability of the three most popular alenomers identified in 

screening along with comparison model TBA aptamer; b. ǀ SPR sensorgrams of increasing concentrations of 

the thrombin binding DNA aptamer (TBA) interacting with thrombin immobilized to a gold chip; c. ǀ SPR 

sensorgrams of increasing concentrations of the alenomer AlenB interacting with thrombin immobilized to 

a golden chip; d. ǀ Binding isotherms of alenomers AlenA and AlenB interacting with thrombin obtained 

using fluorescence anisotropy; e. ǀ An examplary alenomer library member interacting with thrombin. 
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CHAPTER 2: RESULTS & DISCUSSION 

2.1. Author contribution 

Son Q. Bui codesigned, carried out and analyzed the data of all experiments except those listed 

below. Son Q. Bui wrote and edited this thesis. Prof. Hanadi Sleiman and Prof. Maureen 

McKeague codesigned the project, guided interpretation of data, discussed of results and helped 

editing the thesis. 

Small molecule synthesis: 

Abdelhralman Elmanzalawy synthesized of 3, 4, 5 and BU amidites following the original work 

of Dr. Donatien de Rochambeau. Dr. Donatien de Rochambeau synthesized all the 

phosphoramidites in section 2.5.1. Dr. Alexander Prinzen helped designing the structure and the 

synthetic route of Et, COO, Prop and Ser.  

Solid-phase synthesis:  

The synthesis protocol was developed from the work of Dr. Donatien de Rochambeau. Dr. 

Daniel Saliba co-designed the constructs and the synthesis protocol for branched oligomer and 

levulinyl amidites.  

Surface plasmon resonance: 

Prof. Maureen McKeague and Dr. Eiman Osman performed and analyzed the results all SPR 

assay with target captured (section 2.4.4 and first part of section 2.4.2.2). Dr. Eiman Osman 
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assisted performing and analyzing the results of SPR assay with aptamer captured (second part of 

section 2.4.2.2).  

2.2. Introduction 

Aptamers are nucleoside sequences that bind specifically to target molecules. Aptamers are 

considered promising alternatives to antibodies due to their comparable high binding affinities 

with many types of targets. Moreover, aptamers possess some advantages over their protein 

counterparts, including the ease of chemical modification and the ability to undergo in vitro 

selection from a randomized pool. However, the limited chemical diversity of aptamers, with only 

four canonical nucleosidic bases, significantly narrow the range of targets they can efficiently bind. 

Adding unnatural building blocks might be a potential solution, but the generation of large libraries 

of unnatural sequence-defined oligomers is laborious. The requirement of a suitable high-

throughput screening method is also a problem; thus, we propose the use of DNA-encoded library 

(DEL). Nevertheless, DEL technique requires organic reactions that are orthogonal to DNA-

ligation chemistry and may not provide the high coupling yields necessary for making sequence-

defined oligomers.  

The Sleiman and McKeague labs introduced the Aptamer-Like ENcoded OligoMERs (Alenomers) 

library approach to overcome these obstacles. Here we include synthetic, non-nucleosidic building 

blocks to impart a wide variety of molecular interactions of the sequence-defined oligo strand. The 

aptamer was based on a rational design of thrombin binding aptamer (TBA). We also include a 

DNA code strand that is covalently linked to the oligomer through a nucleoside-based branching 

unit to identify the corresponding oligo strand. Solid-phase phosphoramidite synthesis and split-

and-pool strategy were used to create a combinatorial library of nearly 300,000 alenomers in a 
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high coupling yield. Libraries were subject to biomolecule selection, separation, and code 

amplification. Alenomers identified from next-generation sequencing of the DNA code showed 

improvements in binding affinity and serum stability, underpinning our strategy as an effective 

method to identify new and useful sequence-defined oligomer for biomolecule binding.  

In this section, our goal was to adapt the alenomer library design to make it more generalizable.  

We started with finding a new target with a reported aptamer that does not contain the common 

and highly stable G-quadruplex.  Once a suitable model aptamer-target was revealed, we altered 

and tested the alenomer library design including the modification positions, the length of the code 

or the spacer and the types of branch unit we use. New types of monomers phosphoramidites were 

also synthesized and their coupling ability tested. Finally, the compatibility of library synthesis 

protocol to the new design was examined.  

2.3. Identification of a non-G-quadruplex aptamer scaffold 

In the previous library, the thrombin binding aptamer (TBA), which is the most extensively studied 

DNA aptamer that binds to thrombin, was used as a proof-of-concept to evaluate the alenomer 

approach. 190 The original TBA sequence, 5′-GGTTGGTGTGGTTGG-3′, contained a unique anti-

parallel G-quadruplex structure consisting of two G-tetrads with two TT loops and one TGT loop. 

Binding mainly occurred between the two TT loops and thrombin's exosite I, while the TGT loop 

was believed to have an electrostatic interaction with thrombin's exosite II. 191, 192 To enhance the 

stability of the aptamer, an additional thymine was inserted at the 3ʹ end, based on a previous report 

that recommended adding a guanine or thymine in this position. 193 Consequently, seven 

nucleotides, which we call variable positions, were targeted for modification while preserving the 

G-tetrads' framework. 
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However, keeping the G-quadruplex core decreases the structural diversity of our library. 

Moreover, G-quadruplex is a thermodynamically stable secondary motif that appears in many 

other aptamers, particularly those that bind to proteins. 194 Therefore, to test the applicability of 

our method to diverse aptamer structures, we sought to identify a protein-binding aptamer known 

to form an alternate structure such as a stem-loop. Given that many aptamers reported to date fail 

to be reliably reproduced in the lab 195, each potential aptamer was first validated reported aptamers 

using a fluorescent anisotropy (FA) assay 196.  In this assay, we tagged the aptamer with fluorescein 

(FAM) at its 5′ end and mixed it with the protein in a binding buffer. The aptamer concentration 

was fixed below the reported KD values, typically at half of the value, while the protein 

concentration varied within a range that included the reported KD value. We then fitted the 

anisotropy differences between the bound and free states of the FAM-labelled aptamer into a "one-

site specific" isothermal binding curve to determine the KD values. 

Figure 31: The TBA-based oligomer structure with seven modified positions  
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Figure 32: a. ǀ FA experiment set-up on a 96-well plate (made by Biorender); b. ǀ A typical FA binding 

curve. 

Our first target protein was the programmed cell death protein 1 (PD-1), which plays a role in 

negatively regulating the immune response and promoting T cell apoptosis. 197 Gao et al. 

previously reported PD4S, a 45-mer PD-1 aptamer with a measured KD value of 10.3 nM using 

flow cytometry with PD-1-attached cells. 197 However, in fluorescent anisotropy (FA) assay in 

Figure 33c, FAM-labelled PD4S with PD-1, with large error bars and therefore a poorly fitted 

dissociation constant. The second target was CD63, a transmembrane protein that regulates breast 

cancer malignancy. Song and colleagues previously reported CD63-1, a 42-mer CD63 aptamer 

with a reported KD value of around 38.71 nM. 96 However, in FA assay in Figure 33d, no binding 

of CD63-1 to its target was observed. 
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Figure 33: Predicted 2D structures (calculated by Unafold) of a. ǀ PD4S and b. ǀ CD63-1; FA binding assay 

result of c. ǀ PD4S and d. ǀ CD63-1 with their targets. 

The third target was trastuzumab, an antibody drug that targets the human epidermal growth factor 

2 receptor (HER2). Chen et al. previously identified CH1S-3 as an aptamer that binds to Fab-

trastuzumab with a reported KD value of 10.3 nM. 198 In fluorescent anisotropy (FA) assay, the 

binding affinity of CH1S-3 with trastuzumab was successfully confirmed, with a measured KD 

value that closely matches the literature value. Importantly, the circular dichroism (CD) spectra of 

CH1S-3 in the binding buffer showed a minimum negative band at 240 nm and a maximum 

positive band around 275 nm, indicative of a B-form oligonucleotide conformation and ruling out 

any G-quadruplex structures. 199 The predicted 2D structure of CH1S-3 also suggested a simple 

stem-loop secondary structure. Moreover, at a length of 28 nucleotides, CH1S-3 might enable 
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good-yield solid-phase synthesis. Based on these findings, trastuzumab is a promising target for 

the new aptamer library. 

 

Figure 34: Trastuzumab-binding aptamer CH1S-3: a. ǀ Predicted 2D structure of CH1S-3 (obtained from 

Unafold); b. ǀ FA assay result of CH1S-3 to trastuzumab; c. ǀ CD spectra of CH1S-3 in binding buffer. 

2.4. Design of the library member scaffold 

2.4.1. The design and synthesis of model constructs 

The general alenomer design currently consists of two strands, the aptamer (oligomer) and the 

code strand, that are covalently linked. To facilitate PCR amplification, two primer regions flank 

the code strand, and the branching point was found to be best situated in the reverse primer region 

based on studies of the TBA library. In the TBA library, a 4T spacer was included between the 

branch unit and the aptamer to prevent interference from the code strands with aptamer folding. 

However, since the CH1S-3 aptamer is longer and has a less stable secondary structure than TBA, 
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a 10T spacer was added between the aptamer and the branching point to avoid any potential 

interaction between the aptamer and the code. To separate the entire molecule from the CPG, a 9T 

linker was added to the alenomer 3′ end, as recommended by Horn et al., who suggest keeping the 

branch point at least 20 nucleotides away from the CPG. 200 To serve as the branch unit, a C5-

modified uridine phosphoramidite with both DMT and Lev protecting groups was used (BU). 

Moreover, to explore the use of commercially available branched amidites, BU2 was evaluated as 

another potential branch unit. 

 

Figure 35: Structures of BU and BU2 phosphoramidites. 

The synthesis of BU phosphoramidites is shown in Figure 36. This synthesis was inspired by the 

work from Cook and Liu groups. 145 The synthetic route started with the Mizoroki-Heck coupling 

of iodouridine with methyl acrylate to form 1, which could be hydrolyzed into 2. The extended 

DMT arm 3 was synthesized from the DMT mono-insertion of 2-(2-amino)ethoxyethan-1-ol. The 

amide coupling of 2 and 3 created 4, which could be levulinylate at 5′ hydroxyl group to form 5. 

Finally, the phosphorylation at 3′ hydroxy group created BU amidite.  
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Figure 36: Synthetic route of BU phosphoramidite. The syntheses of 3, 4, 5 and BU were taken from Dr. 

de Rochambeau’s work. 

To examine the validity of the new alenomer design, we need to confirm the binding of model 

alenomer strands with this design to the target. A few model strands were synthesized, including 

CH1S-3-1, which served as a positive control and comprised the original CH1S-3 aptamer with a 

5′-end fluorescein (FAM). CH1S-3-2 and CH1S-3-3 are the full alenomer strands with BU and 

BU2 as the branch units, respectively. FAM was attached to the 5′-end of the aptamer on both 

strands, and the code strand length was kept similar to that in the TBA library. 
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Figure 37: Design structures of test strands: a. ǀ Original aptamer CH1S-3; b. ǀ FAM-labelled aptamer 

CH1S-3-1; c. ǀ FAM-labelled branched structure CH1S-3-2 and CH1S-3-3 with different branched units. 

The synthesis of CH1S-3-2 and CH1S-3-3 were performed using the strand-by-strand technique 

on the Mermaid synthesizer, as shown in Figure 38. First, the 9T linker and reverse primer region 

were synthesized from the CPG before coupling the branch unit BU or BU2 (step A). Next, the 

branch unit was de-tritylated, and the aptamer strand was added stepwise using DMT-amidites 

(step B). FAM was then added at the 5′-end of the aptamer (step C). After de-levulinylation of the 

branch unit, the code strand was synthesized using DMT-amidites (step D). Finally, the 

nucleobases were deprotected, and the strand was cleaved from the CPG by incubation in 

ammonium hydroxide (step E).  
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Figure 38: Strand-by-strand synthesis strategy of CH1S-3-3 

Figure 39 shows the denaturing PAGE result of CH1S-3-2 and CH1S-3-3. The desired product 

bands were also confirmed by mass spectrometry. In CH1S-3-3 gel, there was also a short-strand 

band created by the unsuccessful coupling of BU2. On the other hand, many high mobility bands 

were observed in the gel of CH1S-3-2. Since BU amidite was synthesized in small amount and 

coupled immediately without purification, those bands might be the result of unsuccessful coupling 

or coupling of the active impurities. Both gels also showed a few bands above the product bands, 

which might contain the hyper-branched by-products. Hydrazine treatment could cleave the acetyl 

protecting group at cytosine nucleobase leaving a free amino group, which could act as another 

branching point for the following synthesis step. 201 
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Figure 39: Denaturing PAGE of the crude products for the synthesis of CH1S-3-2 and CH1S-3-3 

2.4.2. Binding comparison of model constructs 

The screening process of the alenomer library consists of serial competition of library to target-

immobilized column in increasing stringency binding condition. Each elution fractions compared 

to each other to identify the best alenomer binders. After the screening process, top candidates 

from the sequencing results are then re-synthesized code-free to study the actual binding affinity 

and other properties. However, it is important to ensure that the construction of the library does 

not alter the binding of any individual member. 

In this section, we examined the binding of model alenomer constructs with trastuzumab. Our 

primary goal was to verify that with the new designs, the branched alenomers could still bind to 
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the target in normal binding conditions. If the new designs had significantly diminished the binding 

affinity, the majority of the library could be eliminated making it impossible to identify candidates 

based on elution comparison.  

According to McKeague et al., aptamer binding may vary depending on the sensitivity of the 

measurement techniques employed, as well as whether the target or aptamer is used in a solution 

or immobilized state. 202 As a result, we will utilize two methods, namely, fluorescence anisotropy 

(FA) and surface plasmon resonance (SPR), to investigate the binding of these alenomer models. 

Furthermore, in the SPR assays, we will study the binding in two fashions: target-immobilized and 

aptamer-immobilized to account for potential interference of immobilization on binding 

interactions. 

2.4.2.1. Fluorescent anisotropy binding assay 

The FA assay protocol used in this study was similar to Section 2.3 (as shown in Figure 32). 5′-

FAM-tagged aptamers, with a fixed concentration of 10 nM, were mixed with varying 

concentrations of trastuzumab in binding buffer and incubated in a 96-well plate. The change in 

anisotropy of the mixture compared to the free fluorescent aptamers (delta anisotropy) was fitted 

into the binding isotherm curve. Figure 40 showed the binding isotherm curve and the calculated 

KD of CH1S-3-1 (positive control), CH1S-3-2 and CH1S-3-3. Each sample measurement was 

replicated twice. The FA result confirmed that both branched constructs bound to trastuzumab. 

Although their binding affinities were lower than the original aptamer, the KD value obtained was 

still below micromolar range, indicating those were not weak binding. 
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Figure 40: Fluorescent anisotropy result for the binding of branched constructs to trastuzumab 

Constructs KD (nM) 

CH1S-3-1 22 ± 11 

CH1S-3-2 40 ± 18 

CH1S-3-3 187 ± 106 

Table 1: Calculated KD values of three constructs on FA assay 

One of the possible reasons for the decreased affinity of branched structures could be the 

interference of the code strand with aptamer folding. To test this hypothesis, we created CH1S-3-

3-HYD, where an additional complementary strand was used to hybridize the code and primer 

strands. The FA assay was performed using the same protocol as the previous assay, with the 

exception that the experiments of the positive control (CH1S-3-1) and negative control were 

conducted only once (the rest were replicated twice for each construct). The FA result showed that 

CH1S-3-3-HYD had even lower binding affinity than CH1S-3-3, indicating that the interference 

of the code was not the cause of the decreased affinity of the branched constructs. another method 

besides FA should be utilized to examine the binding of those constructs. 
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Figure 41: Hybridization binding test of CH1S-3-3. a. ǀ CH1S-3-3 HYB structure; b. ǀ FA isotherm of CH1S-3-

3 and CH1S-3-3 HYB 

Constructs KD (nM) 

CH1S-3-1 9.1 ± 2.2 

CH1S-3-3 27 ± 20 

CH1S-3-3 HYB 39 ± 18 

Table 2: Calculated KD values of CH1S-3-1, CH1S-3-3 and CH1S-3-3-HYB  

A noteworthy observation in the FA experiment of Figure 40 and Figure 41 is the magnitude of 

error bars, which tended to be larger at higher concentrations of the protein target. This 
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phenomenon could potentially be attributed to the protein aggregation during the aptamer-protein 

incubation process. Despite the use of surfactant, there still may be some aggregation and would 

be more pronounced at higher protein concentrations. Experimental error may also result in the 

large error bar in Figure 41. Finally, there was a difference between KD values of CH1S-3-1 and 

CH1S-3-3 between the two experiments. The variation is likely attributed to the fact that the 

binding curves had not yet reached a plateau, resulting in differences in fitting the binding curve.  

2.4.2.2 SPR binding assay 

Two types of SPR experiments were carried out to examine the binding affinity of the new design 

with the target. In the target capture experiment, biotinylated trastuzumab was immobilized on the 

streptavidin-attached SPR chip, while the aptamers were added through the flow cell. We did the 

assay with five different concentrations of the branched constructs with a fixed trastuzumab 

concentration. Each experiment of each branched construct was replicated twice, and the SPR 

sensorgrams in Figure 43 only showed the first trial for each construct. The original aptamer 

CH1S-3 (positive control) and DNA scramble (negative control) were measured at one 

concentration only (250 nM) for two trials. The sensorgram of those controls in Figure 42 are the 

average result of the two replications. The results of kon, koff and KD are summarized in Table 3.  

The KD values of all constructs in this experiment are much higher than the corresponding data in 

the FA assay. This may be due to the immobilization of large antibody molecules, which limits the 

binding space for the aptamers. Moreover, the KD values of CH1S-3-2 and CH1S-3-3 are lower 

than the positive control, which is a strange result. The lower KD values primarily stem from the 

much lower koff values of the branched constructs compared to the original aptamer. One of the 

possible reasons might be the non-specific interactions of branched aptamers with other 

trastuzumab molecules in the vicinity. These interactions might prevent the branched constructs 
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from dissociating quickly from the aptamer-target complexes, therefore decrease the dissociation 

constant values.    

 

Figure 42: The set-up of two types of SPR assays (made by Biorender) 
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Figure 43: SPR sensorgrams of the binding of immobilized trastuzumab with branched constructs: a. ǀ CH1S-

3-2; b. ǀ CH1S-3-3 

Constructs kon (·10-4 nM-1s-1) koff  (·10-4 s-1) KD (nM) 

CH1S-3 2.68 ± 1.95 910 ± 643 342 ± 9.05 

CH1S-3-2 0.557 ± 0.510 46.9 ± 8.83 132 ± 105 

CH1S-3-3 0.976 ± 0.00298 129 ± 41.9 139 ± 33.1 

Table 3: SPR binding kinetics data of branched constructs with immobilized trastuzumab 
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For our “aptamer capture” SPR assays, Poly(A)-CH1S-3-3 was synthesized by replacing the 

poly(T) at the 3′-end of the alenomer with 24A. Another 24A linker was also added to the 3′-end 

of CH1S-3 to get the positive control Poly(A)-CH1S-3. CH1S-3-2 was not studied in this 

experiment due to the unavailability of BU phosphoramidite by the time the experiment was 

conducted. Both the positive control and Poly(A)-CH1S-3-3 were measured twice at five different 

concentrations, and the binding sensorgrams in Figure 44 indicated the first trial for each construct 

only. The KD results of these SPR experiments were closer to FA results and the reported results 

than the target capture SPR, probably because the immobilized species this time was smaller, and 

the binding space was more available. Also, Poly(A)-CH1S-3-3 in this experiment had a much 

closer KD value to the positive control, and both was also near the reported value of the original 

aptamer of 10.3 nM.  
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Figure 44: SPR sensorgrams of the binding of trastuzumab with poly(A) constructs. a. ǀ Poly(A)-CH1S-3; b. ǀ 

Poly(A)-CH1S-3-3 

Constructs kon (·10-4 nM-1s-1) koff  (·10-4 s-1) KD (nM) 

Poly(A)-CH1S-3 1.43 ± 0.136 13.0 ± 1.05 9.11 ± 1.07 

Poly(A)-CH1S-3-3 3.06 ± 0.153 37.3 ± 1.96 12.2 ± 0.264 

Table 4: SPR binding kinetics and affinity data of immobilized constructs with trastuzumab 
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2.4.2.3. Conclusion for binding study 

To summarize, the FA and the two SPR assays confirmed the binding of the branched alenomer 

containing the CH1S-3 aptamer to the trastuzumab target. Although each type of assays showed a 

different affinity trend between different constructs, the calculated alenomer KD values from all 

methods are equal or below sub-micromolar range. This result showed an adequately strong 

binding of the alenomer CH1S-3-2 or CH1S-3-3 to the target, suggesting that these designs are 

suitable for the new alenomer library.  

2.4.4. Identification of potential positions in the aptamer that tolerate 

modifications. 

Chen et al. used molecular dynamics (MD) to simulate the binding model between CH1S-3 and 

trastuzumab. 198 The binding site simulation with highlighted binding interaction was shown in 

Figure 45a. From MD simulation, the authors were able to identify the nucleotides that interact 

directly with the antibody and their binding amino acid partner (Figure 45b). These nucleotides 

can be great candidate for modification in our library.  

The researchers also reported that point mutation of 5T, 6C, 8C, and 9T significantly decrease the 

binding of the aptamer, while 7C sequence only reduced about half of binding affinity. To gain 

more information about the importance of other positions, we examined the binding of a larger 

amount of point mutation sequences. The binding assay was the SPR assay with biotinylated 

trastuzumab (Figure 42a). Beside the three base-pairs at the 3rd, 4th and 5th nucleotides of CH1S-

3 which we believed that were crucial in maintaining the aptamer structure, we tried to mutate 

each of every other nucleotide in the aptamer. Figure 45c indicated the SPR result of all point 

mutation sequences with the original aptamer, while Figure 45d summarized the mutation that 
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either increases or decreases the binding affinity compared to CH1S-3. Other point mutation 

sequences that were not included in Figure 45d showed no binding at all.  

From this work, we noted positions that should tolerate modification. The most potential position 

is the 7G, since this nucleotide interact directly with the antibody, and different point mutation 

results in different decreasing (7C) or increasing (7A, 7T) binding affinity. The 6G nucleotide is 

also promising because of the direct antibody interaction, the decrease affinity of point mutation 

(6A), and the position lying between two base-pairs.  The 12C nucleotide can be a good choice as 

the 12T mutation sequence resulted in an increase affinity even though that position did not attend 

in the binding. Other possible variable positions are 5A, 7G, 18G, 21T and 24T. The 1G and 28C 

can also be chosen, but modification at those terminal positions might affect the folding of the 

aptamer.    
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Figure 45: Mutation study of CH1S-3. a. ǀ MD simulation of binding site between CH1S-3 and trastuzumab 

(adapted from reference 198) 198; b. ǀ The nucleotides (in square) that directly interact with trastuzumab 

and their corresponding binding amino acid partner (in red); c. ǀ SPR sensorgram of point mutation 

sequences and original aptamer; d. ǀ Summary the effect of point mutation on binding affinity (point 

mutations resulting in no binding are not shown). 
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2.5. Modified monomer amidites synthesis 

2.5.1. Synthesis of phosphoramidites from TBA library 

In previous work, Dr. Donatien de Rochambeau synthesized nine synthetic, non-nucleosidic 

phosphoramidites (Figure 46), with eight of them included in the TBA library. The remaining one, 

Bal, was only used in the early study to prevent racemic mixtures in the alenomer pool. Those nine 

phosphoramidites were designed to be synthesized easily and to carry various functional groups. 

For example, His, Trp and Phe carry the aromatic sidechains of amino acids that are favored by 

many proteins. 89 In the previous TBA library, Phe and Trp appeared in the most popular 

sequences, including AlenA and AlenB (Figure 30a). The three phosphoramidites can be 

synthesized from the same reagent (PT2a) by amide coupling reactions with different amine 

reagents. Similarly, the aromatic Ant and hydrophilic Sug can be synthesized from the CuAAC 

click reaction of the PT1 with other azide reagents. The other reagents, C12, Bal and Nap, have 

the aliphatic and aromatic backbone and therefore are also good choices to target proteins. Nap 

was included in the sequence of both AlenA and AlenB, while C12 was also found in AlenA.  

Because the target trastuzumab is also a protein, His, Trp, Phe, C12 and Nap should be included 

in the alenomer sequence. Ant should also be chosen due to its large aromatic sidechain, while 

Alk can help coupling of different functional groups in post-synthesis via click reaction. As in 

TBA library, Bal should not be incorporated in the alenomer pools due to its chirality. We will 

also exclude Sug from our CH1S-3 library because of its absence in the most popular sequences 

from the TBA library screening, particularly AlenA and AlenB in Figure 30a.   
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Figure 46: Nine synthetic phosphoramidites included in TBA alenomer library study. 

 

Figure 47: Synthetic route of Alk and Sug from PT1 (taken from Dr. de Rochambeau’s work) 

 

Figure 48: Synthetic route of Phe from PT2a (taken from Dr. de Rochambeau’s work)  
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2.5.2. Synthesis of a new class of phosphoramidites 

For many protein targets, hydrophobic and aromatic modifications are more likely to increase the 

binding affinity of the aptamers. 89, 138 Moreover, the result from the screening of TBA library 

showed that the hydrophobic- and aromatic-cored monomers such as C12 or Nap are more favored 

in the strong binders. Therefore, our goal is to integrate more types of such monomers into our 

new library. As a result, a new type of monomer amidites, which composes of methylbenzene core, 

may be suitable. These amidites can be synthesized from 2,6-di(hydroxymethyl)-4-methylphenol, 

which is a common reagent used in many calixarene syntheses. The synthetic route of those 

amidites is also simple with three steps: tritylation, substitution of functional groups and 

phosphorylation. With that design, we successfully synthesized four amidites with different 

functional groups. While Et contains a neutral alkyl group, Ser has a silyl ether group that can be 

deprotected to form a polar hydroxide side chain. Since OTBDMS is also used as a 2′-protecting 

group in RNA synthesis, its cleavage using fluoride salt such as TBAF should also be compatible 

with the whole SPS protocol. The other two monomers, COO and Prop, can be used as platforms 

to synthesize other monomers in similar way to PT2a and PT1 (Figure 48 and Figure 47, 

respectively).   
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Figure 49: Synthetic routes of Et, COO, Prop and Ser phosphoramidites 

The coupling yield of the four new amidites was tested by individually inserting each of them to 

the 5′ end of a 19-mer DNA strand. In addition, each test strand was also treated with hydrazine 

treatment the same procedure used in the de-levulinylation. The crude products were analyzed in 

PAGE in Figure 50. From the PAGE result, hydrazine treatment did not affect the new modified 

monomers, as the bands patterns the two lanes of a single strand were similar. However, compared 

to normal 20mer normal DNA sample in lane 9 which has an intense single band, in each of the 
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other lanes, there were at least two bands with similar intensity. This result indicated the low 

coupling yield of the four phosphoramidites, leading to the significant appearance of uncoupled 

19mer on each sample. HPLC and mass spectrometry were needed to draw the conclusion for the 

coupling yield of these phosphoramidites.  

 

Figure 50: Crude PAGE result of the coupling of modified amidites. Lane 1 to 8 contained the 5’-X-19mer 

strands (X is Prop, Ser, COO or Et). In lane 2, 4, 6, 8, the strands were treated with hydrazine before final 

deprotection. Lane 9 contained a normal 20mer DNA strand. The dashed square showed the band region 

expected for 19mer and 20mer strands. Other high mobility bands come from the incomplete normal DNA 

syntheses, while low mobility bands might be the dimerization due to the low quality of cap reagents. 
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2.6. Library synthesis protocol  

We next examined the library synthesis. First, a linear strand Lev20T was synthesized. This 20-

mer strand was synthesized by adding consecutively four Lev-protected amidites followed by one 

DMT-protected amidites (Figure 51). The de-levulinylation step was similar to the previous TBA 

library protocol. Hydrazine was diluted into 0.5 M solution in pyridine/acetic acid buffer (3/2 v/v). 

The de-levulinylation was kept at 6 minutes, followed by a wash of the same pyridine/acetic acid 

buffer before acetonitrile washing. Lev20T was synthesized with a good yield, and the presence 

of the product was confirmed by mass spectrometry (Section 2.8.6). This result confirms the 

validity of de-levulinylation in linear SPS protocol. 

 

Figure 51: Lev20T sequence from 5′ to 3′ (right) and synthesis procedure from 3′ to 5′ (left) 

The next step is to synthesize a single member of the library. The purpose is to test the synthesis 

protocol in the synthesizer on a branched, long strand. The synthesis process will be the same as 

library synthesis protocol except for the lack of split-and-pool steps. Moreover, only four natural 

DMT-amidites were used in the aptamer strand to prevent the affect of different coupling yield 

from synthetic amidites. For cytosine amidites, the compatibility of both N-acetyl and N-benzoyl 

protecting group were also examined. From our previous study of TBA library, N4-benzoyl 

cytosine is less likely to form hyperbranched structure than N4-acetylcytosine when being treated 

with hydrazine. 



94 
 

 

Figure 52: N-acetyl and N-benzoyl cytidine nucleoside structures 

The design of this single member is the same as CH1S-3-3 construct, with BU2 was used instead 

of BU. From the mutation study in section 2.4.4, 6G, 7G and 12C were chosen as variable positions 

on the aptamer (colored in Figure 53a); those variables will be the actual modification monomers 

in the real library later. We decided to start with three variables only to simplify the synthesis 

process, the number of variables can be increased in the future experiments. 

To ensure the compatibility with the library synthesis conditions, the single member must be 

synthesized by a parallel strategy utilizing the two orthogonal protecting groups in the two strands 

(Figure 53b). After coupling BU2 (step A), the aptamer was grown with DMT amidites on one 

side of the branch unit. This synthesis was stopped at the first variable - the red-colored 12C - (step 

B) before the codon of cytidine was added into the other branch by Lev amidites (step C). The 

synthesis continued as each variable code was added immediately after the coupling of that 

variable. After the last variable – green-colored 6G – with its code were coupled into the two 

branches, the rest of the aptamer was synthesized by DMT amidites. Finally, the aptamer 5′-end 

was acetyl-capped, and the rest of the code strand was grown also by DMT amidites.   
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Figure 53: Single member synthesis.  a. ǀ CH1S-3 and three variable positions (in colors); b. ǀ Parallel 

synthesis strategy of single member  

Figure 54 showed the PAGE result of the synthesis of the single member of the library. The use 

of N4-benzoyl protecting group on the cytidine DMT-amidites did give a clear band of the 

structure, while the N4-acetyl amidites give a smear in the gel. This result confirms the 
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compatibility of the library synthesis protocol used in previous TBA library with our new Mermaid 

synthesizer and our new design.     

 

Figure 54: Denature PAGE of single member library synthesis using N-Bz and N-Ac DMT-protected 

cytidine  
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2.7. Conclusions and future work 

2.7.1. Conclusion 

This work examined the flexibility of design parameters of the alenomer library. First, a new target, 

trastuzumab was chosen, with a reported CH1S-3 aptamer that does not form any 

thermodynamically stable secondary structure. The aptamer is a vastly different sequence 

composition and is greater in length compared to the thrombin binding aptamer. As such, 

understanding how the alenomer library must be adapted for this aptamer will help ensure the 

strategy can be applied to numerous diverse aptamers reported to date. As a consequence of using 

this stem-loop and long aptamer, introducing modification into the aptamer might affect its folding 

significantly, leading to an increase in structural diversity in our aptamer pool. For the library, we 

introduced a new branch unit that is commercially available, therefore reducing the laborious 

synthesis of the uridine-based branch amidite. With the new target and the new branch unit, we 

examined the binding affinity of the new design by two methods: fluorescent anisotropy and 

surface plasmon resonance. All the model alenomers binds to the target, with the KD values stayed 

below micromolar range. Although there was still a difference between the binding affinity 

measured by different methods, these results showed that the new design is good enough to be 

used in the screening process. Some of the monomer phosphoramidites were also synthesized. A 

new design of the monomers, the benzene-core phosphoramidites, was also examined, but the 

coupling affinity needed to be studied more. Finally, the library synthesis protocol was shown to 

be compatible with our new instrument and our new design.  



98 
 

2.7.2. Future work 

2.7.2.1. For CH1S-3-based alenomer library 

For the CH1S-3-based alenomer, a few more studies need to be completed before the finally library 

synthesis. For example, the compatibility of the split-and-pool process to the synthesis protocol on 

the new instrument with the new design needs to be considered. The coupling ability of the new 

monomer amidites (Et, COO, Prop, Ser) should also be confirmed before adding them into the 

library. In addition, since we can only appoint a certain number of modifiers in each variable 

position, we need to decide which monomer should be chosen by looking to the interaction 

between the original aptamer with trastuzumab. After library synthesis, the screening of the 

alenomer library with trastuzumab should be done the same way as in TBA library. PCR and next-

generation sequencing can give us the information of the strong binders, and these single-stranded 

modified aptamers can be synthesized individually again for more detailed studies.   

2.7.2.2. Further technique generalization 

In the future, the alenomer technique can be improved to expand its application. A more diverse 

chemical space can be introduced into the alenomer library by adding new types of monomers. A 

wider range of targets, especially for small molecules, could be examined to build the new library. 

Moreover, beside the binding affinity and stability, other properties of alenomers should also be 

studied. For example, their binding specificity can be compared to original aptamer. The binding 

can also be study in different media, e.g., in different buffers or in vivo environment. In addition, 

the inhibitory activity of alenomer to the protein target also needs to be examined. The activity of 

an aptamer does not always depend solely on the binding affinity: a more active aptamer can have 

higher KD value, but they are more stable, or their binding distort protein conformation more. In 



99 
 

the TBA library case, as thrombin participates in blood coagulation pathway that transforms 

fibrinogen into insoluble fibrin, a comparison study of clotting ability in vivo of thrombin in 

presence of original and modified TBA would likely to be interesting. In a similar way, an 

analytical assay such as ELISA can be used to identify the binding of HER2 with trastuzumab in 

the present of original and modified CH1S-3. Moreover, beside aptamers, alenomer technique can 

be used for other functional oligomers. For example, a library of catalytic alenomers that mimic 

DNAzymes can be built to target certain substrates.  

2.7.2.3. Technique improvement 

Compared with other modified aptamer techniques such as SOMAmers or click-SELEX, 

alenomer’s most significant advantage comes from the ability of incorporate any number of non-

nucleosidic monomers thus substantially expanding the chemical diversity of the aptamers. 

However, there are still limitations, both in method basis and practical operation, that need to be 

improved. For example, the inclusion of code strand may induce non-specific binding that can 

affect the screening process. One way to minimize this effect is to hybridize the code strand by a 

complementary strand that is in situ synthesized enzymatically after library formation. 

Additionally, for an ideal alenomer library, the aptamer needed to be modified in every position to 

obtain all possible combination of monomers. While doing that is impractical due to the technical 

shortage, the variable positions for modification should be found with more detailed studies. For 

example, in the single mutation in section 2.4.4, each position could be modified with more than 

one mutation for better binding effect examination. In practical aspect, the SPS yield of alenomer 

synthesis is usually not very high (as can be seen from the “single member” synthesis in Figure 

52) as the length of oligonucleotide is often very long. This yield can be even lower when 

incorporating non-nucleosidic monomers into the alenomer. A modern SPS synthesizer that allows 
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more efficient phosphoramidite coupling could be a solution. The low synthesis yield can also 

come from the steric hindrance created when a long oligonucleotide strand grows inside a small 

CPG pore. For now, the CPG pore size used is 2000 angstrom, which is one of the largest CPG 

pores available commercially. Rather than further increasing the CPG pore size which could make 

the solid support very fragile, a practical way to relieve this problem is to decrease the alenomer 

length, e.g., by shorten the linker or the primer region. The split-and-pool process can also be 

facilitated with more automated system that can divide CPG more evenly. Magnetic beads can also 

be integrated into the alenomer molecule to facilitate the split-and-pool process. Moreover, with 

the “one-bead-one-compound” strategy, the magnetic beads may help separate individual 

alenomer member from the pools, paving the way for even more types of activity-based alenomer 

screening. 

2.8. Experimental Section 

2.8.1 Chemicals 

All starting materials were obtained from commercial suppliers and used without further 

purification unless otherwise noted. DMT-Cl was purchased from AK Scientifics. N,N-

diisopropylamino cyanoethyl phosphonamidic-Cl (CEP-Cl) and 2-cyanoethyl N,N,N,N-

tetraisopropyl phosphane were purchased from Chemgenes. Chloroform-d and dimethyl sulfoxide-

d6 were purchased from Sigma-Aldrich. The CPG UnylinkerTM Universal Supports 1000 Å and 

2000 Å were purchased from Chemgenes. 5′-DMT-protected and 5′-levulinyl-protected canonical 

phosphoramidites were purchased from Chemgenes. Asymmetric doubler (Lev) phosphoramidite 

and 5′-6-fluorescein phosphoramidite were purchased from GlenResearch. Ammonium hydroxide 
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aqueous solution (28%) was purchased from Fischer Chemical. Sephadex G-25 (super fine, DNA 

grade) was purchased from GlenResearch. Acrylamide/Bis solution (19: 1), 40% (w/v) was 

purchased from Biobasics. Tris and urea were purchased from Biobasics, while boric acid and 

EDTA were purchased from BioShop. TBE solution 10x was prepared as an aqueous solution of 

Tris (890 mM), boric acid (890 mM) and EDTA (20 mM). GelRed™ 10000x in water was 

purchased from VWR. Triton X-100 was purchased from Bioshop. PBS buffer 10x (pH = 7.4, 

without calcium and without magnesium) was purchased from Bioshop. Filtered aqueous solution 

KCl 2M and MgCl2 1M were purchased from Invitrogen. 

2.8.2. Instrumentation 

Organic compounds were evaporated in vacuo in Buchi Rotavapor R-114 and were isolated by 

column chromatography using CombiFlash Rf system from Teledyne Isco. NMR spectra were 

taken from Bruker 500 MHz or Varian 300 MHz with chloroform-d or dimethyl sulfoxide-d6 as 

internal locked solvents. Off-column solid-phase phosphoramidite coupling was performed in 

OMNI-lab glovebox from VAC. Automated oligonucleotide solid-phase synthesis was performed 

by Mermaid 6 synthesizer from Bioautomation. DNA and oligomers were quantified by UV 

absorbance with a NanoDrop Lite spectrophotometer from Thermo Scientific. Dry solvents were 

collected from an Innovation Technology device. Low resolution mass spectrometry (MS) was 

performed with an electron-spray ionization (ESI) ion trap MS on a Finnigan LCQ Duo device. 

PAGE was run with Hoefer 600 electrophoresis unit and Mini-PROTEAN electrophoresis units. 

The preparative gels were image using a ChemiDoc MP System from Bio-Rad Laboratories. 

Fluorescent anisotropy was carried out using BioTek Cytation 5 imaging reader system. SPR 

experiment was carried out in Biacore X100 SPR system. 
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2.8.3. Small molecule synthesis 

2.8.3.1. General procedure for phenolic nucleophilic substitution 

 

2-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-6-(hydroxymethyl)-4-methylphenol (6) (1 

equivalent) was diluted with 10 to 20 mL of DMF in a dry 100 mL RBF with a stir bar. After that, 

cesium carbonate Cs2CO3 (1.2 equivalent) was added into the solution while stirring. The color of 

the solution slightly changed. The solution was left stirring for about 1 minute before adding the 

bromide reagent (1 equivalent). The reaction was left stirring overnight at room temperature. The 

appearance of the product was confirmed by TLC. Water was added into the mixture to quench 

the reaction. After that, EtOAc and water was used to transfer the mixture into a separatory funnel. 

The crude product in EtOAc layer was washed three times with water and three times with brine 

to remove DMF. The combined organic layer then was dried with Na2SO4 and evaporated under 

reduced pressure (40°C). The crude product was loaded on celite and purified using the 

CombiFlash system.  

2.8.3.2. General procedure for phosphoramidite formation from DMT-monoprotected diol 
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DMT-monoprotected diol (1 equivalent) was diluted in DCM in an oven-dried RBF and solvent 

was evaporated under reduced pressure (60 °C). The dried compound was kept under high vacuum 

for at least 5 hours. After that, DMAP (0.4 equivalent) and a stir bar were added, and gas exchange 

with argon was done inside the flask. The mixture was then dissolved in anhydrous DCM (5 - 7 

mL), and dry DIPEA (4 equivalents) was added under stirring. CEP-Cl (2 equivalents) was added 

slowly and the reaction was allowed to stir under inert gas at room temperature for 2.5-3 hours. 

Two fast extractions with DCM from a 10 % Na2CO3 aqueous solution were performed. Organic 

fractions were combined, dried over Na2SO4, filtered and the solvent was evaporated under 

reduced pressure (40 °C). The crude product was loaded on celite and purified using the 

CombiFlash system. Silica columns have been pretreated with a solution containing 1 % of 

triethylamine.  

2.8.3.3. methyl (E)-3-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-

1,2,3,4-tetrahydropyrimidin-5-yl)acrylate (1) 

 

The following procedure was based on the protocol developed by Liu and colleague. 145 In an 

oven-dried RBF, 1.77 g (5 mmol, 1 equivalent) of 5′-deoxy-5-iodouridine, 262 mg (1.00 mmol, 

0.2 equivalent) of triphenylphosphine and 1.4 mL (10.0 mmol, 2 equivalents) of triethylamine was 

dissolve in a mixture of dry DMF (14 mL) and dry dioxane (36 mL) at 25 °C under an argon 

atmosphere. Next, 0.9 mL (10 mmol, 2 equivalents) of methyl acrylate and 112 mg (0.50 mmol, 

0.1 equivalent) of Pd(OAc)2 were added to the flash. The mixture was then heated to 90 °C and 
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stirred for 16 hours. Afterward, the reaction mixture was evaporated under reduced pressure to 

remove the dioxane, followed by coevaporation with toluene until dryness. The resulting residue 

was purified by column chromatography (using SiO2 and a solvent mixture of DCM/10% methanol 

in DCM, with a gradient of 0 to 70% over 7 column volumes). This purification process yielded 

618 mg (2.0 mmol, 40% yield) of compound 1 as a white solid. 

1H NMR (300 MHz, DMSO-d6) δ 11.66 (s, 1H), 8.41 (s, 1H), 7.36 (d, J = 15.8 Hz, 1H), 6.84 (d, 

J = 15.8 Hz, 1H), 6.12 (t, J = 6.4 Hz, 1H), 5.26 (d, J = 4.4 Hz, 1H), 5.19 (d, J = 5.2 Hz, 1H), 4.25 

(q, J = 4.5 Hz, 1H), 3.78 (q, J = 3.6 Hz, 1H), 3.67 (s, 1H), 3.59 – 3.56 (m, 1H), 2.19 – 2.13 (m, 

2H). 

2.8.3.4. Sodium (E)-3-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-

dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)acrylate (2) 

 

1 M aqueous NaOH solution was added to a flask of 1, and the mixture was left stirring overnight. 

The reaction mixture was neutralized to pH of 7 with 1 M HCl aqueous solution and evaporated 

at high vacuum at 60°C to remove water. The residue was then resuspended in DMF to use for 

next reaction without further purification.  
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2.8.3.5. 2-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-6-(hydroxymethyl)-4-methylphenol 

(6) 

 

(2-hydroxy-5-methyl-1,3-phenylene)dimethanol (2.52 g, 15 mmol) was diluted with 30 mL of 

THF in a dry 250 mL RBF with a stir bar. After that, DIPEA (10.45 mL, 60 mmol) was added into 

the solution. In another flask, DMT-Cl (5.08 g, 15 mmol) was diluted with 20 mL of THF. The 

DMT-Cl solution was then added dropwise through a funnel into the reaction in 250 mL RBF 

while stirring at room temperature. The reaction was left stirring overnight. The appearance of the 

product was confirmed by TLC. The reaction mixture was then evaporated under reduced pressure 

(40°C). The crude product was loaded on celite and purified using the CombiFlash system. The 

solvent mixture used was hexanes/TEA (100:1 v/v) and EtOAc in a gradient of 15% to 90% EtOAc. 

The product appeared at around 10 CV. A brown oil was isolated with a mass of 2.56 g (37%).  

1H NMR (500 MHz , CDCl3) δ 7.53 (d, J = 7.5 Hz, 2H), 7.45 – 7.40 (m, 4H), 7.33 (t, J = 7.7 Hz, 

2H), 7.26 – 7.22 (m, 1H), 6.93 (d, J = 2.2 Hz, 1H), 6.89 – 6.85 (m, 5H), 4.72 (s, 2H), 4.33 (s, 2H), 

3.78 (s, 6H), 2.26 (s, 3H). 

 

13C NMR (126 MHz, CDCl3) δ 158.69, 151.71, 144.36, 135.44, 129.94, 128.68, 128.17, 128.07, 

127.92, 127.80, 127.01, 126.70, 123.58, 113.36, 87.52, 64.52, 62.55, 55.13, 20.43. 
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2.8.3.6. (3-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-2-ethoxy-5-methylphenyl)methanol 

(7) 

 

Reaction was set-up and perform from 779 mg (1.66 mmol) of 6, 0.123 mL (1.66 mmol) of ethyl 

bromide, 647 mg of Cs2CO3 (2.00 mmol) in 10 mL of DMF as in Section 2.8.3.1. The solution 

mixture for the CombiFlash was hexane:TEA (1000:1) and EtOAc with the gradient from 15% to 

85% EtOAc. The resulting colorless oily residue was recovered in 468 mg (57%). 

1H NMR (500 MHz, CDCl3) δ 7.55 – 7.51 (m, 2H), 7.44 – 7.39 (m, 5H), 7.31 (dd, J = 8.4, 6.9 Hz, 

2H), 7.26 – 7.21 (m, 1H), 7.10 (d, J = 2.3 Hz, 1H), 6.88 – 6.84 (m, 4H), 4.65 (s, 2H), 4.17 (s, 2H), 

3.80 (s, 6H), 3.71 (q, J = 7.0 Hz, 2H), 2.38 (s, 3H), 1.15 (t, J = 7.0 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3) δ 158.60, 152.96, 145.11, 136.39, 133.85, 133.51, 132.28, 130.24, 

129.66, 128.84, 128.39, 127.95, 126.89, 113.24, 86.62, 70.40, 61.68, 60.75, 55.34, 21.19, 15.77. 
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2.8.3.7. 3-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-2-ethoxy-5-methylbenzyl (2-

cyanoethyl) diisopropylphosphoramidite (Et) 

 

Reaction was set-up and perform from 375 mg (0.752 mmol) of 7, 0.336 mL of CEP-Cl (1.50 

mmol), 0.524 mL of DIPEA (3.01 mmol), 36.7 mg DMAP (0.300 mmol) in 5 mL dry DCM as in 

Section 2.8.3.2. The reaction was left stirring in 3 hours. The solution mixture for the CombiFlash 

was hexane:TEA (100:1) and EtOAc with 40% EtOAc. The resulting transparent oily residue was 

recovered in 310 mg (59%). 

1H NMR (500 MHz, CDCl3) δ 7.56 – 7.52 (m, 2H), 7.45 – 7.41 (m, 4H), 7.40 (d, J = 2.3 Hz, 1H), 

7.31 (dd, J = 8.5, 7.0 Hz, 2H), 7.25 – 7.19 (m, 2H), 6.88 – 6.84 (m, 4H), 4.71 (ddd, J = 54.7, 12.5, 

7.9 Hz, 2H), 4.18 (s, 2H), 3.90 – 3.82 (m, 2H), 3.79 (s, 6H), 3.72 – 3.63 (m, 4H), 2.61 (td, J = 6.4, 

1.4 Hz, 2H), 2.40 (s, 3H), 1.22 (dd, J = 8.6, 6.8 Hz, 12H), 1.14 (t, J = 7.0 Hz, 3H). 

 

31P NMR (203 MHz, CDCl3) δ 148.39. 
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2.8.3.8. tert-butyl 2-(2-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-6-(hydroxymethyl)-4-

methylphenoxy)acetate (8) 

 

Reaction was set-up and perform from 802 mg (1.70 mmol) of 6, 0.252 mL (1.70 mol) of tert-

butyl 2-bromoacetate, 667 mg of Cs2CO3 (2.05 mmol) in 15 mL of DMF as in Section 2.8.3.1. The 

solution mixture for the CombiFlash was hexane:TEA (1000:1) and EtOAc with the gradient from 

15% to 85% EtOAc. The resulting pale-yellow oily residue was recovered in 698 mg (70%). 

1H NMR (300 MHz, CDCl3) δ 7.50 (d, J = 7.4 Hz, 2H), 7.39 (d, J = 8.8 Hz, 4H), 7.30 (t, J = 7.3 

Hz, 2H), 7.22 (d, J = 2.5 Hz, 2H), 7.05 (s, 1H), 6.85 (d, J = 8.8 Hz, 4H), 4.62 (d, J = 6.9 Hz, 2H), 

4.24 (s, 2H), 4.12 (s, 2H), 3.80 (s, 6H), 2.34 (s, 3H), 1.44 (s, 9H). 

 

2.8.3.9. tert-butyl 2-(2-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-6-((((2-

cyanoethoxy)(diisopropylamino)phosphaneyl)oxy)methyl)-4-methylphenoxy)acetate (COO) 
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Reaction was set-up and perform from 218 mg (0.372 mmol) of 8, 0.166 mL of CEP-Cl (0.745 

mmol), 0.259 mL of DIPEA (1.49 mmol), 18.2 mg DMAP (0.149 mmol) in 5 mL dry DCM as in 

Section 2.8.3.2. The reaction was run in 3 hours. The solution mixture for the CombiFlash was 

hexane:TEA (100:1) and EtOAc with 40% EtOAc. The resulting transparent oily residue was 

recovered in 111 mg (38%). 

1H NMR (500 MHz, CDCl3) δ 7.51 – 7.48 (m, 2H), 7.40 – 7.36 (m, 4H), 7.29 (dd, J = 8.4, 6.9 Hz, 

2H), 7.23 – 7.19 (m, 2H), 7.16 (d, J = 2.2 Hz, 1H), 6.85 – 6.82 (m, 4H), 4.80 – 4.66 (m, 3H), 4.27 

(s, 2H), 4.17 (s, 2H), 3.90 – 3.82 (m, 2H), 3.79 (s, 6H), 3.64 (m, 2H), 2.62 (t, J = 6.6 Hz, 2H), 2.34 

(s, 3H), 1.42 (s, 9H), 1.19 (dd, J = 8.6, 6.8 Hz, 12H). 

 

31P NMR (203 MHz, CDCl3) δ 148.44. 

 

2.8.3.10. (3-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-5-methyl-2-(prop-2-yn-1-

yloxy)phenyl)methanol (9) 

 

Reaction was set-up and perform from 782 mg (1.66 mmol) of 6, 0.185 mL (1.66 mol) of 3-

bromoprop-1-yne, 647 mg of Cs2CO3 (2.00 mmol) in 15 mL of DMF as in Section 2.8.3.1. The 

solution mixture for the CombiFlash was hexane:TEA (1000:1) and EtOAc with the gradient from 

15% to 85% EtOAc. The resulting yellow oily residue was recovered in 755 mg (89%). 
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1H NMR (500 MHz, CDCl3) δ 7.54 – 7.50 (m, 2H), 7.43 – 7.39 (m, 4H), 7.33 – 7.29 (m, 3H), 7.25 

– 7.21 (m, 1H), 7.14 (d, J = 2.3 Hz, 1H), 6.88 – 6.84 (m, 4H), 4.70 (s, 2H), 4.43 (d, J = 2.4 Hz, 

2H), 4.20 (s, 2H), 3.80 (s, 6H), 2.42 (t, J = 2.4 Hz, 1H), 2.37 (s, 3H). 

 

13C NMR (126 MHz, CDCl3) δ 158.63, 152.37, 145.07, 136.26, 134.66, 133.99, 132.21, 130.33, 

130.25, 129.48, 128.34, 128.00, 126.92, 113.30, 86.78, 79.36, 75.67, 62.17, 61.38, 61.07, 55.34, 

21.18. 

 

2.8.3.11. 3-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-5-methyl-2-(prop-2-yn-1-

yloxy)benzyl (2-cyanoethyl) diisopropylphosphoramidite (Prop) 

 

Reaction was set-up and perform from 208 mg (0.409 mmol) of 9, 0.19 mL of CEP-Cl (0.817 

mmol), 0.29 mL of DIPEA (1.63 mmol), 19.97 mg DMAP (0.163 mmol) in 5 mL dry DCM as in 

Section 2.8.3.2. The reaction was run in 3 hours. The solution mixture for the CombiFlash was 

hexane:TEA (100:1) and EtOAc with 40% EtOAc. The resulting transparent oily residue was 

recovered in 159 mg (55%). 

1H NMR (500 MHz, CDCl3) δ 7.56 – 7.52 (m, 2H), 7.45 – 7.41 (m, 4H), 7.32 (m, 3H), 7.26 – 7.19 

(m, 2H), 6.90 – 6.85 (m, 4H), 4.76 (ddd, J = 53.1, 12.5, 7.8 Hz, 2H), 4.43 (d, J = 2.4 Hz, 2H), 4.23 
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(s, 2H), 3.92 – 3.85 (m, 2H), 3.82 (s, 6H), 3.67 (dtd, J = 13.5, 8.2, 5.0 Hz, 2H), 2.65 (t, J = 6.6 Hz, 

2H), 2.39 (m, 4H), 1.23 (t, J = 6.8 Hz, 12H). 

 

31P NMR (203 MHz, CDCl3) δ 148.39. 

 

2.8.3.12. (3-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-2-(2-((tert-

butyldimethylsilyl)oxy)ethoxy)-5-methylphenyl)methanol (10) 

 

Reaction was set-up and perform from 683 mg (1.45 mmol) of 6, 0.311 mL (1.45 mol) of (2-

bromoethoxy)(tert-butyl)dimethylsilane, 567 mg of Cs2CO3 (1.74 mmol) in 15 mL of DMF as in 

Section 2.8.3.1. The solution mixture for the CombiFlash was hexane:TEA (1000:1) and EtOAc 

with the gradient from 15% to 85% EtOAc. The resulting yellow oily residue was recovered in 

555 mg (61%). 

1H NMR (500 MHz, CDCl3) δ 7.56 – 7.52 (m, 2H), 7.45 – 7.40 (m, 4H), 7.35 – 7.30 (m, 3H), 7.25 

– 7.22 (m, 1H), 7.05 (d, J = 2.3 Hz, 1H), 6.89 – 6.85 (m, 4H), 4.64 (s, 2H), 4.19 (s, 2H), 3.80 – 

3.76  (m, 8H), 3.70 (dd, J = 5.4, 3.3 Hz, 2H), 2.37 (s, 3H), 0.93 (s, 9H), 0.11 (s, 6H). 
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2.8.3.13. 3-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-2-(2-((tert-

butyldimethylsilyl)oxy)ethoxy)-5-methylbenzyl (2-cyanoethyl) diisopropylphosphoramidite (Ser) 

 

Reaction was set-up and perform from 222 mg (0.353 mmol) of 10, 0.158 mL of CEP-Cl 0.706 

mmol), 0.25 mL of DIPEA (1.41 mmol), 17.2 mg DMAP (0.141 mmol) in 5 mL dry DCM as in 

Section 2.8.3.2. The reaction was run in 3 hours. The solution mixture for the CombiFlash was 

hexane:TEA (100:1) and EtOAc with 40% EtOAc. The resulting pale-yellow oily residue was 

recovered in 217 mg (73%). 

1H NMR (500 MHz, CDCl3) δ 7.53 – 7.50 (m, 2H), 7.43 – 7.39 (m, 4H), 7.36 (d, J = 2.3 Hz, 1H), 

7.33 – 7.28 (m, 2H), 7.26 – 7.20 (m, 2H), 6.87 – 6.84 (m, 4H), 4.75 (ddd, J = 60.0, 12.7, 8.2 Hz, 

2H), 4.18 (s, 2H), 3.89 – 3.82 (m, 2H), 3.80 (s, 6H), 3.73 – 3.63 (m, 6H), 2.61 (td, J = 6.6, 2.0 Hz, 

2H), 2.39 (s, 3H), 1.21 (dd, J = 9.7, 6.8 Hz, 12H), 0.88 (s, 9H), 0.02 (s, 6H). 

 

31P NMR (203 MHz, CDCl3) δ 148.84. 
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2.8.4. Solid phase synthesis 

2.8.4.1. General procedure for SPS in Mermaid synthesizer 

The protocol followed the original protocol from Dr. Donatien de Rochambeau with a few 

modifications. For linear oligomers, synthesis was performed on a 1 μmol scale, starting from a 

universal 1000 Å UnyLinker CPG solid support. 5′-DMT and 5′-Lev protected nucleoside 

phosphoramidites (benzoyl protected adenosine, benzoyl protected cytidine, acetyl protected 

cytidine, isobutyryl protected guanosine and thymidine) were dissolved in dry acetonitrile and 

coupling times of 3 minutes were used. Molecular trap packs were used to maintain the acetonitrile, 

the activator and the phosphoramidite solutions dry. In each coupling cycle, the coupling followed 

by the cap, oxidation and 5′-deprotection. For DMT-protected strand, the deprotection was carried 

out using 3 % dichloroacetic acid in DCM. For Lev-protected strand the cleavage of levulinyl 

protecting group was carried out using hydrazine hydrate (50-60 %) diluted to 0.5M in a 3:2 (v:v) 

pyridine/acetic acid solution. Hydrazine treatment lasts 6 minutes with three injections of 2 

minutes each unless otherwise noted. For branched oligomers, synthesis was performed similarly 

but with a universal 2000 Å Unylinker CPG solid support.  

2.8.4.2. General procedure for off-column coupling 

CPG containing 5′-unprotected strand was plugged into a syringe through an adapter. The CPG 

and the phosphoramidite were transferred into the glove box. Here the phosphoramidite was 

diluted into 0.1 M solution with dry acetonitrile. For each coupling, 200 μL of 0.1 M 

phosphoramidite and 200 μL of 0.5 M activator in acetonitrile were added into the CPG. The CPG 

was left in 15 minutes in the glovebox. The solution was mixed several times by the syringe before 

and during the coupling. After the coupling, the CPG was taken out. The cap, oxidation and de-

tritylation steps were carried out in the Mermaid synthesizer.  
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2.8.4.3. General procedure for deprotection 

Post-synthesis CPG was incubated in 28 % aqueous ammonium hydroxide solution for 16-18 hours 

at 65 °C. This process deprotected the nucleobases as well as cleaved the DNA or oligomer strands 

from the solid support. After removal of ammonium hydroxide solution under reduced pressure at 

60°C, the crude product was suspended in Millipore water. The product was purified by 

preparative PAGE and de-salted with Sephadex column. The final product was stored with 

autoclaved Millipore water at 4°C for further uses.  

2.8.4.4. Strand sequences 

*Amidites: underline = levulinyl-protected amidite, normal = DMT-protected amidites 

*Color: blue  = aptamer region, green = code region, red = primer region, red in bold = branch 

unit, orange = spacer between branch unit and aptamer  

Strands Sequence (5′-3′) 

CH1S-3 GTCCAGGGTTCCAAGGTGCTTCGTGGAC 

CH1S-3-1 6FAM-GTCCAGGGTTCCAAGGTGCTTCGTGGAC 

CH1S-3-2 CGTCGAGGCCCCTTCTTCTTCGTCTTCTTCTTAGGA-BU-

ACACGTCACGCCTTTTTTTTT 

Branch: 6FAM-

GTCCAGGGTTCCAAGGTGCTTCGTGGACTTTTTTTTTT 

CH1S-3-3 CGTCGAGGCCCCTTCTTCTTCGTCTTCTTCTTAGGA-BU2-

ACACGTCACGCCTTTTTTTTT 

Branch: 6FAM-

GTCCAGGGTTCCAAGGTGCTTCGTGGACTTTTTTTTTT 
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CH1S-3-3 HYB  CGTCGAGGCCCCTTCTTCTTCGTCTTCTTCTTAGGA-BU2-

ACACGTCACGCCTTTTTTTTT 

Branch: 6FAM-

GTCCAGGGTTCCAAGGTGCTTCGTGGACTTTTTTTTTT 

Complementary strand: AAAAAAAAAGGCGTGACGTGTATCCTAAGA 

AGAAGACGAAGAAGAAGGGGCCTCGACG 

Poly(A) CH1S-

3  

GTCCAGGGTTCCAAGGTGCTTCGTGGACAAAAAAAAAAAAAAAAA

AAAAAA 

Poly(A) CH1S-

3-3 

CGTCGAGGCCCCTTCTTCTTCGTCTTCTTCTTAGGA-BU2-

ACACGTCACGCCAAAAAAAAAAAAAAAAAAAAAAA 

Branch: 6FAM-

GTCCAGGGTTCCAAGGTGCTTCGTGGACTTTTTTTTTT 

Lev20T CTTTTTTTTTGTTTTATTTT 

 

2.8.5. Gel electrophoresis 

Denaturing poly-acrylamide gel electrophoresis (PAGE) was carried out in room temperature 

using big glass plates. TBE 1x solution was used as buffer for running denature PAGE. For 

analytical gel, each sample was prepared in 10 µL of 12 pmol and added 10 µL of urea 8M. For 

preparative gel, the mixture of crude aqueous solution and urea 8M solution in 1:1 (v/v) ratio was 

loaded with maximum 150 µL per lane.  
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Initially, the gel was “pre-run” without any sample for 1 hour at 500 V. After sample loading, the 

gel was run at 250 V for 30 minutes and then at 500 V for 45 minutes. Analytical gel was stained 

by GelRed 1x in TBE 1x solution for 15-20 minutes and imaged by BioRad Imaging System.    

2.8.6. LC-MS  

The protocol was taken from Dr. de Rochambeau work. The oligomers were analyzed by LC-ESI-

MS in negative ESI mode. Samples (~60 pmols in water) were run through an Acclaim RSLC 120 

C18 column (2.2µm, 120Å 2.1 x 50 mm) using a gradient of mobile phase A (100 mM 1,1,1,3,3,3-

hexafluoro-2-propanol and 5 mM triethylamine in water) and mobile phase B (Methanol) in 8 

minutes (2 % to 100 % B). Liquid chromatography was performed as a control for strand purity 

which was found to be superior to 90 % in all cases. 

Strand  Expected molecular 

weight (g/mol) 

Found peak (g/mol) 

CH1S-3-1 9174.07 9173.3108 

CH1S-3-2 30011.48 30011.7311 

CH1S-3-3 29916.46 29917.7415 

Poly(A)-CH1S-3-3  34695.75 34734.8025 (K+ adduct) 

Lev20T  6040.95 6039.9532 
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CH1S-3-1 (after gel purification) 

 

CH1S-3-2 (after gel purification) 

 

CH1S-3-3 (after gel purification) 
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Poly(A)-CH1S-3-3 (after gel purification) 

 

Lev20T (after gel purification) 

 

 

2.8.7. Fluorescence anisotropy 

2.8.7.1. General procedure of fluorescence anisotropy 

The fluorescence anisotropy assay was followed the previously described protocol. 196 All model 

strands were synthesized as described above or ordered directly from IDT with a fluorescein 

attached on the 5-prime-end.  Each oligomer was dissolved in the corresponding binding buffer of 

its target (containing 0.1% surfactant v/v Triton X) to a concentration of 10 nM and stored in 

freezer in the dark until further use. For the assay, the oligomers were thawed, heated at 95 °C for 

5 minutes, then cooled at 4 °C for 15 minutes. Protein solution was prepared fresh each time at a 

concentration of C0 μM by dissolving in binding buffer. Concentration was confirmed on the 
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NanoDrop Lite spectrophotometer and dilutions were made at a range of concentrations in 

selection buffer and were kept on ice before use. 

After preparing the oligomers and target dilution, 30 µL of each were mixed separately in a 96-

well microplate. The microplate used was RNAse and DNAse-free. For each trial of aptamer, its 

mixtures with different protein concentrations were placed in a single row. The plate was shaken 

at a certain time and temperature depending on the target. The anisotropy of each sample was then 

measured using a plate reader, with excitation at 485 nm and emission at 528 nm. The change in 

anisotropy, which was defined as the difference between the polarization values measured in the 

absence and presence of protein, was plotted against the total concentration of protein. A binding 

isotherm was fitted using GraphPad Prism 6 with a one-site binding (hyperbola) fit, and the KD 

values were reported as the mean and standard deviation of three independent experiments.  

 

Figure 55: Diagram of the sample in each well of the 96-well plate (made by BioRender) 

2.8.7.2. FA assay: PD4S vs PD-1 

The fluorescent anisotropy assay between 5′-FAM-PD4S and PD-1 was proceeded as in general 

procedure in section 2.8.7.1. 5′-FAM-TBA sequence was used as a negative control sequence. The 
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binding buffer was PBS (without magnesium and calcium) containing 4.5 g/L glucose and 5 mM 

MgCl2. Stock PD-1 (Biotechne) was prepared in 180 µL of 10 µM. The serial five-fold dilution of 

PD-1 was done by taking 40 µL from the previous tube and adding 160 µL of buffer to the 

following tube. The anisotropy of 5′-FAM-PD4S was measured in three replicates, while the 

negative control was only measured once.  The plate was incubated at 4°C for 1 hour.  
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P D 4 S  b in d in g  is o th e rm  w ith  P D -1

 

Constructs Fitted KD (nM) 

PD4S 12 ± 45 

 

2.8.7.3. FA assay: CD63-1 vs CD63 

The fluorescent anisotropy assay between 5′-FAM-CD63-1 and CD-63 was proceeded as in 

general procedure in section 2.8.7.1. A strand of 5′-FAM-

GGGTGGAGGGGTGGGGGTGGTCGCCTTTTTAGGAAGTTTG-3′ was used as a negative 

control sequence. The binding buffer was PBS (without magnesium and calcium) containing 2.0 

mM MgCl2. Stock CD63 (Sino Biological) was prepared in 180 µL of 10.96 µM. The serial five-

fold dilution of CD63 was done to prepare the target solutions with concentration ranging from 2 

µM to 1 pM. The anisotropy of 5′-FAM-CD63-1 was measured in three replicates, while the 

negative control was only measured once.  The plate was incubated at 37°C for 1 hour.  
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C D 6 3 -1  b in d in g  is o th e rm  w ith  C D 6 3
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Constructs Fitted KD (nM) 

CD63-1 N/A (no binding) 

 

2.8.7.4. FA assay: CH1S-3 vs trastuzumab 

The fluorescent anisotropy assay between 5′-FAM-CH1S-3 and trastuzumab was proceeded as in 

general procedure in section 2.8.7.1. A G-quadruplex strand (5′-FAM-GGTTGGTGTGGTAGG-

3′) was used as a negative control sequence. The binding buffer was PBS (without magnesium and 

calcium) containing 0.55 mM MgCl2. Stock trastuzumab (Cedarlane Labs) was prepared in 150 

µL of l.38 µM. The serial five-fold dilution of trastuzumab was done to prepare the target solutions 

with concentration ranging from 0.2 µM to 0.1 pM. The anisotropy of 5′-FAM-CH1S-3 was 

measured in three replicates, while the negative control was only measured once.  The plate was 

incubated at 37°C for 1 hour.  
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C H 1 S 3  b in d in g  cu rv e  w ith  tra s tu z u m a b

[T ra s tu z u m a b ]  (M )
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Constructs Fitted KD (nM) 

CH1S-3 12 ± 45 

 

2.8.7.5. FA assay: CH1S-3 branched construct binding comparison. 

The fluorescent anisotropy assay between 5′-FAM aptamers and trastuzumab was proceeded as in 

general procedure in section 2.8.7.1. A G-quadruplex strand (5′-FAM-GGTTGGTGTGGTAGG-

3′) was used as a negative control sequence. The binding buffer was PBS (without magnesium and 

calcium) containing 0.55 mM MgCl2. Stock trastuzumab (Cedarlane Labs) was prepared in 150 

µL of 3.38 µM. The serial five-fold dilution of trastuzumab was done to prepare the target solutions 

with concentration ranging from 0.2 µM to 0.1 pM. The anisotropy of 5′-FAM aptamers (CH1S-

3-1 CH1S-3-2 and CH1S-3-3) was measured in two replicates, while the anisotropy of negative 

control was only measured once. The plate was incubated at 37°C for 1 hour. 
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C H 1 S 3  b ra n c h e d  c o n s tru c ts  te s t

[T ra s tu z u m a b ]  (M )
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Constructs KD (nM) 

CH1S-3-1 22 ± 11 

CH1S-3-2 40 ± 18 

CH1S-3-3 187 ± 106 

 

2.8.7.6. FA assay: CH1S-3-3 hybridization test 

The fluorescent anisotropy assay between 5′-FAM aptamers and trastuzumab was proceeded as in 

general procedure in section 2.8.7.1. The binding buffer was PBS (without magnesium and 

calcium) containing 0.55 mM MgCl2. Stock trastuzumab (Cedarlane Labs) was prepared in 150 

µL of 3.38 µM. The serial five-fold dilution of trastuzumab was done to prepare the target solutions 

with concentration ranging from 0.2 µM to 0.1 pM. The anisotropy of 5′-FAM aptamers (CH1S-

3-3, CH1S-3-3 HYB) was measured in three replicates.  The plate was incubated at 37°C for 1 

hour. 
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C H 1 S -3 -3  h y b r id iz a tio n  te s t
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Constructs KD (nM) 

CH1S-3-1 9.1 ± 2.2 

CH1S-3-3 27 ± 20 

CH1S-3-3 HYB 39 ± 18 

 

2.8.8. Surface plasmon resonance 

2.8.8.1. Target captured with streptavidin-coated SPR chip. 

The experiment was done on Biacore X-100 surface plasmon resonance biosensor. The 

streptavidin chip was prepared by washing with solution of 1 M NaCl and 50 mM NaOH. 50 μL 

of biotinylated trastuzumab (100 tests, ordered from CedarLane Labs, Canada) was prepared in 

200 μL of HBS-EP+ buffer for immobilization. Oligomers were diluted into the HBS-EP+ buffer 

with. Oligomers were prepared in binding buffer (HBS-EP+ buffer with 20 mM KCl, 1 mM CaCl2 

and 1 mM MgCl2) at concentrations ranging from 100 to 1000 nM. The Biacore X100 instrument 

was primed three times with running buffer prior to all binding assays and injected over both flow 

cells at a flow rate of 30 μL/min for 120 s to monitor target association, and running buffer was 

injected over both flow cells at a flow rate of 30 μL/min for 180 s to monitor target dissociation. 
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Oligomer was removed from the sensor surface by injecting 2 M NaCl for 30 s at a flow rate of 30 

μL/min over both flow cells. 

Data processing and analysis were performed using Biacore X100 Evaluation Software version 

2.0 (GE Healthcare). A double-referencing method was performed to process all datasets. Data 

from the sample flow cell (FC2) were referenced first by subtracting data from the reference flow 

cell (FC1) to correct for bulk refractive index changes, nonspecific binding, injection noise, matrix 

effects, and baseline drift. Reference-subtracted data (FC2–FC1) were double-referenced with a 

blank injection of running buffer to account for any systematic drift over the course of the injection. 

Double-referenced data were fit to a 1:1 binding model for kinetic analysis. 

a. Positive control (CH1S-3) (2 replicates) 
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b. CH1S-3-2 (2 replicates) 
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c. CH1S-3-3 (2 replicates) 
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2.8.8.2. Aptamer captured with poly-T chip. 

The experiment was done in Biacore X-100 surface plasmon resonance biosensor. The amino-

poly(T) DNA sequence of 5′-NH2-TTTTTTTTTTTTTTTTTTTTTTTT-3′ was suspended in 10 

mM HEPES buffer into a 40 μM poly(T)-DNA solution. The surfactant CTAB was suspended in 

10 mM HEPES buffer into a 1.2 mM CTAB solution. A “pre-concentration” test was run with 

COOH-attached CM5 Biacore chip and a mixture of CTAB and poly(T)-DNA to ensure the 

interaction of DNA strand on the surface of the chip. Next, the poly(T) DNA strand (in mixture of 

CTAB) was immobilized into the chip in the presence of EDC, NHS and ethanolamine. The signal 

of poly(T) immobilization was kept around 3000 RU. The poly(A)-aptamers were diluted in 

binding buffer (HBS-EP+ buffer with 20 mM KCl, 1 mM CaCl2 and 1 mM MgCl2) to make 3 μM 

solutions. Trastuzumab was also diluted in binding buffer in a range of solution from 250 nM to 

0.4 nM. The Biacore X100 instrument was primed three times with running buffer prior to all 

binding assays and injected over both flow cells at a flow rate of 30 μL/min for 120 s to monitor 

target association, and running buffer was injected over both flow cells at a flow rate of 30 μL/min 

for 180 s to monitor target dissociation. Poly(A)-aptamers was removed from the sensor surface 

by injecting 25 mM NaOH for 30 s at a flow rate of 30 μL/min over both flow cells. 
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Data processing and analysis were performed using Biacore X100 Evaluation Software version 

2.0 (GE Healthcare). A double-referencing method was performed to process all datasets. Data 

from the sample flow cell (FC2) were referenced first by subtracting data from the reference flow 

cell (FC1) to correct for bulk refractive index changes, nonspecific binding, injection noise, matrix 

effects, and baseline drift. Reference-subtracted data (FC2–FC1) were double-referenced with a 

blank injection of running buffer to account for any systematic drift over the course of the injection. 

Double-referenced data were fit to a 1:1 binding model for kinetic analysis. 
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b. Poly(A)-CH1S-3-3 (3 replicates) 
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