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Abstract 

Biopolymers such as proteins and nucleic acids adopt three-dimensional (3D) shapes dictated by 

their monomer sequence. This well-defined structure is responsible for the functions of 

biopolymers in biological systems. The field of sequence-controlled polymers (SCPs) seeks to 

mimic the precision of biopolymer composition, but with synthetic polymers incorporating a 

greater variety of artificial monomers. The potential to outperform biopolymers in several 

applications has been a driving force in the development of novel SCPs. Numerous examples 

reported in the past few years highlight the promises of precision polymers in areas such as 

information encoding, self-assembly and folding of nanostructures, as well as drug discovery, 

delivery and catalysis. However, few artificial polymers have been shown to achieve the degree of 

efficiency and selectivity of biopolymers. While novel synthetic approaches have broadened the 

structural and chemical diversity of SCPs, the challenges of generating polymers with (i) total 

sequence-control, (ii) relatively high degree of polymerization and (iii) versatile monomer content 

remain an obstacle to the emergence of novel applications. Automated solid-phase 

phosphoramidite chemistry has the advantage of addressing the first two challenges. This thesis 

focuses on the third challenge, by expanding the alphabet of available phosphoramidite monomers. 

These would introduce a variety of potential supramolecular interactions and direct the self-

assembly of sequence-defined oligo(phosphodiester)s. In Chapter 2, a perfluorocarbon (PFC) 

containing monomer is designed and successfully incorporated into nucleic acid strands. PFC 

chains introduce the “fluorous” supramolecular interaction, leading to the formation of micelles 

that are detectable by 19F NMR, nuclease-resistant DNA duplexes with high melting temperatures, 

and a potent perfluorocarbon-modified RNA strand for gene silencing applications. Chapter 3 

describes the development of a naphthalene-based monomer, which drives the formation of 

nanostructures of different shapes and sizes, including spherical micelles and 2D nanosheets, upon 

incorporation into various precision oligomers. The significant impact of monomer sequence on 

self-assembly outcome was assessed by making subtle sequence modifications. Furthermore, 

Chapter 4 reports a two-step protocol to access a large library of monomers from two tertiary 

amine-based achiral molecular platforms. The numerous building blocks accessible through this 

strategy yield oligomers with a variety of side-chains such as amino acids and carbohydrates. 

Chapter 5 describes a combinatorial approach based on DNA-encoded non-nucleosidic aptamers 

designed to leverage monomer diversity. This methodology yields a large library of sequence-
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defined oligomers that structurally resemble the thrombin-binding aptamer. Overall, this thesis 

reports on the development of numerous monomers compatible with standard automated solid-

phase phosphoramidite chemistry which can be readily incorporated into sequence-defined 

oligo(phosphodiester)s. This work has yielded novel materials and tools to identify sequences of 

interest, and should pave the way to expanded applications of SCPs in drug delivery, self-assembly 

of structurally diverse materials, as well as discovery of novel aptamers and catalysts made of 

artificial building blocks. 
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Résumé 

Les biopolymères tels que les protéines ou les acides nucléiques, adoptent une structure bien 

définie, dictée par leur séquence de monomères. Cet agencement en trois dimensions est crucial 

pour que les biopolymères assument leur fonction au sein des systèmes biologiques. Les polymères 

à séquence contrôlée (PSCs) sont des macromolécules synthétiques dont la séquence de 

monomères tend à imiter la composition précise des biopolymères. Ils sont façonnés à partir d’une 

grande diversité de monomères artificiels et représentent un domaine de recherche en pleine 

expansion. En effet, de tels polymères ont le potentiel d’être plus efficaces que les biopolymères 

dans certains domaines. L’utilité de nombreux PSCs a déjà été démontrée en catalyse, dans le 

codage et stockage de données, l’auto-assemblage et le pliement de nanostructures ou encore la 

découverte de nouveaux médicaments et de vecteurs de transport de ces derniers. Cependant, peu 

de ces exemples ont montré une efficacité de l’ordre de ce qu’accomplissent les biopolymères. De 

nombreuses approches synthétiques ont permis de créer des PSCs d’une grande diversité chimique 

et structurelle. Néanmoins, les efforts se poursuivent pour trouver des méthodes de synthèse 

permettant d’obtenir : (i) un contrôle total de la séquence, (ii) un degré de polymérisation cohérent 

avec les applications pressenties et (iii) une grande variété de monomères compatibles. La synthèse 

automatisée en phase solide avec des phosphoramidites remplit les deux premiers critères. En 

agrandissant l’alphabet de phosphoramidites disponibles et donc le nombre d’interactions 

supramoléculaires disponibles, influencer l’auto-assemblage des oligomères à séquences définies 

de type phosphodiester serait possible. C’est l’objet de cette thèse. En premier lieu, un monomère 

de type perfluorocarbure (PFC) est synthétisé et incorporé efficacement dans des brins d’ADN. 

Cela permet d’instaurer un nouveau type d’interactions supramoléculaires spécifique aux PFC. 

Ainsi, des micelles détectables par RMN du fluor, des duplex d’ADN à la température de fusion 

élevée et résistants aux nucléases ou encore un brin d’ARN modifié avec un PFC et capable 

d’extinction de gène sont décrits. Dans un deuxième temps, le développement d’un nouveau 

monomère composé de naphtalène est présenté. Ce dernier permet la synthèse de polymères à 

séquence définie formant des micelles sphériques de différentes taille ou des films à l’épaisseur 

nanoscopique. Grâce à l’introduction de différences subtiles dans la composition des oligomères, 

l’impact de la séquence sur l’auto-assemblage a pu être étudié. Par la suite, deux amines tertiaires 

non-chirales sont utilisées comme plateformes moléculaires pour synthétiser un grand nombre de 
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nouveaux monomères en deux étapes seulement. Cette stratégie permet d’obtenir des oligomères 

à séquence contrôlée contenant des chaînes latérales très variées comme des acides aminés ou des 

monosaccharides. Finalement, cette diversité est mise à profit avec la synthèse combinatoire 

d’aptamères faits à partir de ces nouveaux monomères et liés à des codes-barres en ADN. Ainsi, 

une grande bibliothèque d’aptamères dont la structure moléculaire est très différente de celle des 

oligonucléotides classiques est synthétisée. Cette bibliothèque a été construite dans le but de 

trouver de nouveaux ligands pour la thrombine. En général, cette thèse décrit le développement de 

nombreux monomères compatibles avec la synthèse automatisée en phase solide avec des 

phosphoramidites, pour leur incorporation dans des oligomères à séquence définie de type 

phosphodiester. Ces travaux ont permis la découverte de nouveaux nanomatériaux et d’outils pour 

identifier des séquences d’intérêt. Celles-ci devraient mener à de nombreuses opportunités en auto-

assemblage de divers matériaux ainsi qu’à la découverte de vecteurs de transport de médicaments, 

de nouveaux aptamères et de catalyseurs faits de monomères artificiels. 
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1.1 Sequence control towards functional macromolecules 

Enzymes are amongst the most efficient catalysts known. They are able to accelerate chemical 

reactions up to 1019 times.1 Nature primarily relies on enzymes in life-sustaining processes. Indeed, 

food digestion, synthesis of high-value natural products, energy storage and conversion through 

nutrient and oxygen metabolisms, toxins and metabolic waste degradation, and healing processes 

occur with the help of enzymatic reactions. Enzymatic functions and efficiency can be transposed 

from biological reactions to chemical systems, where they can be used to tackle emerging issues, 

such as the green synthesis of chemical products, energy conversion from renewable resources, 

energy storage, non-toxic and low-polluting waste products management, and the healing of 

damaged ecosystems. Studying and mimicking enzymes paves the way to a very large panel of 

discoveries that have already started to revolutionize chemistry. 

The specific sequence of the enzyme’s comprising components is the key feature for efficient 

biocatalysis. Most enzymes are made of one or several polyamide chains, peptides, composed of 

20 different building blocks, amino acids. Once placed at specific positions on the peptidic 

backbone, the different chemical functionalities of the amino acids may interact with each other 

through weak or covalent bonds. Well-defined 2D and 3D shapes called secondary structures may 

result from these interactions. The final peptide shape is called tertiary structure and is a direct 

consequence of the initial sequence of monomers. Peptides can also associate to form the final 

form of proteins known as the quaternary structure. The enzyme shape allows it to be specific for 

its substrate. Once substrates are bound, the close location of specific moieties decreases the 

kinetic reaction barrier, enabling rapid turnover to generate the product. As a conclusion, the 

function of enzymes, as well as their efficiency and selectivity, rely on their 3-dimensional 

structure, which is itself dictated by the primary sequence of monomer constituents. This 

relationship, that sequence induces shape which itself induces function, probably is one of the most 

important lessons learnt from natural catalytic systems (Figure 1.1). 

Nature also relies on sequence control in other biopolymers. Polyphenols, oligosaccharides, 

ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) are of fundamental importance in life-

sustaining processes. The first of these has an important role in plant biology,2 while 

oligosaccharides are mostly used for cell recognition and adhesion.3 RNA is known as an 

information relay molecule, but it is also capable of catalysis (ribozymes) and gene regulation.4 
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DNA is the molecule of genetic storage. As such, it has been broadly studied in the past few 

decades. DNA is composed of nucleotide monomers linked together through phosphodiester 

bonds. Each nucleotide is composed of a 5-carbon deoxyribose sugar with a nitrogenous base 

(Figure 1.1). There are four types of nucleobases that can pair with one another – adenine with 

thymine and guanine with cytosine to form a double helix. The structure was elucidated in 1953 

by Francis Crick and James Watson using X-ray diffraction data obtained by Rosalind Franklin 

and Raymond Gosling.5 The sequence of monomers that forms the complementary strands in the 

DNA double helix constitutes the genetic information. Human cells contain DNA composed of 

about 3 billion bases,6 which are equivalent to 0.75 gigabytes of information. The density of 

information storage in DNA (theoretically >107 times denser than in state-of-the-art hard drives)7 

can be reliably read, erased and copied. Complex synthetic machinery ensures that DNA can be 

replicated with a very low error rate and transcribed to RNA for further translation into proteins. 

Once again, the key concept behind the effectiveness of biopolymers is the fact that fine sequence 

regulation confers on them specific 3D structures responsible for their function. In other words, 

Nature achieves crucial processes like energy-effective and selective catalysis, accurate molecular 

recognition or dense data storage with decoding and copying properties using biopolymers with 

specific sequences. Can we apply Nature’s sequence control strategy to deal with 21st century 

challenges in chemistry? 

 

 
Figure 1.1. Sequence leads to 3D structure that induces function. 
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In this introduction, some of the most advanced applications with nucleic acids as an example of 

biopolymer will be described. Challenges due to the structural limitations of nucleic acids will be 

discussed. In a second section, the most recent synthetic routes towards precision polymers with 

advanced to total sequence-control will be broadly covered. Applications with these polymers are 

numerous and most of the state-of-the-art advances in the field are described in the third section. 

Finally, the scope of this thesis in the context of sequence-controlled polymers is discussed. 

 

1.2 Repurposing biopolymers 

Since Nature has been developing its own biopolymers, the simplest approach to access functional 

macromolecules is to use them. The following section specifically provides an overview of the 

uses and limitations of natural and modified nucleic acids. Indeed, nucleic acids have a broad range 

of applications in data storage, catalysis, therapeutics and molecular recognition. The two latter 

applications are more broadly covered to facilitate the understanding of the other chapters of this 

thesis. 

1.2.1 DNA synthesis 
1.2.1.1 Solid-Phase Synthesis 

Ease of synthesis of a class of molecules has always been closely related with the number and 

importance of applications reported. When Merrifield came up with the idea of solid-phase 

synthesis (SPS),8 the development of peptide- and DNA-based technologies started to thrive. SPS 

relies on the use of solid polystyrene beads or controlled-pore glass (CPG) support on which 

biopolymers can be grown using an iterative strategy shown in Scheme 1.1. As 

poly(phosphodiester)s, the building blocks for DNA synthesis were designed using 

organophosphorus chemistry. Phosphoramidites have been found by Beaucage and Caruthers to 

be efficient to make synthetic oligonucleotides.9 The diisopropylamine group on the phosphorus 

center is labile in the presence of a weak acid, enabling the efficient nucleophilic attack of an 

alcohol. This is the coupling reaction, first step of the DNA SPS synthetic cycle. At each step, 

excess reagents and byproducts in solution are washed away in a simple filtration purification step. 

Since coupling efficiency is not 100 %, coupling failure can occur at each step, leading to a 

complex mixture of side products. When a coupling is unsuccessful, the capping step prevents 
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further couplings. The oxidizing step is required to oxidize phosphorus(III) to more stable 

phosphorus(V). To allow single-unit insertion, the 5’-hydroxyl group of nucleotide building blocks 

is protected with a dimethoxytrityl (DMT) moiety. It provides the advantage of being labile in 

acidic conditions, forming a strong orange DMT cation detectable with a photodetector. The 

deprotected 5’-hydroxyl group is ready for a new coupling step at this point and a new cycle can 

start. When the designed oligomer length is reached, the cyanoethyl protection on the 

phosphodiester, as well as the necessary protecting groups on DNA bases, are cleaved during the 

final deprotection step, where the oligomer can be recovered free in solution. 

 
Scheme 1.1. Synthetic cycle in an automated DNA synthesizer. ETT = Ethylthiotetrazole, DMT = 
dimethoxytrityl. The yields for the coupling step need to be over 99 % to ensure that long sequences can be 
recovered. For a 20mer, if coupling yields were 90 %, global yields would only be (90 %)20=12 %. 

Solid-phase allows complete control over the sequence produced. The broad number of 

applications for peptides and oligonucleotides has led to a large decrease in cost for this process 
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(DNA is now ~2$/mg on average).10 However, the main drawback of solid-phase synthesis is the 

inability to make very long sequences. They have a maximum length of about 200mers for DNA 

and not more than 50mers for peptides. Therefore, chemical ligation and enzymatic methods are 

also broadly applied to access longer DNA, peptides and proteins. 

1.2.1.2 Enzymatic synthesis 

DNA strands in the range of 1 to 30 kbp can be made enzymatically through the use of shorter 

synthetic oligonucleotides assembled together with ligation enzymes or through multiple 

recombination steps in yeast.11–13 These methods, however, are usually time-intensive (~week 

scale) to perform for strands of more than 1kb. For longer strands (~100-1000 kbp), natural 

bacterial genomic DNA can be useful for many applications like protein production.14 

Recombinases and genome editing machineries such as zinc finger nucleases (ZFN), transcription 

activator-like effector nucleases (TALEN) and the more broadly applicable clustered regularly 

interspaced short palindromic repeats (CRISPR-Cas) are used to finely modify DNA sequences.15 

Examples of fully tailored long DNA sequences have also been reported. For example, a 1Mbp 

long fully artificial genome was synthesized and assembled.16 

 

1.2.2 Applications of Nucleic acids 
1.2.2.1 Digital storage with DNA 

Scientists have tried to repurpose DNA to store non-genetic information. Indeed, due to its long-

term, high-density storage abilities along with the capacity to be readily sequenced, DNA has 

naturally been used to write and store data. For example, Church and coworkers encoded a whole 

book representing more than 5 Mb in DNA and showed it was easily read through next-generation 

sequencing.17 More recently, the Ceze and Strauss groups demonstrated the encoding of 200Mb 

of information in 35 distinct files.18 Using a specific library of primers, they could “read” the 

different files according to a similar principle as random access memories. While significant 

advances in this field have been realized, the synthesis time, cost and yield issues associated with 

long DNA strands are limiting factors. Moreover, DNA only allows information storage in base 4 

(because there are four possibilities – A, T, C or G – at each position). To avoid the synthesis of 

long sequences, it would be valuable to write information in base n (where n > 4) in a fast and 
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inexpensive manner. Unnatural polymers with well-defined sequences could represent such an 

alternative.19 

1.2.2.2 DNA Nanotechnology 

Seeman envisioned the possible use of DNA strands as building blocks to make 2-dimensional and 

3-dimensional objects through self-assembled branched junctions.20 He showed the synthesis of 

such a junction with chemically synthesized oligonucleotides in 1983.21 This idea started the field 

now known as DNA nanotechnology. 2D and 3D extended networks as well as discrete structures 

of arbitrary shapes have been assembled.22,23 Among them, the DNA origami method relies on 

folding a long viral DNA strand into highly programmable shapes through the use of multiple short 

staple strands.24 Recent advances show the possibility of making a micrometer-sized Mona Lisa 

portrait made of DNA (Figure 1.2).25. Other groups have taken inspiration over decades of 

supramolecular chemistry to pioneer the expansion of DNA nanotechnology to different types of 

interactions.26 For instance, they paved the way to the use of small molecule geometry 

inducers,27,28 metal-DNA junctions29 (Figure 1.2) as well as DNA amphiphiles.30 The latter are 

polymers with a hydrophilic section made of DNA and a hydrophobic part made of small 

molecules or polymers. The hydrophobic effect triggers new modes of assembly of DNA 

nanostructures. For example, cylindrical and spherical micelles with a DNA corona,31 and DNA 

nanocubes with a hydrophobic core capable of drug encapsulation (Figure 1.2)32 have been 

reported. 

Many applications have resulted from these studies. For example, the high degree of precision 

obtained with DNA origami allows the formation of “nanorulers” –distance measurement 

standards at the nanoscale.33 Gold nanoparticles were encapsulated in a linear DNA nanotube and 

released only when a specific DNA strand was added.34 Many biomedical applications,35 including 

DNA nanostructures that encapsulate nucleic acid therapeutic cargo have also been reported.36  

As a conclusion, with only 4 different building blocks, DNA has been shown to be a highly 

programmable material. DNA nanostructures are now easier to design than proteins due to the 

small numbers of rules and interactions governing the assembly. However, the limited number of 

building blocks also reduces function in DNA as compared to proteins, for example. To introduce 

functionality in this biomolecule, artificial building blocks need to be added to DNA. 
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Figure 1.2. Examples of DNA nanostructures. (a) DNA tensegrity triangles 3D crystals. Reproduced with 
permission from ref. 23. (b) Fractal-assembly of DNA origami. Reproduced with permission from ref. 25. 
(c) Gold nanoparticle decorated DNA-hexagon. Reproduced with permission from ref 26. (d) DNA 
nanocube with a hydrophobic core. Reproduced with permission from ref. 32. 

1.2.2.3 Gene silencing 

Oligonucleotides have recently emerged as highly promising therapeutics. Partially 

complementary sequences to messenger RNA (mRNA) called antisense oligonucleotides (ASO) 

can repress gene expression (Figure 1.3).37 They are generally 12 to 25 nucleotides long single-

stranded DNA or RNA that recognize specific mRNA, leading to their cleavage through an 

enzymatic process.38 Similar size double-stranded RNA oligonucleotides called small interfering 

RNA (siRNA) can also reduce gene expression. They act through a different mechanism. Once in 

cells, they form an RNA-induced silencing complex (RISC) together with several proteins. This 

complex is capable of mRNA recognition and degradation resulting in reduced gene expression. 

The therapeutic potential of gene silencing oligonucleotides is theoretically immense since they 

can trigger specific gene knock-down.38 However, only a few gene silencing oligonucleotide drugs 

have made it to the market so far.39 The Foods and Drugs Administration (FDA) approved the first 

ASO drug in 199840 and the first siRNA in 2018.41 The two approved oligonucleotides have a point 

in common: they both contain non-natural modifications. As such, they are called xeno-nucleic 

acids (XNA) or genetic polymers.42 



10 
 

Indeed, the main limitation of oligonucleotides for gene silencing is their poor cell-membrane 

permeability and susceptibility to nuclease degradation. Extensive research has been carried out to 

address these drawbacks, by using drug delivery vehicles43 or chemical modifications of the 

strands (Figure 1.3).44 In the latter case, the main challenge is to increase cell internalization of 

the oligonucleotide and to avoid nuclease degradation. However, it should still bind the mRNA of 

interest and be recognized by the silencing enzymatic machinery. Many base, sugar and backbone 

modifications have been developed. Representative examples are presented in Figure 1.3. Specific 

positioning of several of these novel monomers is usually necessary for efficient gene silencing. 

So far, rational design of silencing oligonucleotides is difficult. Therefore, the choice of 

modifications and positions requires tedious testing of numerous oligonucleotides.44 

 
Figure 1.3. Gene silencing mechanism and chemical modifications in siRNA and ASO. (a) Different 
mechanisms induce reduction of protein expression with siRNA and ASO. Adapted with permission from 
ref. 45. (b) Some of the most common modifications in ASO and siRNA in major clinical trials. LNA stands 
for locked nucleic acids and PMO for phosphorodiamidate morpholino oligomer. Adapted with permission 
from ref. 39. 

1.2.2.4 Nucleic acid aptamers 

Nucleic acid aptamers are DNA and RNA strands capable of binding to a specific molecular target, 

such as a protein or small molecule. They usually fold into well-defined structures leading to high 

binding affinity to the molecule of interest. Their applications range from biosensing to diagnostics 

and targeted therapies.46 DNA and RNA aptamers were discovered through the combinatorial 
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synthesis of oligonucleotide libraries. In a first step, these undergo a selection step against targets 

such as proteins. The binding oligomers from the library are then isolated and subjected to 

amplification. At this point, mutations are introduced in the sequences obtained in order to improve 

the binding affinity to the target in a stepwise manner (Figure 1.4). This process is called 

systematic evolution of ligands by exponential enrichment (SELEX) or in vitro selection and was 

developed independently by two groups in the early 1990s.47,48 Since then, potent binders to many 

biologically relevant targets were discovered.46 Similar to silencing oligonucleotides, aptamers are 

susceptible to nuclease degradation. Moreover, aptamers are limited in the type of interactions they 

create with their target because they are made of only 4 structurally similar building blocks (ATGC 

or AUGC). This partly explains why only one aptamer drug has been approved by the FDA so 

far.46 Accessing similar or broader functionalities than in antibodies made of 20 amino acids would 

palliate this issue. Therefore, chemical modifications have been introduced. 

Contrary to gene-silencing applications, aptamers do not need to be recognized by some enzymatic 

machinery apart from the polymerase used in the SELEX process. This allows the use of more 

numerous modifications or components that are less structurally similar to natural nucleotides 

(Figure 1.4).49,50 As an example, the Gold group developed slow off-rate aptamers (SOMAmers) 

where a few nucleotides were decorated with amino-acid like moieties to resemble antibodies 

(Figure 1.4).51 Similarly, Mayer and coworkers developed click-SELEX.52 In this process, 5-

ethynyl-deoxyuridine is used instead of thymidine in DNA libraries generation. Before selection, 

the alkyne-containing nucleobase is modified through copper-catalyzed azide-alkyne 

cycloaddition (CuAAC). After selection, the modification is removed during the amplification 

process and added again for the next SELEX cycle. The Liu and Hili groups developed the 

synthesis of highly modified nucleic acids that can bind to specific targets.53,54 They made short 

modified codons that hybridize on a regular DNA template and are further enzymatically ligated 

(Figure 1.4). The modified strand is then separated from the template and tested against a target 

of interest. Modifications not only increased the half-life of the oligomers in serum but also led to 

higher binding affinities than with unmodified oligonucleotides. Increasing the number of 

available monomers in aptamers have made them closer to antibodies in terms of binding affinity 

reached.50 These studies pave the way to the use of even more structurally different oligomers for 

specific binding to biologically relevant targets. 
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Figure 1.4. SELEX process and chemical modifications used in aptamers. (a) Principle of SELEX. Adapted 
with permission from ref. 55. (b) Example of SOMAmer binding to a protein target (IL-6) and some 
chemical modifications used. Adapted with permission from ref. 49. (c) Principle of ligase-mediated 
synthesis of modified nucleotides for the selection of potent aptamers. R is an amino acid-like side-chain 
on adenine. Adapted with permission from ref. 54. (d) Backbone modification variety in XNA. FRNA is 
2’-Fluoro RNA, ANA, FANA, CeNA, hDNA, GNA, PNA and TNA respectively stand for arabino, 
fluoroarabino, cyclohexene, 2′,3′-dideoxy-β-D-glucopyranose, glycerol, peptide, threose nucleic acids. 
Adapted with permission from ref. 50. 

1.2.2.5 Ribozymes and DNAzymes 

While most enzymes are made of peptides, some nucleic acids and especially RNA can behave 

like enzymes, and are called ribozymes.4 Indeed, specific RNA sequences are able to adopt specific 

3D structures in a similar way than some proteins. Ribozymes are known to catalyze life-sustaining 
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reactions such as amino acids condensation in the ribosome.4 Apart from this reaction, the 

reactions performed by ribozymes in vivo involve the cleavage or formation of a phosphodiester 

bond.4 SELEX was also applied to ribozymes. With this tool, a number of artificial catalysts made 

of RNA and DNA (DNAzymes) were discovered and shown to catalyze diverse reactions.56 For 

example, a Diels–Alder reaction of anthracene derivatives with maleimides catalyzed by RNA,57 

a peroxidase-like DNAzyme,58 an RNA phosphorothioate bond cleavage using a DNAzyme59 were 

reported. 

Similarly to aptamers and gene silencing, the use of unnatural nucleotide-like modifications 

allowed the engineering of novel DNAzymes.4 For example, including amino-acid like moieties 

on deoxyuridine allowed the discovery of a DNAzyme capable of aliphatic amide cleavage.60 From 

a different perspective, Holliger and coworkers developed a reverse-transcriptase and a 

polymerase compatible with multiple types of XNAs.61 This discovery allowed the direct evolution 

of XNA through a modified SELEX process called cross-chemistry selective enrichment by 

exponential amplification (X-SELEX).62 This process is similar to SELEX but cycles start with 

the synthesis of a library of XNAs from a library of regular DNA sequences. After the selection 

of potent XNAzymes, a reverse-transcriptase is used to make complementary regular single-

stranded DNA and proceed to sequencing or mutagenesis before the next cycle. For example, 

XNAzymes with four different types of chemistry were found to have RNA endonuclease 

activity.63 These findings further demonstrate how exploring a larger chemical space broadens the 

scope of nucleic acid applications. 

 

1.2.3 Conclusions of Section 1.2 
In general, novel methods to obtain synthetic nucleic acids allow their use for a variety of 

applications ranging from data storage to molecular recognition, drug discovery and catalysis. 

Chemical modifications of natural molecules are key to overcoming inherent biopolymer 

limitations such as nuclease susceptibility. Shifting from biopolymer-like structures to fully 

artificial polymers with specific sequences can pave the way to further improvements and new 

applications. 

The design of such polymers is a difficult task since synthetic chemistry offers a large number of 

possible polymeric backbones, lengths and sequence control. Studying a biopolymer like DNA 
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and its most recent applications helped us extract the main criteria for making the most efficient 

oligomers. 

(i) Achieving total sequence control. Indeed, a single DNA mutation can have a major 

impact on the related protein efficiency, leading to serious genetic diseases. Similarly, 

an aptamer with one mutation can have a drastically lower affinity for its target. 

(ii) Accessing the right degree of polymerization. For example, the degree of 

polymerization (DP) is an essential parameter for information storage in DNA.  

(iii) Expanding the chemical diversity of monomers. The DNA nanotechnology field shows 

how only four monomers can lead to structurally diverse nanoobjects. However, the 

addition of different materials (hydrophobic polymers or nanoparticles, for instance) 

and monomers (metal-binding ligands for instance) were required to introduce 

functionality. Similarly, aptamers half-life and affinity for biological targets was 

improved with the addition of new monomers. 

 

 

1.3 Synthetic routes towards sequence-controlled polymers made of 

unnatural building blocks 

The terminology “sequence-controlled polymer” is used for a polymer for which the order of 

monomers is controlled to some degree (Figure 1.5). Pioneers in the introduction of sequence 

control in classical polymers, Mayo and Lewis synthesized polymers with two alternating 

monomers in 1944.64 In block copolymers, polymeric segments of different compositions are 

attached together to form one chain. This type of polymer appeared later in the work of Melville65 

and then Szwarc66 but they are now broadly studied. They are used in a variety of applications 

such as drug delivery, nanolithography, photoactive structures and porous materials.67,68 

Continuously varying the chemical composition along a polymer chain is also possible and such 

macromolecules are called gradient polymers.69 Despite the immense potential of such control in 

polymerization, we will here focus on more advanced sequence control as it paves the way to more 

functional macromolecules.70–72 This includes periodic copolymers where a complex sequence of 

monomers is repeated. Chain positioning polymers feature regions along the chain that are 
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chemically functionalized with specific monomers. Polymers for which sequence control is total 

down to the last monomer, like biopolymers, are called sequence-defined and will be covered in 

greater detail. 

 
Figure 1.5. The different sequence-controlled polymers. Figure inspired from ref. 71. 

1.3.1 Polymerization of sequence-defined macromonomers 
It was shown that a sequence-defined “macromonomer” (i.e., a monomer unit that is itself 

comprised of multiple parts) could be used as the repeat unit of a periodic copolymer (Figure 1.6). 

Wagener and coworkers pioneered this approach using step-growth polymerization. They 

controlled the position of ethyl branches73 and charged 1-methylimidazolium groups by using 

aliphatic chains of predetermined length.74 Similarly, the Lutz group made oligostyrene chains 

containing one functional group of interest and polymerized these “oligomonomers” through 

CuAAC.75 To precisely tune the stereochemistry of some poly(lactic-co-glycolic acid), Meyer and 

coworkers prepared “segmers”, made of 4 monomers with perfect sequence control, using 

conventional chemistry.76 They polymerized the “segmers” through step-growth polymerization. 

Kamigaito and coworkers showed the preparation of complex monomers made of multiple 

functional parts (Figure 1.6). Two of them have a vinyl and a chloride used for metal-catalyzed 

radical polymerization.77 The macromonomer can also be generated in situ in multicomponent 

polymerization to implement periodic sequence control.78 Using SPS or classic organic chemistry, 

several recent reports have shown the synthesis of sequence-defined macromonomers followed by 

step-growth polymerization.79–83 It is advantageous in terms of molecular weights achieved but 

can lead to high polydispersity indexes. 
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Figure 1.6. Step-growth polymerization with sequence-defined macromonomers. (a). Principle of step-
growth polymerization for periodic polymers. Adapted with permission from ref 80. (b) Metal-catalyzed 
step-growth radical polymerization. Adapted with permission from ref 77. 

Chain-growth polymerization approaches have also been employed with sequence-controlled 

“macromonomers”. The Ouchi and Sawamoto groups showed the radical polymerization of 

chemically-templated monomers (Figure 1.7).84,85 The template could be removed after the 

polymerization, leading to ABA or AB periodic polymers. More recently, Kamigaito and 

coworkers used the atom transfer radical addition (ATRA) reaction to make sequence-regulated 

oligomonomers that they polymerized in a radical process.86 Ring-Opening Polymerization (ROP) 

has been extensively studied to introduce sequence-defined monomers into polymers. The 

Hillmyer group first showed the synthesis of sequence-regulated vinyl-copolymers using a 

cyclooctene in Ring Opening Metathesis Polymerization (ROMP).87 The cyclooctadiene was 

decorated with three different moieties. The use of a second or third generation Grubb’s catalyst 

allowed regiospecificity of the monomer introduction and was key to accurate sequence control. 

Hawker and coworkers adapted this method to unstrained macrocycles (Figure 1.7).88 More 

recently, the difference of reactivity of cis- and trans-olefins has been explored by the Meyer group 

allowing the polymerization of a 9-monomer-long repetition motif.89 

 
Figure 1.7. Chain-growth polymerization with sequence-defined macromonomers. (a). Palladium-
templated macromonomer for the synthesis of periodic polymers. Adapted with permission from ref 84 (b) 
ROMP for the synthesis of periodic copolymers, Adapted with permission from ref. 88. 
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1.3.2 Timely incorporation of monomers in a polymer chain 
A valuable strategy for positioning monomers in a polymer chain using atom transfer radical 

polymerization (ATRP) has been developed by the Lutz group in 2007 (Figure 1.8).90 Their 

strategy relies on the use of two types of co-monomers, electron donors and acceptors. The first, 

usually styrene, is the main constitutive element of the polymer chain while the other, maleimide, 

is added at specific moments during the polymerization. Due to the opposite electronic demand of 

the two double bonds, maleimide and styrene copolymerize quickly. Once all maleimides are 

consumed, the polymerization resumes with the remaining styrene molecules. This strategy led to 

polystyrene with small regions tagged with a maleimide that contains chemical information. The 

Lutz group further studied the timely controlled incorporation of special monomers in a polymer 

chain.19 They notably developed a library of 20 different maleimides that are compatible with this 

method91 and subsequently automated the process.92 The region where the maleimide monomer 

can be introduced is not perfectly well-defined due to the probabilistic nature of the polymerization 

process. Indeed, even if the active site would preferentially catch a monomer with an inverse 

electron demand, there is still the possibility that it reacts with similar electron demand monomer. 

This drawback was partly addressed by starving the polymerization from the donor monomers 

before each maleimide insertion,93 enhancing the location accuracy of maleimides along the 

chains. While this method relies on the manual incorporation of a fast-adding monomer, stimuli-

responsive polymerization is of interest. For example, light-induced timely incorporation of 

another type of monomer was achieved in homopolymers made through anionic ring-opening 

polymerization (AROP) (Figure 1.8).94 

 
Figure 1.8. Accurate positioning of monomers in chain-growth polymerization.Timely incorporation of 
fast-adding maleimides in a polystyrene chain. Adapted with permission from ref 70 (b) Photoinduced 
electron transfer – radical addition-fragmentation chain transfer (PET-RAFT) addition of an acrylate 
monomer during the homopolymerization of a thiocycle containing monomer through AROP. PET-RAFT 
is light-responsive while AROP is thermo-responsive Adapted with permission from ref. 94. 
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1.3.3 Templated synthesis 
1.3.3.1 DNA-templated synthesis 

DNA-templated synthesis is a strategy where hybridization of an oligomer to a DNA template 

would allow a reaction to occur between two moieties in close proximity. The inspiration for 

nucleic acid templated synthesis comes from natural biopolymer synthesis. Polymerases are able 

to synthesize a new DNA strand from nucleoside triphosphates and a DNA template. Similarly, 

proteins are synthesized in a ribosome following an RNA template. DNA-templated synthesis can 

be parallel, sequential or sequential autonomous as described on Figure 1.9.95 

 
Figure 1.9. DNA-templated synthesis of sequence-defined oligomers. BB stands for building block. (a) 
DNA-templated synthesis with polymerization occurring in parallel or (b) in a stepwise manner. (c) 
Example of an autonomous sequential polymerization method with a “DNA-walker” Adapted with 
permission from ref. 95. 

The parallel strategy consists in templating and reacting all monomers at the same time. The 

synthesis of Peptide-Nucleic Acid (PNA), a nucleic-acid like polymer with a polyamide backbone, 

through DNA-templated synthesis was first reported by Orgel and coworkers in 1995.96 Similarly, 

short polyamine tetramers with thymidine and adenosine were synthesized in a perfectly sequence-

defined fashion using a DNA-template.97 The Liu group then reported the DNA-templated 

synthesis of a PNA strand modified with non-nucleosidic side-chains.98 In a more recent report, 

they succeeded in synthesizing a sequence-defined 16mer structurally different to nucleic acids 

using a templated parallel approach (Figure 1.10).99 This strategy was based on the attachment of 
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small PNA-adapters along a DNA strand. These PNA adapters bore di-alkyne or di-azide synthetic 

monomers. Once all the adapters were positioned on the template, CuAAC was used to attach two 

monomers in proximity. In a last step, the newly formed oligomer was released from the PNA 

adapters and the DNA template. This translation system is promising for the synthesis of fully 

artificial sequence-defined oligomers. Another strategy involves attaching monomers directly to 

DNA bases. For example, Schuster and coworkers modified bases with aniline and 2,5-bis(2-

thienyl)pyrrole, and formed cyclic and linear conducting copolymers upon DNA strands 

assembly.100 Sequence-controlled oxidative ligation with horseradish peroxidase was then applied 

to attach the monomers together. 

 
Figure 1.10. Parallel DNA-templated synthesis using PNA adapters. Adapted with permission from ref. 
99. 

Sequential DNA-templated synthesis wherein monomers are attached one after the other (Figure 

1.9) have been reported and can involve Wittig reactions,101 amine coupling102–104 and CuAAC105. 

So far, these methods led to a maximum degree of polymerization of 6.103 Applying similar 

processes repetitively, O’Reilly, Turberfield and coworkers could make longer sequences at the 

expense of sequence control with a A(BC)4D oligomer.106 The sequential aspect of this process 

can be tedious for longer oligomers and two autonomous strategies have been reported. The first 

one is based on enzymatic cleavage reactions to make a “DNA walker” that moves along a track 

made of DNA (Figure 1.11).107 N-hydroxysuccinimide (NHS) ester-amine couplings occur 

between the different monomers placed along the track. In another report, O’Reilly, Turberfield 

and coworkers use the hybridization chain reaction where hairpins unfold to make duplex DNA in 

a cascade reaction.108  
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Figure 1.11. Sequential autonomous DNA-templated synthesis using NHS ester-amine couplings. Adapted 
with permission from ref. 107. 

1.3.3.2 Non-DNA templates 

The template for sequence-defined polymers is not necessarily DNA or RNA. Recently, Leigh and 

coworkers succeeded in building a molecular machine that synthesizes sequence-defined 

oligoamides (Figure 1.12).109,110 To achieve this, a pseudo-rotaxane molecule was synthesized, 

where monomers were spatially distributed along the thread and the sequence-defined oligomer 

was built as the macrocycle de-threaded, leading to a sequential reaction with each precisely-

placed monomer. This example shows how autonomous molecular machines may be designed for 

the synthesis of artificial sequence-defined oligomers. 

 
Figure 1.12. Molecular machine performing sequence-defined synthesis along a rotaxane thread. Adapted 
with permission from ref 110. 
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In general, templated strategies are valuable to achieve perfect sequence control and make 

sequence-defined oligomers. However, nucleic acid templates may only be used in water, no 

oligomers with DP>10 have been made and artificial templates require involved organic synthesis. 

1.3.4 Iterative strategies 
The method of choice to make oligonucleotides and peptides is an iterative strategy, wherein each 

monomer is added one after the other. This naturally leads to perfect sequence control and has 

been explored by scientists through a variety of polymerization methods and reactions. 

1.3.4.1 Chain growth 

Chain-growth polymerization tools can be used in an iterative way to attach one monomer at a 

time on a growing polymer chain. This strategy was first reported in 1990 with the synthesis of 

sequence-defined trimers and tetramers through living cationic polymerization.111 The key 

challenge is single unit monomer insertion (SUMI) at every step. Atom transfer radical addition 

(ATRA) was used with low-activity allyl alcohol.112 In this case, SUMI occurred thanks to the low 

reactivity of the adduct made. The latter had to be further oxidized to be functionalized and reactive 

for subsequent ATRA. In another report, sequence-defined acrylate trimers were made through 

photoinduced copper-mediated radical monomer insertions.113 In this example, addition of a 

monomer only occurs under the right light irradiation. However, purification after each monomer 

insertion remained necessary. Sawamoto, Ouchi and coworkers used a sterically hindered acrylate 

monomer to avoid the insertion of several units at once (Figure 1.13). A bulky adamantane group 

had to get cleaved to proceed to further steps.114 The same group also elegantly achieved SUMI 

via cyclization of the reactive radical into a ‘closed’, unreactive structure.115 However, only short 

dimers or trimers could be produced through these methods. 

RAFT polymerization has also been investigated by several groups and showed great promise for 

making longer oligomers. The single monomer insertion problem was overcome by the Junkers 

group by purifying the sequence-defined oligomer after each step with an in-line SEC purification 

system.116 Moad and coworkers developed scalable methods for single monomer insertion into 

RAFT agents.117,118 This work led to the synthesis of trimers using a highly selective PET-RAFT 

system.119 The authors further optimized this method to make stereospecific pentamers using 

indenes and N-substituted maleimides as monomers (Figure 1.13).120 
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As a conclusion, chain-growth polymerization holds great promise for the high-scale synthesis of 

discrete oligomers with a variety of side-chains. However, the low degree of polymerization 

achieved remains a limitation to overcome. 

 

Figure 1.13. Chain-growth stepwise polymerization through SUMI. (a) Bulky substituents prevent growing 
chain from propagation in metal-catalyzed living radical polymerization. Adapted with permission from 
ref. 114. (b) Alternating monomers electron demand allows for RAFT SUMI . Adapted with permission 
from ref. 120. 

1.3.4.2 Solid-Phase Synthesis 

Peptides and DNA strands containing less than 50 amino acids and 200 bases respectively are 

mostly made through solid-phase synthesis. For biopolymers, this process affords perfect sequence 

control, large monomer versatility (20 amino acids) and substantial polymer length (about 50mers 

for peptides and 200mers for oligonucleotides). Moreover, the process is fast, reliable thanks to 

the introduction of automated synthesizers and scalable.10 Therefore, solid-phase strategy was 

investigated for making artificial sequence-defined oligomers. A number of different types of 

chemical reactions combined with SPS were investigated. We counted three main coupling 

strategies that are detailed further thereafter. 

The first SPS strategy relies on one sort of attachment chemistry (Figure 1.14). For example, one 

monomer end is reactive (phosphoramidite/carboxylic acid) and ready to attach to a growing 

polymer chain while the other one is protected (DMT/Fmoc) or unreactive. 
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Figure 1.14. Solid-phase synthesis with protection/deprotection strategy. (a) Principle of the protection-
deprotection strategy Adapted with permission from ref. 70. (b) Strategy to append an artificial sequence-
defined oligomer to DNA through phosphoramidite chemistry. Adapted with permission from ref 121. (c) 
other types of phosphoramidite monomers for the preparation of artificial oligo(phosphodiester)s. 
Structures are reported in ref. 122, 123 and 124 respectively. DMT=dimethoxytrityl, CEP 
=cyanoethylphosphoramidite. 

The first examples of oligo(phosphodiester)s with side-chains not structurally related to 

nucleotides are found in the early 1990s by scientists aiming to label DNA strands with multiple 

moieties.125,126 However, the first time this strategy was employed without DNA attached was in 

1998 by Ganesan and coworkers.122 This study generated 12mer peptidomimetics with amino acid 

side-chains bearing phosphoramidites (Figure 1.14c). This chemistry was also used for the 

synthesis of “oligopyrenotides” which are homo-oligomers. The monomers are pyrene-based 

phosphoramidites (Figure 1.14c) and oligomers have a DP of 14.124 Our group showed the 

synthesis of unnatural precision oligo(phosphodiester)s attached to DNA.121 Up to 12 hydrophobic 

aliphatic carbon chains and hydrophilic hexa(ethylene glycol) chains were attached in a perfectly 

sequence-controlled manner to a DNA 19-mer (Figure 1.14b). The polymers made were all water-

soluble due to the negative charge of the phosphate groups. The use of two monomers with 
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different solubility in water led to sequence-dependent self-assembly behaviours. Lutz and 

coworkers then reused the 1,3-propanediol backbone reported previously126 (Figure 1.14c) to 

make artificial sequence-defined oligo(phosphodiester)s with up to 25 units in a row.123 They built 

up on this work with the synthesis of a 100mer using an automated synthesizer.127 Phosphoramidite 

chemistry combined with SPS can thus afford long unnatural sequence-defined polymers with up 

to 100 units. This finding highlights the efficiency of this technique compared to all other methods 

reported in this introduction. However, substantial side-chain diversity remains to be explored. 

Unnatural sequence-defined polyamides were synthesized through this strategy. Up to 9 N-methyl 

imidazole, pyrroles and other groups could be introduced to the backbone of sequence-defined 

oligoamides.128 In another report, a discrete oligobenzamide (7mer) was synthesized and attached 

to polyethylene glycol (PEG) using a peptide synthesizer.129 Sequence-defined polymers that have 

a non-peptidic or phosphodiester backbone have also been synthesized. For instance, an 

oligocarbamate was reported by the Schultz group.130 Similar oligomers that contained 

guanidinium moieties were then synthesized by Wender and coworkers.131 Oligoureas were also 

investigated as peptidomimetics,132 and their synthesis was improved with microwave 

irradiation.133 Cyclic and linear oligoamines,134,135 oligoesters136,137 and oligotriazoles138 were also 

made through SPS. Two state-of-the-art methods were successful for the synthesis of 

oligoarylenes139 and oligo(arylthiophenes) through SPS.140 All these unnatural oligomers have 

been synthesized for specific applications that are further detailed in section 1.4. 

 
The second SPS strategy is called the submonomer strategy (Figure 1.15). It consists in attaching 

a monomer that has a convenient chemical handle to the growing chain. The moiety of interest is 

then reacted with the chemical handle and forms a side-chain. The next step is the chain extension 

with the attachment of another monomer. 

Peptoids are polyamides like peptides but the side chain diversity rests on the amide nitrogen 

instead of the α-carbon. They can be synthesized similarly to peptides141 but the most applied 

method to make them is through the submonomer approach. The first peptoids were prepared in 

1992 using solid-phase synthesis.142 Many following reports have greatly expanded the diversity 

of side-chain functions available (>100), as well as the amide backbone (from α- to β-amino acids 

for example).143–145 The most common strategy relies on cycles starting with the coupling of 2-



25 
 
 

bromo acetic acid to grow a peptoid chain attached to resin. Then, the bromide is substituted with 

broadly available functionalized amines (Figure 1.15). Polymers up to 50 monomers long were 

achieved using this method.146 Versatile sequence-defined trimers with a γ-peptidic backbone were 

also synthesized.147 In this study, the main building block used was a Trans-γ-Fmoc-amino-α-Boc-

l-proline where the Fmoc-protected nitrogen was used for SPS peptide elongation and the Boc-

protected group was used for the stepwise coupling of different chromophores. 

 
Figure 1.15. Solid-phase synthesis: submonomer strategy.Principle of the synthetic strategy. Adapted with 
permission from ref. 70. (b) Most common peptoid synthetic strategy. DIC is N,N'-diisopropylcarbodiimide, 
DMF is dimethylformamide. Adapted with permission from ref 148. (c) Isocyanate-containing lactones and 
acrylic esters as building blocks in sequence-defined polymer iterative synthesis. Adapted from ref. 149. 

Thiolactone chemistry has also been investigated. For example, sequence-defined oligomers were 

made through cycles of thiolactone aminolysis followed by thiol addition on a thiolactone-

containing building block.150 Side-chain functionality was introduced during the aminolysis step. 



26 
 

Perfect sequence control was obtained for the synthesis of tetramers. The same group further 

elaborated on this method by automating the process and introducing a readily available 

isocyanate containing thiolactone (Figure 1.15).149 This molecule can react with an alcohol-

bearing growing oligomer in high yields. With this improvement, the authors were able to make 

up to a decamer. 

 
To make sequence-defined oligomers using SPS, strategies involving several types of monomer 

attachment chemistry have been explored (Figure 1.16). These strategies produce less waste than 

protection/deprotection methods and have therefore attracted much interest in the past few years.  

CuAAC has been investigated along with amine coupling to make up to a 6-mer by Lutz and 

coworkers.151 The same group made poly(alkoxyamine amide)s by associating amine coupling and 

copper mediated radical-radical coupling of an alkyl bromide and a nitroxide.152 The method was 

still efficient after 24 synthetic cycles showing its great potential for long oligomers with two 

different monomers. Oligocarbamates153 and oligo(alkoxyamine phosphodiester)s154 were also 

synthesized by the Lutz group and further showed the potential of SPS without protecting groups. 

Daily and coworkers have shown the synthesis of triazine based sequence-defined 6-mers in high 

yields.155 The Niu group combined sulfur–fluoride exchange reaction and CuAAC to make up to 

a 9-mer (Figure 1.16).81 

 
Figure 1.16. Solid-phase synthesis involving different types of chemistry. (a) Principle of the strategy with 
two monomer types. Adapted with permission from ref. 70. (b) Sequence-defined oligomers made through 
sulfur-fluoride exchange and CuAAC. Adapted with permission from ref . 81. 
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1.3.4.3 Liquid-Phase Synthesis 

While progress has been made towards SPS scalability,10 liquid-phase synthesis remains valuable 

for higher scale synthesis. Moreover, NMR spectroscopy or spectrophotometry are solution-based 

characterization methods, enabling reaction efficiency to be probed at each step. 

Multicomponent reactions are of interest because they reduce the number of steps required in 

synthesis. They have been widely used in SCP synthesis.156 This strategy has been notably applied 

by Meier and coworkers. They used the Passerini reaction combined with thiol-ene chemistry to 

make a sequence-defined tetramer.157 Replacing the thiol-ene reaction by a deprotection step158 or 

using thiolactone chemistry (Figure 1.17)159 led to some improvements in product scale and 

oligomer length (up to a 15mer). In another publication, the Goldup group made a pentarotaxane 

in high yields.160 Five macrocyles were added along the same thread in a sequence-defined manner. 

However, while efficient, these methods involve tedious purification steps.  

Many reports developed elegant methods to circumvent this limitation. Liquid-liquid extraction 

and filtration through molecular sieving may be used as a simpler purification step than column 

chromatography. This strategy has been applied to make up to 12mers with 6 sidechains on a 

sequence-defined polymer star.161 “Fluorous” affinity purification can be considered as a fast 

selective alternative to classic chromatography.162,163 Perfluorocarbon chains have very low 

affinity for classical aqueous and organic solvents. Therefore, compounds having a 

perfluorocarbon chain would not be easily washed away from a fluorous affinity column. Alabi 

and coworkers showed the rapid synthesis of oligo(thioetheramide)s using fluorous purification in 

between each synthetic step (Figure 1.17).164 The synthesis of up to a 16-mer highlights the 

efficiency of the fluorous tag strategy. This method was improved to make sequence-defined 

macrocycles with a large-variety of side-chains.165 Tetramers made of hydroxyproline blocks 

could also be synthesized applying the fluorous tag strategy.166 The Burke group developed a 

synthesizer for making a variety of polyenes in the liquid phase through iterative cross-coupling 

reactions (Figure 1.17).167 After each monomer coupling, growing chains contain a N-

methyliminodiacetic acid (MIDA) boronate moiety. Such a functional group has unusual binary 

affinity for silica gel in specific elution conditions. Thus, growing chains are “caught” on silica 

gels while byproducts elute and are then “released” using the right combination of solvents. This 

“catch and release” technique allowed the full automation of polyenes synthesis. 
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Figure 1.17. Liquid-phase synthesis involving different chemistry and purification processes. (a) Use of 
Passerini multicomponent reaction and thiolactone chemistry leads to compound 10a, itself involved in 
multiple Passerini and thiol-ene reactions to afford a 15mer. Adapted with permission from ref. 159. (b) 
Use of a fluorous tag for purification. Adapted with permission from ref. 164. (c) MIDA-boronates in 
polyenes synthesis. Adapted with permission from ref 167. 

Soluble supports have originally been developed for oligonucleotide168 and peptide synthesis.169 

Some of them are insoluble in solvent systems where synthesis reagents are soluble, allowing 

purification through precipitation. Few examples of modest sequence control in unnatural 

polymers using a soluble polymer support were reported.170,171 For actual sequence-definition, 

previously described poly(alkoxyamine amide)s152 and polymers made through the Passerini 3-

component reaction157 were respectively made with a polystyrene and a PEG polymer support 

precipitating in selected solvents. Conjugated sequence-defined tetramers were also synthesized 

using a soluble polymer support.172 Soluble supports are valuable methods to scale-up the synthesis 

of sequence-defined polymers, although they often lead to poor degrees of polymerization and are 

therefore not broadly used. 

The Barner-Kowollik group showed the possibility of making sequence-defined oligomers that 

grew on both ends at the same time.173 To increase further the speed and degree of polymerization, 
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Iterative Exponential Growth (IEG), first reported in the early 1980s, may be the method of choice 

(Figure 1.18).174 The Tour group used this approach to make conjugated oligo(1,4-phenylene 

ethynylene)s.175 Similar strategies were used to make discrete polycaprolactone176 and conjugated 

polymers.177,178 The Monteiro group synthesized sequence-defined comb-polymers through the 

IEG strategy with CuAAC.179 Zhang and coworkers combined thiol-maleimide coupling and 

deprotection steps for applying IEG to the synthesis of discrete block-copolymers with up to 128 

units.180 The Johnson group included stereocontrol in the IEG and called it IEG+ (Figure 1.18).181 

Through the stereospecific opening of epoxides with sodium azide combined with CuAAC, a 

variety of sequence-defined block-cooligomers with two different monomeric units were 

synthesized. This strategy was also adapted to flow chemistry,182 allowing the synthesis of 

sequence-defined oligomers at the gram scale without the need of manual purifications. IEG allows 

to access long oligomers or polymers; however, it is at the expense of sequence control. Indeed, 

the polymers obtained are repetitive or palindromic. 

 
Figure 1.18. Iterative exponential growth.Principle of IEG. Adapted with permission from ref . 72. (b) 
Synthesis of sequence-defined oligomers through IEG+. Adapted with permission from ref. 181. 

 

1.3.5 Overview of SCP synthetic approaches 
Many different methods are available for the synthesis of unnatural sequence-controlled polymers. 

Ultimately, total control over the sequence, high degrees of polymerization and versatile 

monomers are the three criteria to reach. Improving one of these conditions usually works at the 
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detriment to another. Thus, periodic polymers have high degrees of polymerization (>100), are 

made of versatile monomers but involve imperfect sequence-control. On the other hand, methods 

such as templated chemistry allow the synthesis of perfectly defined heterofunctional oligomers 

but are limited to very short oligomers. Among the most accomplished sequence-defined 

polymers, peptoids answer the three criteria but to a certain extent (DP<50). Unnatural sequence-

defined poly(phosphodiester)s can be synthesized with high DPs (~100) but very few reports tend 

to significantly enlarge the library of monomers. This thesis notably focuses on this challenge. 

 

 

1.4 Applications of sequence-controlled polymers made of unnatural 

building blocks 

Artificial sequence-controlled polymers synthesis has been made possible through a variety of 

methods affording various types of macromolecules. Parallel to this synthetic work, applications 

in information storage, self-assembly, folding and medicine have been developed.183–186 This 

section provides an overview of the applications of SCPs. 

1.4.1 Information Coding, Decoding and Storage with sequence-controlled polymers 
DNA is the biopolymer of information storage. It can be read, copied, stored and degraded. 

Artificial sequence-controlled polymers offer the opportunity to improve information storage in 

macromolecules. Indeed, SCPs may be less expensive than DNA, quicker to synthesize and 

decode, and more stable to specific storage conditions. Moreover, DNA can exclusively be used 

for quaternary encoding due to its four letters code. An artificial polymer may allow more data 

storage in less space than DNA. This is a major concern in modern information technology. 

From the precise incorporation of maleimides through chain-growth polymerization187 to actual 

sequence-defined polymers, Lutz and coworkers have designed their polymers with the objective 

to store information. They chose to work with binary systems. In other words, their sequence-

defined polymers were mostly made of two chemically different monomers. While this makes 

coding/decoding easier than with more monomers, it a priori requires polymers with very high DP 

to store large amounts of information. They showed the first example of an artificial oligomer that 
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could be coded, read and erased in 2015.152 This specific polymer possesses a C–ON bond that 

would get preferentially cleaved during electrospray ionization (ESI). It made sequencing through 

mass spectrometry (MS) significantly easier and shows how polymer design is crucial for 

sequencing application. Using tandem mass spectrometry (MS/MS), they could recognize 

degradation patterns of the polymer and deduce the sequence of trimers. This method was extended 

to poly(alkoxyamine phosphodiester)s154 (Figure 1.19) and to denser digital storage without 

having to increase the polymers DP.188 They used oligomers dispersity to code in two dimensions: 

the polymer size would encode for a number and its sequence for more data. Poly(phosphodiester)s 

with DP>100,127 were also used by the same group to enhance information storage capacity. With 

these polymers, the negatively charged backbone directed the layer-by-layer assembly of 

poly(phosphodiester)s and polyamines.189 Such a structure contains information from the 

polymers’ sequence but also from the position of each polymer in the assembly, resulting in 

another type of 2-dimensional coding system.  

Other groups have introduced denser data encoding in shorter sequences. The Meier and du Prez 

groups independently reported the use of n monomers to encode in base n instead of base 2. Using 

a library of monomers made through the multicomponent Passerini reaction, Meier showed the 

possibility of encoding 97 bits of information in a tetramer.190 More than 15 side-chain 

functionalities were used by du Prez and coworkers in order to write a sentence and even a QR-

code (Figure 1.19).191 The latter was encoded in 71 sequence-defined oligomers of different size. 

A special decoding algorithm was developed to read the data using MS/MS. 
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Figure 1.19. Information-encoded sequence-controlled polymers. (a). Poly(alkoxyamine amide)s encoding 
for binary information and decoded through MS/MS. Adapted with permission from ref. 152. (b) QR-code 
encoded in 71 sequence-defined oligomers. Adapted with permission from ref. 191. 

While classic tandem mass spectrometry is efficient for sequencing oligomers, the data obtained 

for long sequences is harder to deconvolute. Different strategies have been explored by the Lutz 

group to palliate this issue. They used cleavable binary dyads in poly(alkoxyamine 

phosphodiester)s192 and truncated the different bytes in a poly(phosphodiester) with precisely 

placed alkoxyamine bonds (Figure 1.20).193 This latter strategy allowed the sequencing of up to 8 

bytes (64 bits) of information. Conceptually different decoding methods have also been explored. 

Colqhoun and coworkers showed that, in π-stacked sequence-controlled polymers, molecular 

tweezers were able to recognize very specific motifs.194 This strategy paves the way to decoding 

molecular structures with artificial, highly-specific macromolecules. The Lutz group started to 

explore sequencing through nanopores.195 Such a sequencing method initially developed for 

DNA196 holds great promise with artificial poly(phosphodiester)s as well due to the negatively 

charged backbone. 

The primary use of information-encoded polymers is currently molecular tagging for traceability 

and anticounterfeiting purposes. Polycarbamates are currently the polymer of choice due to easy 

sequencing through MS/MS and biocompatibility.153 For example, these polymers were included 
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in methacrylate based ocular implants tags197 and even tested in poly(vinyl alcohol) (PVA) films 

that were implanted in rats.198 After three months, the films could be explanted and the 

poly(carbamate)s tags were sequenced efficiently (Figure 1.20). 

 
Figure 1.20. Information storage in SCP: improvements and applications. (a). Separation of bytes with 
cleavable spacers allows easier sequencing through MS/MS. Adapted with permission from ref 193 (b) 
Polycarbamates as molecular tags of implants. Adapted with permission from ref 198. 

Despite these promising strides, challenges remain. The amount of information encoded increases 

with the degree of polymerization and no artificial sequence-defined polymers with DP>100 have 

been synthesized so far. The speed of synthesis and the development of accurate decoding 

techniques for long polymers are yet to be addressed. 

 

1.4.2 The impact of sequence control on self-assembly and folding 
The function and efficiency of biopolymers mainly comes from their 3D structure. Hence, it is not 

surprising that actual research fields (foldamers, single-chain nanoparticles (SCNP)) are dedicated 

to the elucidation of the folding and self-assembly of precision polymers. Here, we will focus on 

some of the most recent and relevant applications to give an overview of the state of the art.  
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1.4.2.1 Self-assembly with sequence-controlled polymers 

Block-copolymers highlight how even modest sequence control can lead to a variety of self-

assembly behaviours and applications.199 Herein, we will show how advanced sequence control 

can influence self-assembly. 

Peptoids probably are the most broadly studied sequence-defined polymers. Zuckerman and 

coworkers discovered that amphiphilic sequence-defined peptoids with a charged hydrophilic end 

and an aromatic ring-containing hydrophobic portion can self-assemble into nanosheets.148,200 

Novel secondary structural motifs called peptoid Σ-sheets were characterized with the help of 

molecular dynamics simulations (Figure 1.21).201 Finding new structural motifs with artificial 

sequence-defined polymers highlights the novel modes of assembly that such polymers can offer. 

A variety of studies show sequence-structure relationship for peptoid nanosheets. For instance, 

rheology measurements were realized to predict if a peptoid could form nanosheets.202 Segalman 

and coworkers recently used a hybrid block copolymer-sequence-defined peptoid and showed how 

domain spacing and order–disorder transition temperature were sequence-dependent.203 These 

sheets are well-defined enough to be used for a variety of applications. For instance, sugars were 

displayed on a precisely engineered peptoid nanosheet for protein recognition.204 Peptoids are not 

only used for 2D nanosheets. For example, the Zuckerman group showed the formation of well-

defined nanotubes.205 Another report highlights the use of peptoids to direct the assembly of 

hyperbranched gold nanorods for plasmonics applications.206 

The variety of monomers types, polymer backbone, sequence, and DP in SCP gives rise to very 

different self-assembling systems. Using oligo(phosphodiester)s made of two sorts of aromatic flat 

monomers, the Häner group could make large 2-dimensional nanosheets207 and supramolecular 

nanotubes for light-harvesting applications (Figure 1.21).208 Silicon-based nanocages positioned 

precisely along a polymeric chain led to various self-assembly behaviours.209  

On the frontier between block copolymers and sequence-defined oligomers, the self-assembly of 

monodisperse relatively short (DP<100) block co-oligomers has recently been the subject of 

multiple studies. For example, dimethylsiloxane–lactic acid diblock co-oligomers reproduced 

some BCP self-assembly behaviors: cylindrical, gyroid, and lamellar nanostructures with small-

feature size but long-range organization were obtained (Figure 1.21).210 IEG-made sequence-

defined block co-oligomers were shown to self-assemble into similar nanostructures.211 In this 
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case, monomers stereochemistry had a major influence on the type of self-assembly observed. The 

Meijer and the Hawker group independently showed that the discrete aspect of sequence-defined 

co-oligomers has a great influence on their self-assembly.212–214 For example, discrete 

oligo(ethylene glycol) methyl ether block- oligo(L-lactic acid) revealed crystal-driven gelation 

whereas similar disperse block co-oligomers did not.214 

 
Figure 1.21. Self-assembly of sequence-defined oligomers. (a). Nanosheet-forming peptoids exhibited a 
new secondary structure motif called peptoid Σ-sheets Adapted with permission from ref. 201. (b) Light-
harvesting nanotubes made of sequence-defined triphosphodiesters containing phenanthrene and pyrene 
units. Adapted with permission from ref. 208. (c) Self-assembly of monodisperse block co-oligomers. 
Adapted with permission from ref. 210. 

1.4.2.2 Foldamers 

Foldamers are short sequence-defined oligomers that fold into well-defined 3-dimensional 

structures.215 The field of foldamers is older216 than sequence-controlled polymers, though 

foldamers themselves could be considered as sequence-defined oligomers. Scientists initially used 

SPS or classic organic chemistry to make foldamers. The growing number of synthetic routes 

towards sequence-defined polymers should open major opportunities in the foldamers field. 

Herein, we only cover representative examples of the different types of foldamers reported. 

Helix-forming oligoamide foldamers are among the most broadly studied.217–219 For example, 

strong host-guest interactions were designed between a small molecule and such foldamers of 

different sizes.220 Directional molecular motion was designed in a similar system where the helix 
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could shuttle along a rod-like guest (Figure 1.22).221 Advances in the field have allowed the 

iterative design of aromatic oligoamide foldamers that bind a specific molecule such as fructose.222 

This example shows the potential of foldamers to be rationally designed for specific applications. 

Higher order self-assembly was obtained with oligourea foldamers that afforded helix-forming 

oligomers assembling into a well-defined six-helix bundle.223 This structure was further used for 

the encapsulation of primary alcohols in water.224 Foldamers could also be envisioned for catalytic 

applications. For instance, an oligoamide foldamer made with trans‐2‐

aminocyclohexanecarboxylic acid showed aldolase activity.225 A peptoid foldamer was used to 

oxidize 1-phenylethanol in an enantioselective way.226 Similarly, enantioselective C-C bond 

formation was reported with an oligourea foldamer.227 

Dynamic foldamer chemistry aims at introducing some conformational freedom into foldamers to 

make them stimuli-responsive and reconfigurable.228 For example, Clayden and coworkers 

designed a helix-forming oligoamide that could be switched from left- to right-handed orientations 

through photoirradiation.229 This had a dramatic impact on the enantiospecificity of a C-C bond 

formation reaction (Figure 1.22). 

 
Figure 1.22. Applications of foldamers. (a). Helix-forming oligoamide shuttling along a polycarbamate 
rod-like structure. Adapted with permission from ref. 221. (b) Photoirradiation induces helix screw-sense 
switching and product stereochemistry outcome. Adapted with permission from ref. 228. 

Aromatic monomers containing oligo(phosphodiester)s were also shown to be able to fold. For 

instance, perylenetetracarboxylic diimide units arranged on a sequence-defined oligomer 

backbone were shown to π-stack.230 The NMR ring-current effect indicated aromatic rings nearly 
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coaxial alignment. Such nanostructures are good models for studying energy transfer between 

chromophore neighbours. Sequence-definition is of great interest for precise energy-transfer 

studies in folded conjugated materials. 

1.4.2.3 Single-Chain folding 

While foldamers focus on short oligomers forming well-defined secondary structures, single-chain 

nanoparticles are formed through interactions between remote moieties.231 In other words, distant 

interactions will induce single-chain collapse into a globular tertiary structure. Synthetic routes 

allowing high DP and moderate sequence control are privileged. Therefore, the 3D structure of 

SCNP is usually disordered. 

The strategies used for intramolecular chain collapse are based on covalent interactions, metal-

binding or weak interactions. Lutz and coworkers showed the possibility of precisely positioning 

alkyne- and azide-containing maleimide units in a polymer chain.232 CuAAC or Glaser coupling 

performed in very dilute conditions allowed specific folding (Figure 1.23). The Meijer group 

showed the synthesis of a block copolymer containing benzene-1,3,5-tricarboxamide units.233 

These units self-assembled into a helical structure and their formation led to intramolecular chain 

collapse. The addition of ligands to the polymer chain resulted in the placement of catalytically 

active sites in the final nanoparticle. Similarly, the same authors showed in a later report the 

attachment of different ligands to impart more functions to the nanoparticles (Figure 1.23), such 

as catalysis in water.234 Metal-binding interactions can play the role of glue in intramolecular 

interactions and provide the active site for potential catalysis.235 For example, Pomposo and 

coworkers used a metallo-folded polymer containing complexed Cu(II) to catalyze oxidative 

couplings.236 SCNPs adopt a globular shape and can catalyze reactions in water. As such, they can 

be considered as enzyme mimics. Selectivity and efficiency of these enzymes could be improved 

with the introduction of more sequence control and more ordered structures. More recently, the 

Berda group worked towards that direction by adding sequence-defined fragments into long 

polymer chains.237 These have two roles : (i) they introduce secondary well-ordered structures in 

the final SCNP and (ii) they undergo a multicomponent cross-linking reaction in dilute conditions 

to induce polymer chain collapse into a globular structure. 
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Figure 1.23. Single-chain folding in sequence-controlled polymers. (a). Precise positioning of reactive 
cross-linkers during chain-growth polymerization. Adapted with permission from ref. 232. (b) Benzene-
1,3,5-tricarboxamide units self-assembly triggers single-chain collapse in sequence-controlled polymers. 
SCNP formed can be functionalized with ligands or photosensitizers. Adapted with permission from ref. 
234. 

1.4.2.4 Impact of sequence on macroscopic properties 

Self-assembly and folding are responsible for the microstructures of polymer materials. Therefore, 

sequences may have a dramatic effect on the macroscopic properties of some materials. Meyer and 

coworkers synthesized conjugated sequence-defined oligomers with an electron-donor and an 

electron-acceptor monomer.238 Sequence variations had a large impact on the optical and electronic 

properties of the assembly. This work highlights the great potential of SCP for optoelectronic 

applications such as organic light-emitting diodes (OLEDs), molecular wires and solar cells. In 

another report, the Meyer group showed how sequence influenced the swelling and biodegradation 

patterns of poly(lactic-co-glycolic acid) (PLGA) matrices.239 According to application needs, 

materials properties can be engineered through sequence control, paving the way to materials 

bottom-up design with SCP. 

Self-assembly, folding and macroscopic polymer properties have thus been studied with either 

short, perfectly defined oligomers or longer chains with poorer sequence-control. Both polymer 

types lead to a large variety of applications. Long, artificial, sequence-defined polymers (DP>100) 

remain to be synthetized. These materials promise to ‘fill the gap’ between proteins and their 

unnatural counterparts. 
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1.4.3 Sequence-Controlled Polymers for biomedical applications 
1.4.3.1 SCP in drug discovery 

Protein-protein interactions (PPIs) are being extensively studied for a better understanding of 

biological systems and as a new target for drug delivery. However, this type of interaction is 

difficult to target with small molecules due to its complexity. In the case of α-helix-mediated PPI, 

a class of molecules that would be able to structurally mimic α-helices are of great interest.240 Due 

to their reliable ability to form 3D structures, foldamers are an attractive class of molecules in this 

context. For example, β-peptide foldamers were used due to their propensity to form α-helices and 

withstand proteolysis compared to natural amino acids (Figure 1.24).241 Such a foldamer was 

found to mimic the Bak (pro-apoptotic protein) BH3 helix that usually forms PPI with Bcl-xL (anti-

apoptotic protein). Similarly, fully artificial oligobenzamide and oligopicolinamide foldamers 

were shown to form α-helix mimetics that inhibited Bcl-xL.242 

SCP have also shown the potential to be antimicrobial agents. Due to the emergence of many 

multi-drug-resistant infections, new classes of antibiotics are being extensively studied. For 

example, helical peptoids were investigated using a quantitative structure-activity relationship 

model and a potent antimicrobial agent was synthesized.243 The automated synthesis of peptoids 

enabled the synthesis of a number of sequences to be made. This strategy further allowed a 

decrease in non-specific cytotoxicity of the active peptoid described.244 The Alabi group showed 

in another report how sequence-defined oligo(thioetheramide)s can be used as macrocyclic 

antimicrobial agents.165 Activity measured was similar to the one of ampicillin, an established 

antibiotic. Total sequence control enabled changing the macrocycle structure one monomer at a 

time. It allowed to rationally collect insights into the compound mode of action. Unnatural 

sequence-controlled polymers allow the exploration of the pharmaceutical potential of novel 

classes of macromolecules. 

1.4.3.2 Cell-penetrating sequence-controlled polymers 

Cell-penetrating peptides (CPPs) are promising molecules for the intracellular delivery of an active 

ingredient.245 Unnatural sequence-defined oligomers are less susceptible to proteases than peptides 

and would therefore be an attractive alternative for intracellular delivery. For instance, 

guanidinium-bearing oligocarbamates were shown to be efficient in transporting a probe molecule 

into skin cells.131 Oligo(thioetheramide)s have also been used in this context.246 Flow cytometry 
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measurements were used to demonstrate the capability of uncharged sequence-defined oligomers 

to cross cell membranes as efficiently as some cationic CPPs (Figure 1.24). Precise modification 

of the oligomer sequence adjusts the hydrophobic and cationic content of SCPs. Thus, cell-

penetrating sequences for specific cargos can be rationally designed. 

 
Figure 1.24. Biomedical applications with SCP. (a) An artificial β-peptide helix-forming foldamer is shown 
to form similar PPIs with anti-apoptotic-protein BCl-xL as with its natural protein counterpart. Adapted 
with permission from ref. 241. (b) Versatile uncharged oligo(thioetheramide)s are able to enter cells 
efficiently compared to R9, a CPP as evidenced by flow-cytometry measurements in HeLa cells (A) and by 
live-cell confocal fluorescence imaging. Adapted with permission from ref. 246. 

The main limitation in gene delivery is the poor cell permeability of nucleic acids. Several reports 

highlight the role that cationic sequence-defined oligomers can play in enhancing gene delivery 

therapies’ efficiency.247 For example, sequence-defined poly(amido amine)s were synthesized 

using solid-phase synthesis.248 The positively-charged oligomers induced electrostatic interactions 

with negatively-charged siRNA and formed nanostructures called polyplexes. EG5 siRNA 

silences the anti-apoptosis EG5 protein and can therefore be used as an anti-tumor therapy. 

Polyplexes of EG5 siRNA with cationic sequence-defined polymers resulted in reduced tumor 

growth. More recent studies also highlight the potential of cationic sequence-defined oligomers 

for polyplexes formation and gene delivery in cells.249,250 
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1.4.4 Sequence-controlled polymers design 
The ability to design SCPs for a specific application may be more limiting than the SCP synthesis 

itself. Proteins exemplify this statement with protein folding remaining an active area of 

research.251 Similar challenges (methods to predict the assembly of SCPs) slow down the 

emergence of advanced applications for artificial sequence-controlled polymers. The toolbox 

available to look for functional peptidic sequences can be adapted to artificial SCPs.184 It is 

composed of the following concepts and research directions: (i) “bioabstraction” where a 

biopolymer is decomposed into its essential functional units; (ii) de novo design where primary 

sequences that were not previously synthesized are engineered according to folding predictions; 

(iii) combinatorial methods in which the law of large numbers guarantees to converge to the right 

polymer; and (iv) hybrid constructs made of a well-defined and understood entity and a variant 

artificial SCP. 

1.4.4.1 Bioabstraction 

Peptide chemists have widely applied the concept of “bioabstraction”. For example, antibody 

fragments have been developed in lieu of the full antibodies for molecular recognition. In the case 

of unnatural SCPs, the already mentioned use of α-helix mimics for modulating PPIs is a great 

example of bioabstraction.240 Indeed, only the main structural elements of the protein in contact 

with the other protein is copied. DNA mimetics with classic nucleobases but a different backbone 

such as PNA is another example where only the principal feature of a biopolymer is maintained to 

get enhanced performance with an unnatural SCP. In general, “bioabstraction” is an underlying 

principle in the design of many SCPs. However, this strategy requires deep understanding of a 

biopolymer mode of action and is therefore not applicable to all processes. 

1.4.4.2 De novo design 

De novo design has been showing some success with few protein examples but folding predictions 

are challenging.252 However, for short sequences or a limited palette of interactions, computer-

aided predictions have been shown to be very powerful. For example, in silico methods were used 

to design nanostructures made of nucleic acids (i.e. SCPs with 4 types of monomers).22 As 

explained earlier, DNA nanotechnology led to a large diversity of well-defined nanostructures. 

With unnatural building blocks, only peptoids have shown to lead to general design rules.201,253 De 

novo design is still in its infancy stage with artificial sequence-controlled polymers. Lessons from 
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the protein folding and nucleic acid nanotechnology fields could ensure rapid growth of this area 

of research. 

1.4.4.3 Combinatorial strategies 

Combinatorial synthesis of peptides finds sequences of interest amongst large libraries. This 

strategy relies on three steps: synthesis, selection and identification. SPOT and split-and-pool (or 

split-and-mix) strategies can be applied to unnatural sequence-defined polymers (Figure 1.25). 

SPOT is a parallel synthetic strategy that allows peptides to grow on a cellulose membrane or on 

glass.254 Many thousands of peptides can be grafted to the same surface and the spatial location of 

each peptide is associated to its sequence. Split-and-pool libraries are made during the iterative 

synthesis of a peptide.255 At every step, the support is divided in n parts that undergo an amine 

coupling. After the coupling, the supports are mixed together and split again for another amine 

coupling, thus obtaining nx peptides, where x is the peptide length.  

Peptoid libraries have already been successfully synthesized through a SPOT strategy leading to 

compounds having antimicrobial activity.256 Peptoid combinatorial libraries have also been 

synthesized using a laser-assisted methodology.257 As soon as 1998, the Schultz group reported 

the split-and-pool synthesis of large oligocarbamate libraries leading to protein ligand 

discovery.258 Very recently, Borner, du Prez and coworkers showed the combinatorial synthesis of 

a 8000-member unnatural precision polymer library (Figure 1.25).259 They could identify good 

drug solubilizers, showing the potential of their SCP in drug formulation.  

A limitation in peptide library size is their sequencing. Indeed, peptide sequencing is based on 

degradation and mass spectrometry mostly. This method is sensitive but is restricted to short 

oligomers. To remediate this issue, Brenner and Lerner proposed in 1992 to tag peptides with 

oligonucleotides during a split-and-mix synthesis.260 The DNA section would be coding for the 

peptide sequence. Yet, DNA can be accurately amplified and sequenced from only few copies. 

This idea started the field of DNA-encoded libraries, where peptides104,261,262 and small 

molecules263,264 are tagged with a DNA strand serving as a bar code for the molecule structure 

(Figure 1.25). Recently, this idea came back within the realm of sequence-controlled oligomers.265 

Using DNA-templated methods, reports highlight that the template could also be used as a bar 

code ready to be sequenced.104,108 This strategy yielded potent kinase inhibitors in a DNA-
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templated library of sequence-defined trimers.266. However, oligomers made so far are short and 

the field would greatly beneficiate of longer DNA-encoded sequence-defined oligomers. 

 
Figure 1.25. Combinatorial synthesis strategies for peptides, small molecules and artificial sequence-
defined oligomers. (a) Principle of split-and-pool synthesis with peptides. Adapted with permission from 
ref. 267. (b) Split-and-pool combinatorial synthesis of non-natural oligomers allowed the discovery of drug 
solubilizers. Adapted with permission from ref. 259. (c) Principle of peptides SPOT synthesis where each 
location corresponds to a specific sequence. This has been applied to unnatural peptoids synthesis. Adapted 
with permission from ref. 184. (d) Principle of DNA-encoded libraries. The DNA serves as a barcode of 
the small-molecule structure. Adapted with permission from ref. 264. 

1.4.4.4 Hybrid constructs 

Mimicking the efficiency of biopolymers with SCP in catalysis is ambitious. Spontaneous folding 

of an unnatural polymer into a designed shape is very difficult to program. A strategy towards this 

goal would be to use known proteins or DNA nanostructures as scaffolds and position artificial 

SCP on them. Peptide and oligonucleotide-polymer conjugates can lead to a large variety of 
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applications.268 Here, we will focus on strategies where unnatural SCP imparted new structural or 

functional information to a biopolymer. 

The most representative examples probably lie in the field of artificial proteins. For example, 

peptoid-peptide macrocycles were designed in silico to inhibit a protein-protein interaction.269 This 

report represents one of the most successful designs of an unnatural sequence-defined oligomer. 

Rules from peptoids assembly were used along with the Rosetta suite of computational tools, a 

program developed for protein modeling and sequence-optimization. The unnatural macrocycles 

synthesized were capable of inhibiting a relevant PPI and had a therapeutic effect in prostate cancer 

models.  

Two other strategies where a full artificial foldamer is introduced in a protein are worth 

mentioning. Using a flexible tRNA-acylation ribozyme, aromatic oligoamide foldamers were used 

to initiate translation in a ribosome.270 This technique afforded foldamer-peptide conjugates 

synthesized enzymatically, paving the way to the synthesis of artificial foldamer-peptides hybrids. 

In another report, the Guichard group successfully replaced a peptidic α-helix of a native zinc-

finger motif with an artificial α-helix forming oligourea through purely synthetic methods (Figure 

1.26). 271 The artificial oligourea-peptide conjugate had similar binding affinity for zinc and data 

suggests that it can still bind to its target sequence. This clearly shows the potential of artificial 

foldamers to expand the structural, chemical and functional diversity of natural proteins in hybrid 

structures. 

Oligonucleotide-artificial SCP conjugates have also been studied. For example, DNA strands 

modified with a sequence-defined trimer made of phenanthrene was reported and showed to self-

assemble as a vesicle with light-harvesting properties.272 Similarly, with a pentamer of 

phenanthrene attached to a DNA strand, Häner and coworkers introduced a photonic wire made of 

DNA modified with cyanine (Cye) dyes in a light-harvesting supramolecular polymer (Figure 

1.26).273 Remarkable energy transfer efficiency of 59  % was observed. Our group used DNA 

discrete nanostructures such as a DNA cube as a template for SCP (Figure 1.26).274 It triggered 

higher-order assembly. For example, spherical aggregates with a hydrophobic SCP core and DNA 

nanocubes as the corona were formed. Specific functionalization of the opposite face of the cubes 

with fluorophores turned these “super-micelles” into light-harvesting structures. In a later report, 

more parameters such as the number of precision polymers on the cubic scaffold, their spatial 
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orientation, the number of monomers in each SCP and the sequence of two different monomers in 

each oligo were studied systematically.275 Finally, the binding affinity of multivalent sequence-

defined dendrimer-bearing DNA nanocubes to albumin was tuned based on the spatial 

organization of the SCP.276 Thus, DNA nanotechnology-based nanostructures can be used as 

directional scaffolds for the attachment of SCPs. This spatial organization has a great influence on 

the conjugates self-assembly, opening new opportunities in materials design. 

 
Figure 1.26. Biopolymer-unnatural SCP hybrid structures. (a) Light-harvesting micelles of addressable 
DNA nanocubes. Adapted with permission from ref. 274. (b) DNA photonic wire on a light-harvesting 
supramolecular structure made of sequence-defined phenanthrene trimers. Adapted with permission from 
ref. 273. (c) Replacement of a zinc finger α-helix with an unnatural oligourea of similar size. Adapted with 
permission from ref. 271. 

 

1.4.5 Overview of SCP applications 
Current technologies have applications in information storage, catalysis, molecular recognition, 

drug discovery, drug delivery, materials design and sensing platforms. Advanced sequence design 

tools such as combinatorial strategies and the use of hybrid structures enable the synthesis of more 

complex and functional nanostructures. However, in key fields such as catalysis, unnatural SCP 

are not outperforming their natural counterparts. This thesis aims at bringing sequence-controlled 

polymers slightly closer to their ultimate goal. 
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1.5 Context and scope of this thesis 

In terms of synthesis, the goal with SCPs is to access a method that combines perfect sequence 

control, high DP and versatile building blocks. The two first criteria are fulfilled by 

phosphoramidite chemistry on solid-phase supports. Therefore, further investigation of sequence-

defined oligo(phosphodiester)s synthesis, self-assembly and applications is of particular interest. 

Moreover, phosphoramidite chemistry is the strategy of choice to synthesize oligonucleotides. 

Therefore, phosphoramidite-based oligomers are easily attached to nucleic acids, enabling the 

concomitant use of DNA-amphiphiles, DNA nanotechnology and DNA-encoding tools. 

The third criterium is not fulfilled: most sequence-defined oligo(phosphodiester)s structurally 

different from nucleic acids were made with only two or three different phosphoramidite 

monomers.121,123,124 In this thesis, we aim at exploring the gradual extension of the monomer 

alphabet for sequence-defined oligo(phosphodiester)s and at showing it leads to novel 

supramolecular constructs and applications. 

In Chapter 2, a novel perfluorocarbon (PFC) containing phosphoramidite was developed to build 

amphiphilic unnatural sequence-defined oligomers and DNA-amphiphiles. High-yielding 

synthesis of sequence-defined oligomers made of up to 10 units of this novel building block was 

achieved and led to “DNA-Teflon” hybrids. These were shown to self-assemble in aqueous 

solvents. The unique properties of PFC allowed to impart new properties to DNA-Teflon micelles, 

PFC-modified dsDNA and siRNA.  

Chapter 3 describes how the introduction of a novel naphthalene monomer further increased the 

range of nanostructures accessible with sequence-defined oligo(phosphodiester)s. From four 

unnatural monomers, a library of sequence-defined oligomers could be designed and synthesized 

in high yields. They were shown to self-assemble as micelles of different sizes and 2D nanosheets. 

The balance of the hydrophobic and fluorous effects as well as π-π stacking could be studied to 

deduce self-assembly rules of precision oligo(phosphodiester)s in aqueous solvent. These 

conclusions are of fundamental importance for further design of self-assembling sequence-defined 

polymers. 

Expansion of the number of monomers available for sequence-defined oligo(phosphodiester)s is 

shown in Chapter 4. From two modular platform molecules, a variety of novel phosphoramidite 
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monomers were made in two steps and high yields. These novel building blocks are fully 

compatible with DNA and sequence-defined oligo(phosphodiester) automated synthesis. 

Examples of carbohydrate, alkyne and amino acid containing monomers were synthesized and 

attached to oligomers, proving the versatility of this strategy. 

The new variety of monomers available opens up a large number of opportunities with sequence-

defined oligo(phosphodiester)s. In Chapter 5, a combinatorial synthetic method to be able to find 

sequences of interest for molecular recognition applications is described. The split-and-pool 

strategy allowed the synthesis of a 300,000 member DNA-encoded sequence-defined oligomer 

library. Contrary to most DNA-encoded libraries, it is made of oligomers rationally designed to 

resemble an existing thrombin binding aptamer. This method paves the way to the discovery of 

numerous unnatural sequence-defined oligomers that can recognize relevant biological or 

chemical targets. 
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2.1 Preface 

In the introduction, we highlighted the potential of increasing the number of interactions available 

in sequence-defined oligo(phosphodiester)s. So far, the introduction of the hydrophobic effect 

using a 12-carbon alkyl chain monomer in DNA-polymer conjugates has been extensively studied 

by our group. It led to several applications including the discovery of oligomers that self-assemble 

depending on their sequence,1 the higher-order assembly of DNA nanostructures through the 

hydrophobic interaction,2,3 and the synthesis of spherical RNA nanoparticles with gene silencing 

activity.4 Here, we aim at exploring the opportunities related to the introduction of a novel type of 

interaction. 

Perfluorocarbons (PFC) ‒ alkyl chains wherein all C-H bonds have been replaced by C-F bonds ‒ 

are hydrophobic and oleophobic. Indeed, the highly polarized C-F bonds prevent PFC from 

forming London intermolecular interactions. Therefore, such molecules tend to show unique 

supramolecular interactions in a number of self-assembling systems.5 The synthesis of a PFC-

containing monomer for sequence-defined oligo(phosphodiester)s may confer new properties 

upon them. 

 

 

 

 

 

 

 

 

 

This chapter is mostly composed of work published as «“DNA-Teflon” sequence-controlled polymers» 

by D de Rochambeau, M Barłóg, TGW Edwardson, JJ Fakhoury, RS Stein, HS Bazzi & HF Sleiman; 

Polym. Chem. 7, 4998, (2016). The section on DNA duplexes thermodynamics has not been published.  
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2.2 Contribution of authors 

Donatien de Rochambeau codesigned the project and performed all experiments unless listed 

below, analyzed the results and cowrote the manuscript. Dr. Maciej Barłóg synthesized 

compounds 1, 2 and 3. Dr. Thomas Edwardson provided training and helped for RNA synthesis. 

Dr. Johans Fakhoury did the cell work and the luciferase assay data collection. Dr. Robin Stein 

helped design and perform the NMR experiments. Dr. Hanadi Sleiman codesigned the project, 

guided interpretation of data and discussion of results and cowrote the manuscript. 

2.3 Abstract 

Perfluorocarbons (PFCs) are a promising class of molecules for medical applications: they are 

detectable through 19F nuclear magnetic resonance (NMR) and they assemble separately from 

water or lipophilic phases, thus bringing unique supramolecular interactions into nanostructures. 

We report the ready insertion of PFCs into nucleic acids, as well as non-natural oligomers in a 

sequence-defined fashion. This is achieved via an automated and efficient synthetic pathway using 

phosphoramidite chemistry. Modulating the PFC tail length of “DNA–Teflon” block co-oligomers 

resulted in micelles that are almost monodisperse, have a low critical micelle concentration 

(CMC), are traceable by 19F NMR and are responsive to external stimuli. Strong fluorine–fluorine 

interactions in DNA duplexes provided nuclease resistance and allowed remarkable melting 

temperature increases. The Gibbs free energy variations due to the interactions between PFC units 

could be further studied using van’t Hoff plots. Finally, PFC insertion into siRNA was achieved, 

and the conjugates were efficient for gene silencing, outlining that these modifications are highly 

suitable for oligonucleotide therapeutics and bioimaging tools. Perfluorocarbon chains can impart 

new supramolecular interactions in DNA nanostructures and duplexes and are therefore a valuable 

addition to the monomers available to make sequence-defined oligo(phosphodiester)s. 

2.4 Introduction 

Perfluorocarbons (PFCs) offer significant advantages for biological applications. They can be used 

as highly efficient oxygen carriers,6–8  and as labels for non-invasive imaging with magnetic 

resonance imaging (MRI).9,10
 Additionally, they can be tailored to improve the efficiency of drug 

delivery11–13
 and affinity for cell membranes.14

 Oligonucleotides have emerged as a powerful class 
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of potential therapeutics, because of their specificity, their ability to address undruggable targets 

and their inherent biocompatibility.15 However, their clinical applications have been hampered by 

poor cellular penetration and stability to nucleases.16 Perfluorocarbons can help overcome some 

of these shortcomings. Indeed, it was shown that DNA17 and peptide-nucleic acid (PNA)18 

modified with a single perfluorocarbon chain exhibit enhanced cellular penetration ability. Given 

their MRI potential and the possibility to influence nucleic acid biological properties, the efficient 

synthesis of perfluorocarbon–DNA conjugates would be of great interest towards the design of 

theranostic DNA structures.19  

As supramolecular building blocks, perfluorocarbons tend to minimize interactions with other 

compounds by creating a separate phase from both hydrophilic and lipophilic phases; this 

phenomenon is termed the “fluorous effect”.5,20,21 Introducing these units into DNA nanostructures 

can impart them with the fluorous effect as an orthogonal interaction to Watson–Crick base-

pairing, thus increasing the structural range of DNA nanotechnology. 19F MRI in the case of 

perfluoro-amphiphiles is known to be very challenging. To achieve high signal intensity, it requires 

a large number of fluorine atoms. However, aggregation of PFCs into an immobile phase can 

diminish or even completely suppress the signal.22–25 The ability to tune the fluorine location and 

content in PFC-containing polymers would allow fine adjustment of their assembly and 

optimization of MRI signals. 

Sequence-defined polymer synthesis is a growing area that has recently attracted significant 

attention.26
 Current strategies rely on insertion of specific monomer units into polymer chains 

through chain-growth polymerization,27–29 or using short oligomers with defined sequences as 

monomers.30,31
 For complete sequence control, the use of molecular machines,32 DNA-templated 

synthesis33  or sequential attachment of monomers1,34–36 has been reported. As stated in the first 

chapter of this thesis, the discovery of novel building blocks to increase the range of materials 

obtained with sequence-controlled polymers is of great interest. PFC is a good candidate since it 

could broaden the supramolecular interactions available in sequence-defined 

oligo(phosphodiester)s. 

In this chapter, we report a versatile synthesis of sequence-defined oligomers containing 

perfluorocarbons, using automated phosphoramidite chemistry. This method yields non-natural 

oligomers containing hydrophilic chains and PFCs in a precise sequence order. We then show the 
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sequence-defined incorporation of PFC units into DNA strands. Due to the fluorous effect, DNA–

PFC precision oligomers form micelles at low critical micelle concentrations (CMC) in aqueous 

media. The micelles have low polydispersity, their size can be switched by adding divalent cations 

in solution and, surprisingly, they can be readily detected through 19F NMR. We find that the 

inclusion of two PFCs in a face-to-face arrangement within a DNA duplex results in remarkably 

high stabilization of DNA towards thermal denaturation.37 The detailed contribution of enthalpy 

and entropy in the duplex formation is studied in more detail by building van’t Hoff plots. PFC 

units in DNA duplexes also significantly increased nuclease resistance. Finally, we synthesized 

siRNA (short interfering RNA)–PFC conjugates and showed their ability to effect gene silencing 

in mammalian cells. 

2.5 Results and discussion 

2.5.1 Synthesis of PFC-containing sequence-defined oligomers 
The synthesis of the phosphoramidite N[PFC] (Scheme 2.1) started with the conversion of a 

commercial perfluorinated alcohol into its triflate, followed by heating with diethanolamine to give 

2. Monoprotection with dimethoxytrityl chloride and conversion to the phosphoramidite led to 

N[PFC]. 

 
Scheme 2.1. Synthetic pathway to N[PFC]. 

We first used the N[PFC] phosphoramidite to prepare non-natural co-oligomers with a 

hexaethylene glycol (HEG) hydrophilic block and a perfluorocarbon block. HEG 

phosphoramidite (commercially available) and N[PFC] were attached sequentially on a solid 
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support using an automated DNA synthesizer (Scheme 2.2, oligomers An,m). In order to make our 

oligomers UV detectable, we started the synthesis with a thymidine nucleotide on the hydrophilic 

extremity. Cleavage and deprotection were carried out using ammonium hydroxide at 60 °C for 

10 hours. Isolation of the final compounds was performed using reverse phase high performance 

liquid chromatography (RP-HPLC) and purity was checked by liquid chromatography- mass 

spectroscopy (LC-MS). Yields were measured with RP-HPLC (Table 2.1). The synthetic and 

purification methods are facile and extremely efficient, and lead to amphiphilic monodisperse 

polyphosphates with precise numbers and sequences of HEG and PFC units, and masses up to 5 

kDa (A8,4) in very good yields. 

 
Scheme 2.2. Synthesis of versatile sequence-defined oligomers with HEG, N[PFC] and nucleoside 
phosphoramidites. 

We then incorporated N[PFC] on the 5’-end of a DNA strand on the automated DNA synthesizer 

(oligomers Bn). Interestingly, we could successfully attach up to ten N[PFC] units (equivalent to 

6 kDa oligomer) on a single-stranded DNA 19-mer. Cleavage from the solid support, isolation, 

and determination of yield and purity were carried out as above (Table 2.2 and Figure 2.1). A 

single N[PFC] addition showed excellent coupling yields (>95 %) and grafting several N[PFC] 

was very efficient. This is noteworthy, considering that the attachment of highly hydrophobic units 

to DNA is often challenging.38,39 1 to 3 N[PFC] units were also incorporated at the internal 

positions of two complementary DNA strands and 1 N[PFC] at the 3’ end of an RNA strand 

(sequences and characterization available in the experimental section). 
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Table 2.1. Yields and ESI-MS characterization of amphiphilic oligomers An,m 

Number of HEG (n) and 
N[PFC] units (m) 

HPLC 
yieldsa (%) 

Calculated exact 
mass [(M-2)/2] 

(g/mol) 

Found exact 
mass (g/mol) 

n=6, m=0 81 2305.83b 2305.82b 

n=6, m=2 78 1751.43 1751.44 

n=6, m=3 75 2050.94 2050.95 

n=8, m=0 83 1496.54 1496.55 

n=8, m=2 73 2095.56 2095.57 

n=8, m=4 68 2694.57 2694.91 

a. Calculated through the integration of the peak associated to the expected product (260 nm detection). b. (M-1) is 
reported 
 
 
Table 2.2. Yields and ESI-MS characterization of “DNA-Teflon” hybrids Bn. 
Number of PFC units 

(n) 
HPLC yieldsa 

(%) 
Calculated exact mass (g 

mol-1) 
Found exact mass (g 

mol-1) 

1 95 6364.01 6364.00 

2 86 6963.02 6963.00 

4 76 8161.05 8161.00 

6 73 9362.89 (MW[b]) 9362.13 (MW) 

10 74 11759.61 (MW) 11758.95 (MW) 

a. Calculated through the integration of the peak associated to the expected product (260 nm detection). b . 
MW stands for molecular weight. 
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Figure 2.1. Reverse-phase-HPLC traces from crude mixtures of “DNA-Teflon” oligomers (Bn). (UV 
detection, 260 nm). Numbers on the peaks are the number n of N[PFC] attached onto a single-stranded 
DNA 19-mer. 

2.5.2 “DNA-Teflon” oligomers self-assembly studies 
Inspired by nucleic acids nanostructures self-assembly,1 we decided to first study the potential self-

assembly properties of our oligomers in magnesium containing buffers. Figure 2.2 shows atomic 

force microscopy (AFM) images of the DNA conjugate with 5 and 10 N[PFC] units. Spherical 

structures of uniform sizes and average diameters (DAFM) of respectively 19.4 ± 3.1 nm and 20.9 

± 3.3 nm were observed. Because of their monodisperse nature and unlike regular polymers, B5 

and B10 conjugates likely assemble into spherical micelles of a narrow size distribution, with a 

perfluorocarbon core and a DNA corona. The features observed by AFM possibly arise from 

partial collapse of the DNA strands on the mica surface, and protrusion of the perfluoro block 

above the micelle due to repulsion from the mica. 

 
Figure 2.2. Dry AFM images of B5 and B10. These images have been obtained on mica surface, from 

solutions of B5 and B10 in a Mg2+ containing buffer. 

We decided to analyze further the series of Bn conjugates through dynamic light scattering (DLS). 

It indicated the self-assembly of strands B4, B5 and B10 in water at low concentrations (10 μM, 
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Table 2.3). Unlike oligo(phosphodiester) micelles reported earlier,1,40 “DNA-Teflon” micelles do 

not require the addition of divalent cation which is of interest for biological applications. 

Strikingly, the nanostructures are almost monodisperse (polydispersity index, PDI< 16 %). We 

also found that the addition of magnesium ions significantly alters their assembly. While B2 does 

not aggregate in pure water, addition of Mg2+
 triggers assembly. Upon Mg2+

 addition (7.6 mM), 

micelles from DNA strands with 4 or 5 PFC units undergo a significant radius decrease within one 

minute (DDLS ∼16 nm to 13 nm, Table 2.3. Summary of DLS results for “DNA-Teflon” co-

oligomers. The Mg2+ cations likely coordinate the negatively charged phosphate groups between 

the PFC units and on the DNA strands, thus decreasing their repulsive electrostatic interactions 

(Figure 2.3). It is noteworthy that the precise control over the perfluorocarbon block size of our 

constructs allows modulation of their assembly properties. DLS allowed us to determine that the 

critical micellar concentration (CMC) of the conjugates is small (below 10 μM).  

Table 2.3. Summary of DLS results for “DNA-Teflon” co-oligomers.  Standard deviations are reported. At 
37 °C, the dynamic radius of AT-(N[PFC]4) micelles is 7.5 ± 0.4 nm in H2O. NO stands for not observed. 

 Number of N[PFC] units 
(n) Presence of Mg2+ (7.6 mM) Measured dynamic radius 

(nm) 

0-1 y/n NO 

2 
n NO 

y 12.4 ± 0.2 

4 
n 16.2 ± 0.8 

y 12.6 ± 0.6 

5 
n 17.4 ± 0.6 

y 13.0 ± 0.4 

10 
n 17.0 ± 0.3 

y 17.0 ± 0.1 
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Figure 2.3. Effect of sequence-control and Mg2+ addition for “DNA–Teflon” co-oligomers assembly. Left: 
DLS raw data before and after addition of Mg2+. Right: Schematic representation of DLS data. Micelle 
diameters and PDI obtained by DLS are reported under the micelles. B10 did not show shrinkage upon Mg2+ 
addition. 

In addition, we used agarose gel electrophoresis (AGE) to gather more information about our 

oligomer self-assembly. Indeed, agarose gels have larger pore size than polyacrylamide gels 

allowing larger constructs such as self-assembled structures to go through the gel. Results suggest 

that micelles still form at 1 μM (Figure 2.4) from 4 N[PFC] units in non-native conditions (no 

Mg2+) and from 3 N[PFC] units in native conditions. CMC of “DNA-Teflon” co-oligomers is 

therefore thought to be under 1 μM. Interestingly, having 2 or 3 N[PFC] are limit cases in which 

a smearing band or non-penetrating materials are seen. In these cases, gel electrophoresis is not 

adapted to gather information on self-assembly. As a conclusion, due to the DNA–Teflon micelles’ 

narrow polydispersity and low CMC, they are likely to be useful for drug delivery applications of 

fluorine containing drugs. 
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Figure 2.4. Agarose gel electrophoresis analysis of “DNA-Teflon” co-oligomers. Gels are 2.5 % agarose. 
The ladder (L) used shows the size of DNA strands. The lane number represents the number n of PFC 
chains in the conjugate. Unimers run faster than a DNA 100mer while micelles have similar mobility than 
a DNA 500mer.  

 

2.5.3 19F NMR detection of “DNA-Teflon” oligomers 
Given their unique architecture, we examined the 19F NMR properties of our conjugates. Spectra 

were acquired in D2O for (i) N[PFC] diol (in DMSO) (2), (ii) B1, (iii) B4 micelles, and (iv) B10 

micelles. Surprisingly, even in the core of the micelle structures, N[PFC] units were detected 

through their CF3 moiety at a low strand concentration (46 μM). 19F spin–lattice relaxation(T1) and 

spin–spin relaxation (T2) were measured at 11.7 T (Table 2.4). As expected, self-assembly led to 

a decrease of T2 from 180 ms for B1 to 7 ms for B4 and 2.0 ms for B10. However, these values are 

still acceptable for potential MRI applications compared to those described elsewhere.25 At the 

same time, we observed a decrease of T1 with the number of N[PFC] units: T1 = 740 ms, 160 ms 

and 150 ms respectively for B1, B4 and B10. The short T1 of the micelle samples allows for the 

possibility of acquiring many scans in short time periods, therefore increasing the signal intensity 

per unit time.  

We were interested in specifically comparing the NMR signal of micelles with a large number of 

N[PFC] per strand (B10) to the sensitivity of B4. A higher signal-to-noise ratio (S/N) was observed 

for B10 (24.3) than for B4 (14.4) after fifteen minutes of acquisition, when both samples were 

analyzed under identical conditions (Figure 2.5). Moreover, due to shorter relaxation times for 

B10, signal to noise S/N could be increased to 32.6 in the same amount of time. Modulating the 

number of N[PFC] units through sequence-control and having a poly(phosphodiester) backbone 
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are particularly promising approaches to control sensitivity for MRI applications. Since the low 

fluorine background from biological samples allows for 19F MRI quantification,41 we also 

determined micelle concentrations using quantitative 19F NMR. We measured the concentrations 

of NMR samples (ii), (iii), and (iv) with regard to an external reference made with molecule 2. The 

results were close to the concentrations obtained by UV absorption even in the case of micelles 

(±15 %, Table 2.4) showing that self-assembly does not prevent the retrieval of most of the CF3 

signal. These results highlight the potential of the N[PFC] DNA modifications for bio-imaging 

with possible micelle quantification. 

Table 2.4. 19F NMR relaxation times and micelle concentrations measured. 

Molecule T1 (s) T2 (s) [Bn]UV
a (µM) 

[Bn]NMR
c 

(µM) 
Ratio 

[Bn]NMR/[Bn]UV 

2 (in DMSO) 1.28 ± 0.09 - 800b  800 1 

B1 0.7 ± 0.1 0.185 ± 0.02 71 81 1.1 

B4 0.161 ± 0.05 0.007 ± 0.002 39 35 0.9 

B10 0.148 ± 0.02 0.0020 ± 0.0004 46 40 0.9 

a. Concentration determined by UV absorption at 260nm except for 2. The UV measurements could be influenced by 
self-assembly. b. Determined by weighing and precisely diluting the compound. c. Concentration determined by 
NMR. 
 

 
Figure 2.5. 19F NMR spectra of B4 (left) and B10 (right) in D2O. (S/N = signal to noise ratio). 

 

2.5.4 “Fluorous” effect in PFC-containing DNA duplexes 
We assessed the effect of the N[PFC] insertions on DNA thermal denaturation. With a single 

insertion on each strand of a complementary 19-mer duplex, such that they face each other in the 
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duplex (C2, Figure 2.6), a slight increase of ∼0.5 °C in the thermal denaturation temperature (TM) 

is observable. On the other hand, when two adjacent N[PFC] units are incorporated within each 

strand, a dramatic TM increase of about 8 °C is detected (C3). This stabilization is similar to that of 

the replacement of two nucleotides with locked nucleic acid (LNA) nucleotides, considering the 

length of our DNA strand.37 If the two modifications on each strand are not adjacent (C4), the TM 

increase is much less pronounced. The PFC chains thus likely merge into a fluorous environment, 

avoiding unfavorable interactions in water, and leading to significant melting temperature increase 

for DNA duplexes. When residing on the duplex end, a single modification on each strand (C5) 

increases the TM by 2 °C. Interestingly, a remarkable increase of 20 °C is obtained with two 

modifications on each strand end (C6) (Figure 2.6). DLS data shows that this duplex self-

assembles (Figure 2.20). Although clean AFM images could not be obtained, we hypothesize 

these aggregates are also spherical micelles due to the similarity of the DLS signal and the size of 

the aggregates (14.8±0.4 nm). The N[PFC] insertions and the fluorous effect provide a simple 

method to modulate DNA melting temperatures, and will be valuable for building complex 

structures from DNA. 

 
Figure 2.6. Representative melting curves of PFC-modified DNA duplexes in Mg2+ containing buffer. 

We performed melting temperature measurements at pH 8.0 with different total concentrations 

(CT) of DNA. Numbers extracted for these curves were used to construct a van’t Hoff plot (1/TM 

versus ln[DNA])42 and to extract thermodynamics parameters. Indeed, the linear relation between 

1/TM and ln[CT/4] under such conditions (Figure 2.7) allows to estimate the enthalpy, entropy and 

Gibbs energy of hybridization of the modified duplexes. Compared to the unmodified DNA strand 
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C1, duplexes with only one N[PFC] (C2 and C5) showed a less favourable enthalpy of 

hybridization compensated by a slightly less disfavourable entropic cost (Figure 2.7). This 

resulted in a slightly negative ΔΔG at 37 oC, supporting the stabilizing effect of the PFC chains as 

expected from the melting curves shown before. Two modifications at internal positions have the 

best stabilizing effect (ΔΔG = -3.1 kcal/mol). Again, it seems that the fluorous effect induced a 

hybridization entropy increase compared to unmodified DNA that largely compensates for a slight 

enthalpy increase (Figure 2.7). It shows that the N[PFC] can be used to significantly stabilize 

DNA duplexes. Compared to unmodified dsDNA, the main differences in thermodynamics data 

are visible in the case of C6 where both strands of the duplex are modified with N[PFC] at their 

extremity (Figure 2.7). Interestingly, we observed a slight global destabilization of the duplex at 

37 oC (ΔΔG=0.8 kcal/mol) in spite of a large TM increase (+20 oC). This observation can be 

explained by significant differences in hybridization enthalpy (ΔΔH=60 kcal/mol) and entropy 

(ΔΔS=191 cal/mol/K). As stated before, C6 and its ssDNA counterpart (B2) are self-assembling in 

magnesium containing buffer at 20 oC. We hypothesize that C6 hybridization process is 

significantly less entropically disfavored than C1 due to the entropic gain in micelles size increase 

from ssDNA (B2, DDLs=12.4 nm) to dsDNA (C6, DDLS=14.8 nm). On the contrary the fact that it is 

less enthalpically favored may be explained by some steric hindrance at the interface of the DNA 

corona and hydrophobic core of the micelles. Due to the close proximity of the duplexes and the 

core, they might not be able to adopt their most stable conformation. As a conclusion, in-depth 

thermodynamics analysis allowed to conclude on the stabilizing/destabilizing effect of 

perfluorocarbon chains in dsDNA when placed at different positions. Moreover, it revealed the 

enthalpic and entropic contributions in the process, providing useful insight into the hybridization 

mechanism of PFC-containing strands.  
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Figure 2.7. Thermodynamics data for PFC-modified DNA duplexes extracted from melting curves.On the 
top left, representative van’t Hoff plot for strand C3; top right, Gibbs free energy of hybridization at 37 oC, 
bottom left, enthalpy of hybridization, bottom right, entropy of hybridization. 

 

2.5.5 Nuclease resistance of PFC-containing DNA duplexes 
Having observed the stabilization they can impart on DNA hybridization, we examined the 

influence of N[PFC] insertions on nuclease resistance. For this, we exposed an unmodified 19-

mer duplex and DNA–PFC conjugates to foetal bovine serum (FBS) in Dulbecco’s modified 

Eagle’s minimal essential medium (DMEM) at 37 °C. Aliquots were collected at specific time-

points and the nucleases were quenched at low temperature as previously reported.43 DNA in each 

aliquot was analyzed through quantitative gel electrophoretic mobility assays. Good fit was 

obtained with a one-phase decay model in the case of C1 to C4 allowing to determine the half-life 

of the different strands in FBS (Figure 2.8). The C2 duplex with a single insertion in each strand 

showed better nuclease resistance than the unmodified DNA; interestingly, two adjacent 

modifications even enhanced the DNA half-life by a factor of 3. Due to the incompatibility of a 

one phase decay model for C5 and C6 which shows non-penetrating bands even in denaturing 

conditions (Figure 2.8), we chose to quantify the total detectable amount of oligonucleotides after 
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24h incubation. With two modifications on the end of each DNA strand, C6 shows impressive 

nuclease resistance properties, as ∼50 % of the initially detected DNA was still present after 24 h 

incubation, while only 3 % of C1 was detected after 24 h. Thus, in addition to the capacity for 

bioimaging by 19F MRI, the perfluorocarbon modifications can thermally stabilize DNA duplexes 

and significantly increase their nuclease resistance. 

 
Figure 2.8. Serum stability assay for PFC-modified DNA duplexes. Left: 18 % denaturing polyacrylamide 
gel electrophoresis (PAGE). In each lane, the strand indicated on top was incubated in FBS for n hours 
where n is indicated on top of each lane. In the case of C6, non-penetrating bands are observed due to self-
assembly. Middle: Half-lives were extracted from a one-phase decay model fit of normalized full-length 
product band intensity on gels. Graphs with error bars are presented on Figure 2.25. Right: Percentage of 
DNA detected on gel after 24 h relative to the amount detected initially.  

 

2.5.6 PFC-containing siRNA silencing properties 
We were interested to examine if PFC could also be introduced into small interfering RNA strands 

(siRNA) and whether these constructs would still be therapeutically active. For this experiment, 

we chose siRNA for apolipoprotein B44 and modified the 3′-end of the sense strand with a single 

N[PFC] unit. Yields were similar to those usually obtained for unmodified RNA synthesis and 

LC-MS characterization confirmed the conjugate’s identity (Figure 2.14). We transfected 

unmodified siRNA and PFC-modified siRNA into HepG2 cells (liver carcinoma) and incubated 

the cells for 24 hours. Total RNA was then collected from the cells and reverse transcribed to 

cDNA, followed by quantification of ApoB mRNA (messenger RNA) using qRT-PCR 

(quantitative real-time polymerase chain reaction). We observed that the modified siRNA is able 

to cause a 50 % reduction in ApoB mRNA levels, and retains its activity compared to unmodified 

siRNA (Figure 2.9). Thus, PFC chains can be incorporated into therapeutic oligonucleotides and 
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do not interfere with their potency. With the ability to control the sequence, position and length of 

PFC-insertions, we anticipate being able to further optimize this silencing effect; importantly, we 

expect that the significant DNA stability, nuclease resistance, nanoscale micelle size and altered 

cellular penetration17,18 provided by the PFC units significantly enhance the in vivo delivery of 

nucleic acid therapeutics. 

 
Figure 2.9. Silencing efficiency of PFC-modified siRNA. Mismatch is a negative control: its sequence 
should not induce gene silencing. 

 

2.6 Conclusions 

In conclusion, we highlight the efficiency of automated phosphoramidite chemistry to generate 

sequence-defined amphiphiles with perfluorocarbon units. Monodisperse oligomers with 

hydrophilic, fluorophilic and DNA blocks were synthesized. Precise control of the number and 

location of each of the monomers on the polymer chain was possible and gave rise to different 

properties in each case. The fluorous effect imparted by PFC chains led to the formation of well-

defined, almost monodisperse micelles with a hydrophobic PFC core and a DNA corona. Such 

micelles do not require divalent cations to self-assemble and are detectable and quantifiable 

through 19F NMR, outlining their potential for bioimaging applications. At specific locations, PFC 

chains can also significantly increase the thermodynamic stability of DNA duplexes through the 

fluorous effect inducing an entropically less disfavoured hybridization process. Such duplexes also 

showed improved nuclease resistance. Perfluorocarbons were also introduced into siRNA, and the 

conjugate remained potent as a gene silencing agent. A full study of toxicity and in vivo 
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bioaccumulation45 has yet to be performed since it is the main concern with PFC-based materials 

in biology. However, PFCs are inert and usually considered as safe.46 Thus, the new PFC-

containing monomer available for the synthesis of novel sequence-defined oligo(phosphodiester)s 

has great potential to broaden the scope of potential applications. For example, DNA– and RNA–

perfluorocarbon conjugates are highly likely to be valuable for therapeutic and theranostic 

applications, given their stability, monodispersity, nanometer sized micelle formation, ability for 

gene silencing, and their potential for in vivo detection by magnetic resonance imaging. 

 

2.7 Experimental section 

2.7.1 Chemicals 
All starting materials were obtained from commercial suppliers and used without further 

purification unless otherwise noted. Magnesium chloride, triethylamine, tris(hydroxymethyl)-

aminomethane (Tris), urea, EDTA, glycerol, formamide, diethylpyrocarbonate (DEPC), 

triethylamine tetrahydrofluoride and solvents were used as purchased from Sigma-Aldrich. Acetic 

acid and boric acid were purchased from Fisher Scientific and used without further purification. 

GelRed™ nucleic acid stain was purchased from Biotium Inc. Concentrated ammonium hydroxide, 

acrylamide/Bis-acrylamide (40 % 19:1 solution) and TEMED were obtained from Bioshop Canada 

Inc. and used as supplied. 1 µmol Universal 1000Å LCAA-CPG supports and standard reagents 

used for automated DNA and RNA synthesis were purchased through Bioautomation. DMT-

hexaethyloxy glycol (cat.# CLP-9765) phosphoramidites were purchased from Chemgenes. 

Sephadex G-25 (super fine, DNA grade) and sulfurizing reagent II were purchased from Glen 

Research. AFM cantilevers (model SCANASYST-AIR) were purchased from Bruker and 

RubyRed mica from Electron Microscopy Sciences. TAMg buffer is composed of 40 mM Tris and 

7.6 mM MgCl2·6H2O with pH adjusted to 8.0 using glacial acetic acid. TBE buffer is 90 mM Tris, 

90 mM boric acid and 1.1 mM EDTA with a pH of 8.0. 

 

2.7.2 Instrumentation 
Standard automated solid-phase synthesis was performed on a Mermade MM6 synthesizer from 

Bioautomation. HPLC purification was carried out on an Agilent Infinity 1260. DNA 



86 
 

quantification measurements were performed by UV absorbance with a NanoDrop Lite 

spectrophotometer from Thermo Scientific. A Varian Cary 300 Bio spectrophotometer was used 

for melting temperature studies. Polyacrylamide Gel Electrophoresis (PAGE) experiments were 

carried out on a 20 X 20 cm vertical Hoefer 600 electrophoresis unit while agarose gel 

electrophoresis (AGE) were performed with an Owl Mini gel electrophoresis unit. Gel images 

were captured using a ChemiDocTM MP System from Bio-Rad Laboratories. Mass determination 

of the phosphoramidite was carried out using Electron-Spray Ionization – Ion Trap - Mass 

Spectrometry (MS) on a Finnigan LCQ Duo device. Liquid Chromatography Electrospray 

Ionization Mass Spectrometry (LC-ESI-MS) was carried out using Dionex Ultimate 3000 coupled 

to a Bruker MaXis Impact™ QTOF. Dynamic Light Scattering (DLS) experiments were carried 

out using a DynaPro™ Instrument from Wyatt Technology. AFM was performed with a 

MultiModeTM MM8 SPM connected to a NanoscopeTM controller, from the Digital Instruments 

Veeco Metrology Group. Oxygen and Moisture sensitive experiments were carried out in a 

Vacuum Atmospheres Co. glove box. The NMR spectra were recorded at 400 or 500 MHz for 1H 

and 13C at 100.6 or 125 MHz, with chloroform-d1 (δ 7.26, 1H; δ 77.0, 13C), acetone–d6 (δ 2.04, 
1H; δ 29.8, 13C) as internal lock solvent and chemical shift standard unless otherwise indicated. 19F 

spectra were acquired using a Bruker AVIIIHD spectrometer equipped with a BBFO+ Smartprobe 

operating at 470.7 MHz. Chemical shift referencing used the lock solvent. 

 

2.7.3 Small molecule synthesis 
2.7.3.1 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Heptadecafluoro-1-nonanol 

trifluoromethanesulfonate (1) 

 

 

The fluorinated alcohol (3g, 6.67 mmol, 1 equiv.) was dissolved in dry dichloromethane (25 mL) 

in a round bottom flask (RBF), followed by dry triethylamine (3 mL) and cooled down to 0oC. 

Trifluoromethanesulphonate anhydride (2.82g, 10 mmol, 1.5 equiv.) was added dropwise over 15 

minutes turning the reaction mixture dark. The reaction mixture was stirred at 0oC for 1 hour, than 

allowed to warm up to RT and stirred for 1 more hour. The reaction was quenched with sat. 
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NaHCO3 (50 mL) and product extracted with dichloromethane (3 x 50 mL). Organic fractions 

were combined, dried with MgSO4 and solvent removed under vacuum to produce dense black oil. 

Crude material was purified by flash chromatography with 0-5 % EtOAc/hexanes mixture to 

produce dense colourless/yellowish oil solidifying on standing. Typical yield 50-60 %. 

1H NMR (400 MHz, CDCl3) δ 4.82 (t, J = 12.3 Hz, 2H). 

Note: Synthesis of the mesyl and tosyl equivalents of molecule 1 led to lower yields. 

2.7.3.2 2,2'-(2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Heptadecafluoro-1-nonylazanediyl)diethanol 

 

1 (2.7 g, 4.64 mmol, 1 equiv.) was added to a solution of diethanolamine (1.53 g, 9.28 mmol, 2 

equiv.) in dry DMF (6 mL). The reaction mixture was placed in 100oC oil bath and stirred for 2 

hours. It was cooled down, dissolved in water (50 mL) and the product extracted with 

dichloromethane (3 x 50 mL). The organic fractions were combined, dried with MgSO4 and the 

solvent was removed under vacuum to produce a dense yellowish oil solidifying on standing (2.42 

g, 96 %). The crude product was analyzed with 1H NMR, determined as analytically pure and used 

in the next step without any further purification.  

1H NMR (400 MHz, CDCl3) δ 2.68 (br. s, 2H) 2.92 (t, J = 5.1 Hz, 4H), 3.34 (t, J = 16.9 Hz, 2H), 

3.65 (t, J = 5.1 Hz, 4H); 

2.7.3.3 2-((2-(Bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)(2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-

heptadecafluorononyl)amino)ethan-1-ol 

 

2 (2.42 g, 4.45 mmol, 1 equiv.) was dissolved in dry dichloromethane (15 mL) and triethylamine 

(2 mL). DMTCl (1.51 g, 4.45 mmol, 1 equiv.) was added portionwise and the reaction mixture 
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was stirred at RT for 2 hours. The solvents were evaporated under vacuum resulting a yellow oil 

purified by column chromatography on triethylamine pre-treated silica with slow gradient of 

EtOAc/hexanes (0-15 %) mixture to produce a dense yellow oil 1.31g (34 %). Unreacted 2 can be 

recovered from the column by washing with pure EtOAc. 

1H NMR (400 MHz, acetone-d6) δ 2.87 (t, J = 5.9 Hz, 2H), 3.02 (t, J = 5.7 Hz, 2H), 3.26 (t, J = 

5.7 Hz, 2H), 3.46 (br. s, 1H), 3.57 (t, J = 17.1 Hz, 2H), 3.62 (t, J = 6.0 Hz, 2H), 3.77 (s, 6H), 6.88 

(d, J = 8.8 Hz, 4H), 7.22 (d, J = 7.4 Hz, 1H), 7.30 (t, J = 7.6 Hz, 2H), 7.36 (d, J = 8.8 Hz, 4H), 

7.49 (d, J = 7.7 Hz, 2H). 

13C NMR (100 MHz, acetone-d6) δ 48.1, 56.4, 57.2, 59.4, 61.9, 63.9, 88.2, 114.8, 128.5, 129.5, 

130.0, 131.9, 138.2, 147.4, 160.6. 

2.7.3.4 2-((2-(Bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)(2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-

heptadecafluorononyl)amino)ethyl (2-cyanoethyl) diisopropylphosphoramidite 

(N[PFC]) 

 

An oven-dried round bottom flask was charged with 3 (860 mg, 1.02 mmol, 1 equiv.) dissolved in 

dry THF (3.3 mL). 5-(ethylthiotetrazole) (ETT) (6.2 mL, 0.25M in acetonitrile, 1.54 mmol, 1.5 

equiv.) was added under argon and stirred vigorously followed by addition of 3-

((bis(diisopropylamino)phosphanyl)oxy)propanenitrile (0.81 mL, 2.55 mmol, 2.5 equiv.). The 

reaction mixture was left stirring for 6 hours at room temperature under argon. The solvent was 

evaporated under reduced pressure. The crude product was purified by column chromatography 

under a positive pressure of argon with mobile phase: degassed Hexanes/ethyl 

acetate/triethylamine TEA (90:10:2). 4 was isolated as a colourless oil: 880 mg. Yield: 83 %. 

TLC (Hexanes/ethyl acetate/TEA: 90:10:2): Rf=0.16. 
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LRMS: Calc.exact mass: 1039.30 g/mol. Measured (positive mode): 1062.18 (M+23), 1078.16 

(M+39) g/mol. 

1H NMR (500 MHz, acetone-d6): δ (ppm) = 7.49-7.47 (m, 2H), 7.37-7.34 (m, 4H), 7.32-7.29 (m, 

2H), 7.24-7.21 (m, 1H), 6.88 (d, J=9Hz, 4H), 3.81-3.56 (m, 14H), 3.26 (t, J=6Hz, 2H), 3.05 (t, 

J=6Hz, 2H), 3.00 (t, J=6Hz, 2H), 2.71 (t, J=6Hz, 2H), 1.20-1.15 (m, 12H). 

13C NMR (125 MHz, acetone-d6) δ 159.6, 146.4, 137.2, 130.9, 129.0, 128.6, 127.5, 118.9, 113.9, 

87.2, 63.2, 62.9, 62.8, 59.5, 59.4, 56.9, 56.8, 56.8, 56.1, 55.5, 43.8, 43.7, 24.9, 24.9, 20.8, 20.7. 

31P NMR (400 MHz, acetone-d6) δ (ppm) = 147.4 (s). 

 

2.7.4 Solid-phase synthesis 
DNA synthesis was performed on a 1 μmole scale, starting from a universal 1000 Å LCAA-CPG 

solid support. Coupling efficiency was monitored after removal of the dimethoxytrityl (DMT) 5’-

OH protecting groups. DMT-hexaethyloxy glycol amidite (HEG) and N[PFC] were respectively 

dissolved in acetonitrile and acetonitrile/THF (90:10) under a nitrogen atmosphere in a glove box 

(<0.04 ppm oxygen and <0.5 ppm trace moisture). For DMT-hexaethyloxy glycol (0.1M) and 

N[PFC] (0.08M) amidites, extended coupling times of 10 minutes were used. For the addition of 

each RNA nucleoside phosphoramidite extended coupling time of 6 minutes was used. For 2’ OMe 

modified RNA phosphoramidites, under a nitrogen atmosphere, coupling was done using the 

‘syringe’ technique: the amidite solution (200 µl, 0.1 M) is mixed with the usual activator solution 

(200µl, 0.25 M) in presence of the CPG using syringes. After twenty minutes, the solution was 

removed from the columns and the strands underwent capping, oxidation and deblocking steps in 

the synthesizer. Removal of the DMT protecting group was carried out using 3 % dichloroacetic 

acid in dichloromethane on the DNA synthesizer. Sulfurizing reagent was used according to 

standard procedures. 

 

Deprotection procedure (except RNA): Completed syntheses were cleaved from the solid support 

and deprotected in 28 % aqueous ammonium hydroxide solution for 16-18 hours at 60 °C. The 

crude product solution was separated from the solid support and concentrated under reduced 

pressure at 60 °C. This crude solid was re-suspended in 1 mL Millipore water. Filtration with 0.22 
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μm centrifugal filter was then performed prior to HPLC purification. The resulting solution was 

quantified by absorbance at 260 nm.  

 

RNA deprotection procedure: Completed 1 µmol syntheses were deprotected in 1 mL of a 1:1 v/v 

mixture of 40 % aqueous Methylamine and 28 % aqueous ammonium hydroxide solution for 30 

minutes at room temperature, followed by 3 hours at 65o C. The crude product solution was 

separated from the solid support and concentrated under reduced pressure at 60oC. This crude solid 

was re-suspended in 150 µL of a desilylation solution containing triethylamine, N-

methylpyrrolidone, and triethylaminetrihydrofloride (3:2:1.5) and heated to 65˚C for 2 hours, to 

remove the 2’-OH tert-butyldimethylsilyl protecting groups. This desilylation step was then 

quenched by the addition of 100 µL of 3 M sodium acetate (pH 5.5) and vortexed. RNA 

precipitation was induced by addition of 1 mL of cold butanol and left for 30 minutes at -20˚C. A 

pellet appeared through centrifugation (20 minutes, 12000 x g, 4˚C) and the supernatant was 

removed. The pellet was washed a second time with 500 µL butanol, and dried under reduced 

pressure at 60 oC. This crude product was resuspended in DEPC-treated sterile water and 

quantified by absorbance at 260nm. 

 

HPLC purification: Solvents (0.22 μm filtered): 50 mM triethylammonium acetate (TEAA) buffer 

(pH 8.0) and HPLC grade acetonitrile. Elution gradient: 3-95 % acetonitrile over 40 minutes at 60 

°C. Column: Hamilton PRP-C18 5 μm 100 Å 2.1 x 150 mm. For each analytical separation 

approximately 0.5 OD260 of crude DNA was injected as a 20-50 μL solution in Millipore water. 

Detection was carried out using a diode-array detector, monitoring absorbance at 260 nm.  
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Figure 2.10. Reverse-phase HPLC traces from crude mixtures of An,m oligomers. (UV detection, 260 nm) 
Top: n =6, bottom: n=8. Numbers on the peaks are the number (m) of N[PFC]. Byproducts are in low 
quantities. They are almost exclusively related to HEG coupling as the byproducts peaks are visible before 
the polymer retention time for m=0. 

Gel electrophoresis purification: In the case of DNA/RNA internal or 3’ end modification, 

purification was carried out through gel electrophoresis instead of RP-HPLC. In that case, crude 

products were purified on 19 % polyacrylamide gels, supplemented with 8 M urea (loading up to 

20 OD260 of crude DNA per gel, 500 V field applied). Electrophoresis was run at lower voltage 

for the first 30 minutes. Following electrophoresis, the gel was wrapped in plastic and visualized 

by UV shadowing over a fluorescent TLC plate. The full-length product was quickly excised, then 

crushed and incubated in ~10 mL of autoclaved water (treated with DEPC in the case of RNA 

purification) at 55 °C overnight. The supernatant was then concentrated to 1.0 mL, and desalted 

using size exclusion chromatography (Sephadex G-25). Sephadex was treated with DEPC in the 

case of RNA purification. Strands were then quantified (OD260) and converted to micromolar 

concentrations using the extinction coefficients obtained on IDT technology website 

(http://www.idtdna.com/calc/analyzer). 
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Table 2.5. DNA, RNA and conjugates sequence. Lower case letters indicate RNA, uppercase letters 
indicate DNA. CpAT is complementary to the AT sequence. * indicates a phosphorothioate linkage. Letters 
in bold indicate 2’ OMe modifications. C1 is composed of AT and cpAT; C2 is composed of AT-
(N[PFC])p10 and cpAT-(N[PFC])p11; C3 is composed of AT-(N[PFC]2)p10 and cpAT-(N[PFC]2)p11; 
C4 is composed of AT-N[PFC]p7p14 and cpAT-N[PFC]p7p14, C5 is composed of B1 and (N[PFC])-
cpAT; C6 is composed of B2 and (N[PFC]2)-cpAT.

 Molecule Sequence (5'-xx-3') 

AT TTTTTCAGTTGACCATATA 

cpAT TATATGGTCAACTGAAAAA 

AT-(N[PFC])n or Bn (N[PFC])nTTTTTCAGTTGACCATATA 

(N[PFC]n)-cpAT TATATGGTCAACTGAAAAA(N[PFC])n 

AT-(N[PFC]n)p10 TTTTTCAGT(N[PFC])nTGACCATATA 

cpAT-(N[PFC]n)p11 TATATGGTCA(N[PFC])nACTGAAAAA 

AT-N[PFC]p7p14 TTTTTC(N[PFC])AGTTGAC(N[PFC])CATATA 

cpAT-N[PFC]p7p14 TATATG(N[PFC])GTCAACT(N[PFC])GAAAAA 

AT-GCp10 TTTTTCAGTGCTGACCATATA 

cpAT-GCp11 TATATGGTCAGCACTGAAAAA 

ApoB-anti auugguauucagugugaugac*a*c 

ApoB-sense gucaucacacugaauaccaa*u 

ApoB-sense-N[PFC] gucaucacacugaauaccaa*u*N[PFC] 

 

2.7.5 LC-ESI-MS characterization 
The oligomers were analyzed by LC-ESI-MS in negative ESI mode. Samples 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). For each run, ~ 250 pmols of artificial oligomer or 

~ 65 pmols of oligonucleotide were injected. 
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A8,0 

 

 
A8,2 

 

 
A8,4 

Figure 2.11. MS data for An,m oligomers. Almost all peaks can be associated with a (M-x)/x anion, as 
illustrated on the first spectrum. An,m stands for T-HEGn-N[PFC]m.  
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B5 

 

 
B6 

 

 
B10 

Figure 2.12. LC/MS data for DNA-“Teflon” oligomers (Bn). The data was processed and deconvoluted using 
the Bruker DataAnalysis software version 4.1. Masses reported are exact masses except for big conjugates 
(>10kDa).  
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Table 2.6. LC/MS results for DNA with internal modifications or 3’end modification. 

Strand name Calculated exact mass (g/mol) Measured mass (g/mol) 

(N[PFC])-cpAT 6440.05 6440.03 

(N[PFC]2)-cpAT 7039.06 7039.05 

AT-(N[PFC])p10 6364.01 6364.00 

AT-(N[PFC]2)p10 6963.02 6962.97 

AT-(N[PFC])3p10 7562.03 7561.95 

cpAT-(N[PFC])p11 6440.05 6440.03 

cpAT-(N[PFC]2)p11 7039.06 7039.09 

cpAT-(N[PFC]3)p11 7638.07 7638.01 

AT-N[PFC]p7p14 6963.02 6962.97 

cpAT-N[PFC]p7p14 7039.06 7039.09 

 

 

 
(N[PFC])-cpAT 

 

 
(N[PFC]) 2-cpAT 
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AT-(N[PFC])p10 

 

 
AT-(N[PFC]) 2p10 

 

 
AT-(N[PFC]) 3p10 
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cpAT-(N[PFC])p11 

 

 
cpAT-(N[PFC])2p11 

 

 
cpAT-(N[PFC])3p11 
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AT-N[PFC]p7p14 

 

 
cpAT-N[PFC]p7p14 

Figure 2.13. LC/MS data for DNA with internal modifications or 3’end modification. The data was 
processed and deconvoluted using the Bruker DataAnalysis software version 4.1. 

 

 

 
Figure 2.14. LC/MS data for RNA with 3’end N[PFC] modification. The data was processed and 
deconvoluted using the Bruker DataAnalysis software version 4.1. Calculated exact mass: 7235.94, 
Obtained: 7235.84.  
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2.7.6 Atomic force microscopy 
Samples were diluted to 1µM in TAMg buffer and 4µL of this solution was deposited on a freshly 

cleaved mica surface (ca. 7 x 7 mm) and allowed to adsorb for 1-2 seconds. Then 50µL of 0.22µm 

filtered Millipore water was dropped on the surface and instantly removed with filter paper. The 

surface was then washed four times with 80µL of water and the excess removed with a strong flow 

of nitrogen. Samples were dried under vacuum for 3 hours prior to imaging. Imaging of samples 

was performed on a MultiMode 8 microscope with a Nanoscope V controller (Bruker) in 

ScanAsyst mode. Silicon nitride levers with a nominal spring constant of 0.4 N/m, resonant 

frequency of 70 kHz and a 2 nm tip radius were used (ScanAsyst Air). All images were captured 

at a 1.10 to 1.40 Hz scan rate and a resolution of 512 x 512 pixels. 

 

   
Figure 2.15. Dry AFM images of unmodified DNA control B0. 
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Figure 2.16. Dry AFM images of AT-(N[PFC])5 micelles (B5). The image in the bottom-right corner is a 
zoom-in of the bottom-left image (blue square). We found an average diameter of 19.4 ± 3.1 nm for AT-
(N[PFC])5 micelles using the software image J. 
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Figure 2.17. Dry AFM images of AT-(N[PFC])10 micelles (B10).  The image in the right is a zoom-in of 
the right image of Figure 2.2. White bars represent 400 nm. We found an average diameter of 20.9 ± 3.3 
nm. Statistics were realized by hand using the software Image J. 

         

            
Figure 2.18. Dry AFM images of B2.  White bars represent 400 nm. Aggregation is visible but we 
hypothesized that the smaller PFC hydrophobic core does not maintain structure integrity during sample 
drying.  
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Figure 2.19. Dry AFM images of C6. White bars represent 400 nm. Aggregation is visible but we 
hypothesized that the smaller PFC hydrophobic core does not maintain structure integrity during sample 
drying.  

 

2.7.7 Dynamic Light Scattering 
A cumulants fit model was used to confirm the presence and determine the size of a monomodal 

population of micellar aggregates. Sterile water and TAMg were filtered using a 0.2 µm nylon 

syringe filter before use for DLS sample preparation. All measurements were carried out at 20 °C. 

Concentration of the sample is 10µM if not specified. All the measurements were at least 

triplicated. For experiments with Mg2+, samples were directly diluted in TAMg or Mg2+ ions were 

added after solubilizing our constructs in sterile water: both methods led to similar results. 
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   AT (Mg2+)         B2 : AT-(N[PFC])2 (Mg2+) 

 
  B4 : AT-(N[PFC])4            B4 : AT-(N[PFC])4 (Mg2+) 

 

 
  B5 : AT-(N[PFC])5         B5 : AT-(N[PFC])5 (Mg2+) 

 

    
  B10 : AT-(N[PFC])10                B10 :  AT-(N[PFC])10  (Mg2+) 
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  A8,4 : T-HEG8-(N[PFC])4                                 B4 : AT-(N[PFC])4 37 °C 

 

 
 C6 : AT-(N[PFC])2 double stranded 
Figure 2.20. DLS intensity correlation functions for sequence-defined oligomers samples.  Representative 
curves for 10µM solutions. The low scattering intensity and poor correlation functions measured for AT is 
characteristic of individual molecules in solution. In contrast the data for self-assembling oligomers reveals 
good to excellent correlation. Polydispersity in the case of self-assembled material was never exceeding 16 
% showing the narrow polydispersity of the observed structures. (Mg2+) means Mg2+ has been added to 
reach a concentration of 7.6 mM. 

2.7.8 Gel electrophoresis 
2.5 % agarose gel electrophoresis (AGE) was carried out in two different buffers. The first one, 

TAE, does contain EDTA whereas the second one, TAMg contains Mg2+ cations. They were 

carried out at 4 °C for respectively 2h and 2h15 at 80V. Gel was cast in the appropriate buffer and 

the samples were at a concentration of 1 µM in the appropriate buffer. 2µl of glycerol were added 

to the samples before loading. The DNA bands for all gels were visualized by incubation with 

GelRed™. 

 

15 % denaturing Polyacrylamide Gel Electrophoresis (PAGE) was carried out at room temperature 

for 30 minutes at 250V followed by 1 hour at 500V. TBE buffer (1X) was used and the 

concentration of urea in the gel was 7M. For each lane 5 µL of sample (2µM) in water was added 

to 5uL of 8M urea. The DNA bands for all gels were visualized by incubation with GelRed™. 

Correlation curve 
Cumulants fit 
Regularization fit 
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8 % Native PAGE was carried out at room temperature for 2.5 hours at a constant voltage of 250V 

in 1X TAMg buffer. Sample loading was 0.01 nmol ssDNA or 0.002 nmol dsDNA per lane (12 µl 

samples in 1 X TAMg, including 2µl of glycerol).  

 

 

1: B0 

2: B1 

3: B2 

4: B3 

5: B4 

6: B5 

 
Figure 2.21. 15 % denaturing PAGE analysis of “DNA-Teflon” oligomers. The DNA is the AT sequence 
and the length of the PFC tail vary from 0 to 5 PFC units (Bn polymers). From n=4, self-assembly occurs 
and the material does not seem able to penetrate in the gel (non-penetrating band).  

 

1’ – C1: AT/cpAT 

2’ – C5: AT-N[PFC]/N[PFC]-cpAT 

3’ – C2: AT-N[PFC]p10/cpAT-N[PFC]p11 

4’ – C3: AT-N[PFC]2p10/cpAT-N[PFC] 211 

5’ – C6: AT-N[PFC]2/ N[PFC]2-cpAT 

6’ – AT-(N[PFC])3p10/ cpAT-(N[PFC])3p11 

7’ – C4: AT-N[PFC]p7p14/cpAT-N[PFC]p7p14 

Figure 2.22. 8 % native PAGE of PFC-modified duplexes. Lanes without ’ are ssDNA. The ssDNA and 
duplexes behave well except in lanes 2’, 5, 5’, 6 and 6’ for which self-assembly occurs. For duplexes 2 and 
5, we hypothesize aggregation occurs but DNA hybridization remains (cf. melting curves).  

 

 



108 
 

2.7.9 NMR study 
19F NMR spectra of the following molecules were recorded for quantitation using the PULCON 

method: molecule 2 in DMSO-d6 (external reference), and B1, B4, and B10 in D2O. The 

concentrations of B1, B4, and B10 were also determined by UV absorption at 260 nm. The NMR 

analysis focused on the CF3 signal of molecule 2 related to the CF3 end group of the C8F17 chain 

as the CF3 signals were the most intense. T1 and T2 values were measured using an inversion 

recovery sequence and a CPMG sequence, respectively, using between 5 and 8 appropriate tau 

values. Fitting was done using the Bruker Dynamics Center. 

 

All quantitative 19F spectra were acquired using the same experimental conditions, with the 

exception of the transmitter offset, which was always placed on the CF3 peak (-80.1 ppm for 

molecule 2, -80.8 ppm for B1 and -83.3 ppm for B4, and B10. The DEPTH method47 along with a 

pre-acquisition delay of 35 µs and the Bruker baseopt method for baseline correction at acquisition 

time were used to suppress the large 19F background arising from probe components. A slight 

baseline hump was still present in the samples with the lowest S/N ratios (B4 and B10) and the 

Bruker routine cryoproc1d was used to replace the first points of those FIDs with backwards 

linearly predicted points. Automatic tuning and matching were performed before each experiment. 

Because signal-to-noise was poor, the 19F 90° pulse was not measured before each experiment, but 

the 1H 90°pulse was measured for all samples and found not to vary, so it was assumed that the 
19F was also consistent for all samples. In the quantitative NMR experiments, a recycle delay of 6 

s was used for best reproducibility (the T1 of molecule 2 was found to be 1.3 s). The temperature 

was controlled at 300K during the experiments. The receiver gain was kept constant at 203 for all 

experiments. 

Concentration calculations were done within the ERETIC 2 implementation in Bruker TopSpin 

3.5 pl 2 software, based on the PULCON (pulse length based concentration determination) 

method.48 The external reference, molecule 2, was prepared using careful weighing and dilution. 

The results of the measurement as applied to the CF3 peaks of each sample are shown in Table 

2.4. 

 

Sensitivity measurements: We measured the signal-to-noise ratios (S/N) of B4 and B10 in samples 

of the same concentration (46 µM). Conditions were the same as explained above except that the 
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acquisition time was reduced to 28 ms, the recycle delay was reduced to 0.46 s, and the number of 

scans was set to 1800, with 8 dummy scans, for a total experimental time of 15 min 33s. To further 

increase the S/N of the 46 µM B10 sample, the acquisition time was reduced to 14 ms, the recycle 

delay was reduced to 0.43 s, and the number of scans was set to 1900 with 8 dummy scans, for a 

total experiment time of 15 min 10 s. 

 

 
Figure 2.23. 19F NMR spectra of “DNA-Teflon” oligomers. Top: 19F NMR spectrum of molecule 2 (80 
µM in DMSO-d6). Bottom: 19F NMR spectra of molecules 2 (800 µM in DMSO-d6), B1 (71 µM in D2O), 
B4 (39 µM in D2O), B10 (46 µM in D2O). Only the strong signal from CF3 is visible at low concentrations. 

CF3 

CF2 
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2.7.10  Melting curves 
Experiments were carried out in quartz cuvettes (rectangular, 10 mm, 80µL) in triplicate. 

Absorbance was measured at 260 nm and detected in increments of 1 °C from 20 °C to 50 °C and 

from 75 °C to 90 °C of 0.4 °C from 50 °C to 75 °C. Concentration of DNA duplexes was 4 µM in 

1XTAMg buffer. The heating rate used was 1 °C/min. 

TM are calculated by taking the temperatures corresponding to the derivative maxima of the curves 

obtained and are reported in Table 2.7. 

 
Table 2.7. Melting temperature of PFC-containing DNA duplexes. 

Duplex name Strands in the duplex Melting 
temperature (°C) 

C1 AT/cpAT 62.6 ± 0.5. 

C2 AT-(N[PFC])p10/cpAT-(N[PFC])p11 63.1 ± 0.4 

C3 AT-(N[PFC])2p10/cpAT-(N[PFC])2p11 70.6 ± 0.5 

C4 AT-(N[PFC])p7p14/cpAT-(N[PFC])p7p14 63.3 ± 0.5 

C5 AT-(N[PFC])/N[PFC])-cpAT 65.3 ± 0.7 

C6 AT-(N[PFC])2/N[PFC])2-cpAT 82.6 ± 0.8 

 

To draw van’t Hoff plots, we measured the melting temperature of the duplexes C1 to C6 (except 

for C4) and of an unmodified duplex lengthened with 2 bases (GC) at position 10 at the 

concentrations: 4, 6, 9, 12, 16 and 20 μM (total concentration of DNA strands) in triplicates. 

Representative curves are shown thereafter. We then used these numbers to plot 1/TM as a function 

of ln (CT/4). Thermodynamic data can be extracted from the data using the following equation:42  

Tm-1=R ln(Ct/4)/∆H° + [∆S°/∆H°]. 

All R squared values of linear fits were found to be over 0.99 when removing at most one TM value 

per sample. The average thermodynamic values are reported in Table 2.8. 
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Figure 2.24. Representative melting curves of PFC-modified DNA duplexes at several concentrations in 
TAMg.  

 

C1 

C2 C3 

AT-GCp10/cpAT-GCp11 

C6 
C5 
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Table 2.8. Average thermodynamic values found for PFC-modified duplexes 

Duplex 
ΔH 

(Mcal/mol) 
ΔS 

(kcal/mol/K) 
ΔG 

(kcal/mol) 

ΔΔH 
(Mcal/
mol) 

ΔΔS 
(kcal/mol/

K) 

ΔΔG 
(kcal/
mol) 

C1 -0.13 ± 0.02 -0.36 ± 0.05 -16 ± 1 0 0 0 

ATGCp10 -0.16 ± 0.02 -0.44 ± 0.05 -21 ± 2 -0.03 -0.09 -5 

C2 
-0.129 ± 

0.008 
-0.36 ± 0.03 -17.1 ± 0.7 -0.002 -0.004 -0.7 

C3 -0.12 ± 0.01 -0.34 ± 0.03 -19.5 ± 1 0.004 0.02 -3 

C5 
- 0.12 ± 

0.01 
-0.34 ± 0.03 -17.5 ± 0.7 0.004 0.02 -1 

C6 
-0.067 ± 

0.005 
-0.17 ± 0.02 -15.6 ± 0.1 0.06 0.2 0.8 

 

2.7.11 Serum stability assay 
For degradation studies, DNA duplexes were concentrated to a stock solution of 40 µM in 

1XTAMg buffer. As an example, duplex AT/cpAT (40 µM, 2 µL) was first diluted with DMEM 

media (88 µL). To this mixture was added a fresh sample of undiluted FBS (10 µL) with slight 

mixing to make the overall % of FBS 10 % (v/v). An aliquot was immediately taken out (10 µL), 

formamide (10 µL) added and then stored at -20 °C as the t =0 h time point. The remaining sample 

was then incubated at 37 °C and similar aliquots were removed and treated as described above at 

time points of 35 min, 1, 2, 4, 6, 8.5 and 24 hr. Digested products were analyzed by denaturing 

PAGE (20 %, 15 mA, 250V during 30 min followed by 500V 2 hr). 

Higher band intensity was extracted and divided by the intensity at t=0. These experiments were 

run in triplicate. Data was analyzed using GraphPad Prism with a one phase decay exponential fit. 

The general equation is : Y=(Y0-Plateau)*exp(-K*X)+Plateau. Here, Y is the relative 

band intensity, X is time, the plateau is supposed to be 0 while Y0 is equal to one. Half-life is 

defined as ln(2)/K. 
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Table 2.9. Summary of exponential decay analysis for duplexes degradation in serum. 

Duplex name R squared Decay constant k (h-1) Half-life (h) 

C1 0.99 0.75 0.9 

C2 0.98 0.34 2.0 

C3 0.90 0.26 2.7 

C4 0.97 0.45 2.2 

C5 0.96 0.57 1.2 

C6 NO NO NO 

 

The one-phase decay model may not be fully adapted to a few strands with poor R squared but this 

fit was used in all cases allowing comparisons. Everytime, Y0 and plateau are respectively very 

close to 1 and 0 except for strand C5 for which plateau is equal to 0.12. This result highlights that 

the model chosen is not adapted to this strand. 

 

Only non-penetrating material was observed in the case of C6 analysis. We hypothesized that the 

absorbance in the well is proportional to the total amount of oligonucleotides. This quantity was 

compared to the total intensity in each line during C1 analysis. It appeared that almost 50 % of the 

intensity remains after 24h while 3 % was detected after 24h in the case of C1 and 5 % in the case 

of C6. After 8.5h, more than 75 % of the intensity remains for C6 compared to 20 % in the case of 

C1. 
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Figure 2.25. Average of DNA-duplexes degradation curves. The full length product is still visible after 24h 
in the case of C5 which makes the one phase decay model inaccurate.  

 

2.7.12 Gene silencing assay 
2.7.12.1 Transfection of ApoB-siRNA and N[PFC]-ApoB-siRNA 

HepG2 cells (Human hepatocellular carcinoma) were seeded in a 24-well plate at a density of 

5x104 cells. Cells were allowed to adhere overnight. Transfection was achieved by diluting 2 µM 

stocks of pre-annealed siRNA with OptiMEM (Life) and Oligofectamine (Life) to attain a final 

concentration of 20 nM of nucleic acid therapeutics. After an incubation period of 24 hours, we 

proceeded to isolate the RNA. 

2.7.12.2 RNA isolation 

Total RNA was isolated from the 24-well plate by using an RNeasy mini kit (QIAGEN, Hilden, 

Germany) as described by the manufacturer. Genomic DNA was eliminated by RNase-free DNase 

I treatment during the isolation procedure. Reverse transcription was performed using the iScript 

Advanced cDNA Synthesis Kit (Bio-Rad) according the manufacturer’s protocol. In a typical 

reaction 500 ng of RNA was mixed with 4 µl of reaction buffer and 1 µl of reverse transcriptase 

and the volume made up to 20 µl with nuclease-free water. Reverse transcription was performed 

at 42 °C for 30 min and inactivated at 85 °C for 5 minutes.  
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2.7.12.3 Quantitative real-time PCR. 

Gene quantification was performed with a Step-One Plus (Life). Primers for ApoB used: Forward 

- 5’-TTTGCCCTCAACCTACCAAC-3’ and Reverse - 5’-TGCGATCTTGTTGGCTACTG-3’. 

GAPDH was used as an endogenous control with the following primers: Forward -5’-

GGAGCGAGATCCCTCCAAAAT-3’ and Reverse - 5’-GGCTGTTGTCATACTTCTCATGG-

3’. Each PCR was performed in a 20 μl reaction mixture containing 10 µl of SsoAdvanced 

universal SYBR Green supermix (Bio-Rad) and 250 nM of each primer. The thermal cycling 

conditions were as follows: 30 sec at 95 °C, followed by 40 cycles of 15 s at 95 °C, 30 s at 60 °C. 

Data collection was performed during each extension phase. A negative control (distilled water), 

and RT-negative controls (total RNA sample) were included in each run. For each of the RNA 

extractions, measurements of gene expression were obtained in triplicate, and the mean of these 

values was used for further analysis using ∆∆Ct method for relative quantification. 

2.7.13 pKa of N[PFC] 
pKa of protonated counterpart of molecule 2 should be under 6.5 after comparison with 

SciFinder® theoretical values for very similar compounds: 

           

 pKa=6.44    pKa=5.35   pKa=3.79 

Scheme 2.3. pKa of protonated counterpart of perfluorocarbon containing amines found on SciFinder. 
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3.1 Preface 

We previously reported that hydrophilic hexaethylene glycol and hydrophobic 12 carbon alkyl 

chain monomers can be efficiently introduced in precision oligomers.1 The amphiphobic 

perfluorocarbon (PFC) building block developed in Chapter 2 is a valuable addition to our 

unnatural monomers collection. Indeed, we have shown the great input PFC chains impart in 

sequence-defined oligo(phosphodiester)s. An artificial unit capable of π-π stacking would further 

complement the monomer alphabet for sequence-defined oligo(phosphodiester)s. 

With such a palette of interactions available, self-assembling materials may be rationally designed 

to further explore opportunities with precision polymers. However, such a priori predictions are 

difficult to perform, as illustrated by the protein folding problem.2 In-depth analysis of the rules 

governing the folding and self-assembly of precision polymers are required. Systematic studies of 

sequence variation impact in polymers self-assembly would give an insight into these rules and 

are therefore of great interest. In this chapter, we take advantage of the practical automated 

synthesis of sequence-defined oligo(phosphodiester)s to realize such a study. 

 

 

 

 

 

 

 

 

 

This chapter is mostly composed of work posted online as « Self-assembled Nanostructure Library 

from Monodisperse Sequence-Defined Oligo(phosphodiester)s » by D de Rochambeau, M Barłóg, HS 

Bazzi & HF Sleiman; ChemRxiv. Preprint. February 2019.  
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3.2 Contribution of authors  

Donatien de Rochambeau codesigned the project and performed all experiments unless listed 

below, analyzed the results and cowrote the manuscript. Dr. Maciej Barłóg synthesized 

compounds NAP’’, NAP’ and C12’ Dr. Violeta Toader synthesized compound C12. Dr. Hanadi 

Sleiman codesigned the project, guided interpretation of data and discussion of results and cowrote 

the manuscript. 

3.3 Abstract 

Natural biopolymers achieve information storage, molecular recognition and catalysis efficiently 

through sequence-control. To be able to mimic such properties, self-assembly studies of artificial 

sequence-defined oligomers are of great interest. In this chapter, we synthesized a naphthalene 

containing monomer and showed its use along with hydrophilic, lipophilic, and fluorophilic 

monomers to make a large library of truly monodisperse sequence-defined block co-

oligo(phosphodiester)s. Automated and accurate control over the sequence allowed the rational 

study of how the degree of polymerisation, block ratio, chemical composition and orthogonal 

supramolecular interactions influence self-assembly. Interestingly, our studies revealed 

remarkable morphological changes (spheres to nanosheets) caused by very small differences 

between polymers, e.g., oligomers differing by a single monomer unit. Inverting block sequence 

in multi-block co-oligomers also caused an increase in micelle size. Conventional polymerization 

does not allow the exploration of these subtle variations in polymer sequence or composition. 

Therefore, fast synthesis and purification of a variety of oligomers with slightly different 

sequences enables the study of the supramolecular chemistry of precision oligomers in a systematic 

way. It paves the way to the rational design of functional sequence-defined polymers. 

3.4 Introduction 

Nature uses sequence-defined polymers for molecular recognition, catalysis and information 

coding. DNA and proteins are biopolymers of specific lengths and sequences, allowing them to 

fold into highly functional macromolecules. To mimic such bio-macromolecules with artificial 

components, many new synthetic routes have been developed in the past few years.3,4 They rely 

on state-of-the-art polymerisation techniques,5–7 biopolymer templated synthesis8–10 or iterative 
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strategies.1,11–18 Among these, iterative approaches remain the method of choice to achieve the 

finest sequence-control. As demonstrated in the chapters 1 and 2, phosphoramidite chemistry on 

solid-phase has been shown to combine the advantages of high sequence precision,1,19–21 high 

degree of polymerisation,22 and water solubility of the resulting oligo(phosphodiester)s.23 Very 

high coupling yields and facile purification result in monodisperse oligomers and polymers. In 

addition, this chemistry has been the method of choice to make oligonucleotides for decades, thus 

leading to cost-effectiveness and ready scale-up.24 Few studies reported self-assembled structures 

with sequence-defined oligo(phosphodiester)s made of artificial building blocks.19,25–28 However, 

they do not integrate the use of multiple orthogonal interactions engineered in a sequence defined 

manner. Much like protein folding, these supramolecular interactions can result in controlled 

folding of single polymer chains and highly specific inter-chain assembly.29 Studying the influence 

of such interactions is of great interest in order to design functional precision macromolecules. 

The self-assembly of block copolymers (BCPs) has been extensively investigated for numerous 

applications including drug delivery, nanolithography, photoactive structures and porous 

materials.30 BCPs can self-assemble into a range of structures: from simple spherical micelles to 

semi-crystalline cylindrical structures, vesicles or nanosheets.31–35 The latter allow the 2D 

organization of organic and inorganic molecules with applications ranging from catalytic arrays, 

semiconductor materials or solar cells.36 Among BCPs, diblock copolymers (AB) have been the 

most studied, leading to a detailed understanding of their self-assembly by microphase separation 

between the blocks.37 The degree of polymerisation (N), the volume fraction of each block (f) and 

the Flory-Huggins parameter (χ), representative of the degree of incompatibility of both blocks, 

were shown to influence the polymer assembly at equilibrium in a non-solvent for one of the 

blocks. Block co-oligomers are block copolymers with low N. Some were shown to follow the 

assembly rules of BCPs but they sometimes have unusual behaviours especially when they are 

monodisperse.38–41 Systematic sequence variations of sequence-defined block co-oligomers could 

give further insight into their self-assembly, and would be valuable for the ultimate rational design 

of functional macromolecules. 

Herein, we report a method to readily synthesize sequence-defined block oligo(phosphodiester)s, 

rationally varying the three parameters (N, fA and χ) shown to influence self-assembly of block 

copolymers. The automated synthetic strategy was key to simultaneously generate several 
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sequences with different degree of polymerisation (N) and blocks ratio (fA). To implement π-π 

stacking interactions in the oligomers, we report the synthesis of a naphthalene containing 

monomer. Along with the hydrophilic and hydrophobic monomers used in an earlier report,1 and 

the “fluorophilic” monomer of Chapter 2, we could precisely engineer multiple orthogonal 

interactions in oligomers and vary the Flory-Huggins parameter (χ). A library of 15 monodisperse 

block-oligomers with various sizes and sequences was synthesized. Due to their anionic nature, 

they were easily purified and analyzed using methods that have been already developed for nucleic 

acids, such as gel electrophoresis. The oligomers self-assembled in magnesium containing buffers. 

Variation of monomer type, blocks ratio, and length of the oligomers resulted in spherical micelles 

of different size, and nanosheets. Interestingly, our studies revealed the dramatic morphological 

effect caused by very subtle differences in the oligomer sequence. For example, adding a single 

naphthalene monomer unit on the same block co-oligomer chain changed the morphology from 

spheres to nanosheets, and inverting the sequence of two blocks on the same oligomer caused an 

increase in micelle size. A number of trends in precision oligo(phosphodiester)s self-assembly 

were deduced from this investigation. They highlight the valuable insights into supramolecular 

behaviour that can be obtained with sequence-defined oligomers. 

3.5 Results and discussion 

3.5.1 Phosphoramidite monomers from diols 
We specifically chose four monomers that would allow us to engineer the hydrophobic effect, π-π 

stacking and the “fluorophilic” effect. The latter occurs when several perfluorocarbon chains show 

low affinity for surrounding molecules due to their amphiphobicity (ie hydrophobic and 

oleophobic). In the PFC-containing phosphoramidite (PFC) described in Chapter 2, the moiety of 

interest is a side chain. The other moieties used here are part of the oligomer backbone. They were 

made in a cost-effective and scalable manner through a simple synthetic strategy based on diol 

precursors. First, the diols were converted into mono DMT-protected alcohol and then turned into 

phosphoramidites as shown in Scheme 3.1. A large variety of monomers can be conceivably made 

through this simple method. Our group previously reported the synthesis of sequence-controlled 

polymers appended to DNA using monomers C12 (12 carbon alkyl chain) and HEG (hexaethylene 

glycol).1 Both were made from diol precursors and DNA oligomers containing these moieties were 

shown to self-assemble in water.19,25 We chose these two monomers as simple hydrophobic and 
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hydrophilic units respectively. For π-π stacking, we chose to synthesize a new monomer (NAP) 

that contains a naphthalene moiety. NAP synthesis started from 2,7 dihydroxynaphthalene which 

was turned to a suitable diol and transformed into a DNA synthesizer-compatible phosphoramidite 

(Scheme 3.2). NAP allows the oligomers to be UV-detectable, allowing their quantification 

through spectrophotometry. High efficiency couplings are achieved with C12, HEG, NAP and 

PFC showing that designing monomers using diols generally is an efficient strategy to generate 

sequence-controlled oligomers (Figure 3.2). 

 

Scheme 3.1. General strategy to obtain a DNA synthesizer-compatible monomer from a diol. 

 

 
Scheme 3.2. Synthetic pathway to make naphthalene-containing phosphoramidite monomer NAP. 

 

3.5.2 Synthesis of sequence-defined block co-oligomers with a DNA synthesizer 
Monomers HEG, C12, NAP and PFC were used to rationally design a library of sequence-

controlled oligomers with different sequences and degrees of polymerisation in an automated 

fashion (Figure 3.2). The four phosphoramidites were used in a standard DNA synthesizer along 

with commercially available DNA synthesis reagents. Coupling cycles were similar to DNA 

synthesis, but the coupling time was increased to 10 minutes and phosphoramidite concentration 
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was kept at ca. 0.1 M in dry dichloromethane. With full synthetic cycles of 15 minutes, the 

synthesis of a 10-mer takes no longer than 2.5 h. Some polymers were made from a divergent 

method. For example, oligomers A2 (HEG4-NAP2) and A3 (HEG4-NAP3) were made from the 

same Controlled Pore Glass (CPG) support. After 4 coupling cycles with HEG and two with NAP, 

half of the CPG beads were deprotected and half of it underwent a last coupling cycle with a NAP 

unit. This divergent technique allowed to synthesize twice more oligomers. As a conclusion, 

considering the synthesizer preparation, handling of the CPG and deprotection (2.5 h in a basic 

aqueous medium), the synthesis of a 15-member oligomer library shown here can take less than 9 

h with a common six ports MerMade® synthesizer. The phosphate groups of our polymers make 

them water-soluble, enhancing their great ease of manipulation. Similarly to nucleic acids, they 

can be quantified easily using UV absorbance at 260 nm and the extinction coefficient of NAP 

(see Section 3.7.4). The first series of oligomers (A) (Table 3.1) shows the possibility of making 

diblock copolymers with varying length and hydrophilic/hydrophobic ratios with monomers HEG 

and NAP. For example, A2 (HEG4-NAP2) and A4 (HEG4-NAP4) have different lengths and 

ratios while A4 (HEG4-NAP4) and A7 (HEG6-NAP6) only differ by the degree of 

polymerisation. Another series (B) shows sequences with up to four different artificial monomers 

(Table 3.1). While the A series involved more π-π stacking, the main supramolecular interactions 

for B oligomers are the hydrophobic and fluorophilic effect. For example, B2 (HEG4-NAP-

C124) and B4 (HEG4-NAP-PFC4) have similar length and sequence but the solvent 

incompatible block is mostly made of hydrophobic C12 in one case and fluorophilic PFC units in 

the other. Synthesis of co-oligomers where fluorophilic, hydrophobic and π-π stacking should 

influence self-assembly was also achieved in high yields with B5 (HEG6-NAP-PFC4-C124) and 

B6 (HEG6-NAP-C124-PFC4). 
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Figure 3.1.Strategy to obtain a library of precision oligomers with a DNA synthesizer. Chromatograms are 
from Reverse-Phase High Performance Liquid Chromatography (RP-HPLC) with detection at 260 nm. 
Gradients are detailed in Figure 3.11. 

Table 3.1. Yields and MS characterization of the library of oligomers.  
Oligomer Sequence HPLC Yields 

(%)a 

Calculated exact 

mass (g mol-1) 

Found exact massa 

(g mol-1) 

A1 HEG4-NAP 75 1736.72 1736.73 

A2 HEG4-NAP2 72 2158.91 2158.93 

A3 HEG4-NAP3 71 2581.10 2581.11 

A4 HEG4-NAP4 91 3003.28 3003.04 

A5 HEG4-NAP6 41 3847.67 3847.67 

A6 HEG6-NAP3 65 3269.35 3269.36 

A7 HEG6-NAP6 44 4535.92 4535.94 

A8 NAP8-HEG12 -b 7445.01 7445.12 

A9 NAP2-HEG4-NAP2 48 3003.28 3003.24 

B1 HEG4-C124-NAP 86 2793.32 2793.27 

B2 HEG4-NAP-C124 83 2793.32 2793.34 

B3 HEG6-NAP-C124 87 3481.57 3481.51 

B4 HEG4-NAP-PFC4 76 4132.79 4132.52 

B5 HEG6-NAP-PFC4-C124 79 5877.63 5877.72 

B6 HEG6-NAP-C124-PFC4 70 5877.63 5877.73 

a Yields were calculated through product peak area by RP-HPLC (260 nm detection) considering the relative 
absorbance of by-products. Yields could only be calculated from the first naphthalene introduction. b Yields 
could not be measured by HPLC since the hydrophilic HEG monomers were added after the NAP monomers. 
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3.5.3 Purification of sequence-defined oligo(phosphodiester)s 
All oligomers except A8 were purified through reverse-phase high-performance liquid 

chromatography. Indeed, the addition of a hydrophobic phosphoramidite (C12, NAP or PFC) 

during the last coupling cycle led to a clear shift between the full-length product and the by-

products on the chromatogram. Global yields were found to be very high in most cases (e.g. 

oligomer B5, 79 % for the last 8 couplings meaning an average of 97% per coupling, Table 3.1). 

Other types of sequence-defined polymers found in the literature are mostly isolated through 

reverse-phase HPLC.13,14 However, this method is not adapted to hydrophilic or long oligomers. 

For example, in the case of oligomer A8 (NAP8-HEG12), hydrophilic monomer HEG was added 

last. Thus, the full-length oligomer and the n-1 impurity (minus one HEG unit) would have similar 

retention times on a reverse-phase chromatogram. In the polymer chemistry field, Size Exclusion 

Chromatography (SEC) is used as a major characterization and sometimes purification method. 

However, in the case of sequence-defined polymers, the resolution achieved by SEC is not good 

enough to obtain good separation between a polymer and a n-1 impurity.17 Our 

oligo(phosphodiester)s have the same anionic backbone as nucleic acids. Therefore, we tried to 

apply typical procedures used for DNA purification. Anionic exchange chromatography was 

considered but did not lead to satisfactory results in our case due to the oligomer self-assembly at 

high salt concentration. We also wanted to apply the “DMT-on” purification method. This strategy 

relies on leaving the hydrophobic DMT group on the last monomer added so that a clear shift is 

observed using reverse-phase chromatography. In the case of a model DNA 19mer with a DMT 

moiety at the 5’ end, the DMT stayed on under usual HPLC conditions. However, it fell off from 

another strand modified at the 5’ end with 6 C12. Therefore, this strategy is difficult to apply to a 

variety of oligomers (Figure 3.2). 
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Figure 3.2. HPLC purification of DMT-on oligomers. RP-HPLC traces (UV 260 nm). Top: DNA with 
DMT-on. Peak area corresponding to DMT-off product is only 8 % the one for DMT-on. Run performed 
at 60 °C. Gradient: 3 to 50% ACN in 30 minutes. Bottom: DNA-C126 with DMT on. At 60 °C, the peak 
area corresponding to DMT-off product is 38 % the one for DMT-on. Moreover, this percentage decreased 
(30 %) if the temperature is set at 30 °C showing that some DMT cleavage is due to the HPLC run itself. 
Gradient: 3 to 80 % in 30 minutes. DNA sequence: 5’-TTTTTCAGTTGACCATATA-3’ with 6 C12 at the 
5’ end. 

We considered another classic method for DNA chemists more adapted to anionic oligomers: 

electrophoresis. This method was recently applied by Sutton and coworkers for the separation of 

oligo(acrylic acid)s through free solution capillary electrophoresis.42 We observed that oligomers 

containing NAP could be visualized after running polyacrylamide gel electrophoresis (PAGE) and 

staining with GelRed®, a molecule used to stain DNA (Figure 3.3). The cationic and aromatic 

GelRed® molecules most likely interact electrostatically with the anionic oligo(phosphodiester)s, 

and with NAP units via π-π stacking. This experiment showed clear electrophoretic mobility 

differences between oligomers of different size and sequence. With oligo(phosphodiester)s, PAGE 

appeared as a way to differentiate oligomers similar in size. Therefore, it can be used more 

accurately than SEC. Oligomers A6, A7 and A8 were purified via PAGE. They were loaded and 

run on a 20 % polyacrylamide gel and visualized with UV light (Figure 3.3). Main bands were 

excised, extracted from the gel using the “crush and soak” technique (see Section 3.7.6) and salt-

purified using a small SEC filter. Hence, we showed that such polymers can be purified through 

gel electrophoresis due to their anionic nature leading to a truly monodisperse population of 

oligomers.  
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Figure 3.3. Gel electrophoresis analysis and purification of unnatural oligo(phosphodiester)s. (a) Schematic 
representation of the repeat units and the oligomers. (b) PAGE analysis (20 % in denaturing conditions) of 
the crude mixtures of oligomers obtained after cleavage from solid support. Interestingly, HEG4-NAP6 
seems to self-assemble even in denaturing conditions (non-penetrating band). (c) Visualization of oligomers 
A6 and A7 through UV 254 nm illumination of a 20 % polyacrylamide gel on a fluorescent TLC plate. 

 

3.5.4 Self-assembly characterization 
The amphiphilic nature of our oligomers made them good candidates for self-assembly in aqueous 

solvents. Inspired by previous work in our group,1 we decided to mainly study the self-assembly 

properties of our oligomers in magnesium containing buffers (TAMg, see Section 3.7.1). Divalent 

magnesium cations interact with the phosphate negative charges minimizing repulsion between 

anionic oligomers. This allows the formation of micelles with a phosphate-containing hydrophobic 

core like in Chapter 2. Strikingly, the high solubility of all oligomers A and B in water due to the 

phosphate groups allows them to directly self-assemble from the dry state to the aqueous state. To 

ensure clean self-assembly of our oligomers, we annealed them by heating to 95 °C and cooling 

in 1 hour to 4 °C. Annealing prevents the formation of kinetically trapped nanostructures and 

favors the thermodynamic product. To characterize our structures, we performed Atomic Force 

Microscopy (AFM), Dynamic Light Scattering (DLS) and Agarose Gel Electrophoresis (AGE). 

AFM was performed in dry conditions first. We started our study with oligomer A4 (HEG4--

NAP4). Since typical procedures such as the ones used for the “DNA-Teflon” micelles did not lead 

to consistent results, we mainly explored three parameters: (i) the number of washing steps after 

sample deposition, (ii) the concentration of nanostructure and (iii) the buffer used. All these 

parameters play a crucial role in the nanostructure integrity and its ability to interact with the 

negatively charged mica surface. First, we tried to vary the buffer and the concentration of sample 

between 1 and 100 μM. Images obtained were not reproducible which made us hypothesize that 

the washing step with water following the sample deposition was disrupting the assembly. In dry 
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conditions, salts from buffers can sometimes form aggregates that may be interpreted as 

nanostructures from the sample. To allow the use of unwashed samples, we decided to image a 

buffer control at the beginning of each AFM session. We never observed structures similar to the 

ones described in this chapter. While low nanostructure concentration still did not lead to 

consistent results, raising the sample concentration to 100 μM, we started to observe reproducible 

patterns (Figure 3.4). 

 
Figure 3.4. Dry AFM images of HEG4-NAP4 from 100 μM sample in TAMg. 

Increasing the concentration of Mg2+ 5-fold (TA5Mg buffer) and using Nickel (II) to favour the 

interaction of the negatively charged phosphates with the mica43 was the most successful strategy 

to image our nanostructures. Under such conditions, we were able to observe our structures 

consistently, provided that a salt layer was formed (Figure 3.5).  

 
Figure 3.5. Dry AFM images of control and HEG4-NAP4 from 10 μM sample in TA5Mg+NiCl2. We 
observed the formation of a salt layer as shown on the control. Nanostructures are deposited on the salt 
layers, most probably due to electrostatic interactions with Ni2+ and Mg2+. 
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These conditions allowed us to conclude that A4 (HEG4--NAP4) and A7 (HEG6-NAP6), formed 

nanosheets of uniform height (Figure 3.6). The average height in dry images was difficult to 

evaluate, as magnesium and nickel salt deposits resulted in a non-uniform background layer on 

mica. Liquid AFM was also successfully performed on A4 confirming self-assembly as nanosheets 

on mica. The average height of A4 is 5.7 nm. 

 
Figure 3.6. AFM images of HEG4-NAP4 and HEG6-NAP6 from 50 μM sample in TA5Mg+NiCl2. 

Low voltage Transmission Electron Microscopy (TEM) was also performed with A4 (HEG4-

NAP4). Uniform nanosheets were observed further confirming the assembly observed by AFM 

(Figure 3.7). Sequence-defined peptoids and pyrene-based oligo(phosphodiester)s nanosheets 

have attracted significant interest due to potential applications in organic materials templated 

growth.44,45 However, examples of sequence-defined nanosheets are rare and usually involve only 

rigid monomers and short sequences. In our case, the possibility of making such sheets in the 

presence of the flexible HEG corona highlights the great stability of the sheets core. 
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Figure 3.7. TEM images of HEG4-NAP4 from 25 μM sample in TA5Mg 

Under similar conditions, AFM showed the formation of spherical micelles with oligomers A8 

(HEG12-NAP8), B2 (HEG4-NAP-C124), B3 (HEG6-NAP-C124), B5 (HEG6-NAP-PFC4-C124) 

and B6 (HEG6-NAP-C124-PFC4) despite the smaller contact area between the mica and the 

nanostructures (Figure 3.8 and Section 3.7.8). 

 

Figure 3.8. Representative AFM images of A8, B3 and B5 forming spherical micelles. Dry conditions for 
A8 from a 10 µM sample in TA5Mg+NiCl2, fluid conditions for B3 and B5 from a 50 µM and 1 µM 
respectively in TA5Mg +NiCl2.  

To study our oligomers in solution, we also performed Dynamic Light Scattering (DLS) 

measurements. The technique allowed us to estimate the diffusion coefficient and polydispersity 

index of our structures (Table 3.2). Most spherical micelle forming oligomers led to signals 
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confirming their self-assembly into discrete highly monodisperse nanostructures. Hydrodynamic 

diameters were calculated using a globular protein model (Table 3.2). This gives a good estimation 

of the size of the spherical micelles in solution (see section 3.5.5 for analysis). As expected, 

nanosheet forming structures had a greater polydispersity index and a smaller diffusion coefficient 

than the other structures. A1 (HEG4-NAP) and A2 (HEG4-NAP2) had similar signal as the buffer 

control, showing that they do not self-assemble under the conditions explored. Over-scattering was 

often observed in the case of A5 (HEG4-NAP6), A9 (NAP2-HEG4-NAP2), B1 (HEG4-C124-

NAP), B2 (HEG4-NAP-C124) and B4 (HEG4-NAP-PFC4). We hypothesize their self-

assembly may induce the formation of some large aggregates at the concentration (25 µM) used 

for DLS. 

Table 3.2. Self-assembly characterization of the oligomers made. 
Name Sequence Morphology in 

aqueous mediuma 

Diffusion 

coefficient  

(10-7 cm2.s-1) b 

Hydro-

dynamic 

diameterc (nm) 

Poly-

Dispersity 

Indexb (%) 

A1 HEG4-NAP Unimers (D) -d - - 

A2 HEG4-NAP2 Unimers (D) -d - - 

A3 HEG4-NAP3 Spherical (A/D/G) 3.00 ± 0.04 16.0 ± 0.2 7 ± 2 

A4 HEG4-NAP4 Nanosheets (A/D/G) 0.44 ± 0.02 109± 5e 17 ± 5 

A5 HEG4-NAP6 Not determined -f - - 

A6 HEG6-NAP3 Spherical (D/G) 3.10 ± 0.03 15.5 ± 0.2  12 ± 3 

A7 HEG6-NAP6 Nanosheets (A/D/G) 1.0 ± 0.1 50 ± 5e
 38 ± 8 

A8 HEG12-NAP8  Spherical (A/D) 1.14 ± 0.03 42 ± 1 12 ± 6 

A9 NAP2-HEG4-NAP2 Not determined -f - - 

B1 HEG4-C124-NAP Spherical (G) -f - - 

B2 HEG4-NAP-C124 Spherical (G) -f - - 

B3 HEG6-NAP-C124 Spherical (A/D/G) 3.7 ± 0.1 13.0 ± 0.5 7 ± 4 

B4 HEG4-NAP-PFC4 Spherical (G) -f - - 

B5 HEG6-NAP-PFC4-C124 Spherical (A/D/G) 2.77 ± 0.08 17.4 ± 0.5 12 ± 6 

B6 HEG6-NAP-C124-PFC4 Spherical (A/D/G) 2.16 ± 0.09 22 ± 1 15 ± 6 

a Methods of morphology determination is between parentheses. A=AFM, D=DLS, G=Gel electrophoresis. 
b Measured by DLS, 25 µM c Obtained from calculations from DLS data using a globular protein model d 
Results seem to show the presence of only very small particles. e. Hydrodynamic diameters are reported for 
comparisons even if these structures are not necessarily spherical in solution. f. Over-scattering was observed. 
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We performed a similar Agarose Gel Electrophoresis (AGE) study as in Chapter 2 to gather more 

information about our oligomers self-assembly. As explained before, agarose gels large pores size 

allows constructs such as self-assembled nanostructures to go through the gel. In the case of the 

library of oligomers that we describe here, diblock oligomers A3 (HEG4-NAP3), A6 (HEG6-

NAP3) as well as B1 (HEG4-C124-NAP) to B6 (HEG6-NAP-C124-PFC4) have similar 

mobility behavior as DNA-polymer micelles reported in Chapter 2 which is in accordance with 

the AFM and DLS results (Figure 3.9). Oligomers A4 (HEG4-NAP4), A5 (HEG4-NAP6) and A7 

(HEG6-NAP6) do not show discrete bands on these gels but smearing bands or non-penetrating 

material. This observation is consistent with the sheets observed by AFM and TEM for A4 and 

A7. Hence, AGE is a valuable inexpensive method to qualitatively characterize the self-assembly 

behavior of various nanostructures at once. This is of great interest for relating the influence of 

degree of polymerisation, sequence and chemical composition with self-assembly. 

 
Figure 3.9. 2.5 % AGE in TAMg of some of the oligomers made. Oligomers that run with similar mobility 
than a DNA 500mer are thought to form spherical micelles. A4 and A6 were proven to form higher order 
assembly, leading to a different behavior on gel. 

 

3.5.5 Influence of sequence on self-assembly 
Taken together, our results can lead to multiple conclusions regarding the influence of parameters 

such as size, composition and supramolecular interactions involved in the self-assembly of 

sequence-defined oligomers. A1 (HEG4-NAP) to A5 (HEG4-NAP6) were designed to gradually 



136 
 

increase the hydrophobic content and π-π stacking interactions while keeping the hydrophilic part 

constant. This series shows the potential of precision polymers, which allow the systematic 

analysis of very subtle differences of single monomer units between oligomers. We showed 

through Dynamic Light Scattering that A1 (HEG4-NAP) and A2 (HEG4-NAP2) do not self-

assemble (Table 3.2). This result was expected considering their low hydrophobic content. A3 

(HEG4-NAP3), with one additional NAP monomer, formed spherical micelles with a NAP-

containing core and a HEG corona. A2 and A3 only differ by one NAP monomer. Interestingly, 

adding another NAP monomer (A4, (HEG4-NAP4)) radically changed the mode of assembly of 

the oligomer: nanosheets were observed on mica with AFM (Figure 3.6) and on carbon films with 

TEM (Figure 3.7). DLS and AGE also suggested the formation of higher-order structures (Table 

3.2, Figure 3.9). This result is in accordance with the subtle NAP/HEG ratio increase from A3 

(3:4) to A4 (4:4). This drastic change in assembly between two similar oligomers is striking, 

compared to conventional BCPs. In the case of sequence-defined oligomers, only one monomer 

can trigger self-assembly from spherical micelles to nanosheets.  

A6 (HEG6-NAP3) was designed to have similar hydrophobic content as A3 (HEG4-NAP3) but 

two more hydrophilic HEG units. We hypothesized that A6 would form spherical micelles with a 

larger hydrophilic corona. However, DLS and AGE seem to show that A6 micelles are comparable 

or even smaller in size than A3, suggesting that A6 possibly assembles with a denser chain-packing 

than A3 (Table 3.2, Figure 3.9). On the other hand, A8 (HEG12-NAP8) was designed to have a 

similar HEG to NAP ratio as A3 but a higher degree of polymerization. We observed that both 

oligomers form spherical micelles, but the diameter of A8 is much larger than A3 (Table 3.2). 

Thus, a small increase in hydrophilic content did not lead to a micelle diameter increase, but a 

higher degree of polymerization led to larger micelles. 

In the case of nanosheets, A4 (HEG4-NAP4) and A7 (HEG6-NAP6) have the same HEG:NAP 

ratio, and only differ by their degree of polymerization. As expected, they formed similar lamellae 

structures (Figure 3.6). However, contrary to the case of A8 (HEG12-NAP8) and A3 (HEG4-

NAP3), the higher DP nanostructures have a larger diffusion coefficient, implying that A7 forms 

smaller structures than A4 (Table 3.2).  

The B series of oligomers was designed to gather information on the influence of different 

supramolecular interactions on self-assembly. We could change the type of interaction by changing 
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the nature of the monomers involved. For example, B2 (HEG4-NAP-C124) and B4 (HEG4-

NAP-PFC4) differ by the type of monomers involved but have similar degrees of 

polymerization and block copolymer ratios. Using agarose gel electrophoresis, B2 appears 

to have a different size than B4, indicating that using PFC leads to different micelle 

morphology than C12 (Figure 3.9). 

We designed B5 (HEG6-NAP-PFC4-C124) and B6 (HEG6-NAP-C124-PFC4) because lipophilic 

and fluorophilic triblocks copolymers can sometimes induce unusual morphologies as reported 

elsewhere.46 In our case, AFM, DLS and AGE results showed the presence of spherical micelles. 

The significant diameter difference of B5 (HEG6-NAP-PFC4-C124) (17.4 nm) and B6 (HEG6-

NAP-C124-PFC4) (21.6 nm) observed by DLS in solution (Table 3.2) highlights the crucial role 

of the oligomer sequence. On the contrary, by AGE, it seems that B5 is actually bigger in size 

compared to B6. We hypothesize that AGE and DLS give indications about different parameters 

of the micelles. For example, the continuous current used for AGE may create slight micelle 

deformation during the run. Indeed, these two oligomers have similar degree of polymerisation 

and composition but the fluorophilic and lipophilic blocks positions are inverted. 

Through the design and synthesis of oligomers A and B, we observed self-assembly trends 

depending on the size, blocks ratio, blocks position and monomer nature of each oligomer. Some 

parameters dictated very different behaviours. For example, oligomers A3 (HEG4-NAP3) and A4 

(HEG4-NAP4) only differ by one monomer but have radically different modes of assembly. These 

conclusions give insight into the self-assembly of oligo(phosphodiester)s and can be used to 

rationally design nanostructures for specific applications. 

 

3.6 Conclusions 

In conclusion, we demonstrated the rapid synthesis of a new class of self-assembling sequence-

defined block oligomers with rational variation of the degree of polymerisation – i.e., increasing 

the number of monomers one by one in a monodisperse chain, block ratio, monomer type and 

supramolecular interactions. We designed four monomers to introduce hydrophobic and 

fluorophilic effects as well as π-π stacking in the final oligomers. Purification was achieved using 

reverse-phase chromatography or simple electrophoresis techniques. Block co-oligomers obtained 
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were truly monodisperse. Self-assembly experiments revealed the formation of spherical micelles 

of different sizes as well as two-dimensional nanosheets. This diversity demonstrates how the 

variety of interactions introduced through several monomers is of great interest for self-assembly 

purposes. For a given oligomer, our observations were systematically compared to the ones 

obtained with oligomers of different length, sequence or chemical composition. They revealed 

how these parameters influenced the constructs size and modes of assembly. Perfect sequence- 

and length-control was found to be a determinant parameter in the self-assembly process. Indeed, 

a small modification in the sequence can have a drastic effect in the nanostructure output (size or 

shape).  

Automated synthesis provides the possibility to rationally study new parameters in block 

copolymer assembly, such as addition of a single monomer to a chain, or inversion of polymer 

sequence. It can significantly broaden our understanding of sequence-defined oligomers and paves 

the way to the design of functional precision polymers. 

 

3.7 Experimental section 

3.7.1 Chemicals 
All starting materials were obtained from commercial suppliers and used without further 

purification unless otherwise noted. Acetic acid, Boric acid, solvents were purchased from Fisher 

Scientific. Choroform-d1 was purchased from Cambridge Isotope Laboratories. Importantly, it 

was stored on molecular sieves in order to keep it neutral. If used as sold, hydrolysis of 

phosphoramidite (fast) as well as DMT deprotection (slow) may be observed. GelRed™ nucleic 

acid stain was purchased from Biotium Inc. Concentrated ammonium hydroxide, ammonium 

persulfate, acrylamide/Bis-acrylamide (40 % 19:1 solution) and TEMED were obtained from 

Bioshop Canada Inc. and used as supplied. 1 µmol Universal 1000Å LCAA-CPG supports and 

standard reagents used for automated DNA and RNA synthesis were purchased through 

Bioautomation. N,N-diisopropylamino Cyanoethyl phosphonamidic-chloride (CEP-Cl) and 

DMT-hexaethyloxy glycol (cat.# CLP-9765) phosphoramidites were purchased from Chemgenes. 

Sephadex G-25 (super fine, DNA grade) was purchased from Glen Research. All other reagents 

were obtained from Sigma-Aldrich. TEAA (triethylammonium acetate) buffer is composed of 50 
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mM TEA with pH adjusted to 8.0 using glacial acetic acid. TBE buffer is 90 mM Tris, 90 mM 

boric acid and 1.1 mM EDTA with a pH of 8.0. TAMg buffer is 40 mM Tris, 7.6 mM magnesium 

chloride and 1.4 mM acetic acid. TA5Mg buffer is similar than TAMg but with 38 mM magnesium 

chloride. Muscovite Ruby mica sheets (grade 2) were used as substrate for all AFM imaging 

studies. Scan-Asyst Fluid + AFM cantilevers were purchased from Bruker. Electron microscopy 

(EM) grids were purchased from Pacific Grid Tech. 

 

3.7.2 Instrumentation 
Standard automated solid-phase synthesis was performed on a Mermade MM6 synthesizer from 

Bioautomation. HPLC purification was carried out on an Agilent Infinity 1260. DNA and 

oligomers quantification measurements were performed by UV absorbance with a NanoDrop Lite 

spectrophotometer from Thermo Scientific. For structure assembly, Eppendorf Mastercycler 96-

well thermocycler and Bio-Rad T100TM thermal cycler were used to anneal all oligomers. 

Polyacrylamide Gel Electrophoresis (PAGE) experiments were carried out on a 20 X 20 cm 

vertical Hoefer 600 electrophoresis unit while agarose gel electrophoresis (AGE) experiments 

were performed with an Owl Mini gel electrophoresis unit. Gel images were captured using a 

ChemiDocTM MP System from Bio-Rad Laboratories. Gel images were captured using a 

ChemiDocTM MP System from Bio-Rad Laboratories. Dry solvents were taken from an Innovation 

Technology device. High Resolution mass determination was achieved using a Bruker Maxis API 

(Atmospheric pressure ionization) QTOF or a THERMO Exactive Plus Orbitrap-API. Liquid 

Chromatography Electrospray Ionization Mass Spectrometry. Liquid Chromatography 

Electrospray Ionization Mass Spectrometry (LC-ESI-MS) of oligomers was carried out using 

Dionex Ultimate 3000 coupled to a Bruker MaXis Impact™ QTOF. Dynamic Light Scattering 

(DLS) experiments were carried out using a DynaPro™ Instrument from Wyatt Technology. AFM 

was performed with a MultiModeTM MM8 SPM connected to a NanoscopeTM controller, from 

the Digital Instruments Veeco Metrology Group. TEM was performed with a LVEM5 from 

Delong America. The NMR spectra were recorded on Bruker 400 MHz, 500 MHz, Varian 300 

MHz or 400 MHz for 1H, 13C and 31P with chloroform-d1 (δ 7.26, 1H; δ 77.16, 13C) or acetone–d6 

(δ 2.04, 1H; δ 29.8, 13C) as internal lock solvents and chemical shift standard. 
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3.7.3 Small molecule synthesis 
 

Synthesis of PFC has been reported in Chapter 2. 

3.7.3.1 12-(Bis(4-methoxyphenyl)(phenyl)methoxy)dodecan-1-ol, C12’. 

 
1,12-dodecanodiol (6 g, 29.65 mmol) was dissolved in anhydrous pyridine (30 mL) and DMTCl 

(10.04 g, 29.65 mmol) was added in small portions over 30 minutes. Reaction mixture was stirred 

for 2h at RT and pyridine was removed in vacuo, leaving dark orange dense oil. Crude material 

was purified by chromatography on triethylamine pre-treated silica gel with slow gradient of 

EtOAc/n-hexane with 1 % of NEt3. Target material was collected at 15-20 % EtOAc/Hexane, 

solvent evaporated and product obtained as a pale yellow very viscous oil. (4.17 g, 31 %). 

Characterization data matched those reported elsewhere.47 

HRMS (ESI-QTOF) m/z: [M + Na]+ Calcd for C33H44O4Na 527.3132; Found 527.3124. 

1H NMR (400 MHz, Acetone-d6) δ 1.35-1.42 (m, 16H), 1.48-1.55 (m, 2H), 1.58-1.65 (m, 2H), 

3.06 (t, J = 6.5Hz, 2H), 3.42 (br. s, 1H), 3.53 (t, J = 6.5Hz, 2H), 3.77 (s, 6H), 6.87 (d, J = 8.9 Hz, 

4H), 7.18-7.22 (m, 1H), 7.25-7.37 (m, 6H), 7.45-7.48 (m, 2H).  

13C NMR (100 MHz, Acetone-d6) δ 26.7-33.8, 55.4, 62.5, 63.9, 86.4, 113.7, 127.3, 128.4, 128.9, 

130.8, 137.4, 146.6, 159.4. 

3.7.3.2 12-(Bis(4-methoxyphenyl)(phenyl)methoxy)dodecyl (2-cyanoethyl) 

diisopropylphosphoramidite, C12. 

 
Monoprotected diol C12’ was suspended in toluene and solvent was evaporated under reduced 

pressure (60 °C). The operation was repeated once and the dried compound was kept under high 

vacuum for at least 5 hours. In a 50 mL oven-dried round bottom flask, molecule C12’ (191 mg, 

0.38 mmol, 1 equiv.) is dissolved in 1.2 mL of THF. 5-(ethylthiotriazole) (ETT, 2.25 mL, 0.25 M 

in acetonitrile, 0.94 mmol, 1.5 equiv.) is added under vigorous stirring. 3-
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((bis(diisopropylamino)phosphanyl)oxy)propanenitrile (210 µl, 0.84 mmol, 2.2 equiv.) is added 

on the reaction medium. The reaction is left under stirring during 5 hours. Solvent is evaporated 

under reduced pressure. Molecule C12 is purified by column chromatography. The mix of solvents 

used was hexanes/ethyl acetate/TEA (90:10:2) and was degassed before use. Compound C12 was 

obtained in a yield of 226 mg as a colorless oil. Yield: 85 %. Characterization data matched those 

reported elsewhere.47 

HRMS (ESI-QTOF) m/z: [M + H]+ Calcd for C42H62O5N2P 705.4391; Found 705.4382. 

1H NMR (500 MHz, Acetone-d6) δ 7.47-7.44 (m, 2H), 7.34-7.28 (m, 6H), 7.23-7.19 (m, 1H), 6.89-

6.86 (m, 4H), 3.89-3.80 (m, 2H), 3.78 (s, 6H), 3.70-3.59 (m, 4H), 3.05 (t, J = 7Hz, 2H), 2.74 (t, J 

= 6Hz, 2H), 1.64-1.58 (m, 4H), 1.41-1.36 (m, 4H), 1.35-1.28 (m, 12H), 1.19 (dd, J = 4, 7Hz, 12H). 

13C NMR (126 MHz, Acetone-d6) δ 159.5, 146.7, 137.5, 130.9, 129.0, 128.5, 127.4, 113.8, 86.5, 

64.4, 64.2, 63.9, 59.5, 59.3, 55.5, 43.8, 43.7, 32.1, 32.0, 30.8, 30.4, 30.3, 30.2, 27.1, 26.7, 24.9, 

24.9, 20.8, 20.7. 

31P NMR (203 MHz, Acetone-d6): δ (ppm) 147.0. 

3.7.3.3 6,6'-(Naphthalene-2,7-diylbis(oxy))bis(hexan-1-ol), NAP’’. 

 
An oven dried round-bottom flask was charged with 2,7-dihydroxynaphthalene (2 g, 12.5 mmol), 

K2CO3 (5.18 g, 37.5 mmol) and Bu4NI (461 mg, 1.25 mmol), atmosphere was exchanged to argon 

and anhydrous DMF (20 mL) was added followed by 6-bromohexanol (5.65 g, 31.25 mmol). 

Reaction mixture was stirred at RT for 48h until TLC analysis confirmed consumption of starting 

material, quenched with water (100 mL) and product extracted with CH2Cl2 (3 x 50 mL), dried 

over MgSO4 and solvent evaporated under vacuum. Crude product was purified by 

chromatography with n-hexane/EtOAc eluent, collecting desired material at 40-60 % of EtOAc. 

Product was isolated as a white solid: 2.2 g, 64 %. Characterization data matched those reported 

elsewhere.48 
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1H NMR (400 MHz, CDCl3) δ 1.23 (t, J = 5.3 Hz, 2H), 1.44-1.90 (m, 16H), 3.68 (dt, J = 6.3, 5.4 

Hz, 4H), 4.07 (t, J = 6.5 Hz, 4H), 6.98 (dd, J = 8.8, 2.4 Hz, 2H), 7.03 (d, J = 2.3 Hz, 2H), 7.64 (d, 

J = 8.8 Hz, 2H). 

13C NMR (100 MHz, CDCl3) δ 25.5, 25.9, 29.2, 32.6, 62.9, 67.8, 106.0, 116.2, 124.1, 129.0, 135.9, 

157.6. 

3.7.3.4 6-(7-(6-(Bis(4-methoxyphenyl)(phenyl)methoxy)hexyloxy)naphthalen-2-

yloxy)hexan-1-ol, NAP’. 

 

NAP’’ (2.0 g, 5.55 mmol) was dissolved in anhydrous CH2Cl2 (50 mL). Freshly distilled 

triethylamine (2.5 mL) was added followed by DMTCl (2.1 g, 5.55 mmol) added portionwise over 

30 minutes. Reaction mixture was stirred at RT for 16 hours. Solvents were removed under vacuum 

to form yellow dense oil which was purified by chromatography on triethylamine pre-treated silica 

gel with n-hexane/EtOAc with 1 % of NEt3. Desired material was collected at 40-50 % EtOAc/n-

hexane as very viscous yellow oil: 1.1 g (30 %).  

HRMS (ESI-QTOF) m/z: [M + K]+ Calcd for C43H50O6K 701.3239; Found 701.3254.  

1H NMR (400 MHz, Acetone-d6) δ 1.42-1.87 (m, 16H), 3.08 (t, J = 6.4 Hz, 2H), 3.42 (t, J = 5.2 

Hz, 1H), 3.54-3.59 (m, 2H), 3.76 (s, 6H), 4.05-4.09 (m, 4H). 6.86 (d, J = 8.9 Hz, 4H), 6.96 (ddd, 

J = 8.6. 6.0, 2.4 Hz, 2H), 7.16-7.35 (m, 9H), 7.47 (d, J = 7.5 Hz, 2H), 7.68 (dd, J = 8.9, 1.2 Hz, 

2H).  

13C NMR (100 MHz, Acetone-d6) δ 26.5-33.7, 55.5, 62.4, 63.8, 68.4, 68.5, 86.5, 106.9, 113.8, 

117.0, 125.1, 127.4, 128.5, 129.0, 129.8, 130.8, 137.3, 137.4, 146.6, 158.6, 159.5. 
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3.7.3.5 6-((7-((6-(Bis(4-methoxyphenyl)(phenyl)methoxy)hexyl)oxy)naphthalen-2-

yl)oxy)hexyl (2-cyanoethyl) diisopropylphosphoramidite, NAP. 

 

Monoprotected diol NAP’ was suspended in toluene and solvent was evaporated under reduced 

pressure (60 °C). The operation was repeated once and the dried compound was kept under high 

vacuum for at least 5 hours. In the glovebox, 416 mg of NAP’ (0.63 mmol) were then dissolved in 

anhydrous THF (1 mL) and 0.23 mL of ETT activator, 0.25 M in dry acetonitrile, (0.94 mmol, 1.5 

equiv., 4.8 mL) was added to the reaction medium under stirring. 2-Cyanoethyl N,N,N’,N’-

tetraisopropyl phosphoramidite (0.50 mL, 1.57 mmol, 2.5 equiv.) was added slowly and the 

reaction was allowed to stir under inert gas at room temperature overnight. Solvent was evaporated 

under reduced pressure (40 °C). The crude product was loaded on a 25 g SiO2 column and purified 

using a 90/10/1 Hexanes/Ethyl acetate/Triethylamine mixture in ~3 column volumes (CV). A clear 

transparent oil was isolated (424 mg, 78 %). NMR purity>95 %. 

HRMS (ESI-QTOF) m/z: [M + H]+ Calcd for C52H68N2O7P 863.4759; Found 863.4745.  

1H NMR (500 MHz, CDCl3): δ (ppm) 7.63 (dd, J=2, 9Hz, 2H), 7.45-7.43 (m, 2H), 7.33 (d,  J=9Hz, 

4H), 7.29-7.26 (m, 2H), 7.21-7.18 (m, 1H), 7.02 (s, 1H), 7.01 (s, 1H), 6.98-6.95 (m, 2H), 6.81 (d, 

J=9Hz, 4H), 4.04 (q,  J=7Hz, 4H), 3.88-3.76 (m, 8H), 3.71-3.66 (m, 1H), 3.63-3.57 (m, 3H), 3.06 

(t, J=7Hz, 2H), 2.62 (t, J=7Hz, 2H), 1.88-1.80 (m, 4H), 1.70-1.63 (m, 4H), 1.54-1.45 (m, 8H), 1.18 

(dd, J=3, 7Hz, 12H).  

13C NMR (126 MHz, CDCl3): δ (ppm) 158.4, 157.8, 157.7, 145.6, 139.8, 136.9, 136.1, 130.2, 

129.2, 128.3, 127.8, 126.7, 124.3, 117.8, 116.4, 116.3, 113.1, 106.1, 85.8, 68.0, 67.9, 63.8, 63.6, 

63.4, 58.5, 58.3, 55.3, 43.2, 43.1, 31.3, 31.3, 30.2, 29.4, 29.4, 26.3, 26.2, 26.0, 25.9, 24.8, 24.8, 

24.7, 20.5, 20.5. 

31P NMR (203 MHz, CDCl3): δ (ppm) 147.3. 
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3.7.4 Determination of absorption coefficient of 2,7-dihydroxynaphthalene and 

oligomers 
2,7-dihydroxynaphtalene was dissolved in water at the concentrations 306, 312 and 409 µM. 

Absorbance at 260 nm of several dilutions of each sample was measured with a spectrophotometer.  

 
Figure 3.10. Absorbance as a function of 2,7-dihydroxynaphtalene concentration. One representative 
sample is shown. 

Correlation coefficient (R2) being close to .0.999 for the three samples, extinction coefficient could 

be calculated thanks to the Beer-Lambert law: A= ε * l * C. A being the absorbance of the sample, 

ε the extinction coefficient of 2,7-dihydroxynaphtalene (M-1.cm-1), l the width of the cuvette (cm) 

and C the concentration of the sample (M). Taking the average value for each sample, it was 

concluded that ε=2.80 mM-1.cm-1. 

 

3.7.5 Solid-phase synthesis 
Standard oligomer synthesis was performed on a 1 μmol scale, starting from a universal 1000 Å 

LCAA-CPG solid support. Amidite HEG was dissolved in dry acetonitrile and all other amidites 

were dissolved in dry DCM to obtain 0.1 M solutions. Extended coupling times of 10 minutes 

were used. Other reagents (oxidizing solution, capping solutions, activator solution) are the same 

than for standard DNA synthesis. Removal of the DMT protecting group was carried out using 3 

% dichloroacetic acid in dichloromethane on the DNA synthesizer. 

Completed syntheses were cleaved from the solid support and deprotected in a 1:1 mixture 28 % 

aqueous ammonium hydroxide solution/methylamine 40 wt.% in H2O for 2.5 h at 60 °C. The crude 

product solution was separated from the solid support and concentrated under reduced pressure at 

60 °C. This crude solid was re-suspended in 1 mL Millipore water. Filtration with 0.22 μm 
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centrifugal filter was performed prior to HPLC purification. The resulting solution was quantified 

by absorbance at 260 nm.  

To quantify the oligomers in solution, absorbance at 260 nm was measured using a Nanodrop Lite 

spectrophotometer. Extinction coefficients were calculated according to the following formula: 

ε= εNAP x number of NAP in the sequence with εNAP=2.80 mM-1.cm-1. This coefficient has been 

measured through standard methods detailed in Section 3.7.4. 

 

For HPLC purification, solvents were (0.22 μm filtered): 50 mM triethylammonium acetate 

(TEAA) buffer (pH 8.0) and HPLC grade acetonitrile. Column: Hamilton PRP-C18 5 μm 100 Å 

2.1 x 150 mm was used at 60 °C. For each analytical separation approximately 0.5 OD260 of crude 

oligomer was injected as a 20-50 μL solution in Millipore water. Detection was carried out using 

a diode-array detector, monitoring absorbance at 260 nm. 
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Figure 3.11. Reverse-phase HPLC traces (UV detection, 260 nm) from oligomers. Crude mixtures were 
injected, gradient used is from 3 to 80 % ACN in 40 minutes for oligomers A1 to A7 except A4. Other 
oligomers were purified using a gradient from 3 to 80 % ACN in 30 minutes. 

Oligomer B1 

Oligomer B2 

Oligomer B3 

Oligomer B4 

Oligomer B5 

Oligomer B6 
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3.7.6 Gel electrophoresis purification 
For NAP8-HEG12, purification could not be carried out using RP-HPLC, HEG being the last 

monomer added. In that case as well as in the cases of HEG6-NAP3 and HEG6-NAP6, crude 

products were purified on 20 % polyacrylamide gels, supplemented with 8M urea (loading of 0.5 

to 2 OD of crude oligomer per gel). Electrophoresis was run at lower voltage (250V) for the first 

30 minutes followed by 1h at 500V. Following electrophoresis, the gel was wrapped in plastic and 

visualized by UV shadowing over a fluorescent TLC plate. The main band was quickly excised 

and the “crush and soak” procedure was applied: It was crushed, and incubated in ~10 mL of 

autoclaved water, chilled in liquid N2 for a few minutes and left at 65 °C overnight. The supernatant 

was then concentrated to 1.0 mL and desalted through size exclusion chromatography (Glen Gel-

Pak™ 2.5 Desalting Column from GlenResearch). 

3.7.7 LC-ESI-MS characterization 
The oligomers were analyzed by LC-ESI-MS in negative ESI mode. Samples (10 to 25 µM, 12 µl) 

were run through an Acclaim RSLC 120 C18 column (2.2 µm, 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). ~250 pmols of oligomers were 

injected. 
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Figure 3.12. MS data for sequence-controlled oligomers, negative mode.Almost all peaks can be associated 
with a (M-x)/x anion. For oligomers A8, B5, B6, the data was processed and deconvoluted using the Bruker 
DataAnalysis software version 4.1. Masses reported are exact masses. 
 

 

 

3.7.8 Atomic force microscopy 
3.7.8.1 Dry conditions 

Unless otherwise noticed, samples were annealed in TA5Mg from 95 °C to 4 °C at 250µM during 

1h. Samples were diluted to the concentration wanted right before deposition. NiCl2 was added 

right before deposition on mica to reach 1 µM NiCl2. 4µL of this solution was deposited on a 

freshly cleaved mica surface (ca. 7 x 7 mm) and allowed to adsorb for 2-3 minutes. Samples were 

not washed and were dried under a flow of argon followed by vacuum for 3-4 hours prior to 

Oligomer B4 

Oligomer B5 

Oligomer B6 
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imaging. Cantilevers used were Scan-Asyst Fluid +. Imaging was performed in ScanAsyst mode. 

Images were captured at scan rates between 0.5 and 1.5 Hz at a resolution of 512 x 512 pixels or 

256 x 256 pixels for a few images. The gain was set at about 20. The peak force setpoint, z-limit 

and peak force amplitude were set automatically by the software. Images were processed using 

Nanoscope Analysis 1.5 software (Bruker). 

 

 

 
Figure 3.13. Supplementary dry AFM images of oligomer A4, 50µM. 
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Figure 3.14. Supplementary dry AFM images of oligomer A7, 50µM 

 

Imaging of these structures was also tried on highly-ordered pyrolytic graphite. However, with or 

without washing steps and without nickel chloride, negative controls and samples were found to 

be too similar to be appropriately analyzed. 
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Figure 3.15. Dry AFM images of spherical micelles forming oligomers. Oligomer A3 (top image), 50 µM 
and oligomer A8 (bottom images), 10 µM. For these oligomers, mica was pretreated with a 20 mM NiCl2 
solution instead of adding NiCl2 in the sample before deposition.  

 

3.7.8.2 Fluid conditions 

Prior to imaging, mica was treated with a 5 mM NiCl2 solution: 100 µL were deposited on the 

freshly cleaved mica surface (ca. 12 x 12 mm) and left for 5 minutes. The solution was then dried 

using a nitrogen flow. Unless otherwise noticed, samples were annealed in TA5Mg from 95 °C to 

4 °C at 250µM during 1h. Right after, samples were diluted to the concentration wanted. 5 µL of 

this solution was deposited on the pretreated mica surface, allowed to adsorb for 2-3 minutes and 

70 µL of TA5Mg was added. Excess was immediately removed using filter paper and dried under 

a nitrogen flow. After placing the sample on the AFM sample stage, fluid cell was positioned on 
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the sample (MTF ML fluid cell, Bruker) and 40 µL of 1xTA5Mg was injected into the cell. 

Cantilevers used were Scan-Asyst Fluid +. Imaging was performed in ScanAsyst mode. Images 

were captured at scan rates between 0.5 and 1.5 Hz at a resolution of 512 x 512 pixels or 256x256 

pixels for a few images. The gain was set at about 20 and the z-limit at 1µm. The peak force 

setpoint and peak force amplitude were set automatically by the software. Images were processed 

using Nanoscope Analysis 1.5 software (Bruker). 

 
Figure 3.16. Liquid AFM image of oligomer A8, 10 µM. 

 
Figure 3.17. Supplementary liquid AFM images of oligomer B3, 50 µM. 
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Figure 3.18. Liquid AFM images of oligomer B2. 1 µM (top) and 10 µM (bottom). 
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Figure 3.19. Liquid AFM images of oligomer B6, 10 µM.  It seems that the micelles fuse during 
deposition on mica. 
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Figure 3.20. Supplementary liquid AFM images of oligomer A4, 50 µM. 
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3.7.9 Transmission Electron Miscroscopy 
First trials were done using a high-voltage TEM but structures revealed to be hard to image, 

noticeably due to the fact that the HEG moieties are known to “burn” under a high energy electron 

beam. For TEM, the high amount of salts was less problematic because most samples were washed 

with water before imaging. However, images were taken of negative controls (without 

nanostructure). 

Unless otherwise noticed, samples were annealed in TA5Mg from 95 °C to 4 °C at 250 µM during 

1h. Right after, samples were diluted to the concentration wanted (25µM). 4µL of this solution 

was deposited on a TEM carbon film coated copper EM grid (300 mesh Cu grid with holey/dbl 

carbon films), allowed to adsorb for 2-3minutes and washed twice with MilliQ water to remove 

salt excess. The grids were then kept under vacuum for at least 3 hours. 

      

     
Figure 3.21. Supplementary TEM images of oligomer A4.  No wash was performed for the bottom right 
image. 
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3.7.10 Dynamic Light Scattering 
Dynamics V6 was used for data collection and analysis. A cumulants fit model was used to 

confirm/infirm the presence and determine the diffusion coefficients of a monomodal population 

of micellar aggregates. Hydrodynamic diameters reported in the main text were calculated with 

Dynamics V6 globular protein model. Sterile water and TA5Mg were filtered using a 0.2 µm nylon 

syringe filter before use for DLS sample preparation. All measurements were carried out at 20 °C 

after annealing of the constructs in TA5Mg from 95 °C to 4 °C at 250 µM during 1 h. Concentration 

of the sample is lowered to 25 µM after annealing. All the measurements were done at least in 

duplicates. 

 
Figure 3.22. Representative DLS intensity correlation curves for 25 µM solutions of oligomers. Control 
sample and oligomer A1 show poor fit because the particles are too small to be accurately analyzed. In 
contrast the data for self-assembling oligomers reveals excellent correlation even for oligomers A4 and A7 
which do not assemble into spherical objects when deposited on a substrate. 

TA5Mg Oligomer A1 

Oligomer A3 Oligomer A4 

Oligomer A6 Oligomer A7 

Oligomer A8 Oligomer B3 

Oligomer B5 Oligomer B6 
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Due to its perfluorocarbon core, we thought B5 and B6 could self-assemble without requiring the 

magnesium cations. However, DLS measurements seem to indicate that no self-assembly occurs 

after annealing in Milli-Q water. Buffering the same solution with a magnesium containing 

solution triggered instantaneous self-assembly of B6. Oligomers B5 and B6 were annealed with 

the same protocol in MilliQ water and analyzed similarly. 

 

 
Figure 3.23. Dynamic light scattering on oligomers B5 and B6 in water after annealing  Representative 
DLS intensity correlation functions for 25µM solutions. In water, it looks like B5 and B6 are not self-
assembling whereas addition of buffer to reach TA5Mg concentrations (bottom curve) triggers self-
assembly. Fit is not as good as on Figure 3.22, probably because the sample has not been annealed in 
TA5Mg.  

 

3.7.11 Gel electrophoresis analysis 
20 % denaturing Polyacrylamide Gel Electrophoresis (PAGE) was carried out at room temperature 

for 30 minutes at 250V followed by 1 hour at 500V. TBE buffer (1X) was used and the 

concentration of urea in the gel was 7M. For each lane 5 µL of sample in water was added to 5uL 

of 8M urea. Amount of the oligomer to load was done according to the principle that the more 

NAP the oligo contains, the more it will have affinity for GelRedTM. Therefore, respectively 0.8, 

0.6, 0.4, 0.3, 0.6 and 0.3 nmols of A2, A3, A4, A5, A6 and A7 were loaded. The oligomers were 

visualized by incubation with GelRed™ for 10 minutes. 

 

Oligomer B6 H2O Oligomer B5 H2O 

Oligomer B6 TA5Mg (added after       

annealing) 
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Figure 3.24. Denaturing gel (PAGE 20 %) with oligomers.  Oligomers A2, A3, A4, A5, A6, A7 and a 

DNA 22mer in respectively lanes 1 to 7. 

 

2.5 % agarose gel electrophoresis (AGE) was carried out in TAMg at 4 °C for 2 h at 80 V. Gel 

was cast in TAMg and the samples were annealed with the same method detailed in section SI-VI. 

Respectively 1.1, 0.9, 0.7, 0.5, 0.3, 0.6, 0.3 and 0.6 nmols of A1, A2, A3, A4, A5, A6, A7 and A9 

in 10 µl of TA5Mg. and 2 nmols of B oligomers were loaded. 2 µl of glycerol were added to the 

samples before loading. The bands for all gels were visualized by incubation with GelRed™. We 

hypothesize that  self-assembled nanostructures are more likely to recruit GelRed® molecules than 

free oligomers leading to better sensitivity. 

 
Figure 3.25. Agarose gel (2.5 % AGE) with oligomers A1 to A7. Oligomers A1, A2, A3, A4, A5, A6, A7 
in respectively lanes 1 to 7. 

1      2     3    4     5     6      7 

1   2   3   4  5   6   7 
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Figure 3.26. Agarose gel (2.5 % AGE) with oligomers from the A and B series. Oligomers A4, A9, B2, 
B6, B5, B3, B1, B4 in respectively lanes 1 to 8. The DNA ladder used is the O’Gene Ruler Mix from 
ThermoScientific. 
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4.1 Preface 

In Chapter 2, a new perfluorocabon containing monomer that is compatible with the synthesis of 

sequence-defined oligo(phosphodiester)s was developed. This new monomer imparted new 

properties to DNA strands. In Chapter 3, we added a monomer containing a naphthalene unit 

capable of π-π stacking. This last phosphoramidite, combined with the PFC monomer and two 

others offered the possibility to synthesize and characterize a variety of well-defined 

nanostructures ranging from nanosheets to spherical micelles of different sizes. 

These results clearly demonstrate the potential of expanding the monomer library for sequence-

defined oligo(phosphodiester)s. However, the synthetic route reported in Chapter 3 requires the 

use of diols as starting material and the DMT-protection is low yielding. More generally, in 

polymer chemistry, monomer synthesis is one of the most time-consuming steps. This issue 

becomes more challenging when dealing with sequence-defined polymers made of multiple types 

of monomers. A strategy to easily access a variety of phosphoramidite monomers that are 

compatible with an automated DNA synthesizer may palliate this issue and would tremendously 

augment the potential applications of sequence-defined oligo(phosphodiester)s. 

 

 

 

 

 

 

This chapter is mostly composed of work published as « Modular Strategy to Expand the Chemical 

Diversity of DNA and Sequence-Controlled Polymers» by D de Rochambeau, Y Sun, M Barłóg, HS 

Bazzi & HF Sleiman; J. Org. Chem, 83 (17), 9774 (2018). Some phosphoramidite monomers 

developed in this chapter have been the subject of a US provisional patent application, «Reagents 

based on a tertiary amine backbone to introduce chemical functionality in nucleic acids and sequence-

controlled polymers » by D de Rochambeau, Y Sun & HF Sleiman, 08/2018.  
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4.2 Contribution of authors 

Donatien de Rochambeau codesigned the project and performed all experiments unless listed 

below, analyzed the results and cowrote the manuscript. Yuanye Sun synthesized compound 5’ 

and 5’’ and prepared the first batch of 6 and its precursors. Dr. Maciej Barłóg synthesized 

compounds 1’, 2’, 4’, 9’ and their precursors. Dr. Hanadi Sleiman codesigned the project, guided 

interpretation of data and discussion of results and cowrote the manuscript. 

4.3 Abstract 

Sequence-defined polymers with customizable sequences, monodispersity, substantial length and 

large chemical diversity are of great interest to mimic the efficiency and selectivity of biopolymers. 

We report an efficient, facile and scalable synthetic route to introduce many chemical 

functionalities, such as amino acids and sugars in nucleic acids and sequence-defined 

oligo(phosphodiester)s. Through achiral tertiary amine molecules that are perfectly compatible 

with automated DNA synthesis, readily available amines or azides can be turned into 

phosphoramidites in two steps only. Individual attachment yields on nucleic acids and artificial 

oligo(phosphodiester)s using automated solid-phase synthesis (SPS) were greater than 90 % in 

almost all cases. Using this method, multiple water-soluble sequence-defined oligomers bearing a 

range of functional groups in precise sequences could be synthesized and purified in high yields. 

The method described herein significantly expands the library of available functionalities for 

nucleic acids and sequence-controlled polymers. 

4.4 Introduction 

The precise molecular recognition and folding properties of nucleic acids and proteins derived 

from their primary sequence give them central roles in biological systems. Driven by the goal of 

mimicking the structures and functions of these biopolymers,1 interest in sequence-controlled 

polymers (SCP) has grown tremendously in the past few years.2 Digital storage molecules,3,4 

foldamers – artificial oligomers with highly-ordered secondary structures,5–8 and single-chain 

nanoparticles that fold into protein-like structures9–15 are some of the applications envisaged by 

these studies. For these purposes, a strategy allowing the synthesis of monodisperse oligomers 

with a large number of chemical monomer variants is of great interest. 
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Solid-phase synthesis remains the method of choice for the most precise sequence control.16–20 

Automated solid-phase phosphoramidite chemistry, in particular, has shown exceptional coupling 

yields for the synthesis of DNA and RNA.21,22 Decades of optimization have allowed it to attain 

the highest degrees of polymerization (DP) for a solid-phase synthesis. Up to 200 monomer-long 

oligonucleotides can be made in good yields and with simple purification methods.23 Importantly, 

the cost of phosphoramidite synthesis has been significantly and steadily declining, making it a 

practical as well as powerful strategy.24 

In previous work, Chapter 2 and Chapter 3 of this thesis, our group developed an efficient strategy 

to make sequence-defined polymers based on automated phosphoramidite solid-phase synthesis.25–

29 This method allowed the formation of poly(phosphodiester)s30 that are stable and highly soluble 

in water due to their anionic backbone. As outlined in the introduction, other groups showed the 

synthesis of long artificial sequence-defined poly(phosphodiester)s (DP of 100)31 and reported a 

method for post synthesis dual functionalization.32 Phosphoramidite chemistry has also been used 

to make “oligopyrenotides” with novel supramolecular assembly properties.33,34 Thus, 

monodispersity, cost-efficiency, length of the oligomers and perfect sequence-control have been 

achieved using automated solid-phase synthesis with phosphoramidite chemistry. The next goal 

for this method is to expand the library of available compatible phosphoramidites in a 

straightforward and scalable manner. 

Solid-phase synthesis on a DNA synthesizer requires the phosphoramidite monomers to stay 

unaltered to a great number of chemical conditions (repetitive treatment with oxidant and mild 

acid and final deprotection in aqueous base). For the purpose of versatile and multiple 

functionalization of synthetic oligo(phosphodiester)s, even more restrictive conditions apply, 

making the task arduous. (i) Due to the need for numerous monomers, their synthesis must be fast, 

cost effective and scalable. This notably prevents the use of nucleoside derived 

phosphoramidites.35 (ii) Very high coupling yields, leading to high DPs are essential. As an 

example, a 22mer would be obtained in less than 10 % yields if coupling yields do not exceed 90 

%. (iii) The monomer should preferably not contain a chiral center, or it must be enantiomerically 

pure. A mixture of enantiomers should be avoided as the stereochemical complexity of the 

oligomer increases exponentially with each monomer addition. Previous reports of non-

nucleosidic phosphoramidites only partially satisfy these criteria. For example, propanediol36,37, 
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threoninol38 and serinol39,40- based phosphoramidites can be attached on a DNA strand but their 

synthesis starts either with racemic mixtures or costly enantiopure diols. Other reports show the 

elegant synthesis and use of hydroxyprolinol41,42 and oxamide43,44-based phosphoramidites, but 

these may lead to stability issues during the final deprotection under basic conditions. 

In this chapter, we explore the use of a tertiary amine scaffold to make a range of multifunctional 

DNA strands and sequence-defined polymers via phosphoramidite synthesis. Two monomers 

bearing two convenient chemical handles for the attachment of a variety of side-chains in two steps 

were designed: an alkyne-containing unit would allow the introduction of azides (e.g., sugar 

molecules), while a carboxylate-containing molecule would allow functionalization with amine 

containing monomers, including amino acids (Figure 4.1). A primary amine-containing monomer 

was also successfully synthesized and incorporated in DNA strands. Applicability of this strategy 

was tested with the synthesis of a variety of oligo(phosphodiester)s made of artificial building 

blocks. This tertiary amine backbone is a cost-effective, efficient, robust and achiral alternative to 

commercially available DNA modifications, and will open the door to significantly greater 

chemical diversity in both oligonucleotide and sequence-controlled polymer synthesis. 

 
Figure 4.1. Synthesis of versatile monomers for sequence-defined oligo(phosphodiester)s. CEP stands for 
cyanoethylphosphoramidite and DMT for dimethoxytrityl. 

4.5 Results and discussion 

4.5.1 Tertiary amine backbones 
The starting point for this study is the observation that tertiary amines (such as 

diisopropylethylamine and triethylamine) are commonly used as bases and thus compatible with 

phosphoramidite synthesis.45 We reasoned that an achiral tertiary amine-containing backbone may 

be a good candidate for the introduction of functional groups. Initially, diethanolamine was chosen 
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as starting material due to its ready availability.46 Simple nucleophilic substitution with the moiety 

of interest on the secondary amine is then required to functionalize the monomer. As a preliminary 

proof of concept, molecules 1’ (Scheme 4.1 and Scheme 4.2) and 2’ (precursor for N[PFC] in 

Chapter 2) were synthesized and attached to a DNA strand following a standard procedure that 

does not require isolation of the phosphoramidite (see Section 4.7.4.1). Excellent coupling yields 

were observed for molecule 2’ (> 90 %) as shown in Chapter 2 whereas molecule 1’ consistently 

led to unsatisfactory coupling yields followed by spontaneous degradation of the DNA strand in 

water at 4 °C after a few days. Similarly to the degradation pathway of RNA in basic conditions, 

we hypothesized that the nucleophilic nitrogen atom in the case of molecule 1’ can attack an 

electrophilic phosphorus atom forming a favorable 5-membered ring (Scheme 4.3). On the other 

hand, the fluorine atoms in 2’ exert an inductive effect that reduces the nitrogen lone pair 

nucleophilicity, thus possibly explaining the good yields obtained with this molecule. As further 

evidence for this mechanism, a phosphoramidite bearing an anthraquinone moiety directly 

attached to the diethanolamine nitrogen atom (thus also reducing its nucleophilicity) was reported 

elsewhere and led to good yields.47 

 

 

Scheme 4.1. Different backbones explored. 
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Scheme 4.2. Synthetic route for 1’. 

 

 
Scheme 4.3. Potential degradation mechanism of diethanolamine based monomers. 

This observation led to further monomer optimization. Molecules 3, 4 and 5 (Scheme 4.1) were 

used to check backbone suitability. For 3 and 4, the previous degradation mechanism is less likely 

to happen because they do not have a nucleophilic nitrogen, while 5 has a longer spacer separating 

the nucleophilic nitrogen from the phosphorus, thus avoiding the 5-membered ring intermediate in 

this degradation mechanism. 3 was made following a straightforward synthesis: myristoyl chloride 

was added onto diethanolamine leading to an amide in quantitative yields, which was transformed 

to phosphoramidite 3 following standard procedures (Scheme 4.4). 4 was made from the precursor 

for 1’ using methyliodide, followed by DMT protection and phosphoramidation using standard 

procedures (Scheme 4.5). Finally, bromohexanol was substituted onto hexadecylamine, leading to 

compound 5’ further transformed to 5 (Scheme 4.6).  
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Scheme 4.4. Synthetic route for 3 

 

 
Scheme 4.5. Synthetic route for 4. 

 

 
Scheme 4.6. Synthetic route for 5. 

These monomers were coupled to the 5’ end of a DNA strand as a first step. Molecule 3 did not 

lead to good yields (< 30 %, Figure 4.2, Table 4.1) and the synthesis of T-HEG-HEG-3-3-T 

(using commercially available thymidine (T) and hexaethyleneglycol (HEG) phosphoramidites) 

gave low coupling yields (Table 4.1). On the other hand, molecule 4 led to high yields when 
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inserting it at the 5’ end of a DNA strand and on sequence-defined oligomers (Table 4.1). Molecule 

4 is of interest because its amphiphilic character can increase its affinity towards membrane lipids. 

The positively charged backbone in 4 can lead to novel sequence-defined zwitterionic polymers 

with positive quaternary ammonium and negative phosphate groups. The quaternary ammonium 

center is chiral in this case but could be made achiral by condensing twice the same iodide onto 

diethanolamine. Molecule 5 was incorporated in an oligomer and on a DNA strand with the best 

yields obtained so far (Figure 4.2, Table 4.1). This result indirectly confirms the potential 

degradation mechanism that occurred with 1’. Yields obtained are high enough to consider using 

such a backbone for making more complex sequence-defined oligomers with a higher number of 

units. Moreover, 5 is pH responsive (predicted pKb is 3.2 from online prediction tool)48 and most 

probably protonated at neutral pH, which allows better solubility and possible zwitterionic 

character, as with oligomers of 4. 

 

 
Figure 4.2. Attachment of 3, 4 and 5 to DNA and oligomers.  (a) 18 % polyacrylamide gel electrophoresis 
(PAGE) for DNA 19mer singly modified with 3, 4 and 5 at the 5’end and (b) Reverse-phase high 
performance liquid chromatography (RP-HPLC) traces (UV detection, 260 nm) from crude mixtures. (c) 
RP-HPLC traces (UV detection, 260 nm) of sequence-defined oligomers containing hexaethylene glycol 
HEG and thymidines (T). Gradients are available in Figure 4.10 and Figure 4.11. 

 



177 
 
 

Table 4.1. Yields and ESI-MS characterization of oligomers containing monomers 3, 4 and 5. 
Strand Unique 

incorporation 

yieldsa (%) 

Global 

yieldsb (%) 

Calculated 

exact mass 

(g mol-1) 

Found exact 

massc (g mol-1) 

DNA-3 26-44 - 6142.23 6142.28 

DNA-4 90-92 - 6171.29 6171.31 

DNA-5 90-96 - 6268.41 6268.47 

T-HEG-HEG-3-3-T NA <20 1988.84 1988.69 

T- HEG-HEG -4-4-T 90 79 2047.00 2046.82 

T- HEG-HEG -5-5-T 97 82 2241.20 2241.03 

a Yields were calculated through image analysis of electrophoretic mobility shift assays and through product 
peak area by RP-HPLC (260 nm detection) vs unmodified DNA. For non-DNA oligomers, HPLC yields of 
the second amidite (3, 4 or 5) introduction are reported. b Product peak area by RP-HPLC over total area. c 
Mass was found using electrospray ionization-mass spectrometry (ESI-MS) technique, detecting multiply 
charged species (Figure 4.12, Figure 4.13). 

 

4.5.2 Synthesis of the optimized monomer platforms 
Based on the conclusions obtained from the backbone investigations, we synthesized two 

molecules to be used as versatile platforms to attach a variety of moieties (Scheme 4.7, Scheme 

4.8). 

 

Scheme 4.7. Synthetic route for platform PT1, alkyne phosphoramidite 6 and a β-D-glucose-containing 
phosphoramidite 7. 
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Scheme 4.8. Synthetic route for platform PT2 and a phenylalanine-functionalized phosphoramidite 8. 

Molecules PT1 and PT2 have many advantages: they are easy to synthesize in two steps for PT1 

and three for PT2 from readily available starting materials, they need only one chromatography 

purification and they have a reactive function for simple and efficient attachment of the moiety of 

interest. Furthermore, the DMT monoprotection being the lowest yielding step, we can limit 

material waste by performing it as the second step and attach the moiety of interest afterwards. 

Compound PT1 has an alkyne moiety for copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

chemistry. Many bio-related compounds are now available as azides making this platform highly 

versatile for possible functionalization with carbohydrates, dyes or cyclodextrin containing 

molecules for example. As with 5, oligomers from PT1 can possibly have zwitterionic character, 

due to protonation of their tertiary amine moiety. Compound PT2 is of interest as well since its 

carboxylate allows common amide coupling with readily available amines such as amino acids or 

peptides. These two platforms were synthesized with good yields after double alkylation of 

propargylamine (Scheme 4.7) and glycine t-butyl ester (Scheme 4.8) respectively with 

bromopropanol, followed by DMT protection of one hydroxyl group. As before, PT1 and PT2b 

were attached to a DNA strand without isolation of the phosphoramidite. These results confirmed 

that PT1 and PT2 backbones are suitable for phosphoramidite-based SPS (Figure 4.3, Table 4.2). 

In addition, PT1 and PT2 were functionalized with model molecules. We chose a protected 

sugar azide, as well as a methyl ester amino acid, phenylalanine. Standard CuAAC procedure was 

performed to obtain molecule 7’ in 95 % yields which was then turned into phosphoramidite 7. 

Only one chromatography purification is required here. Phenylalanine could be coupled 
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successfully to PT2 and the obtained molecule was turned into monomer 8. Successful 

incorporation of 7’ and 8’ on a DNA strand was achieved and high incorporation yields were 

obtained in both cases (Figure 4.3, Table 4.2). The deprotection conditions used are suitable for 

classic DNA synthesis and are described in the supporting information. Intriguingly, 

methylamine/ammonium hydroxide deprotection conditions allowed the quantitative conversion 

of the methyl ester into the secondary methyl amide derivative, which can be of interest. As a 

conclusion, we show the simple and cost-effective incorporation of an azide molecule or a primary 

amine bearing compound in DNA strands. Due to the non-chiral character of the platforms used 

and the good to excellent incorporation yields obtained, one could consider these molecules as 

good candidates for the efficient preparation of sequence-defined oligomers with a variety of side 

chain functions. Finally, the ease of preparation of PT1, PT2 and their functionalized counterparts 

illustrates the great practicality and ready accessibility of this method. Sequence-specific on-bead 

functionalization of PT1 in the synthesizer could also be an efficient method. Such a method has 

been reported with an alkyne containing phosphonate reagent elsewhere.49 It was shown to be very 

modular with individual coupling yields between 63 and 89 %. 

 

Figure 4.3. Attachment of PT1, PT2b, 7 and 8 to DNA. (a). 18 % PAGE for DNA 19mers modified with 
PT1, PT2b, 7 and 8 at the 5’end. (b). RP-HPLC traces (UV detection, 260 nm) from crude mixtures. 
Gradients are available in Figure 4.10. 
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Table 4.2. Yields and ESI-MS characterization of DNA strands modified with PT1, PT2b, 7 and 8. 

Modification Incorporation 

yieldsa (%) 

Calculated exact 

mass (g mol-1) 

Found exact 

massb (g mol-1) 

PT1 93-99 5998.06 5998.00 

PT2b 90-92 6018.05 6018.01 

7 88-94 6203.13 6203.13 

8 90-94 6165.13 6165.01 

a Yields were calculated through image analysis of electrophoretic mobility shift assays and through product 
peak area by RP-HPLC (260 nm detection) vs unmodified DNA. b Product peak area by RP-HPLC over total 
UV absorption during the run. c Mass was found using ESI-MS technique, detecting multiply charged species 
(Figure 4.12). 

 

4.5.3 Sequence-defined oligo(phosphodiester)s 
The new tertiary amine platforms allowed the modular and highly efficient synthesis of sequence-

defined oligomers featuring different moieties. The phosphoramidites were used in a standard 

automated DNA synthesizer along with commercially available DNA synthesis reagents. Coupling 

cycles were the same as for DNA synthesis except that the coupling time was increased to 10 

minutes and phosphoramidite concentration was kept about 0.1 M in dichloromethane. After 

synthesis and deprotection, isolation could be performed using RP-HPLC and the oligomers were 

further characterized using LC-MS techniques. Due to the ionic nature of our polymers, they are 

perfectly soluble in water leading to great ease of manipulation. As with nucleic acids, they can be 

quantified easily using spectrophotometry with the appropriate absorption coefficients (see Section 

4.7.4.3). Yields were measured on the HPLC traces considering the relative absorbance of each 

byproduct. Most sequences were designed to show high functional diversity on one chain. 

Oligomers A to D show the possibility of using up to 6 different phosphoramidites and highlight 

single coupling yields over 90 % in all cases (Figure 4.4, Table 4.3). We were able to work with 

the new monomers based on the tertiary amine backbone (6, 7 and 8) combined with commercially 

available monomers (nucleotides and triethyleneglycol, TEG), hydrophobic 12 carbon long chain 

phosphoramidite (10) and a novel naphthalene-containing amidite (9). Each monomer introduces 

a new orthogonal interaction to DNA and sequence-defined polymers, in a similar manner to 

functionalities imparted to peptides and proteins by the 20 amino acids. For example, 10 and TEG 

can be used to tune the hydrophobicity and hydrophilicity of the oligomers,25 9 was synthesized to 
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allow the introduction of π-π stacking interactions. More interestingly, PT1 and PT2 can be 

substituted with a wide range of functionalities leading to sugar-7 and amino acid-8 for example. 

One could imagine using 7 and 8 to impart host-guest interactions, hydrogen-bonding and new 

biological activity. With such a palette of interactions, one could imagine making functional 

polymers with protein-like selectivity and efficiency. 

 
Figure 4.4. RP-HPLC chromatograms of sequence-defined oligomers with novel monomers.  UV 260 nm 
detection, gradients are available in Figure 4.11. 

Table 4.3. Yields and ESI-MS characterization of sequence-defined oligo(phosphodiester)s. 
Oligo-

mer 

Sequence (iterative synthesis 

from left monomer) 

Global 

yieldsa 

(%) 

Average individual 

coupling yieldsb 

(%) 

Calculated 

exact mass 

(g mol-1) 

Found exact 

massc  

(g mol-1) 

A T-62-8-TEG-9 64 91 1742.62 1742.63 

B T-62-8-TEG-9-82-10-TEG-9 36 90 3442.28 3442.30 

C T3-HEG4-7-62 60 93 3130.99 3130.97 

D T-6-8-6-8-6-10 52 90 2005.76 2005.74 

E DNA 14mer-72-83 34 81 6321.47 6321.44 

F DNA 19mer-65  82 96 6930.39 6930.16 

a Yields were calculated through product peak area by RP-HPLC (260 nm detection) considering the relative 
absorbance of byproducts. b These numbers were obtained by taking the global yields at the power 1/n, n 
being the number of couplings after the closest nucleotide. c Mass was found using ESI-MS technique, 
detecting multiply charged species except for oligomers A and D. See Figure 4.13. 
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To further show the versatility of monomer 6, we carried out post-SPS functionalization on two 

DNA strands. We synthesized two DNA 19mers containing respectively 1 (Figure 4.3) and 5 

alkyne moieties (96 % individual coupling yields, oligomer F, Figure 4.4). Following a 

straightforward protocol for copper catalyzed cycloaddition on oligonucleotides,50 high yielding 

functionalization of these strands with β-D-glycosyl azide was achieved (> 80 %, Figure 4.5). 

Interestingly we also report the synthesis of novel hybrid oligomers containing DNA, glycosyl 

modifications as well as amino acids (oligomer E). Indeed, a DNA 14mer was functionalized twice 

with phosphoramidite 7 followed by three times with 8. Yields are high for such a complex hybrid 

(Table 4.3). Functional diversity imparted by the strategy described here in DNA strands could 

significantly expand the toolbox of DNA nanotechnology.51 

 
Figure 4.5. Post SPS functionalization of alkyne monomer 6 with β-D-glycosyl azide. 18 % PAGE in 
denaturing conditions. 

4.5.4 Design of an additional primary amine-containing platform 
So far, we showed the possibility to easily convert amines and azides into phosphoramidites in two 

steps. Biotin, fluorescein and folic acid are three moieties of interest to attach to sequence-defined 

oligo(phosphodiester)s. The two first ones are broadly used for immobilization of oligomers 

through binding to streptavidin52 and for fluorescent assays respectively.53 Folic acid is used to 

target folate receptors that is overexpressed in many tumor types.54 These moieties are mostly 

available as carboxylic acids. To be able to turn these moieties into phosphoramidites in two steps, 

we developed a third platform (PT3) that bears a primary amine moiety. This platform was made 

through reaction of PT2b in ethylene diamine that did not require a chromatography purification 

(Scheme 4.9). This new molecule is thought to be suitable for coupling to carboxylic acid. In order 

to allow post-SPS functionalization, we also protected the amine function with a 

trifluoroacetamide group and made the associated phosphoramidite (11). 
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Scheme 4.9. Synthesis of platform 3 (PT3) and phosphoramidite 11. 

Phosphoramidite 11 was successfully coupled at an internal position of a DNA 21mer 

(yields>94 % through gel image analysis, Figure 4.6) and characterized through LC-ESI-

MS. It brings two positive charges and one negative charge. Therefore, it may be used 

similarly than in “zip nucleic acids” (oligonucleotide-oligospermine conjugates)55 for 

which positively charged amino groups induce self-transfection of oligomers into cells. 

 

Figure 4.6. Attachment of amine-functionalized containing monomer in a DNA 21mer. 15 % PAGE in 
denaturing conditions. Yields were found to be over 94 % by gel image analysis. 

 

4.6 Conclusion  

We highlighted here a strategy to significantly increase the chemical diversity of phosphoramidite 

monomers. These can be used in an automated synthesizer for the synthesis of sequence-defined 

oligomers and modification of nucleic acids. We investigated several tertiary amine backbones to 

be used as platforms for making a large variety of phosphoramidite monomers. This study led to 

the design of three achiral molecules that could be obtained in a few simple synthetic steps from 

inexpensive starting materials and that bear a reactive moiety. Their attachment on DNA strands 
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was shown to be very efficient. As a model study, the first platform was functionalized with a 

sugar azide derivative and turned into a phosphoramidite. This new monomer could be attached to 

a DNA strand and several sequence-defined oligomers with good yields. Phenylalanine was 

attached to platform 2 through standard amine coupling conditions and was further attached to 

DNA with very good yields. Noticeably, this strategy allowed to synthesize a new class of 

zwitterionic sequence-defined oligo(phosphodiester)s with average individual coupling yields 

rarely under 90 %. Thus, the goal of increasing side-chain diversity in DNA and sequence-defined 

oligomers could be achieved thanks to achiral, easily synthesized, inexpensive phosphoramidites 

that are compatible with automated solid-phase synthesis. This strategy paves the way to the 

synthesis of an extensive library of monomers. This would be a promising step towards the 

synthesis of functional sequence-defined polymers and ultimately fully artificial enzyme mimics. 

 

4.7 Experimental section 

4.7.1 Chemicals 
All starting materials were obtained from commercial suppliers and used without further 

purification unless otherwise noted. Dimethoxytrityl chloride (DMT-Cl) was purchased from 

GenScript. (3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC-Cl), glycine tert-

butyl ester hydrochloride were purchased from AK Scientific. 3-bromo propanol was purchased 

from Alfa Aesar. Acetic acid, Boric acid, solvents were purchased from Fisher Scientific. 

Choroform-d1 was purchased from Cambridge Isotope Laboratories. Importantly, it was stored on 

molecular sieves in order to keep it neutral. If used as sold, hydrolysis of phosphoramidite (fast) 

as well as DMT deprotection (slow) may be observed. GelRed™ nucleic acid stain was purchased 

from Biotium Inc. Concentrated ammonium hydroxide, ammonium persulfate, acrylamide/Bis-

acrylamide (40 % 19:1 solution) and TEMED were obtained from Bioshop Canada Inc. and used 

as supplied. 1 µmol Universal 1000Å LCAA-CPG supports and standard reagents used for 

automated DNA and RNA synthesis were purchased through Bioautomation. N,N-

diisopropylamino Cyanoethyl phosphonamidic-chloride (CEP-Cl) and DMT-hexaethyloxy glycol 

(cat.# CLP-9765) phosphoramidites were purchased from Chemgenes. Sephadex G-25 (super fine, 

DNA grade) was purchased from Glen Research. All other reagents were obtained from Sigma-

Aldrich. TEAA (triethylammonium acetate) buffer is composed of 50 mM TEA with pH adjusted 
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to 8.0 using glacial acetic acid. TBE buffer is 90 mM Tris, 90 mM boric acid and 1.1 mM EDTA 

with a pH of 8.0. 

 

4.7.2 Instrumentation 
Standard automated solid-phase synthesis was performed on a Mermade MM6 synthesizer from 

Bioautomation. HPLC purification was carried out on an Agilent Infinity 1260. DNA and 

oligomers quantification measurements were performed by UV absorbance with a NanoDrop Lite 

spectrophotometer from Thermo Scientific. A Varian Cary 300 Bio spectrophotometer was used 

for UV absorbance studies. Polyacrylamide Gel Electrophoresis (PAGE) experiments were carried 

out on a 20 X 20 cm vertical Hoefer 600 electrophoresis unit. Gel images were captured using a 

ChemiDocTM MP System from Bio-Rad Laboratories. Dry solvents were taken from an Innovation 

Technology device. Low Resolution Mass determination was carried out using Electron-Spray 

Ionization – Ion Trap - Mass Spectrometry (MS) on a Finnigan LCQ Duo device. High Resolution 

mass determination was achieved using a Bruker Maxis API (Atmospheric pressure ionization) 

QTOF or a THERMO Exactive Plus Orbitrap-API. Liquid Chromatography Electrospray 

Ionization Mass Spectrometry (LC-ESI-MS) of oligomers was carried out using Dionex Ultimate 

3000 coupled to a Bruker MaXis Impact™ QTOF. Some oxygen and moisture sensitive 

experiments were carried out in a Vacuum Atmospheres Co. glove box. Column chromatography 

was performed using a CombiFlash Rf system from Teledyne Isco. The NMR spectra were 

recorded on Bruker 400 MHz, 500 MHz, Varian 300 MHz or 400 MHz for 1H, 13C, 19F and 31P 

with chloroform-d1 (δ 7.26, 1H; δ 77.16, 13C), acetone–d6 (δ 2.04, 1H; δ 29.8, 13C) or DMSO–d6 (δ 

2.50, 1H; δ 39.5, 13C) as internal lock solvents and chemical shift standard. 

 

4.7.3 Small molecule synthesis 

Syntheses of 2’ was reported in Chapter 2 and syntheses of 9 and 10 in Chapter 3. 

4.7.3.1 General procedure for dimethoxytrityl monoprotection. 

3.63 mmol of the diol starting material and 1.47 mL of TEA (10.9 mmol, 3 equiv.) were dissolved 

in 30 mL of dry DCM in a 100 mL dry round bottom flask. DMT chloride (1.23 g, 3.63 mmol, 1 

equiv.) was dissolved in 20 mL of dry DCM and added dropwise to the reaction mixture at 0 °C 

under vigorous stirring. After the chloride addition, the reaction was allowed to warm up to room 
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temperature and left under stirring for 2h30min. Purification conditions are described for each 

molecule individually. Silica columns have been pretreated with a solution containing 0.1 % to 1 

% of triethylamine. 

4.7.3.2 General procedure for converting the monoprotected alcohols into phosphoramidites. 

Monoprotected diol was suspended in toluene or acetonitrile and solvent was evaporated under 

reduced pressure (60 °C). The operation was repeated once and the dried compound was kept 

under high vacuum for at least 5 hours. In an oven-dried flask, 0.64 mmol of alcohol starting 

material were then dissolved in anhydrous DCM (5 mL) and 0.56 mL of dry DIPEA (3.2 mmol, 5 

equiv.) was added under stirring. CEP-Cl (0.14 mL, 0.64 mmol, 1 equiv.) was added slowly and 

the reaction was allowed to stir under inert gas at room temperature for 2 hours. Two fast 

extractions with DCM from a 10 % Na2CO3 aqueous solution were performed. Organic fractions 

were combined, dried over MgSO4, 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. N.B.: Care should 

be taken to avoid any trace of acid, or acidic pH in the presence of phosphoramidites, as this results 

in extensive degradation. For example, CDCl3 needs to be stored on molecular sieves in order to 

keep it neutral. 

4.7.3.3 2,2'-(Hexadecylazanediyl)diethanol, 1’’. 

 
Diethanolamine (3.8 g, 36 mmol) and 1-Hexadecylbromide (9.19 g, 30 mmol) were added to dried 

round bottomed flask (RBF) charged with KHCO3 (6.02 g, 60 mmol) and KI (0.5 g, 3 mmol) then 

mixed in dry acetonitrile (80 mL). The reaction mixture was heated under reflux for 3 hours, cooled 

down and the solvent removed under vacuum. Residue was taken in dichloromethane (100 mL) 

and washed with water (3 x 100 mL). Organic layer was dried with MgSO4 and solvent removed 

under vacuum to obtain a yellow oil solidifying fast on standing, forming slightly orange waxy 

solid as a pure product in quantitative yield (9.82 g). Characterization data matched those reported 

elsewhere.56 



187 
 
 

1H NMR (400 MHz, CDCl3) δ 0.87 (t, J = 7.0 Hz, 3H), 1.15-1.36 (m, 26H), 1.36-1.54 (br. m, 2H), 

2.55 (t, J = 7.6 Hz, 2H), 2.69 (t, J = 5.4 Hz, 4H), 2.74 (br. s, 2H), 3.63 (t, J = 5.4 Hz, 4H). 

13C NMR (100 MHz, CDCl3) δ 14.1, 22.7 – 31.9, 54.8, 56.1, 59.4. 

4.7.3.4 2-((2-(Bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)(hexadecyl)amino)ethanol, 1’. 

 

Reaction was performed from 9.1 mmol of 1” as in Section 4.7.3.1. After the reaction solvent was 

evaporated and resulting yellow oily residue was purified by chromatography on triethylamine 

pre-treated silica gel with slow gradient of EtOAc/Hexane (0-15 %) to obtain the product as a 

sticky yellow oil: 1.32 g, 23 % (pure fractions). 

HRMS (ESI-QTOF) m/z: [M + H]+ Calcd for C41H62NO4 632.4673; Found 632.4671.  

1H NMR (400 MHz, Acetone-d6) δ 0.88 (t, J = 7.0 Hz, 3H), 1.29 (br. s, 26H), 1.43-1.48 (br. m, 

2H), 2.48 (t, J = 7.4 Hz, 2H), 2.58 (t, J = 6.0 Hz, 2H), 2.71 (t, J = 5.9 Hz, 2H), 3.15 (t, J = 5.9 Hz, 

2H), 3.19 (br. s, 1H), 3.51 (t, J = 6 Hz, 2H), 3.78 (s, 6H), 6.86-6.88 (m, 4H), 7.41-7.38 (m, 7H), 

7.48 - 7.51 (m, 2H). 

 13C NMR (100 MHz, Acetone-d6) δ 14.4, 23.3–32.6, 55.1, 55.5, 55.9, 57.8, 60.1, 63.2, 86.8, 

113.8, 127.4, 128.5, 129.0, 130.9, 137.4, 146.5, 159.5. 

4.7.3.5 N,N-Bis(2-hydroxyethyl)tetradecanamide, 3’’.  

 

Diethanolamine (2 g, 9.51 mmol, 4 equiv.) was mixed with 10 mL of dry dichloromethane and 

cooled to -10 °C in a dry round bottom flask. 1.17 g of myristoyl chloride (4.78 mmol) were diluted 

in 6 mL of dry DCM and added dropwise in the reaction medium under stirring with temperature 

kept under 0 °C. After the chloride addition, reaction mixture was allowed to slowly come to RT 

and left under stirring overnight. The mixture was transferred in a separatory funnel. Upper layer 

was removed and occurred to be the unreacted diethanolamine. Water and DCM were added in the 
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separatory funnel and the product was extracted three times. The organic fractions were combined, 

washed with brine, dried over MgSO4, filtered and the solvent was evaporated under reduced 

pressure (40 °C). The reaction yielded 1.44 g of a shiny white solid (96 %). Characterization data 

matched those reported earlier.57 

1H NMR (500 MHz, CDCl3): δ (ppm) = 3.90 (t, J=5Hz, 2H), 3.82 (t, J=5Hz, 2H), 3.60 (t, J=5Hz, 

2H), 3.53 (t, J=5Hz, 2H), 3.90 (t, J=5Hz, 2H), 3.03 (br. s , 1H), 2.79 (br. s, 1H), 2.41 (t, J=8Hz, 

2H), 1.66 (quin, J=7Hz, 2H) 1.28-1.33 (m, 20H), 0.90 (t, J=7Hz, 3H). 

4.7.3.6 N-(2-(Bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-N-(2-

hydroxyethyl)tetradecanamide, 3’. 

 

Reaction was performed from 3.63 mmol of 3 as in Section 4.7.3.1. At the end of the reaction, 

product was extracted twice with DCM from a 10 %Na2CO3 aqueous solution, washed once with 

a 10 %Na2CO3 aqueous solution, dried over MgSO4, filtered and solvent was evaporated under 

reduced pressure (40 °C). The crude product was loaded on celite and purified using the 

combiFlash system with a 40g SiO2 “Gold” column. The solvents used were hexanes/TEA (10:1) 

and ethyl acetate in a gradient from 0 to 30 % EtOAc in ~17 column volumes (CV). A pale yellow 

oil was isolated (843 mg, 38 %). 

LRMS: Calc.exact mass: 617.41 g/mol. Measured (positive mode): 640.2 (M+23), 303.3 (DMT+).  

1H NMR (500 MHz, CDCl3): δ (ppm) = 7.39-7.37 (m, 2H), 7.30-7.21 (m, 7H), 6.83 (d, J=9Hz, 

4H), 3.79 (s, 6H), 3.69 (q, J=5Hz, 2H), 3.54-3.46 (m, 4H), 3.26 (t, J=6Hz, 2H), 2.40 (t, J=8Hz, 

2H), 1.65-1.58 (m, 2H), 1.30-1.25 (m, 20H), 0.88 (t, J=7Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ (ppm) = 176.2, 158.8, 135.8, 130.1, 128.2, 128.1, 127.1, 113.3, 

113.3, 86.9, 62.9, 61.7, 55.4, 50.6, 49.4, 33.5, 32.1, 29.8, 29.7, 29.7, 29.6, 29.5, 25.4, 22.8, 14.3. 
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4.7.3.7 2-(N-(2-(Bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)tetradecanamido)ethyl (2-

cyanoethyl) diisopropylphosphoramidite, 3.  

 

Reaction was performed from 0.64 mmol of 3’ as in Section 4.7.3.2. Purification was achieved on 

a 12g SiO2 “Gold” column. The solvents used were hexanes/TEA (10:1) and ethyl acetate in a 

gradient from 0 to 20 % EtOAc in ~10 CV. A clear transparent oil was isolated (366 mg, 70 %). 

HRMS (ESI-QTOF) m/z: [M + Na]+ Calcd for C48H72N3O6PNa 840.5051; Found 840.5040. 

1H NMR (500 MHz, CDCl3): δ (ppm) = 7.39-7.37 (m, 2H), 7.29-7.19 (m, 7H), 6.83-6.79 (m, 4H), 

3.85-3.68 (m, 11H), 3.60-3.52 (m, 5H), 3.26 (t, J=5Hz, 1H), 3.22 (t, J=5Hz, 1H), 2.59 (t, J=6Hz , 

2H), 2.37-2.33 (m, 2H), 1.63-1.57 (m, 2H), 1.32-1.23 (m, 20H), 1.19-1.14 (m, 12H), 0.88 (t, 

J=7Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ (ppm) =173.7, 173.5, 158.7, 158.6, 145.1, 144.8, 136.3, 136.0, 

135.9, 130.1, 128.2, 128.2, 128.0, 127.9, 127.0, 126.9, 117.7, 117.7, 113.3, 113.2, 86.8, 86.7, 62.6, 

61.8, 61.7, 58.6, 58.5, 58.4, 58.4, 55.4, 55.3, 53.6, 49.1, 47.3, 46.3, 43.3, 43.2, 43.1, 33.5, 33.4, 

32.1, 29.8, 29.8, 29.7, 29.5, 25.6, 25.5, 24.8, 24.8, 24.7, 24.7, 22.8, 22.7, 20.5, 20.5, 14.3. 

31P NMR (203 MHz, CDCl3): δ (ppm) = 148.4, 147.9. 

4.7.3.8 N,N-Bis(2-hydroxyethyl)-N-methylhexadecan-1-aminium iodide, 4’’. 

 

Anhydrous acetonitrile (15 mL) was added to RBF charged with 1’’ (1.5 g, 4.55 mmol) and heated 

to 50oC until material dissolved. CH3I (840 mg, 5.91 mmol) was added slowly and the reaction 

mixture was stirred at this temperature for another 1 hour. Hot reaction mixture was added to 

EtOAc (100 mL) at RT and left to cool down. Shiny off-white crystalline solid was filtered off and 

dried to obtain the pure product: 1.94g (91 %). Characterization data matched those reported 

elsewhere.58 
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1H NMR (600 MHz, CDCl3) δ (ppm) 0.85-0.88 (m, 3H), 1.24(br. s, 22H), 1.35 (br. s, 4H), 1.76 

(br. s, 2H), 3.33 (br. s, 3H), 3.53-3.56(m, 2H), 3.72-3.80 (m, 4H), 4.07 (br. s, 2H), 4.14 (br. s, 4H).  

13C NMR (125 MHz, CDCl3) δ 14.1, 22.6-31.9, 50.8, 55.7, 64.0, 64.5. 

4.7.3.9 N-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-N-(2-hydroxyethyl)-N-

methylhexadecan-1-aminium chloride. 

 

Reaction was performed from 4.2 mmol of 4’’ as in Section 4.7.3.1. After 16 hours of reaction, 

solvents were removed under vacuum to form yellow dense oil which was purified by 

chromatography on triethylamine pre-treated silica gel with CH2Cl2/MeOH with 0.1 % of NEt3. 

Desired material was collected at 3 % MeOH. It was found to contain triethylammonium salts that 

were removed after a short DCM extraction from 2M NaOH followed by brine wash. Organic 

fractions were combined, dried over MgSO4, filtered and the solvent was evaporated under reduced 

pressure (40 °C). An orange semi-solid was isolated (24 %).  

HRMS (ESI-QTOF) m/z: [M]+ Calcd for C42H64NO4 646.4830; Found 646.4845.  

1H NMR (500 MHz, CDCl3): δ (ppm) = 7.37-7.36 (m, 2H), 7.33-7.22 (m, 7H), 6.86 (d, J=9Hz, 

4H), 4.23 (br. s, 1H), 4.09 (br. s, 2H), 3.88-3.77 (m, 8H), 3.63-3.52 (m, 4H), 3.35-3.32 (m, 2H), 

3.20 (s, 3H), 1.70-1.63 (m, 2H), 1.31-1.19 (m, 26H), 0.88 (t, J=7Hz, 3H).  

13C NMR (126 MHz, CDCl3): δ (ppm) = 159.0, 143.6, 134.5, 129.9, 128.5, 127.8, 127.5, 113.8, 

88.0, 64.5, 64.3, 62.5, 57.3, 55.8, 55.5, 50.8, 32.1, 29.8, 29.8, 29.8, 29.6, 29.5, 29.4, 26.3, 22.9, 

22.8, 14.3. 
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4.7.3.10 N-(2-(Bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-N-(2-(((2-

cyanoethoxy)(diisopropylamino)phosphanyl)oxy)ethyl)-N-methylhexadecan-1-

aminium chloride, 4.  

 

Reaction was performed from 0.57 mmol of 4’ as in Section 4.7.3.2. Purification was achieved 

with a 24 g neutral Al2O3 column. The solvents used were DCM and methanol in a gradient from 

0 to 2 % MeOH in ~10 CV. A clear transparent oil was isolated (207 mg, 41 %). NB: silica based 

chromatography was tried several times without success.  

HRMS (ESI-QTOF) m/z: [M]+ Calcd for C51H81N3O5P 846.5908; Found 846.5902.  

1H NMR (500 MHz, CDCl3): δ (ppm) = 7.37-7.36 (m, 2H), 7.32-7.23 (m, 7H), 6.86 (d, J=9Hz, 

4H), 4.14-4.05 (m, 2H), 4.01-3.85 (m, 5H), 3.80 (s, 6H), 3.76-3.70 (m, 1H), 3.62 (br, 2H), 3.58-

3.52 (m, 2H), 3.46-3.39 (m, 2H), 3.26 (s, 3H), 2.67-2.64 (m, 2H), 1.68 (br, 2H), 1.31-1.22 (m, 

26H), 1.17 (dd, J=7, 13Hz, 12H), 0.88 (t, J=7Hz, 3H).  

13C NMR (126 MHz, CDCl3): δ (ppm) = 159.0, 143.7, 134.6, 130.0, 128.3, 127.8, 127.4, 117.8, 

113.7, 87.9, 63.5, 63.3, 63.1, 62.3, 62.2, 58.5, 58.3, 58.2, 57.6, 55.4, 49.7, 43.5, 43.4, 32.0, 29.8, 

29.8, 29.7, 29.6, 29.6, 29.5, 29.4, 26.4, 24.8, 24.8, 24.7, 24.7, 23.0, 22.8, 20.6, 20.6, 14.2. 31P NMR 

(203 MHz, CDCl3): δ (ppm) = 149.9, 149.9. 

4.7.3.11 6,6'-(Hexadecylazanediyl)bis(hexan-1-ol), 5’’. 

 
To a solution of hexadecylamine (121 mg, 0.5 mmol) in acetonitrile were added KHCO3 (200 mg, 

2 mmol, 3 equiv.), KI (17 mg, 0.1 mmol, 0.2 equiv.) and 6-bromo-1-hexanol (0.131 mL, 1.0 mmol, 

2 equiv.) under stirring. Temperature was raised until a reflux of acetonitrile was reached and left 

under stirring overnight. The reaction was followed by TLC. After completion, the reaction was 

worked up with saturated NaHCO3 solution and DCM. The organic layer was collected, dried over 

MgSO4, filtered and solvent was evaporated under reduced pressure (40 °C). 197 mg of a yellow 
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oil were obtained (89 %). Compound obtained was found to be pure up to 90 % (NMR) and was 

used as is for the next step.  

1H NMR (500 MHz, CDCl3): δ (ppm) 3.67 (m, 4H), 2.40 (m, 5H), 1.63-1.23 (m, 45H), 0.91 (t, 

J=5 Hz, 3H). 

4.7.3.12 6-((6-(Bis(4-methoxyphenyl)(phenyl)methoxy)hexyl)(hexadecyl)amino)hexan-

1-ol, 5’.  

 

Reaction was performed from 1.54 mmol of 5’’ as in Section 4.7.3.1. Product was extracted twice 

with DCM from a 10 % Na2CO3 aqueous solution, washed once with a 10 % Na2CO3 aqueous 

solution, dried over MgSO4, filtered and solvent was evaporated under reduced pressure (40 °C). 

The crude product was loaded on celite and purified using the combiFlash system with a 4 g SiO2 

Gold column. Hexanes/TEA (10:1) and ethyl acetate were used in a gradient from 0 to 50 % 

EtOAc. A clear yellow oil was isolated (204 mg, 18 %). 

LRMS: Calc.exact mass: 743.6 g/mol. Measured (positive mode): 744.4 (M+1), 303.3 (DMT+). 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.45 (d, J=7Hz, 2H), 7.35-7.29 (m, 6H), 7.23 (t, J=7Hz, 

1H), 6.85 (d, J=9Hz, 4H), 3.80 (s, 6H), 3.65 (t, J=4Hz, 2H), 3.05 (t, J=4Hz, 2H), 2.43-2.35 (m, 

6H), 1.67-1.55 (m, 4H), 1.49-1.22 (m, 41H), 0.91 (t, J=4Hz, 3H). 

4.7.3.13 6-((6-(Bis(4-methoxyphenyl)(phenyl)methoxy)hexyl)(hexadecyl)amino)hexyl 

(2-cyanoethyl) diisopropylphosphoramidite, 5.  

 

Reaction was performed from 0.20 mmol of 5’ as in Section 4.7.3.2. Purification was achieved 

with a 12 g SiO2 “Gold” column. The solvents used were hexanes/TEA (10:1) and ethyl acetate in 

a gradient from 0 to 10 % EtOAc in ~10 CV. A clear transparent oil was isolated (121 mg, 64 %).  

HRMS (ESI-QTOF) m/z: [M + H]+ Calcd for C58H95O5N3P 944.7004; Found 944.6990. 
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1H NMR (500 MHz, CDCl3): δ (ppm) = 7.43-7.44 (m, 2H), 7.33-7.26 (m, 6H), 7.21-7.8 (m, 1H), 

6.82 (d, J=9Hz, 4H), 3.87-3.76 (m, 8H), 3.69-3.54 (m, 4H), 3.03 (t, J=7Hz, 2H), 2.62 (t, J=7Hz , 

2H), 2.39-2.35 (m, 6H), 1.61 (quin., J=7Hz, 2H), 1.45-1.34 (m, 10H), 1.31-1.22 (m, 32H), 1.18 (t, 

J=6Hz, 12H), 0.88 (t, J=7Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ (ppm) = 158.4, 145.6, 136.9, 130.1, 128.3, 127.8, 126.6, 117.8, 

113.0, 85.7, 63.9, 63.7, 63.6, 58.5, 58.3, 55.3, 54.4, 54.3, 54.3, 43.1, 43.0, 32.0, 31.4, 30.3, 29.8, 

29.8, 29.5, 27.8, 27.7, 27.5, 27.2, 27.1, 26.5, 26.1, 24.8, 24.7, 24.7, 24.7, 22.8, 20.5, 20.4, 14.2.  

31P NMR (203 MHz, CDCl3): δ (ppm) = 147.3. 

4.7.3.14 3,3'-(Prop-2-yn-1-ylazanediyl)bis(propan-1-ol), PT1a. 

 
To a solution of propargylamine (551 mg, 10.0 mmol) in acetonitrile were added KHCO3 (3.00 g, 

30.0 mmol, 3 equiv.), KI (166 mg, 1 mmol, 0.1 equiv.) and 3-bromo-1-propanol (1.82 mL, 20.00 

mmol, 2 equiv.) under stirring. Temperature was raised until a reflux of acetonitrile was reached 

and left under stirring overnight. The reaction was followed by TLC. After completion, solid was 

filtered out and solvent was evaporated under reduced pressure (40 °C). Crude obtained was 

resuspended in DCM, filtered, dried over MgSO4, filtered and solvent was evaporated under 

reduced pressure (40 °C). 1.68 g of a dark brown red oil were obtained. (98 %). Compound 

obtained was found to be pure up to 90 % (NMR) and was used as is for the next step. NB: in order 

to get good characterization data, some compound could be further purified using the CombiFlash 

with a SiO2 Gold column, (80:20:2 DCM:EtOH:NH4OH). 

 1H NMR (500 MHz, CDCl3): δ (ppm) 3.76 (t, J=6Hz, 4H), 3.50 (d, J=2Hz, 2H), 2.76 (t, J=6 Hz, 

4H), 2.23 (t, J=2.4 Hz, 1H), 1.79 - 1.69 (m, 4H). 
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4.7.3.15 3-((3-(Bis(4-methoxyphenyl)(phenyl)methoxy)propyl)(prop-2-yn-1-

yl)amino)propan-1-ol, PT1. 

 
Reaction was performed from 9.8 mmol of PT1a as in Section 4.7.3.1. Product was extracted twice 

with DCM from a 10 % Na2CO3 aqueous solution, washed once with a 10 % Na2CO3 aqueous 

solution, dried over MgSO4, filtered and solvent was evaporated under reduced pressure (40 °C). 

The crude product was loaded on celite and purified using the combiFlash system with a 80 g SiO2 

Gold column. Hexanes/TEA (100:1) and ethyl acetate were used in a gradient from 0 to 50 % 

EtOAc. A clear greenish oil was isolated (1.77 g, 38 %). 

HRMS (ESI-QTOF) m/z: [M + Na]+ Calcd for C30H35O4NNa 496.2458; Found 496.2448.  

1H NMR (500 MHz, CDCl3): δ (ppm) 7.45 (d, J=7Hz, 2H), 7.35-7.29 (m, 6H), 7.23 (t, J=7Hz, 

1H), 6.85 (d, J=9Hz, 4H), 4.33 (br. s, 1H), 3.82 (s, 6H), 3.77 (t, J=5Hz, 2H), 3.47 (s, 2H), 3.13 (t, 

J=6Hz, 2H), 2.75 (t, J=6Hz, 2H), 2.64 (t, J=7Hz, 2H), 2.23 (s, 1H), 1.80 (quin, J=7Hz, 2H), 1.69 

(quin, J=5Hz, 2H).  

13C NMR (126 MHz, CDCl3): δ (ppm) 158.4, 145.2, 136.5, 130.0, 128.2, 127.7, 126.6, 113.0, 85.9, 

77.9, 73.3, 64.2, 61.5, 55.2, 53.6, 51.1, 41.7, 28.2, 28.0. 

4.7.3.16 3-((3-(Bis(4-methoxyphenyl)(phenyl)methoxy)propyl)(prop-2-yn-1-

yl)amino)propyl (2-cyanoethyl) diisopropylphosphoramidite, 6. 

 
Reaction was performed from 0.48 mmol of PT1 as in Section 4.7.3.2 and purification was 

achieved with a 12 g SiO2 Gold column. Hexanes/TEA (10:1) and ethyl acetate were used in a 

gradient from 0 to 40 % EtOAc in ~10 CV. A clear transparent oil was isolated (249 mg, 70 %). 

 HRMS (ESI-QTOF) m/z: [M + K]+ Calcd for C39H52N3O5PK 712.3276; Found 712.3296. 

 1H NMR (500 MHz, CDCl3): δ (ppm) 7.43 (d, J=8Hz, 2H), 7.33-7.26 (m, 6H), 7.20 (t, J=9Hz, 

1H), 6.82 (d, J=9Hz, 4H), 3.87-3.74 (m, 2H), 3.79 (s, 6H), 3.71-3.55 (m, 4H), 3.37 (d, J=2Hz, 2H), 
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3.09 (t, J=6Hz, 2H), 2.61-2.54 (m, 6H), 2.14 (t, J=2Hz, 1H), 1.74 (sex, J=7Hz, 4H), 1.17 (dd, J=7, 

9Hz, 12H).  

13C NMR (126 MHz, CDCl3): δ (ppm) 158.3, 145.3, 136.6, 130.0, 128.2, 127.7, 126.6, 113.0, 85.9, 

78.7, 72.7, 61.9, 61.8, 61.6, 58.4, 58.2, 55.2, 50.8, 50.2, 43.1, 43.0, 41.9, 29.3, 29.3, 28.3, 24.7, 

24.6, 24.6, 20.4, 20.3.  

31P NMR (203 MHz, CDCl3): δ (ppm) 147.5. 

4.7.3.17 (2S,3R,4R,5S,6S)-2-(Acetoxymethyl)-6-(4-(((3-(bis(4-

methoxyphenyl)(phenyl)methoxy)propyl)(3-hydroxypropyl)amino)methyl)-1H-

1,2,3-triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triyl triacetate, 7’. 

 
Adapted from an earlier report.591-Azido-1-deoxy-β-D-glucopyranoside tetraacetate (379 mg, 

0.80 mmol) and platform 1 (300 mg, 0.80 mmol, 1 equiv.) were suspended in 1 mL CHCl3 and a 

tBuOH/water (1:1) mixture (12 mL) was added. Freshly prepared solution of sodium ascorbate 

(12.1 mg, 0.061 mmol, 0.2equiv.) in 0.2 mL of water and another of copper sulfate (7.6 mg, 0.030 

mmol, 0.1 equiv.) in 0.1 mL of water were sequentially added. Reaction was allowed to stir 

overnight at room temperature. Product was extracted twice with DCM from 10 %Na2CO3 aqueous 

solution, washed once with a 10 %Na2CO3 aqueous solution, dried over MgSO4, filtered and 

solvent was evaporated under reduced pressure (40 °C). The crude obtained was resuspended in 

toluene to evaporate remaining tBuOH. 643 mg of a pale golden powder were obtained (95 %). 

LRMS: Calc.exact mass: 846.4 g/mol. Measured (positive mode): 869.3 (M+23), 303.3 (DMT+).  

1H NMR (500 MHz, CDCl3): δ (ppm) 7.69 (s, 1H), 7.41 (d, J=7Hz, 2H), 7.32-7.26 (m, 6H), 7.21-

7.19 (m, 1H), 6.82 (d, J=9Hz, 4H), 5.83-5.79 (m, 1H), 5.43-5.37 (m, 2H), 5.28-5.22 (m, 1H), 4.30 

(dd, J=5, 13Hz, 1H), 4.14 (dd, J=2, 13Hz, 1H), 3.99-3.95 (m, 1H), 3.82-3.75 (m, 2H), 3.79 (s, 6H), 

3.71 (t, J=5Hz, 2H), 3.09 (t, J=6Hz, 2H), 2.68-2.60 (m, 2H), 2.60-2.51 (m, 2H), 2.07 (s, 6H), 2.03 

(s, 3H), 1.83 (quin, J=6Hz, 2H), 1.79 (s, 3H), 1.75-1.63 (m, 2H). 
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 13C NMR (126 MHz, CDCl3): δ (ppm) 170.7, 170.0, 169.5, 169.0, 158.5, 145.6, 145.4, 136.6, 

130.2, 128.3, 127.9, 126.8, 121.1, 113.2, 86.0, 75.4, 72.7, 70.5, 67.9, 64.0, 61.6, 55.3, 53.6, 51.1, 

48.7, 28.3, 27.8, 20.8, 20.7, 20.7, 20.2. 

4.7.3.18 (2S,3R,4R,5S,6S)-2-(Acetoxymethyl)-6-(4-(((3-(bis(4-

methoxyphenyl)(phenyl)methoxy)propyl)(3-(((2-

cyanoethoxy)(diisopropylamino)phosphanyl)oxy)propyl)amino)methyl)-1H-1,2,3-

triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triyl triacetate, 7. 

 

Reaction was performed from 0.22 mmol of 7’ as in Section 4.7.3.2. Purification was achieved 

with a 12 g SiO2 “Gold” column. Hexanes/TEA (10:1) and ethyl acetate were used in a gradient 

from 0 to 50 % EtOAc in ~10 CV. A white crystalline powder was isolated (162 mg, 70 %).  

HRMS (ESI-QTOF) m/z: [M + H]+ Calcd for C53H72N6O14P 1047.4839; Found 1047.4866. 

1H NMR (500 MHz, CDCl3): δ (ppm) 7.60 (s, 1H), 7.42 (d, J=8Hz, 2H), 7.32-7.26 (m, 6H), 7.22-

7.18 (m, 1H), 6.82 (d, J=9Hz, 4H), 5.82-5.77 (m, 1H), 5.44-5.37 (m, 2H), 5.27-5.23 (m, 1H), 4.30 

(dd, J=5, 13Hz, 1H), 4.12 (dd, J=2, 13Hz, 1H), 3.99-3.95 (m, 1H), 3.85-3.72 (m, 10H), 3.70-3.63 

(m, 1H), 3.62-6.54 (m, 2H), 3.08 (t, J=6Hz, 2H), 2.59 (t, J=7Hz, 2H), 2.53-2.48 (m, 4H), 2.07 (s, 

3H), 2.06 (s, 3H), 2.03 (s, 3H), 1.82-1.73 (m, 7H), 1.16 (dd, J=7, 10Hz, 12H).  

13C NMR (126 MHz, CDCl3): δ (ppm) 170.7, 170.1, 169.5, 168.8, 158.5, 146.3, 145.5, 136.7, 

130.2, 128.3, 127.9, 126.7, 120.9, 117.9, 113.1, 85.9, 85.9, 75.3, 72.9, 70.4, 67.9, 62.1, 62.0, 61.7, 

58.5, 58.4, 55.4, 50.8, 50.4, 48.7, 43.2, 43.1, 29.1, 28.0, 24.8, 24.8, 24.8, 24.7, 20.8, 20.7, 20.7, 

20.5, 20.5, 20.2.  

31P NMR (203 MHz, CDCl3): δ (ppm) 147.3, 147.3 (two diasteroisomers).  
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4.7.3.19 Tert-butyl bis(3-hydroxypropyl)glycinate, PT2a. 

 
To a solution of glycine tert-butyl ester hydrochloride (2.57 g, 15.3 mmol) in acetonitrile were 

added KHCO3 (4.60 g, 45.9 mmol, 3 equiv.), KI (254mg, 1.53 mmol, 0.1equiv.) and 3-bromo-1-

propanol (2.77 mL, 30.6 mmol, 2 equiv.) under stirring. Temperature was raised until a reflux of 

acetonitrile was reached and left under stirring overnight. The reaction was followed by TLC. After 

completion, solvent was evaporated under reduced pressure (40 °C). Product was extracted twice 

with ethyl acetate from 10 % Na2CO3 aqueous solution, washed once with a 10 % Na2CO3 aqueous 

solution, dried over MgSO4, filtered and solvent was evaporated under reduced pressure (40 °C). 

Compound obtained was a pale yellow oil found to be pure up to 90 % (NMR) and was used as is 

for the next step (3.56 g, 94 %).  

LRMS Calc.exact mass: 247.2 g/mol. Measured (positive mode):248.1 (M+1), 270.1 (M+23). 

1H NMR (500 MHz, CDCl3): δ (ppm) 3.77 (t, J=6Hz, 4H), 3.18 (s, 2H), 2.36 (t, J=6Hz, 4H), 1.72 

(quin., J=6Hz, 4H), 1.47 (s, 9H). 

4.7.3.20 Tert-butyl N-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N-(3-

hydroxypropyl)glycinate, PT2b. 

 
 Reaction was performed from 14.4 mmol of PT2a as in Section 4.7.3.1. Product was extracted 

twice with DCM from a 10 % Na2CO3 aqueous solution, washed once with a 10 % Na2CO3 

aqueous solution, dried over MgSO4, filtered and solvent was evaporated under reduced pressure 

(40 °C). The crude product was loaded on celite and purified using the combiFlash system with a 

220 g SiO2 Gold column. Hexanes/TEA (10:1) and ethyl acetate were used in a gradient from 0 to 

35 % EtOAc(~25 CV). A clear yellow oil was isolated (2.96 g, 37 %). 

 HRMS (ESI-QTOF) m/z: [M + Na]+ Calcd for C33H43NO6Na 572.2983; Found 572.2978.  
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1H NMR (500 MHz, CDCl3): δ (ppm) 7.42 (d, J=7Hz, 2H), 7.32-7.26 (m, 6H), 7.21-7.18 (m 1H), 

6.82 (d, J=9Hz, 4H), 4.54 (br. s, 1H), 3.79 (s, 6H), 3.74 (t, J=5Hz, 2H), 3.19 (s, 2H), 3.09 (t, J=6Hz, 

2H), 2.70 (t, J=6Hz, 2H), 2.64-2.61 (m, 2H), 1.79 (quin, J=8Hz, 2H), 1.65 (quin, J=5Hz, 2H), 1.46 

(s, 9H).  

13C NMR (126 MHz, CDCl3): δ (ppm) 170.7, 158.5, 145.3, 136.6, 130.1, 128.3, 127.9, 126.8, 

113.2, 86.0, 81.5, 63.5, 61.8, 56.6, 55.3, 54.0, 51.8, 28.6, 28.2, 27.9. 

4.7.3.21 Sodium N-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N-(3-

hydroxypropyl)glycinate, PT2. 

 
Compound PT2b (260 mg, 0.47 mmol) was dissolved in about 2 mL of methanol. To the mixture 

was added 25 mL of 0.4M NaOH in MeOH/water 4:1. The reaction mixture was left under stirring 

for 3h at 65 °C. Reaction was monitored by TLC. When higher mobility spot disappeared, 

methanol was evaporated under reduced pressure (60 °C) until a precipitate appears but a small 

amount of water remains. Precipitate was filtered and quickly washed four times with cold water. 

The solid was suspended in MeOH, solvent was evaporated under reduced pressure (40 °C). The 

obtained solid was resuspended in DCM, dried over MgSO4, solution was filtered and solvent was 

evaporated under reduced pressure (40 °C) to obtain a white to pale yellow solid (206 mg, 85 %). 

NB: An alternate protocol involved a work-up with 2 equivalents of tetrabutylammonium chloride 

and sodium carbonate solutions. The obtained tetrabutylammonium salt started to degrade after a 

few days under high vacuum. 

 HRMS (ESI-QTOF) m/z: [M-Na]- Calcd for C29H34O6N 492.2392; Found 492.2405.  

1H NMR (400 MHz, DMSO-d6): δ (ppm) 7.36-7.28 (m, 4H), 7.24-7.19 (m, 5H), 6.88 (d, J=9Hz, 

4H), 3.73 (s, 6H), 3.37 (t, J=6Hz, 2H), 2.96 (t, J=6Hz, 2H), 2.71 (s, 2H), 2.43-2.37 (m, 4H), 1.61 

(quin, J=7Hz, 2H), 1.38 (quin, J=6Hz, 2H). 

 13C NMR (126 MHz, DMSO-d6): δ (ppm) 174.4, 157.9, 145.3, 136.1, 129.6, 127.8, 127.6, 126.5, 

113.1, 85.2, 61.6, 59.3, 58.2, 55.0, 50.5, 50.1, 29.5, 27.3. 
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4.7.3.22 Methyl N-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N-(3-

hydroxypropyl)glycyl-L-phenylalaninate, 8’. 

 
To a solution of PT2 (206 mg, 0.40 mmol) in DMF (5 mL) were successively added anhydrous 1-

hydroxybenzotriazole (HOBt) (81 mg, 0.60 mmol, 1.5 equiv.) and N-(3-Dimethylaminopropyl)-

N′-ethylcarbodiimide hydrochloride (EDC-Cl) (115 mg, 0.60 mmol, 1.5 equiv.). The pale yellow 

solution was left under stirring for 5 minutes until complete dissolution of EDC-Cl. Phenylalanine 

methyl ester hydrochloride (95 mg, 0.44 mmol, 1.1 equiv.) and triethylamine (0.15 mL, 1.04 mmol, 

2.6 equiv.) were then successively added. The reaction mixture slowly turned cloudy and was left 

under vigorous stirring overnight. Solvent was then evaporated under reduced pressure (60 °C). 

The crude product was loaded on celite and purified using the combiFlash system with a 12 g SiO2 

“Gold” column pre-treated with 1 % TEA in hexanes. Hexanes/TEA (10:1) and ethyl acetate were 

used in a gradient from 0 to 70 % EtOAc in ~12 CV. A clear pale yellow oil was isolated (173mg, 

66 %). NB: Interestingly, when the crude in DMF is analyzed using RP-HPLC, conversion yields 

reached 90 % but isolated yields never exceeded 66 %. This may be due to issues with column 

chromatography or to the presence of undesired salts at the end of the previous step.  

LRMS: Calc. exact mass: 654.33 g/mol. Measured (positive mode): 303.3 (DMT+), 677.3 (M+23).  

1H NMR (500 MHz, CDCl3): δ (ppm) 7.60 (d, J=8Hz, 1H), 7.41 (d, J=7Hz, 2H), 7.31-7.18 (m, 

10H), 7.08 (d, J=7Hz, 2H), 6.83 (d, J=9Hz, 4H), 4.85 (q, J=8Hz, 1H), 3.79 (s, 6H), 3.71 (s, 3H), 

3.53 (t, J=6Hz, 2H), 3.15-2.94 (m, 6H), 2.61-2.53 (m, 2H), 2.49-2.43 (m, 2H), 1.68-1.61 (m, 2H), 

1.60-1.55 (m, 2H).  

13C NMR (126 MHz, CDCl3): δ (ppm) 172.5, 171.5, 158.5, 145.3, 136.6, 136.2, 130.1, 129.3, 

128.7, 128.3, 127.9, 127.2, 126.8, 113.2, 86.0, 61.5, 60.8, 58.8, 55.3, 52.7, 525, 52.4, 52.0, 37.9, 

30.2, 28.03. 
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4.7.3.23 Methyl N-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N-(3-(((2-

cyanoethoxy)(diisopropylamino)phosphanyl)oxy)propyl)glycyl-L-phenylalaninate, 

8. 

 
Reaction was performed from 0.333 mol of 8’ as in Section 4.7.3.2. Purification was achieved with 

a 12 g SiO2 “Gold” column. Hexanes/TEA (10:1) and ethyl acetate were used in a gradient from 

0 to 40 % EtOAc in ~12 CV. A clear transparent oil was isolated (195 mg, 68 %).  

HRMS (ESI-QTOF) m/z: [M + Na]+ Calcd for C48H63N4O8PNa 877.4276; Found 877.4257.  

1H NMR (500 MHz, CDCl3): δ (ppm) 7.64 (d, J=8Hz, 1H), 7.40 (d, J=7Hz, 2H), 7.31-7.15 (m, 

10H), 7.07 (d, J=7Hz, 2H), 6.82 (d, J=9Hz, 4H), 4.83 (q, J=8Hz, 1H), 3.84-3.76 (m, 8H), 3.68 (s, 

3H), 3.60-3.50 (m, 4H), 3.16-3.12 (m, 1H), 3.05-2.97 (m, 5H), 2.58 (td, J=2, 7Hz, 2H), 2.55-2.47 

(m, 4H), 1.67-1.59 (m, 4H), 1.17 (dd, J=7, 9Hz, 12H). 

 13C NMR (126 MHz, CDCl3): δ (ppm) 171.9, 11.5, 158.2, 145.3, 136.6, 136.2, 130.1, 129.3, 128.7, 

128.3, 127.9, 127.2, 126.8, 113.2, 86.0, 61.5, 58.5, 55.3, 53.0, 52.7, 52.5, 52.3, 43.2, 43.1, 38.0, 

29.3, 28.2, 24.8, 24.7, 20.5, 20.5.  

31P NMR (203 MHz, CDCl3): δ (ppm) 147.6. 

4.7.3.24 N-(2-Aminoethyl)-2-((3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)(3-

hydroxypropyl)amino)acetamide (PT3) 

 
In a round bottom flask, 350 mg (0.64 mmol) of PT2b were dissolved in 5 mL of ethylenediamine. 

Solution was left under vigorous stirring under reflux for 48h. Product was extracted twice with 

DCM from 10 % Na2CO3 aqueous solution, washed once with a saturated Na2CO3 aqueous 
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solution, dried over MgSO4, filtered and solvent was evaporated under reduced pressure (40 °C) 

to obtain a yellow oil (299 mg, 88 %). 

HRMS (ESI-QTOF) m/z: [M + Na]+ Calcd for C31H41N3O5Na 558.29384; Found 558.29354. 

1H NMR (500 MHz, CDCl3): δ (ppm) 7.54 (t, J=6Hz, 1H), 7.42-7.40 (m, 2H), 7.31-7.26 (m, 6H), 

7.22-7.20 (m, 1H), 6.82 (d, J=9Hz, 4H), 3.79 (s, 6H), 3.62 (t, J=6Hz, 2H), 3.25 (q, J=5Hz, 2H), 

3.09 (t, J=6Hz, 2H), 3.04 (s, 2H), 2.78 (t, J=6Hz, 2H), 2.57 (q, J=6Hz, 4H), 1.79-1.71 (m, 2H), 

1.67-1.62 (m, 2H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 171.9, 158.5, 145.3, 136.5, 130.1, 128.2, 127.9, 126.8, 

113.2, 86.1, 61.6, 59.5, 59.2, 55.4, 52.3, 51.1, 41.5, 41.1, 59.7, 27.8. 

4.7.3.25 N-(2-(2-((3-(Bis(4-methoxyphenyl)(phenyl)methoxy)propyl)(3-hydroxy 

propyl)amino)acetamido)ethyl)-2,2,2-trifluoroacetamide (11’). 

 
In a round bottom flask, 648 mg (1.21 mmol, 1 equiv.) of PT3 were dissolved in 10 mL of DCM 

and 1 mL of pyridine. Ethyl trifluoroacetate (0.15 mL, 1.3 mmol, 1.05 equiv.) was slowly added 

under vigorous stirring. Reaction was left under stirring overnight. Product was extracted twice 

with DCM from 10 % Na2CO3 aqueous solution, washed once with a 10 % Na2CO3 aqueous 

solution. Organic fractions were combined, dried over MgSO4, filtered and the solvent was 

evaporated under reduced pressure (40 °C). The crude product was loaded on celite and purified 

using the combiFlash system with a SiO2 “Gold” column pretreated with 0.1 % TEA in DCM. 

DCM/TEA (100:0.1) and DCM/Methanol/TEA (90:10:0.1) were used in a gradient. A clear yellow 

wax was isolated (485 mg, 0.768 mmol, 63 %). 

LRMS: Calc.exact mass: 631.29 g/mol. Measured (negative mode): 630.24 (M-1), 

1H NMR (500 MHz, DMSO-d6): δ (ppm) 9.38 (s, 1H), 7.76 (s, 1H), 7.37-7.35 (m, 2H), 7.31-7.28 

(m, 2H), 7.24-7.19 (m, 5H), 6.87 (d, J=9Hz, 4H), 4.43 (s, 1H), 3.73 (s, 6H), 3.40 (t, J=6Hz, 2H), 

3.22 (s, 4H), 2.96 (t, J=6Hz, 2H), 2.91 (s, 2H), 2.47-2.44 (m, 4H), 1.69-1.64 (m, 2H), 1.54-1.48 

(m, 2H). 
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13C NMR (126 MHz, DMSO-d6): δ (ppm) 171.2, 158.0, 156.6, 156.3, 145.2, 136.0, 129.6, 127.8, 

127.6, 126.6, 117.0, 114.7, 113.1, 85.2, 61.2, 58.9, 57.8, 55.0, 51.5, 51.5, 37.2, 29.8, 27.1. 

19F NMR (471 MHz, DMSO-d6): δ (ppm) -74.5. 

4.7.3.26 3-((3-(Bis(4-methoxyphenyl)(phenyl)methoxy)propyl)(2-oxo-2-((2-(2,2,2-

trifluoroacetamido)ethyl)amino)ethyl)amino)propyl (2-cyanoethyl) 

diisopropylphosphoramidite (11) 

 
Reaction was performed from 0.744 mol of 11’ as in Section 4.7.3.2. The crude product was loaded 

on celite and purified using the combiFlash system with a SiO2 “Gold” column pretreated with 1 

% TEA in hexanes. Hexanes/TEA (100:1) and ethyl acetate/TEA (100/1) were used in a gradient. 

A white waxy solid was isolated (396 mg, 0.476 mmol, 64 %). 

HRMS (APCI-QTOF) m/z: [M + H]+ Calcd for C42H58N5O7PF3 832.40205; Found 832.40168. 

1H NMR (500 MHz, CDCl3): δ (ppm) 8.18 (s, 1H), 7.63-7.61 (m, 1H), 7.41-7.39 (m, 2H), 7.29-

7.26 (m, 6H), 7.22-7.19 (m, 1H), 6.82 (d, J=9Hz, 4H), 3.85-3.81 (m, 1H), 3.79 (s, 6H), 3.75-3.55 

(m, 5H), 3.37-3.34 (m, 4H), 3.08 (t, J=6Hz, 2H), 3.05 (s, 2H), 2.61-2.58 (m, 6H), 1.75-1.71 (m, 

4H), 1.17 (t, J=7Hz, 12H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 174.6, 158.6, 157.8, 157.5, 145.2, 136.4, 130.1, 138.2, 

127.9, 126.9, 117.9, 117.1, 114.8, 113.2, 86.1, 61.8, 61.7, 61.4, 58.4, 58.2, 58.1, 55.4, 52.4, 52.3, 

43.2, 43.1, 42.2, 38.3, 28.9, 28.9, 27.8, 24.8, 24.8, 24.7, 24.7, 20.6, 20.6. 

19F NMR (471 MHz, CDCl3): δ (ppm) -76.0. 

31P NMR (203 MHz, CDCl3): δ (ppm) 147.6. 

 

4.7.4 Solid-phase Synthesis 
Standard DNA synthesis was performed on a 1 μmol scale, starting from a universal 1000 Å 

LCAA-CPG solid support. Amidites HEG and TEG were dissolved in dry acetonitrile and all 
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other amidites were dissolved in dry DCM to obtain 0.1M solutions. Extended coupling times of 

10 minutes were used except for standard DNA amidites and for oligomer A synthesis (4min 

couplings). Removal of the DMT protecting group was carried out using 3 % dichloroacetic acid 

in dichloromethane on the DNA synthesizer. The DNA sequence used along this study is called 

AT and is: 5’- TTTTTCAGTTGACCATATA – 3’ except for the oligomer E for which the 

sequence used was 5’- CAGTTGACCATATA – 3’ and the oligomer bearing 11 for which it is 5’- 

TA-11-TTTTTCAGTTGACCATATA – 3’. 

4.7.4.1 General procedure for attaching moiety without phosphoramidite isolation. 

Under a nitrogen atmosphere in a glove box (<2.5 ppm trace moisture), in a 20 mL oven-dried 

round bottom flask, monoprotected alcohol 1’ (31.6 mg, 0.050 mmol) is dissolved in dry DCM 

(500 µl). Diisopropylethylamine (8.7 µl, 0.050 mmol, 1 equiv.) and N,N-Diisopropylamino 

cyanoethyl phosphonamidic-Cl (10.0 µl, 0.045 mmol, 0.9 equiv.) are added. Reaction is allowed 

to stir at room temperature during 45 minutes. Coupling was done using the ‘syringe’ technique: 

the crude solution containing the phosphoramidite (200 µl, 0.1 M) is mixed with the standard 

activator solution (200 µl, 0.25 M) in presence of the CPG using syringes. After ten minutes, the 

solution was removed from the columns and the strands underwent capping, oxidation and 

deblocking steps in the synthesizer. 

4.7.4.2 General deprotection procedure. 

Sequences without moiety PT2b or 8 underwent classical deprotection procedures: completed 

syntheses were cleaved from the solid support and deprotected in 28 % aqueous ammonium 

hydroxide solution for 16-18 hours at 65 °C or in 28 % aqueous ammonium hydroxide/30 % 

methylamine solution 1:1 mixture for 3h hours at 65 °C. With moiety 8, 1:3 tert-butylamine/water 

solution during 6h at 65 °C (recommended with dmf-protected guanosines) or 0.4 M NaOH 1:4 

water/methanol solution at room temperature during 16h, followed by quenching with 2.0 M 

TEAA buffer (recommended with isobutyryl-protected guanosines) were used. With moiety 

PT2b, a solution of 0.4 M NaOH 1:4 water/methanol solution at 65 °C overnight, followed by 

quenching with 2.0 M TEAA buffer could fully deprotect the tBu ester. The crude product solution 

was separated from the solid support and concentrated under reduced pressure at 60 °C. This crude 

solid was re-suspended in 1 mL Millipore water. Filtration with 0.22 μm centrifugal filter was then 

performed prior to HPLC purification. The resulting solution was quantified by absorbance at 260 
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nm. NB: if 1:3 tert-butylamine/water solution during 6 h at 65 °C does not lead to complete 

unylinker deprotection, concentrated ammonium hydroxide at room temperature overnight could 

be performed as a second step. 

4.7.4.3 General quantification procedure. 

To quantify the oligomers in solution, absorbance at 260 nm was measured using a Nanodrop Lite 

spectrophotometer. Extinction coefficients were calculated according to the following formula:ε= 

εDNA+ εmonomer 9 x number of 9 in the sequence + εisolated thymidine x number of thymidine in the 

sequence. With εDNA being the extinction coefficient of the DNA sequence in the oligomer (if 

applicable, obtained from IDT oligoanalyzer tool), εmonomer 9= 2.80 mM-1.cm-1 as reported in 

Chapter 3, εisolated thymidine=8.56 mM-1.cm-1.60 

 

4.7.5 Post solid-phase synthesis functionalization of alkyne containing DNA strands 
Two strands containing one and 5 times phosphoramidite 6 have been modified after solid-phase 

synthesis following a standard protocol reported elsewhere.50  

With DNA-6: To 20 µL of a DNA solution (directly from post-deprotection crude 6.6 nmol) in 

water, 10 µL of an azide solution (164 nmol, 25 equiv.) and 10 µL of a freshly prepared solution 

containing CuBr and tris(benzyltriazolylmethyl)-amine in a 1:1 ration in 4:3:1 water : DMSO : 

tBuOH was added (66 nmol, 10 equiv.). The mixture was vortexed and shaken at room temperature 

for 2 hours.  

With DNA-65 (oligomer F): To 20 µL of a DNA solution (directly from post-deprotection crude, 

9.5 nmol) in water 10 µL of an azide solution (475 nmol, 50 equiv.) and 10 µL of a freshly prepared 

solution containing CuBr and tris(benzyltriazolylmethyl)-amine in a 1:1 ration in 4:3:1 water : 

DMSO : tBuOH was added (180 nmol, 20 equiv.). The mixture was vortexed and shaken at room 

temperature for 2 hours.  

In the case of post-SPS click chemistry compounds, purification was carried out through gel 

electrophoresis instead of RP-HPLC. Crude products were purified on 20 % polyacrylamide gels, 

supplemented with 7M urea (loading up to 10 OD260 of crude mixture per gel, 500 V field 

applied). Electrophoresis was run at lower voltage for the first 30 minutes. Following 

electrophoresis, the gel was wrapped in plastic and visualized by UV shadowing over a fluorescent 

TLC plate. The full-length product was quickly excised, then crushed and incubated in ~10 mL of 
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Millipore water. The solution was frozen in liquid N2 for 3 minutes and left at 65 °C overnight. 

The supernatant was then concentrated to 1.0 mL, and desalted using size exclusion 

chromatography (Sephadex G-25). The DNA strand was then quantified (OD260) and converted 

to micromolar concentrations using the calculated extinction coefficient. 

4.7.6 Gel electrophoresis 
18 % denaturing Polyacrylamide Gel Electrophoresis (PAGE) was carried out at room temperature 

for 30 minutes at 250V followed by 1 hour at 500V. TBE buffer (1X) was used and the 

concentration of urea in the gel was 7 M. For each lane 5 µL of crude mixture (1.6 µM) in water 

was added to 5ul of 8 M urea. Only unmodified AT strand was purified beforehand. The DNA 

bands for all gels were visualized by incubation with GelRed™. Yields of conjugation were 

measured using the software Image Lab and the formula: yields =lowest mobility band intensity/ 

n-1 band intensity. 

 

             1   2  3  4   5  6   7  8  9  10 11 

 
Figure 4.7. 18 % PAGE in denaturing conditions, of modified DNA strands. Lanes 1 to 11: DNA-9, DNA, 
DNA-3, DNA-4, DNA-5, DNA, DNA-6, DNA-PT2b, DNA, DNA-7, DNA-8. 
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Figure 4.8. 15 % PAGE in denaturing conditions of 21mer modified with 11. (Lane 2) and control: 
21mer without 11 (Lane 1). 

         1      2       3       4 

 
Figure 4.9. 18 % PAGE in denaturing conditions of modified DNA strands with post SPS click chemistry.  
Strand modified with 1 or 5 times phosphoramidite 6 (lanes 1 and 3 respectively) and associated crude 
mixtures after click chemistry (lanes 2 and 4 respectively). 

For post-SPS click reactions, yields were calculated with the formula: yields =lowest mobility 

band intensity/ intensity of higher mobility bands. They were found to be higher than 80 % in both 

cases. The lowest mobility bands could be isolated following standard gel purification procedure. 

Identity of the products were identified by ESI-MS (Figure 4.12). 

1     2 
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NB: Oligomer F after click chemistry and PAGE purification needed to be further purified by RP-

HPLC to obtain good data by MS. 

 

4.7.7 RP-HPLC purification and analysis. 
 Solvents (0.22 μm filtered): 50 mM triethylammonium acetate (TEAA) buffer (pH 8.0) and HPLC 

grade acetonitrile. All gradients were followed by a short column wash in 95 % acetonitrile. 

Column: Hamilton PRP-C18 5 μm 100 Å 2.1 x 150 mm. For each analytical separation 

approximately 0.5 OD260 of crude DNA or 0.3 OD260 of crude oligomers was injected as a 20-50 

μL solution in Millipore water. Detection was carried out using a diode-array detector, monitoring 

absorbance at 260 nm. 

 

a)  

 

 

 

 

 b) 

 

 

 

 

 c) 

 

 

 

 

 

 d) 
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 e) 

 

 

 

 

 

 f) 

 

 

 

 g) 

 

 

 

 

 

 h)  

 
Figure 4.10. RP-HPLC traces from crude mixtures of 5’ modified DNA 19mers. (UV 260 nm) a) top: 
DNA-9; bottom, unmodified DNA. 3 to 50 % ACN in 30 minutes. b) top: DNA-5; bottom, unmodified 
DNA, 3 to 80 % ACN in 30 minutes c) top: DNA-3; bottom, DNA-4, 3 to 80 % ACN in 30 minutes. d) top: 
DNA-6; bottom, unmodified DNA, 3 to 30 % ACN in 30 minutes e) top: DNA-PT2b; bottom, unmodified 
DNA, 3 to 30 % ACN in 30 minutes f) top: DNA-7 bottom DNA-8, 3 to 30 % ACN in 30 minutes g) top: 
DNA-65 after post-SPS click chemistry and gel purification. Bottom: crude from DNA-65 (oligomer F), 

overall yields: 82 %, 3 to 30 % ACN in 30 minutes, h) Oligomer E, DNA 14mer-72-83. 3 to 50 % in 30 
minutes.  
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 a) 

 

 

 

 b) 

 

 

 

 c) 

 

 

 

 d) 

 

 

 

 e) 

 

 

 

 f) 

 

 

Figure 4.11. RP-HPLC traces from crude mixtures of sequence-defined oligomers. (UV 260 nm). a) top: 
T-HEG-HEG-5-5-T; bottom, T-HEG-HEG-4-4-T. 3 to 80 % ACN in 30 minutes. b) T-HEG-HEG-3-3-
T, 3 to 80 % ACN in 30 minutes c) Oligomer B T-62-8-TEG-9-82-10-TEG-9, 3 to 80 % ACN in 40 minutes 
d) Oligomer A T-62-8-TEG-9, 3 to 80 % ACN in 40 minutes, e) Oligomer C T3-HEG4-7-62, 3 to 30 % ACN 
in 50 min., f) Oligomer D T-6-8-6-8-6-10, 3 to 80 % ACN in 40 minutes. 
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4.7.8 LC-ESI-MS characterization 
The oligomers were analyzed by LC-ESI-MS in negative ESI mode. Samples were run through an 

Acclaim RSLC 120 C18 column (2.2 µm, 120 Å 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. Each time, ~250 pmol of 

artificial oligomer or ~60 pmol of oligonucleotide was injected. 

 
a) DNA-9 

 

 
b) DNA-3 

 

 
c) DNA-4. Mass measured is lower than expected (-1) due to the positive charge on 4 not taken into account by the 

deconvolution software. 
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d) DNA-5 

 

 
e) DNA-6 

 

 
f) DNA-PT2b 
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g) DNA-7 

 

 
h) DNA-8 

 

 
i) Oligomer F: DNA-65 (peaks at 7205 and 7223 most probably come from unylinker remaining on the strand 3’end. 

This issue can be solved with a longer deprotection). 
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j) Oligomer F  after click chemistry post SPS. Expected mass: 7955.75 g/mol. 

 

 
k) Oligomer E, DNA 14mer-72-83 

 

 
l) Byproducts from oligomer E synthesis (first peak from HPLC purification): DNA 14mer, DNA 14mer-7 and DNA 

14mer-72. It seems that coupling of 7 was less efficient in this case. 
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m) DNA-11-DNA. 5’- TA-11-TTTTTCAGTTGACCATATA – 3’ Expected : 6677.35g/mol.  

Figure 4.12. MS data for modified DNA strands.  The data was processed and deconvoluted using the 
Bruker DataAnalysis software version 4.1. Masses reported are exact masses. 

 

 
a) T-HEG-HEG-3-3-T 

 

 
b) T-HEG-HEG-4-4-T 

 

2- 

2- 

3- 

1- 
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c) T-HEG-HEG-5-5-T 
 

 
d) Oligomer B, T-62-8-TEG-9-82-10-TEG-9. 

 

 
e) Oligomer A, T-62-8-TEG-9. 
 

 
f) Oligomer C, T3-HEG4-7-62 

2- 

3- 

1- 

4- 

6- 8- 

1- 

2- 

3- 4- 

2- 
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4- 
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6- 
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g) Oligomer D, T-6-8-6-8-6-10 

Figure 4.13. MS data for sequence-defined oligomers.  Negative mode. Almost all peaks can be associated 
with a (M-x)/x anion except for polymers containing 4 which has an intrinsic positive charge and for which 
the visible species are (M – x – number of 4)/x. 
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5.1 Preface 

In the chapters 2 and 3, we demonstrated that some new monomers permitted the formation of 

novel supramolecular structures and imparted new properties to DNA strands. In Chapter 4, we 

showed the possibility to dramatically expand the number of monomers available for the synthesis 

of sequence-defined oligo(phosphodiester)s. This approach will lead to numerous applications, 

such as new biological properties of DNA strands, single-chain folded particles for catalysis, data 

storage, and new molecular recognition properties; the latter application is the subject of this 

chapter. 

In the introduction, the difficulty of predicting a folded 3-dimensional structure a priori from a 

specific sequence was pointed out. It is a similar challenge as the protein folding problem but with 

oligomers made of artificial building blocks. Therefore, we can apply similar strategies as those 

developed for peptide sequence discovery. Noticeably, the generation of large combinatorial 

libraries containing thousands of different sequences has been found to be valuable in discovering 

new antibacterial peptides1 and oligonucleotide aptamers2 for example.  

DNA-encoding is a strategy used when generating combinatorial libraries. In this method, a short 

DNA sequence acts as a tag for each added building block in the molecule, so that the best binding 

molecule from a large library can be identified by DNA sequencing. The oligomers presented in 

this thesis have a similar backbone as DNA and are made using a similar chemical process. 

Therefore, DNA-encoding technology seems to be the method of choice to make combinatorial 

libraries of sequence-defined oligomer libraries. It would greatly enhance the chances to find 

useful sequences that would take advantage of the monomer diversity achieved in Chapter 4. 
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5.2 Contribution of authors 

Donatien de Rochambeau codesigned the project and performed all experiments unless listed 

below, analyzed the results and cowrote the chapter. Michael Dore synthesized the DMT-

protected precursor of Bal and Dr. Violeta Toader performed the phosphoramidite synthesis step 

for Bal and C12. Daniel Saliba performed and optimized the PCR amplification experiments. Dr. 

Hanadi Sleiman codesigned the project, guided interpretation of data and discussion of results 

and cowrote the chapter. 

5.3 Abstract 

Sequence-defined oligomers made of unnatural building blocks can be used as biologically 

relevant ligands with improved properties compared to their natural counterparts such as 

oligonucleotide aptamers. Herein, we show the synthesis of DNA-encoded sequence-defined 

functionalized aptamers that will enable the selection and identification of potent target binding 

sequences from a large highly functionalized library. The use of levulinyl protecting groups is 

shown to be fully orthogonal to dimethoxytrityl and allows the parallel synthesis of two 

oligo(phosphodiester)s. Therefore, on a solid phase support, a DNA code made of nucleotide 

phosphoramidites was synthesized simultaneously with a sequence-defined oligomer made of non-

nucleosidic monomers. Using the split-and-pool combinatorial strategy, a library of ~300,000 

DNA-encoded unnatural aptamers based on the thrombin-binding aptamer sequence was 

synthesized. Monomers used were designed to improve affinity to thrombin, increase the aptamer 

serum half-life, and potentially help cellular transfection. The oligonucleotide of a control DNA-

encoded structure was amplified and sequenced successfully from very low concentrations to show 

the possibility to use our library for target affinity selection. This synthetic methodology represents 

a potential major breakthrough in both the aptamer field, with the use of non-nucleosidic 

modifications; and the DNA-encoded library field, by exploring a new chemical space through 

phosphoramidite chemistry and solid-phase synthesis. 

5.4 Introduction 

Aptamers are oligonucleotide sequences that specifically bind relevant targets due to their well-

defined sequence-dependent tertiary structures. Aptamers are attractive alternatives to antibodies 
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because of their stability and smaller-size, and are more versatile than small molecules due to their 

specific 3D shape.3,4 Complex targets that are considered “undruggable” with small molecules 

such as protein-protein interactions (PPIs) can be efficiently targeted.5 As oligonucleotides, they 

are easy to synthesize through solid-phase synthesis (SPS), are less immunogenic than antibodies, 

and potent sequences can be obtained from large libraries through in vitro selection, also known 

as systematic evolution of ligands by exponential enrichment (SELEX).6,7 However, the chemical 

space offered by aptamers (4 nucleobases: ATGC or AUGC) is much narrower than proteins (20 

amino acids with very different functional groups). This has made the discovery of high affinity-

binding sequences with no off-target binding difficult in many cases.8 In addition, due to their 

nucleic acid nature, aptamers are susceptible to nuclease degradation leading to short half-lives in 

vivo, and they suffer from poor cellular uptake. These major drawbacks have considerably slowed 

the emergence of therapeutic applications,2 and currently only one aptamer drug (pegaptanib, 

Macugen®) has been approved by the United States Food and Drug Administration (FDA).2 To 

improve the properties of oligonucleotide aptamers, many scientists have chemically modified 

DNA and RNA nucleobases. Four recent strategies highlight significant steps forward in the field: 

(i) Slow off-rate modified aptamers (SOMAmers) were developed by Gold and coworkers by 

introducing nucleotides bearing amino acid-like side-chains, and they showed superior binding 

affinities;9 (ii) click-SELEX allows the addition of an unnatural modifier to an alkyne containing 

base during SELEX;10 (iii) ligation of modified short nucleic acids fragments on an evolved 

template was demonstrated by the Liu and Hili groups;11–13 (iv) finally, polymerases and reverse-

transcriptases capable of reading and synthesizing backbone-modified oligonucleotides (xeno-

nucleic acids, XNA) were developed by Holliger and others.14,15 All these strategies expanded the 

chemical space explored in aptamers or increased their serum stability. However, the three first 

methods offer the possibility to modify only few nucleotides of a given strand and the fourth only 

yielded few aptamers so far.16 These strategies also all rely on nucleotides with relatively 

conservative modifications to natural nucleic acids to allow for enzyme-aided amplification or 

ligation. Therefore, to completely open the chemical space available to aptamers, a strategy that 

allows the incorporation of non-nucleosidic functional modifications would be highly attractive. 

Sequence-defined polymers made of unnatural building blocks have attracted considerable 

attention in the past decade due to their potential to broaden the scope of biopolymer function and 

to extend their performance.17 However, the emergence of applications that require reliable and 
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precise folding is slowed down by the difficulty to predict the final structure from an initial 

sequence.18 Large combinatorial libraries help overcome this issue. Initially developed for natural 

biopolymers and small molecules, this strategy has been expanded to artificial sequence-defined 

polymers such as oligocarbamates,19 peptoids20 and thiolactone precision polymers21, that have 

found applications as protein ligands, antimicrobial agents and drug solubilizers respectively. 

These studies highlight the great potential of combinatorial libraries of unnatural sequence-defined 

polymers. Classic oligomer library generation methods are limited by the surface area and 

instrumentation needed for high throughput screening (HTS) and by the difficulty to accurately 

sequence oligomers in mixed libraries. In 1992, Brenner and Lerner introduced the idea of DNA-

encoded libraries, where each library member is barcoded with a DNA strand (Figure 5.1).22 This 

code can be amplified and sequenced from very small concentrations (<10-15 nM) thanks to the 

high reliability of the polymerase chain reaction (PCR).23 This area has been thoroughly developed 

in academic labs and pharmaceutical companies, and it has led to the discovery of active small 

molecules that are now entering clinical trials.24 Finding new reactions and strategies to make 

DNA-encoded libraries (DEL) is an active research area to access a greater diversity of drug 

candidates. A wide chemical space25 was explored so far but DEL of sequence-defined oligomers, 

while holding great promise, is considerably underexplored.26,27 Liquid-phase organic reactions 

that are orthogonal to DNA-ligation chemistry typically used for DEL synthesis25 may not provide 

the high coupling yields necessary for making sequence-defined polymers. To solve this issue, 

strategies involving DNA-templated reactions28 and solid-phase synthesis (SPS) of DNA-encoded 

peptides29 have been reported. SPS can afford high-purity DNA strands30 and is even used for the 

production of FDA-approved oligonucleotide therapeutics.31 In the chapters 2 to 4, we showed that 

artificial sequence-defined oligo(phosphodiester)s32 can also be synthesized in high yields with 

this method. This therefore represents an opportunity to expand the chemical space explored with 

DNA-encoded libraries to a variety of sequence-defined oligomers. 

Herein, we report the design and synthesis of a DNA-encoded library of aptamers made of non-

nucleosidic building blocks. The constructs were designed as branched DNA strands, each 

composed of a DNA code and a highly functionalized sequence-defined oligo(phosphodiester) 

aptamer. The specific nature and position of each non-nucleosidic unit is encoded by a three-DNA 

base codon residing on the covalently linked DNA arm. This strategy relies on the use of the 

levulinyl orthogonal protecting group to be able to synthesize the DNA-code and the unnatural 
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oligomer simultaneously and conveniently through phosphoramidite chemistry on solid phase 

support. We used the split-and-pool strategy to synthesize a ~300,000 member library of DNA-

encoded potential thrombin-binding aptamers. Each aptamer was designed using a semi-rational 

approach to resemble an already reported thrombin-binding aptamer.33 We used the non-

nucleosidic building blocks developed in Chapter 3 and Chapter 4 since they are versatile, flexible 

and can induce weak interactions including hydrogen-bonding, π-π stacking and the hydrophobic 

effect.32 Moreover, some of the modifications are positively charged at physiological pH, which 

may help the oligomers’ cell internalization. Successful amplification and sequencing of the code 

of model DNA-encoded unnatural aptamers demonstrates the applicability of our method to a 

selection process (Figure 5.1) that we envision as future work. 

 
Figure 5.1. Selection principle of DNA-encoded unnatural aptamer libraries. Our idea takes inspiration 
from Brenner and Lerner’s who initially proposed the synthesis of DNA-encoded peptides on beads. 1. A 
library of aptamers with a DNA tag is incubated with the target protein that is usually immobilized on a 
surface. 2. The unbound aptamers are eluted out. 3. The bound aptamers are recovered and their DNA tags 
are amplified. 4. Sequencing of the DNA amplicons obtained. 5. The DNA sequences allow to know the 
aptamer sequences. The latter are resynthesized without the DNA tag and tested. If the affinity for the target 
is not satisfactory, one can synthesize an evolved library on solid-phase.  

5.5 Results and discussion 

5.5.1 Finding an orthogonal protecting group 
We developed a novel “genetic code” that would associate a 3-base codon to each unnatural 

monomer used in this study. As explained later in this chapter (Scheme 5.65), the split-and-pool 

strategy requires the parallel synthesis of the aptamer and the code associated. The requirement 

for a constant reverse primer region at the 3’end of the code for future PCR amplification led us 

to the design shown in Figure 5.2. It consists of a branched oligonucleotide in which one of the 
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arms is made of unnatural building blocks and eventually forms a sequence-defined 

oligo(phosphodiester) aptamer. This branch will be called the aptamer throughout the chapter. The 

other arm of the construct consists of regular DNA and codes for the sequence of the aptamer ˗ it 

will be called the code. 

 
Figure 5.2. General design of DNA-encoded unnatural aptamers. 

The original idea of Brenner and Lerner discussed the use of orthogonal chemistries because the 

aptamer and the code need to grow independently.22 In our case, phosphoramidite chemistry is 

used for the aptamer on the branch as well as the code. Therefore, an orthogonal protecting group 

to the common dimethoxytrityl (DMT) is required. This new group must fulfil several criteria: (i) 

it needs to be resistant to all reagents used in a DNA synthesizer, (ii) it must be quickly and 

quantitatively removed and (iii) classical DNA protecting groups on nucleotides and phosphates 

need to stay unaltered to the orthogonal deprotection conditions. Our first design strategy was to 

use silylated protecting groups. For example, tert-butyldimethylsilane (TBDMS) and 

triisopropylsilyloxymethyl (TOM) 2’-hydroxyl protection of RNA are resistant to synthesizer 

reagents.34 However, we were unable to determine an efficient and orthogonal way to deprotect 

the TBDMS and TOM groups. 2'-acetoxy ethyl orthoester (ACE) RNA chemistry involves the use 

of a silylated group at the 5’ end of RNA nucleotides that is readily deprotected using hydrofluoric 

acid (HF) in triethylamine (TEA).35 However, this imposes the use of a methyl group instead of a 

cyanoethyl as phosphate protection, requiring harsher deprotection conditions that may not be 

compatible with the unnatural monomers of the aptamers. We also explored the more seldo mLy 

used trimethylsilylethoxycarbonyloxy (Teoc) protecting group. This group has notably been used 

in the total synthesis of verrucarin B.36 We followed a similar protocol to make a 5’-Teoc protected 

thymidine nucleoside (2, Scheme 5.1). Successful attachment to a DNA 19mer was achieved. The 

Teoc group showed resistance to synthesizer reagents and was orthogonally deprotected using 
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tetrabutylammonium fluoride (TBAF) for 10 minutes. However, several TBAF treatments during 

a common DNA strand synthesis did not lead to satisfactory yields. TBAF probably deprotects 

cyanoethyl groups and alters Controlled Pore Glass (CPG) solid support. Polystyrene beads as an 

alternative to CPG are not recommended for long and branched oligomers similar to the ones we 

want to make. 

 
Scheme 5.1. Synthesis of 5’-Teoc protected thymidine and attachment to DNA. Phosphoramidite was not 
isolated and coupling to DNA was achieved directly with the crude mixture as described in Section 5.7.4. 
One coupling was accomplished successfully but several TBAF treatments prevented couplings. Nap is the 
naphthalene containing phosphoramidite monomer of Chapter 3. This hydrophobic moiety helped for 
reverse-phase high performance liquid chromatography (RP-HPLC) analysis and purification (Figure 5.8). 

The levulinyl group (Lev) can be used as a protecting group in oligonucleotide synthesis.37,38 As 

shown by several reports, it can be orthogonally deprotected using hydrazine to make branched 

oligonucleotides.39–42 We examined whether the levulinyl group could be used efficiently multiple 

times to grow two different strands simultaneously from a branching point using the same CPG. 

HYD1 is a 47mer DNA strand synthesized according to standard DNA synthesis protocols, except 

that a hydrazine solution was injected 30 times during the synthesis. Yields were satisfactory but 

the synthesis led to a crude mixture containing multiple byproducts as observed by polyacrylamide 

gel electrophoresis (PAGE). We hypothesized that the main reason for the presence of byproducts 

was the use of acetyl protected cytidine phosphoramidite, which can be deprotected during 

hydrazine treatment.43 We therefore performed the next tests with benzoyl-protected cytidine. 

Conveniently, 5’-levulinyl deoxynucleotide monomers are commercially available. We 
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synthesized two DNA strands:  a 20mer and 14mer termed LEV1 and LEV2 respectively, by 

coupling 5’ DMT-phosphoramidites followed by 4 5’-levulinyl phosphoramidite couplings 

(Figure 5.3). Steps involving trityl response allowed to visually assess the coupling efficiency 

during the synthesis. Both LEV1 and LEV2 were synthesized in high yields. Gel electrophoresis 

revealed that the synthesis was cleaner than HYD1 further demonstrating that acetyl protected 

cytidine was the main issue encountered during initial tests. 5’-levulinyl monomers of LEV2 were 

deprotected using 0.5 M hydrazine solution as reported elsewhere,42 while we used higher 

concentrations of hydrazine for LEV1. Mass spectrometry (MS) and gel electrophoresis analyses 

revealed that the crude mixture of LEV1 contained species with higher masses than the expected 

product. We hypothesized that nucleobase deprotection of A, C or G may still happen during the 

synthesis leading to their phosphitylation followed by the formation of branched byproducts. On 

the contrary, no byproduct was identified in the analysis of LEV2. Further optimization showed 

that deprotection time could be lowered from 32 to 6 minutes. These results convinced us that the 

levulinates are good orthogonal protecting groups for the parallel synthesis of branched 

oligonucleotides on solid phase. 

 
Figure 5.3. Synthesis of DNA strands with 5'-Lev and 5'-DMT phosphoramidites.  (a) Synthesis of LEV1 
and LEV2 and (b) Crude mixture analysis of HYD1 (45mer, 30 hydrazine (0.5 M) treatments, no 5’-Lev 
amidites, acetyl protected cytidines), LEV1 (20mer, 15 hydrazine (1.5 M) treatments, 15 5’-Lev amidites, 
benzoyl-protected cytidines), LEV2 (14mer, 10 hydrazine (0.5 M) treatments, 10 5’-Lev amidites, benzoyl-
protected cytidines). There is a faint higher mobility band visible in every lane that comes from 
experimental conditions (see section 5.7.6). 

5.5.2 Branching unit and branched oligonucleotides 
We chose to use DMT-protected monomers for the aptamer branch. This choice was motivated by 

the possibility to visually gauge the more challenging unnatural monomer couplings efficiency 

thanks to the DMT cation orange color. The other part would be 5’-levulinyl protected for growing 
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the code. For the branch point, we designed a deoxyuridine modified with an acrylamido side chain 

at the C5 position (BU) similar to the ones used by the Cook and Liu groups (Scheme 5.2).13,44 

These groups showed that this modification still allows efficient DNA hybridization and can even 

be bypassed by some polymerases efficiently. Starting with the Mizoroki-Heck coupling of 

iodouridine with methyl acrylate, the ester obtained was deprotected and underwent an amine 

coupling with DMT protected 2-(2-amino)ethoxyethan-1-ol. The protection of the 5’-OH of 3 with 

a levulinyl group was then performed to yield compound 7 which was finally turned into 

phosphoramidite BU. 

 
Scheme 5.2. Synthesis of branching unit BU. CEP=cyanoethylphosphoramidite. 

Synthesis of two model branched strands, BR1 and BR2 was first examined by exclusively using 

DNA nucleotides (Scheme 5.3). BR1 is designed so that the reverse primer would bind over the 

branching unit, while for BR2, the whole reverse primer would hybridize at the 3’ end of the 

branching unit. The “aptamer branch” for these strands is a DNA 4mer. Horn and coworkers 

recommended the attachment of the branching unit on a growing chain on CPG after the 20th 

nucleotide40 to prevent steric hindrance close to the solid support. Therefore, BR1 synthesis started 

with a 9-thymidine linker followed by 12 nucleotides forming the main part of the reverse primer 

region of BR1. BU was then incorporated efficiently. Four nucleotides belonging to the reverse 
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primer region of the code were added at the 5’ end of BU using 5’-levulinyl chemistry. On the 

branch, the aptamer was synthesized with 5’-DMT phosphoramidites. After each 5’-DMT 

monomer insertion, DMT was kept on while a codon was synthesized on the code branch. We used 

2-nucleotide codons at this point as a proof of concept. This resulted with a DNA 4mer as the 

aptamer and a DNA 8mer as the code. The last aptamer nucleotide was deprotected and 

intentionally capped with usual capping reagents. 

Initial tests have shown the resistance of acetyl ester to hydrazine treatment. Indeed, during a 

regular 19mer synthesis, the 5’end was capped and underwent multiple hydrazine treatments. 

Further couplings failed while trityl response was optimal in the case of an uncapped control. 

Therefore, the 5’ end of the code could be deprotected with hydrazine and elongated with the 

forward primer region (11 nucleotides) using DMT chemistry. Thanks to the trityl response, this 

strategy allowed to visually observe if the code synthesis had been efficient. BR2 synthesis started 

with the entire 17-mer primer region, followed by BU and similar aptamer and code than BR1. 

Yields were low (<10 %) according to gel electrophoresis image analysis but high enough to isolate 

BR1 and BR2. Subsequent syntheses detailed thereafter have shown higher yields, possibly due 

to improved phosphoramidite dryness. After gel purification, we confirmed the formation of the 

expected branched oligonucleotide by liquid chromatography coupled to mass spectrometry. 
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Scheme 5.3. Parallel synthesis of branched oligo(phosphodiester)s. 

We next synthesized a new design, BR3 to further show the applicability of our strategy to longer 

strands. BR3 is similar to BR1 except that the aptamer branch contains 10 nucleotides instead of 

4 and the code is made with 10x2=20 nucleotides instead of 8. Again, we capped the aptamer 

branch at the end of its synthesis and continued the code with 5’-DMT phosphoramidites for the 

forward primer region synthesis. We left the DMT on at the 5’ end of the code branch to get an 

insight into the byproducts formed. After deprotection from the solid support, the crude product 

was analyzed by reverse-phase high-performance liquid chromatography (RP-HPLC), gel 

electrophoresis and mass spectrometry (Figure 5.4). The expected product was obtained in yields 

between 10 (determined by gel electrophoresis image analysis) and 22 % (determined by HPLC 

chromatogram analysis). While this number can be further improved, it allowed the isolation of 

BR3 through gel purification. The DMT-on strategy revealed that most byproducts do not have 

the full DNA code on. In other words, they are the result of failed couplings on the code part. 
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Through MS, we identified the DNA strand before BU coupling and the strand comprising the 

aptamer and the 3’ DNA section but missing the code. We hypothesize the branching unit coupling 

as well as the first levulinyl phosphoramidite coupling are low yielding. Longer coupling and 

deprotection times for these phosphoramidites were therefore implemented. Some species with 

longer retention times than the expected DMT-on product were also observed. Mass spectrometry 

and gel electrophoresis revealed higher masses and lower mobility than BR3 (Figure 5.4c), 

indicating that byproducts of larger size and probably containing another or several other DMT 

groups are present. Similarly to LEV1, we hypothesize that hydrazine deprotects small amounts 

of nucleobases leading to the formation of minor oligomeric byproducts with several branches. 

In summary, the successful synthesis of BR1, BR2 and BR3 showed that our strategy to grow two 

different strands simultaneously is successful. From BU, the aptamer and the code could be 

synthesized in parallel. Moreover, careful analyses of the byproducts formed allowed to 

understand some synthetic drawbacks and paved the way to further improvement of yields. 

 
Figure 5.4. Analysis of BR3 synthesis. (a) Schematic representation of BR3, (b) RP-HPLC of crude 
mixture obtained from synthesis of BR3 with DMT-on, (c) gel analysis of crude mixture (lane C) and HPLC 
fractions (lanes 1 to 4). Coupled to MS results, this in-depth analysis revealed the nature of the synthesis’ 
main byproducts. Detailed experimental procedures are available in the experimental section. 
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5.5.3 Aptamer design 
Contrary to aptamers developed through SELEX and other modified aptamer synthesis, we use 

non-nucleosidic modifications. These non-nucleosidic modifications prevent amplification using 

enzymatic reactions. As such, the selection step would need to be followed by DNA-code 

amplification and sequencing. At this point, binding sequences can be synthesized efficiently 

without the code through automated SPS and tested. If desired, another round of selection could 

then be set up. Indeed, sequences of interest can be “evolved” manually or using an appropriate 

software and a new library synthesized through automated SPS for the next selection round. 

However, this makes in vitro selection cycles potentially time-consuming to implement. This 

drawback can be compensated with two strategies: (i) the use of very large libraries combined with 

the use of stringent selection conditions and (ii) the semi-rational design of the library components. 

The first strategy (i) is beyond the scope of this chapter but is conceptually possible to apply; 

therefore, we focused on (ii) by reproducing some major features of the thrombin-binding aptamer 

to increase our chances of finding a non-nucleosidic sequence that binds to thrombin with high 

affinity. 

Thrombin is a protein involved in coagulation mechanisms. The thrombin binding aptamer (TBA) 

with sequence 5’-GG-TT-GG-TGT-GG-TT-GG-3’ (TBA) is a G-quadruplex-forming 15mer. It 

was first discovered using SELEX in 1992 by Toole and coworkers.33 Several reports then 

described binding interactions notably through TBA-thrombin structure elucidation with nuclear 

magnetic resonance (NMR)45,46 and X-Ray Diffraction.47–49 These studies revealed that TBA 

indeed folds into an intramolecular G-quadruplex with one TGT and two TT loops. TBA most 

probably interacts with exosite I of thrombin through its two TT loops. Being the main contact 

regions between thrombin and TBA, many scientists have reported the chemical modification of 

these loops.50 The success of this strategy was evidenced by enhancement of binding affinities by 

more than 10-fold compared to the original aptamer.51 It is noteworthy that studies usually use one 

or two types of aptamer modifications. Moreover, their choice can be motivated by in silico 

design52 but most often, modifications are placed at partly random locations and each modified 

aptamer has to be studied individually. Within our work, we show the possibility of trying very 

large numbers of aptamers with several modifications at once. We decided to design our modified 
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aptamer so that the G-tetrads stay intact while the loops would be modified with one or two 

monomers from our new library. All modifications of the loop are expected to influence the global 

G quadruplex stability. The TT loops are in close proximity to thrombin in TBA-thrombin 

complexes, hence modifications in these regions should greatly influence the binding affinity to 

thrombin. The 3’ end of the aptamer was also modified since some reports showed a potential 

increase in stability at this position.53 In this chapter we focus on the synthesis of a library of DNA-

encoded thrombin-binding aptamer analogues. Testing of this library is part of a collaborative 

work in progress. 

We chose the monomers shown in Scheme 5.4. Compatibility with the DNA synthesizer and the 

need for high coupling yields are restricting conditions for non-nucleosidic monomer design. In 

our case, the monomers were shown in the chapters 3 and 4 to fulfil the synthetic criteria. C12 was 

chosen to improve hydrophobic interactions with thrombin. We were also initially interested in 

using a branched version of the C12 monomer (Bal) that has been reported elsewhere to be 

efficiently incorporated in DNA strands (but not at the 3’ and 5’ ends).54 However, Bal was only 

used in some of our initial studies due to the presence of a chiral carbon as a racemic mixture, 

which may make thrombin-binding studies more complex. Naphthalene has been shown to 

improve aptamer binding affinity to some targets.55 Therefore, we thought Nap could be a good 

candidate for π-π stacking and hydrophobic interactions. All the other modifications are built from 

platform 1 and 2 described in Chapter 4. Thanks to the versatility of this method, modifications 

can be designed and synthesized at will following criteria dictated by the protein being studied. 

Moreover, the positive charge on the tertiary nitrogen at physiological pH could improve cellular 

uptake properties of our constructs, which is appealing for targeted therapy applications (aptamer-

drug conjugates).2 Again, we analyzed findings reported elsewhere8,9 which directed us to the 

phenylalanine modification (Phe) from Chapter 4 and to the synthesis of a histidine-like (His) and 

a tryptophan-like (Trp) modification (Scheme 5.5). These aromatic ring-containing modifications 

could create π-π stacking, polar and hydrogen-bonding interactions with thrombin. Alk was also 

used as a small moiety with a positive charge that can be turned into a functional group through 

click chemistry after SPS. Finally, the carbohydrate-containing (Sug) and anthracene (Ant) 

modifications were used to expand the structural diversity of aptamer modifications. The first one 

is of interest because carbohydrates have been shown to interact tightly with some proteins 

(especially lectins). Ant has an extended aromatic system that could interact with several amino 
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acids in thrombin. However, Ant was used at only two positions in the library to avoid higher-

order self-assembly of Ant-containing aptamers. His, Trp and Ant syntheses further demonstrate 

the versatility of the synthetic method described in Chapter 4 (Scheme 5.5). 

 
Scheme 5.4. Phosphoramidite monomers used in this chapter. CEP=Cyanoethylphosphoramidite, DMT= 
dimethoxytrityl. 

 

 

Scheme 5.5. Synthesis of Ant, His, Trp. 
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We confirmed the high yielding incorporation of the 9 unnatural monomers (Alk, Ant, Bal, C12, 

His, Phe, Nap, Sug, Trp) at internal positions of a DNA strand and their compatibility with 

hydrazine through the following experiment (Figure 5.5). The 9 phosphoramidites were coupled 

to model DNA 19mers on solid support. After the capping and oxidation steps, the solid support 

was divided into two aliquots. The first one underwent 10 hydrazine treatments before deblocking 

the 5’-DMT protecting group. Then, the coupling of a 5’-Levulinyl followed by 10 other hydrazine 

treatments and a 5’-DMT phosphoramidite coupling were performed. The DNA strands on the 

CPG of the second aliquot underwent similar reactions except that no hydrazine treatment nor 5’-

Lev phosphoramidites were involved. An unmodified strand was also synthesized using the same 

conditions. Crude mixtures were analyzed by gel electrophoresis (Figure 5.5). Very small amounts 

(<10 %) of potential dimers visible in lanes Alk, Nap and Phe and of unmodified DNA 19mer 

visible in lanes Alk, Ant, Trp and Sug were found proving the high coupling efficiency of each 

phosphoramidite. For hydrazine-treated strands, lanes Nap, Phe and Try show a light band on top 

of the expected product band which may be due to unwanted branched oligomers. The amount of 

such byproducts is negligible under the specific conditions tested, meaning our phosphoramidites 

are adapted to the branched oligomer synthetic conditions. 

 
Figure 5.5. Synthesis of modified DNA 21mers and analysis of hydrazine influence. Crude mixture post-
SPS and deprotection are analyzed through 15 % PAGE in denaturing conditions. For each modification, 
lanes with a ‘y’ show strands tested with hydrazine and 5’-Lev amidite while lanes with a ‘n’ were made 
following a standard protocol. With a red frame, negligible amounts of byproducts hypothesized to be 
present because of hydrazine treatments. With a grey frame, negligible amounts of byproducts hypothesized 
to be from coupling step of the unnatural monomer. In all cases, coupling efficiency was found to be > 90 
%. 
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5.5.4 Synthesis of model compounds and the library 
Before starting the synthesis of the actual library, we made three strands of known sequences with 

different numbers of unnatural nucleotides. TBA1 is a strand made of DNA nucleotides only and 

whose branch is the original TBA, TBA2 has an aptamer branch with three unnatural monomers, 

one in each loop of the TBA and TBA3 is heavily modified with seven positions bearing a different 

moiety than on the original TBA sequence (Figure 5.6). As explained before, synthesis started 

with a 9-thymidine linker to put the branching unit away from the solid support. 11 nucleotides, 

part of the 3’ reverse primer region, were then attached. The branching unit uridine and the 4 

following nucleotides are also part of the reverse primer region on the code. Simultaneously, a 4-

thymidine linker is attached on the aptamer branch to prevent interactions between the later formed 

aptamer and the code. To build the aptamer, a 3-nucleotide codon was first attached to the code 

followed by the associated monomer on the aptamer. Each GG section on the aptamer is not 

accompanied with code growth because these are part of the constant regions of the aptamer. In 

total, seven nucleotides or unnatural monomers were encoded meaning that the aptamer branch 

was 4 (linker) + 7 (unnatural monomers) +8 (GG regions) = 20 monomers long while the code was 

4 (end of reverse primer region) + 21 (7x3 nucleotides coding for the aptamer sequence) =25 

nucleotides long. Again, the aptamer branch synthesis was capped allowing the forward primer 

region to be grown with 5’ DMT phosphoramidites. TBA1, TBA2 and TBA3 were synthesized in 

reasonable yields allowing the isolation of a few nanomoles of each. From gel image analysis, 

synthetic yields are estimated to be 22 % for TBA1, 16 % for TBA2 and 10 % for TBA3. Mass 

spectrometry results confirmed the identity of the products. We noticed that all three strands have 

similar mobility shifts on gel showing that a library of constructs can be purified by gel 

electrophoresis techniques. In DNA-encoded libraries, full-length products are usually not 

separated from the crude mixture.24 The negatively charged nature of our oligomers allows for 

easy purification. 
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Figure 5.6. Design and synthesis of DNA-encoded thrombin-binding aptamers made of unnatural 
monomers.Lanes 1, 2, 3 and L in the gels were respectively loaded with crude mixtures (left) and purified 
strands (right) of TBA1, TBA2, TBA3 and LIB. Aptamer branch: TBA1: 5’-
GGTTGGTGTGGTTGGTTTTT-3’, TBA2: 5’-GGHisTGGC12GTGGAlkTGGTTTTT-3’, TBA3: 5’-
GGTrpSugGGPheAntTGGBalAGGNapTTTT-3’. LIB is a library of DNA-encoded aptamers with seven 
positions modified. Monomers name, structure and codons are shown in the bottom. 

After the successful syntheses of TBA1, TBA2, and TBA3, we applied the split-and-pool strategy 

to make LIB, a library of DNA-encoded aptamers (Scheme 5.6). When reaching position n of the 

aptamer, the solid support is split into x aliquots. The determination of equivalent amounts of CPG 

in each aliquot was performed visually to avoid CPG spilling. This induced a small bias: some 

sequences may be slightly overrepresented, and others may be underrepresented. In our case, 6 

different modifications were used at each cycle because it fits our MerMade 6 synthesizer (x=6). 

Each solid support fraction underwent an unnatural monomer or nucleotide coupling on the 

aptamer branch. This step is followed by the attachment of the associated codon of 3 DNA 

nucleotides on the code branch. The solid support is then mixed together and split again for the 

coupling n+1. Attachments of the G bases, which are indispensable to keep the G quadruplex 
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backbone, are executed without split and pool nor DNA codon synthesis. In the end, the library 

should theoretically be composed of xn members. In our case, we expected a 67=279,936 members 

library. The library crude mixture was loaded on a gel for analysis and purification. We observed 

the presence of a relatively diffuse band corresponding to the mobility of TBA1 to TBA3 strands 

(Figure 5.6). Gel image analysis allowed to measure yields of synthesis of about 11 %. We isolated 

2.5 nmols of the library using about 1/6th of the crude product obtained (despite the spilling of 

some CPG during the split-and-pool steps). This amount will allow to perform affinity tests 

towards thrombin. 

 

Scheme 5.6. Split and pool strategy for the synthesis of a DNA-encoded unnatural aptamer library. We 
show an example with 2 different monomers at each step for clarity. In this study, we couple 6 different 
monomers at each step yielding 6n compounds. 

5.5.5 PCR and sequencing 
To show the possible sequencing of strands after selection, PCR amplification of the code of 

branched oligonucleotides was performed. For PCR, we used a forward primer that has the same 

sequence as the constant 5’ region of the branched oligomers and a reverse primer that hybridizes 

the 3’ region of our strands. We first showed that BR1 and BR2 were amplified efficiently using 

a Taq polymerase through hot-start PCR. This demonstrated that the strategies where the reverse 

primer binds across the branching unit (in BR1) and where it binds before the branch (in BR2) are 

both suitable for our study (Figure 5.7). We thought the design of BR1 had better chances to be 

amplifiable in the case of more complex aptamer branches and decided to apply it to all other 

strands made. The strands BR3, TBA1 and TBA2 were shown to amplify efficiently using the 

same polymerase starting from ~2x10-16
 moles of template. During the first round of PCR, we 

expect the polymerase to produce the complement of the templates code branch from the reverse 

primers (Figure 5.7a). From round 2, both template-like sequence and its complementary 
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counterpart should be copied in an exponential way. TBA3 is the strand containing the most 

unnatural monomers. To show the possibility of amplifying the lowest possible outcome of 

selected strands from a library of compounds, the amplification of TBA3 code was performed 

using ~2.10-20
 moles and was shown to be successful (Figure 5.7b).  

 
Figure 5.7. PCR with DNA-encoded aptamers.  (a) Schematic representation of reverse primer binding 
BR1 and BR2. Primers needed for sequencing have a 22mer tag on both sides. (b) Amplicons obtained 
after PCR from the 6 different templates and a control with no template on a denaturing gel. 

The amplicons obtained were indexed and sequenced through MiSeq next-generation sequencing 

according to standard procedures. This technology has been used for the analysis of modified 

aptamers pools after selection cycles.12 Each sequence was read between 20,000 and 60,000 times. 

The results are summarized in Table 5.1. For BR1 and BR2, we observed that more than 94 % of 

the reads started with the forward primer region sequence. We deduced an average error rate per 

base of ~ 0.5 % which is standard for SPS-made oligomers.56 We also counted the number of times 

the correct code sequence was present and deduced an average error rate between 0.5 and 0.7 % 

for both strands. It shows that, for such templates, having the reverse primer region before or across 

the branching unit does not lead to a significant difference in amplification and sequencing fidelity. 

For BR3, TBA1, TBA2 and TBA3, the expected sequence code was found in between 69 and 87 

% of the reads showing that our templates are suitable for PCR and sequencing. In particular, the 

error rate obtained using TBA3 is in the same range than the other TBA strands whereas it 

contained 6 unnatural monomers and was amplified from very low concentrations of templates. 

The error rates are slightly higher in the code region than in the primer region but values are still 

in the range of SPS made oligonucleotides. Future work will examine the use of high-fidelity 

polymerases to reduce the error rates obtained in our sequencing results. 
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Table 5.1. Sequencing of amplicons from BR1, BR2, BR3 and TBA1 to TBA3 templates. 
Amplicon Number 

of reads 

Percentage of 

expected primer 

sequencea (%) 

Average error 

rate per base 

for primer 

sequenceb (%) 

Percentage of 

expected code 

sequence (%) 

Average error rate 

per base for code 

sequenceb (%) 

BR1 28,652 94 0.53 96 0.54 

BR2 34,146 95 0.49 95 0.68 

BR3 36,860 94 0.35 87 0.69 

TBA1 23,325 93 0.45 75 1.4 

TBA2 34,456 93 0.43 69 1.7 

TBA3 58,347  93 0.41 75 1.4 

a. For BR1 and BR2, we searched for the forward primer sequence. For the other strands, we 
searched for the reverse primer sequence as explained in Section 5.7.9. b. Approximation obtained 
from 1-(%expected sequence)^(1/n), n being the length of the sequence examined. 

 

5.6 Conclusions 

In conclusion, we reported a successful synthetic method to generate DNA-encoded unnatural 

sequence-defined polymers by solid-phase synthesis. This achievement allowed the synthesis of a 

300,000 member library of thrombin-binding aptamers with up to seven unnatural modifications. 

At very low concentrations, the DNA code of an artificial aptamer could be amplified and 

sequenced, further confirming the validity of our design. The monomers accessible through the 

method described in Chapter 4 may greatly enhance the type and number of interactions that these 

novel aptamers would form with their target. Moreover, they are expected to induce better serum 

stability and cell-internalization properties compared to regular oligonucleotide aptamers. The use 

of our non-nucleosidic modifications in aptamers is unprecedented, and our strategy is therefore 

an important contribution to the discovery of aptamers made of modified bases. Future work will 

involve testing our library in thrombin binding tests in order to identify potential aptamers with 

better affinity than TBA.  

In the DNA-encoded library (DEL) context, our method is quite different from most of the 

synthetic routes reported earlier.25 Indeed, in general, the DNA strand in DEL is synthesized 

through enzymatic ligation, while we propose to use solid-phase synthesis. Such a synthetic route 
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can broaden the chemical space explored by DEL, because it is carried out in non-aqueous solvents 

and under an inert gas atmosphere. While we base this study on already numerous monomers 

developed in the other chapters of this thesis, one can use even more phosphoramidites from the 

plethora that are commercially available. Importantly as well, solid-phase synthesis allows the use 

of other non-DNA compatible organic coupling reactions, in contrast to traditional DEL. 

Finally, this study highlights the potential of combinatorial strategies to help designing potent 

target-binding sequences with unnatural sequence-defined polymers. We showed the potential of 

DEL of sequence-defined oligo(phosphodiester)s in the context of potential ligand discovery. Our 

method may be extended to other applications, such as the discovery of ribozyme-like catalysts. 

New monomers would also certainly allow to explore new reactions and expand the scope and 

efficiency of these catalysts. 

 

5.7 Experimental section 

5.7.1 Chemicals 
All starting materials were obtained from commercial suppliers and used without further 

purification unless otherwise noted. Acetic acid, Boric acid, solvents were purchased from Fisher 

Scientific. 4,4'-(chloro(phenyl)methylene)bis(methoxybenzene) (DMT-Cl) and (3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC-Cl) were purchased from AK 

Scientific. O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethylammonium tetra-fluoroborate (TBTU) 

was purchased from Oakwood Chemicals. Choroform-d1 was purchased from Cambridge Isotope 

Laboratories. Importantly, it was stored on molecular sieves in order to keep it neutral. If used as 

sold, hydrolysis of phosphoramidite (fast) as well as DMT deprotection (slow) may be observed. 

GelRed™ nucleic acid stain was purchased from Biotium Inc. Concentrated ammonium 

hydroxide, ammonium persulfate, acrylamide/Bis-acrylamide (40 % 19:1 solution) and 

tetramethylethylenediamine (TEMED) were obtained from Bioshop Canada Inc. and used as 

supplied. 1 µmol Universal 1000Å LCAA-CPG supports, dry packs, activator solution, 5’-DMT-

phosphoramidites used for automated DNA and RNA synthesis were purchased through 

Bioautomation. Universal 2000Å LCAA-CPG, N,N-diisopropylamino cyanoethyl 

phosphonamidic-chloride (CEP-Cl) and 5’-levulinyl phosphoramidites were purchased from 
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Chemgenes. Sephadex G-25 (super fine, DNA grade) and 5’-6-carboxyfluorescein 

phosphoramidite were purchased from Glen Research. Invitrogen Ultra Low Range ladder was 

obtained from ThermoFisher Scientific. MyTaq™ HS Red Mix was purchased from Froggabio. 

QIAquick PCR Purification Kit were obtained from Qiagen. All other reagents were obtained from 

Sigma-Aldrich. TEAA (triethylammonium acetate) buffer is composed of 50 mM TEA with pH 

adjusted to 8.0 using glacial acetic acid. TBE buffer is 90 mM Tris, 90 mM boric acid and 1.1 mM 

EDTA with a pH of 8.0. TAMg buffer is 40 mM Tris, 7.6 mM magnesium chloride and 1.4 mM 

acetic acid. 

5.7.2 Instrumentation 
Standard automated solid-phase synthesis was performed on a Mermade MM6 synthesizer from 

Bioautomation. HPLC purification was carried out on an Agilent Infinity 1260. DNA and 

oligomers quantification measurements were performed by UV absorbance with a NanoDrop Lite 

spectrophotometer from Thermo Scientific. Eppendorf Mastercycler 96-well thermocycler and 

Bio-Rad T100TM thermal cycler were used for PCR. PAGE experiments were carried out on a 20 

X 20 cm vertical Hoefer 600 electrophoresis unit and Mini-PROTEAN electrophoresis units. Gel 

images were captured using a ChemiDocTM MP System from Bio-Rad Laboratories. Dry solvents 

were taken from an Innovation Technology device. Low Resolution Mass determination was 

carried out using Electron-Spray Ionization – Ion Trap - Mass Spectrometry (MS) on a Finnigan 

LCQ Duo device. High Resolution mass determination was achieved using a Bruker Maxis API 

(Atmospheric pressure ionization) QTOF or a THERMO Exactive Plus Orbitrap-API. Liquid 

Chromatography Electrospray Ionization Mass Spectrometry (LC-ESI-MS) of oligomers was 

carried out using Dionex Ultimate 3000 coupled to a Bruker MaXis Impact™ QTOF. Some 

oxygen and moisture sensitive experiments were carried out in a Vacuum Atmospheres Co. glove 

box. Column chromatography was performed using a CombiFlash Rf system from Teledyne Isco. 

The NMR spectra were recorded on Bruker 400 MHz, 500 MHz, Varian 300 MHz or 400 MHz 

for 1H, 13C and 31P with chloroform-d1 (δ 7.26, 1H; δ 77.16, 13C), acetone–d6 (δ 2.04, 1H; δ 29.8, 
13C) or DMSO–d6 (δ 2.50, 1H; δ 39.5, 13C) as internal lock solvents and chemical shift standard. 

5.7.3 Small molecule synthesis 
Protocols for C12 and Nap are available in Chapter 3. Protocols for Alk, Sug, Phe, PT2b are 

available in Chapter 4. 
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5.7.3.1 2-(Trimethylsilyl)ethyl 1H-imidazole-1-carboxylate (1) 

 

This compound was made according to the protocol described by Blizzard and coworkers36 and 

was fully characterized in the same report. We obtained 3.78g of compound 1 from 2.30 g of 2-

(trimethylsilyl)ethan-1-ol. Yields : 91 %. 

5.7.3.2 ((2R,3S,5R)-3-Hydroxy-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)tetrahydrofuran-2-yl)methyl (2-(trimethylsilyl)ethyl) carbonate (2) 

 

Protocol inspired by Blizzard and coworkers.36 Thymidine (1.52 g, 6.28 mmol, 1 equiv.) and 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU, 0.19 mL, 1.26 mmol, 0.2 equiv.) were loaded sequentially 

to a solution of 1 (1.33 g, 6.28 mmol, 1 equiv.) in 35 mL of DMF in a dry round bottom flask. The 

mixture was stirred for 22 h at 25 °C and then cooled in an ice bath as 10 mL of 0.1 N HC1 was 

added. The aqueous phase was then extracted with ethyl acetate. The combined extracts were dried 

(MgSO4), filtered, and evaporated. The residue was purified by chromatography on silica gel with 

slow gradient of DCM/Methanol (0-5 %) in about 5 column volumes (CV) to obtain the product 

as a white solid. 428 mg, 18 %. 

1H NMR (500 MHz, DMSO-d6): 11.31 (s, 1H), 7.45 (d, J=1Hz, 1H), 6.18 (t, J=7Hz, 1H), 5.43 (d, 

J=4Hz, 1H), 4.31-4.16 (m, 5H), 3.93-3.90 (m, 2H), 2.19-2.07 (m, 2H), 1.78 (d, J=1Hz, 3H), 1.01-

0.97 (m, 2H), 0.02 (m, 9H).  
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5.7.3.3 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 (3) 

 

Protocol inspired by Liu and coworkers.13 To a solution of 5'-deoxy-5-iodouridine (2.50 g, 7.06 

mmol, 1 equiv.), methyl acrylate (1.22 g, 14.1 mmol, 2 equiv.), triphenylphosphine (370 mg, 1.41 

mmol, 0.2 equiv.), and triethylamine (1.97 mL, 14.1 mmol, 2 equiv.) in a mixture of dry DMF (25 

mL) and dry dioxane (25 mL) was added Pd(OAc)2 (159 mg, 0.706 mmol, 0.1 equiv.) at 25 °C 

under Ar current. The mixture was heated to 90 °C and stirred for 16 h. The reaction mixture was 

evaporated under reduced pressure to remove the dioxane followed by coevaporation with toluene 

to dryness. The residue was purified by column chromatography (SiO2, DCM/10 % methanol in 

DCM= 0 to 70 % in 7CV) to give the compound 3 (1.39 g, 4.45 mmol, 64 % yield) as a white 

solid. Spectroscopic data matched those for previously reported compound in the literature.57 

5.7.3.4 2-(2-(Bis(4-methoxyphenyl)(phenyl)methoxy)ethoxy)ethan-1-amine (5) 

 

To a solution of 2-(2-aminoethoxy)ethan-1-ol (1.50 mL, 14.95 mmol, 1 equiv.) and triethylamine 

(6.06 mL, 44.86 mmol, 3 equiv.) in dry DCM (75 mL) was slowly added DMT-Cl (10.13 g, 29.9 

mmol, 2 equiv.) on ice. The solution was left under stirring at room temperature under Ar for 2 

hours. Solvent was evaporated under reduced pressure, residue was resuspended in DCM and 

ethylthiotetrazole (~1.4 g) was added until a pale pink/orange color appears. Solution was left 

under stirring for a few minutes. Product was extracted twice with DCM from 10 %Na2CO3 

aqueous solution, washed once with a 10 % Na2CO3 aqueous solution, dried over MgSO4, filtered 
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and solvent was evaporated under reduced pressure (40 °C). The residue was purified by column 

chromatography (Solid loading on celite, SiO2 pretreated with 0.1 %TEA in DCM, DCM/TEA 

(100:0.1) and DCM/MeOH/TEA (90:10:0.1)) to give the compound 5 (4.16 g, 10.2 mmol, 68 % 

yield) as a yellow oil. 

1H NMR (500 MHz, CDCl3): δ (ppm) 7.46 (d, J=8Hz, 2H), 7.36-7.18 (m, 7H), 6.82 (d, J=9Hz, 

4H), 3.78 (s, 6H), 3.64 (t, J=5Hz, 2H), 3.55 (t, J=5Hz, 2H), 3.23 (t, J=5Hz, 2H), 2.90 (t, J=5Hz, 

2H), 2.30 (bs, 2H). 

5.7.3.5 (E)-N-(2-(2-(Bis(4-methoxyphenyl)(phenyl)methoxy)ethoxy)ethyl)-3-(1-((2R,4S,5R)-

4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-1,2,3,4-

tetrahydropyrimidin-5-yl)acrylamide (6) 

 

To a 1M NaOH aqueous solution was added 3 (1.39 g, 4.45 mmol, 1 equiv.). The solution was left 

under stirring overnight, pH was adjusted to 7 with 1M HCl aqueous solution and water was 

evaporated under reduced pressure (60 °C). Residue was resuspended in acetonitrile and solvent 

was evaporated under reduced pressure (60 °C). This step was repeated once. Residue was 

suspended in dry DMF (20 mL). Anhydrous 1-hydroxybenzotriazole (HOBt) (782 mg, 5.79 mmol, 

1.3 equiv.) and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC-Cl) (1.11 

g, 5.79 mmol, 1.3 equiv.) were successively added. The pale yellow solution was left under stirring 

for 5 minutes until complete dissolution of EDC-Cl. Compound 5 (1.90 g, 4.67 mmol, 1.05 equiv.) 

and triethylamine (2.48 mL, 17.8 mmol, 4 equiv.) were then successively added. The reaction 

mixture slowly turned cloudy and was left under vigorous stirring overnight. Product was extracted 

twice with EtOAc from 10 % Na2CO3 aqueous solution, washed once with a 10 %Na2CO3 aqueous 

solution, dried over MgSO4, filtered and solvent was evaporated under reduced pressure (40 °C). 

Toluene was used as cosolvent for complete evaporation. The crude product was loaded on celite 

and purified using the combiFlash system with a “Gold” column pretreated with 0.1 % TEA in 
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DCM. DCM/TEA (100:0.1) and DCM/MeOH/TEA (90:10:0.1) were used in a gradient from 0 to 

60 % in ~8 CV. A pale yellow solid was isolated (1.74 g, 2.53 mmol, 56 %). 

HRMS (ESI-QTOF) m/z: [M + Na]+
. Calcd for C37H41N3O10Na 710.26842; Found 710.26991. 

1H NMR (500 MHz, DMSO-d6): δ (ppm) 11.55 (s, 1H), 8.29 (s, 1H), 7.40-7.38 (m, 2H),7.30 (t, 

J=8Hz, 2H), 7.27-7.19 (m, 5H), 7.16-7.02 (m, 2H), 6.88 (d, J=9Hz, 4H), 6.16 (t, J=7Hz, 1H), 5.26 

(d, J=4Hz, 1H), 5.16 (t, J=5Hz, 1H), 4.28-4.26 (m, 1H), 3.82-3.80 (m, 1H), 3.72 (s, 6H), 3.68-3.64 

(m, 1H), 3.61-3.56 (m, 3H), 3.49 (t, J=6Hz, 2H), 3.35-3.32 (m, 2H), 3.06 (t, J=5Hz, 2H), 2.20-

2.12 (m, 2H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 165.8, 161.8, 158.0, 149.3, 145.0, 142.5, 135.8, 132.3, 

129.7, 127.8, 127.7, 126.6, 121.4, 113.2, 109.1, 87.6, 85.3, 84.6, 70.0, 69.5, 69.2, 62.8, 61.0, 55.0. 

5.7.3.6 ((2R,3S,5R)-5-(5-((E)-3-((2-(2-(Bis(4-

methoxyphenyl)(phenyl)methoxy)ethoxy)ethyl)amino)-3-oxoprop-1-en-1-yl)-2,4-

dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-hydroxytetrahydrofuran-2-yl)methyl 4-

oxopentanoate (7) 

 

Protocol inspired from Damha and coworkers.58 O-(Benzotriazol-1-yl)-N,N,N′,N′-

tetramethylammonium tetra- fluoroborate (TBTU, 532 mg, 1.66 mmol, 1 equiv.) was dissolved in 

DMF (2 mL) and N,N-diisopropylethylamine (1.15 mL, 6.63 mmol, 4 equiv.) and stirred at room 

temperature under Ar in a dry round bottom flask. Freshly distilled levulinic acid (0.17 mL, 1.7 

mmol, 1 equiv.) was added, and the reaction was stirred at room temperature for 30 min. 

Compound 6 (1.14 g, 1.66 mmol, 1 equiv.) was dried under vacuum in a round-bottom flask with 

a magnetic stirrer. The TBTU/levulinic acid reaction mixture was cannulated to the nucleoside, 

and the reaction was stirred at room temperature. After 10 h, product was extracted twice with 

DCM from a saturated NaHCO3 aqueous solution, washed twice with brine, dried over MgSO4, 
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filtered and solvent was evaporated under reduced pressure (40 °C). Toluene was used as cosolvent 

for complete evaporation. The crude product was loaded on celite and purified using the 

combiFlash system with a SiO2 “Gold” column pretreated with 0.1 % TEA in DCM. DCM and 

DCM/MeOH (9:1) were used in a gradient from 0 to 50 % in ~8 CV. A pale yellow solid was 

isolated (271 mg, 0.345 mmol, 21 %). NB: Addition of TEA in the solvents resulted in poor peak 

resolution. Nucleoside deprotected with levulinyl and 3’Lev protected were found to have similar 

shorter retention times than the product. 

HRMS (APCI-QTOF) m/z: [M + Cl]- Calcd for C42H47N3O12Cl 820.28537; Found 820.28403. 

1H NMR (500 MHz, CDCl3): δ (ppm) 9.63 (s, 1H), 7.84 (s, 1H), 7.41-7.39 (m, 2H), 7.30-7.14 (m, 

10H), 6.79 (d, J=9Hz, 4H), 6.23 (t, J=6Hz, 1H), 4.56-4.55 (m, 1H), 4.47-4.44 (m, 1H), 4.26-4.23 

(m, 1H), 4.11-4.09 (m, 2H), 3.74 (s, 6H), 3.73-3.53 (m, 6H), 3.27 (t, J=5Hz, 2H), 2.89-2.83 (m, 

1H), 2.79-2.73 (m, 1H), 2.64-2.58 (m, 1H), 2.55-2.45 (m, 2H), 2.25-2.20 (m, 1H), 2.14 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 207.8, 173.2, 166.8, 162.1, 158.5, 149.1, 145.0, 142.0, 

136.3, 132.7, 130.1, 128.3, 127.9, 126.9, 122.8, 113.2, 110.3, 86.3, 85.5, 84.7, 70.8, 70.7, 70.50, 

63.1, 55.3, 40.6, 39.6, 38.2, 29.8, 28.2. 

5.7.3.7 Branching Unit (BU) 

 

Compound 7 was suspended in acetonitrile and solvent was evaporated under reduced pressure 

(60 °C). The operation was repeated once and the dried compound was kept under high vacuum 

for at least 5 hours. In an oven-dried flask, compound 7 (271 mg, 0.345 mmol, 1 equiv.) was then 

dissolved in anhydrous DCM (5 mL) and 0.30 mL of dry DIPEA (1.7 mmol, 5 equiv.) were added 

under stirring. CEP-Cl (0.12 mL, 0.52 mmol, 1.5 equiv.) was added slowly and the reaction was 

allowed to stir under inert gas at room temperature for 2 hours. Two fast extractions with DCM 

from a NaHCO3 (sat.) aqueous solution were performed. Organic fractions were combined, dried 
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over MgSO4, filtered and the solvent was evaporated under reduced pressure (40 °C). The crude 

product was loaded on celite and purified using the combiFlash system with a SiO2 “Gold” column 

pretreated with 1 % TEA in DCM. DCM/TEA (100:1) and DCM/MeOH/TEA (90:10:1) were used 

in a very slow gradient from 0 to 10 % in ~10 CV. A white solid was isolated (170 mg, 0.172 

mmol, 50 %). NB: an impurity thought to be 2-cyanoethyl N,N-diisopropylphosphonamidate (31P 

NMR signal at 14 ppm) was found to coelute with the product. Purification conditions involving 

toluene or hexanes and ethyl acetate were not helpful. In the very slow gradient described, the 

impurity elutes slightly before the product. 

HRMS (ESI-QTOF) m/z: [M + Na]+ Calcd for C51H64N5O13PNa 1008.4130; Found 1008.4155. 

1H NMR (500 MHz, CDCl3): δ (ppm) 7.84-7.82 (m, 1H), 7.41-7.39 (m, 2H), 7.35-7.13 (m, 10H), 

6.79 (d, J=9Hz, 4H), 6.26-6.22 (m, 1H), 4.52-4.33 (m, 2H), 4.32-4.24 (m, 2H), 3.89-3.83 (m, 1H), 

3.78-3.68 (m, 11H), 3.68-3.55 (m, 5H), 3.28 (t, J=5Hz, 2H), 2.91-2.83 (m, 1H), 2.80-2.73 (m, 1H), 

2.69-2.51 (m, 5H), 2.25-2.20 (m, 1H), 2.15, (s, 3H), 1.19-1.17 (m, 12H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 207.1, 207.0, 172.7, 172.6, 166.6, 162.0, 158.5, 148.9, 

145.0, 141.8, 136.3, 132.4, 130.1, 128.3, 127.9, 126.8, 123.1, 117.7, 117.7, 113.2, 110.5, 110.4, 

86.3, 85.7, 84.5, 73.0, 72.8, 72.6, 71.0, 70.7, 63.4, 63.3, 63.1, 58.4, 58.4, 58.3, 58.2, 55.3, 46.1, 

43.5, 43.4, 40.3, 40.3, 39.5, 38.1, 29.8, 29.8, 28.2, 28.2, 24.8, 24.7, 24.7, 24.6, 20.5, 20.4. 

31P NMR (203 MHz, CDCl3): δ (ppm) 149.4, 149.3.  

5.7.3.8 9-(Azidomethyl)anthracene (8) 

 
In a dry flask covered with aluminum foil, under an argon atmosphere, to a solution of 

dimethylformamide (10 mL) were introduced with vigorous stirring, 9-(chloromethyl)anthracene  

(500 mg, 2.21 mmol, 1 equiv.) and sodium azide (430 mg, 6.62 mmol, 3 equiv.). The reaction was 

left under vigorous stirring overnight. Distilled water and DCM were added to the reaction medium 

while pH was not allowed to be under 8.0 with a diluted sodium hydroxide solution. The phases 

were separated and the aqueous phase was extracted twice with DCM. The combined organic 

phases were washed once with distilled water and once with brine. Organic phase was dried over 
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magnesium sulfate, filtered under vacuum and the solvent was evaporated (40 °C, 50 mbar, 1h); 

yielding 400 mg (1.71 mmol, 78 %) of a pure yellow solid that was stored away from light. 

Spectroscopic data matched those for previously reported compound in the literature.59 

5.7.3.9 3-(((1-(Anthracen-9-ylmethyl)-1H-1,2,3-triazol-4-yl)methyl)(3-(bis(4-

methoxyphenyl)(phenyl)methoxy)propyl)amino)propan-1-ol (9) 

 

In a 10 mL round-bottom flask covered with an aluminum foil, azide 8 (257 mg, 0.80 mmol, 0.95 

equiv.) and platform 1 (550 mg, 1.16 mmol, 1 equiv.) were suspended in 1.5 mL CHCl3 and a 

tBuOH/water (1:1) mixture (12 mL) was added. Freshly prepared solution of sodium ascorbate 

(46.0 mg, 0.232 mmol, 0.20 equiv.) in 0.3 mL of water and another of copper sulfate (29.0 mg, 

0.116 mmol, 0.1 equiv.) in 0.15 mL of water were sequentially added. Reaction was allowed to 

stir for 6h at room temperature. Product was extracted twice with DCM from 10 % Na2CO3 

aqueous solution, washed once with a 10 % Na2CO3 aqueous solution, dried over MgSO4, filtered 

and solvent was evaporated under reduced pressure (40 °C). The crude obtained was resuspended 

in toluene to evaporate remaining tBuOH. 643mg of a dark yellow/brown solid were obtained (714 

mg, 1.01 mmol, 87 %). The compound was kept away from light. 

HRMS (APCI-QTOF) m/z: [M + Cl]- Calcd for C45H46N4O4Cl 741.32131; Found 741.32122. 

1H NMR (500 MHz, CDCl3): δ (ppm) 8.56 (s, 1H), 8.26 (d, J=9Hz, 2H), 8.06 (d, J=8Hz, 2H), 

7.54-7.49 (m, 4H), 7.38-7.37 (m, 2H), 7.27-7.24 (m, 7H), 7.20-7.17 (m, 1H), 7.06 (s, 1H), 6.80 (d, 

J=9Hz, 4H), 6.50 (s, 2H), 3.78 (s, 6H), 3.60 (s, 2H), 3.49 (t, J=5Hz, 2H), 2.99 (t, J=6Hz, 2H), 2.54 

(t, J=6Hz, 2H), 2.48-2.45 (m, 2H), 1.72-1.66 (m, 2H), 1.55 (quint, J=5Hz, 2H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 158.4, 145.3, 144.6, 136.6, 131.5, 130.9, 130.1, 129.9, 

129.6, 128.2, 127.8, 127.7, 126.7, 125.5, 124.0, 123.1, 122.1, 113.1, 85.9, 63.9, 61.6, 55.3, 53.6, 

51.0, 48.8, 46.6, 28.0, 27.6. 
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5.7.3.10 3-(((1-(Anthracen-9-ylmethyl)-1H-1,2,3-triazol-4-yl)methyl)(3-(bis(4-

methoxyphenyl)(phenyl)methoxy)propyl)amino)propyl (2-cyanoethyl) 

diisopropylphosphoramidite (Ant) 

 

Compound 9 was suspended in toluene and solvent was evaporated under reduced pressure (60 

°C). The operation was repeated once and the dried compound was kept under high vacuum for at 

least 5 hours. In an oven-dried flask covered with aluminum foil, compound 9 (714 mg, 1.01 mmol, 

1 equiv.) was then dissolved in anhydrous DCM (10 mL) and 0.88 mL of dry DIPEA (5.1 mmol, 

5 equiv.) were added under stirring. CEP-Cl (0.29 mL, 1.3 mmol, 1.3 equiv.) was added slowly 

and the reaction was allowed to stir under inert gas at room temperature for 2 hours. Two fast 

extractions with DCM from a 10 % Na2CO3 aqueous solution were performed. Organic fractions 

were combined, dried over MgSO4, filtered and the solvent was evaporated under reduced pressure 

(40 °C). The crude product was loaded on celite and purified using the combiFlash system with a 

SiO2 “Gold” column pretreated with 1 % TEA in hexanes. Hexanes/TEA (100:1) and ethyl acetate 

were used in a gradient. A white solid was isolated (690 mg, 0.855 mmol, 85 %). This compound 

was stored away from light. 

HRMS (APCI-QTOF) m/z: [M + Cl]- Calcd for C54H63N6O5PCl 941.42916; Found 941.42839. 

1H NMR (500 MHz, CDCl3): δ (ppm) 8.57 (s 1H), 8.26-8.23 (m, 2H), 8.07-8.05 (m, 2H), 7.53-

7.47 (m, 4H), 7.37-7.35 (m, 2H), 7.21-7.15 (m, 7H), 7.06 (s, 1H), 6.78 (d, J=9Hz, 4H), 6.49 (s, 

2H), 3.77-3.66 (m, 8H), 3.57 (s, 2H), 3.56-3.44 (m, 4H), 2.94 (t, J=6Hz, 2H), 2.53 (t, J=6Hz, 2H), 

2.45-2.39 (m, 4H), 1.65-1.58 (m, 4H), 1.14 (d, J=6Hz, 6H), 1.06 (d, J=7Hz, 6H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 158.4, 145.7, 145.4, 136.7, 131.6, 130.9, 130.1, 129.9, 

129.5, 128.3, 127.8, 127.7, 126.7, 125.5, 124.1, 123.2, 121.9, 117.8, 113.1, 85.8, 62.0, 61.9, 61.6, 

58.5, 58.3, 55.3, 50.9, 50.4, 49.1, 46.6, 43.1, 43.0, 28.8, 28.7, 27.7, 24.8, 24.7, 24.7, 24.6, 20.5, 

20.4. 
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31P NMR (203 MHz, CDCl3): δ (ppm) 147.2. 

5.7.3.11 Methyl N-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N-(3-

hydroxypropyl)glycyl-L-histidinate (10) 

 

Compound PT2b (484 mg, 0.88 mmol, 1 equiv.) was dissolved in about 2 mL of methanol. To the 

mixture was added 25 mL of 0.4M NaOH in MeOH/water 4:1. The reaction mixture was left under 

stirring for 3h at 65 °C. Reaction was monitored by TLC. When the higher mobility spot 

disappeared, methanol was evaporated under reduced pressure (60 °C) until a precipitate appears 

but a small amount of water remains. DCM is added to the obtained solution and 2 equiv. of 

tetrabutylammonium chloride (489 mg, 1.76 mmol) were added. Two extractions with DCM from 

sat. Na2CO3 solution were performed followed by one washing with 10 % Na2CO3 solution. 

Organic fractions were combined, dried over MgSO4, filtered and the solvent was evaporated 

under reduced pressure (40 °C). The tetrabutylammonium carboxylate salt obtained was suspended 

in anhydrous DMF (5 mL). Anhydrous HOBt (154 mg, 1.14 mmol, 1.3 equiv.) and EDC-Cl (219 

mg, 1.14 mmol, 1.3 equiv.) were successively added under argon. The solution was left under 

stirring for 5 minutes until complete dissolution of EDC-Cl. Histidine methyl ester dihydrochloride 

(224 mg, 0.92 mmol, 1.05 equiv.) and triethylamine (0.61 mL, 4.4 mmol, 5 equiv.) were then 

successively added. The reaction mixture was left under vigorous stirring overnight. Product was 

extracted twice with DCM from 10 % Na2CO3 aqueous solution, washed once with a 10 % Na2CO3 

aqueous solution, dried over MgSO4, filtered and solvent was evaporated under reduced pressure 

(60 °C). The crude product was loaded on celite and purified using the combiFlash system with a 

SiO2 “Gold” column pretreated with 0.1 % TEA in DCM. DCM/TEA (100:0.1) and 

DCM/Methanol/TEA (90:10:0.1) were used in a gradient. Product was extracted again to remove 

triethylammonium salts, twice with DCM from 10 % Na2CO3 aqueous solution, washed once with 

a 10 % Na2CO3 aqueous solution, dried over MgSO4, filtered and solvent was evaporated under 

reduced pressure (60 °C). A white solid was isolated (233 mg, 0.361 mmol, 41 %). 
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LRMS: Calc.exact mass: 644.32 g/mol. Measured (positive mode): 667.2 (M+23). 

1H NMR (500 MHz, CDCl3): δ (ppm) 9.17 (bs 1H), 8.16 (bs, 1H), 7.47 (d, J=1Hz, 1H), 7.40-7.39 

(m, 2H), 7.29-7.26 (m, 6H), 7.22-7.18 (m, 1H), 6.81 (d, J=9Hz, 4H), 6.77 (s, 1H), 4.86-4.82 (m, 

1H), 3.79 (s, 6H), 3.73-3.69 (m, 5H), 3.14-3.04 (m, 6H), 2.62-2.54 (m, 4H), 1.73-1.65 (m, 4H). 

13C NMR (126 MHz, DMSO): δ (ppm) 171.6, 170.7, 157.9, 145.2, 136.0, 135.0, 129.6, 127.8, 

127.6, 126.6, 113.1, 85.2, 61.2, 58.9, 57.9, 55.0, 51.8, 51.6, 51.4, 45.7, 30.0, 27.2. 

5.7.3.12 Methyl N-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N-(3-(((2-

cyanoethoxy)(diisopropylamino)phosphanyl)oxy)propyl)glycyl-L-histidinate (His) 

 

Compound 10 was suspended in acetonitrile and solvent was evaporated under reduced pressure 

(60 °C). The operation was repeated once and the dried compound was kept under high vacuum 

for at least 5 hours. In an oven-dried flask, compound 10 (154 mg, 0.239 mmol, 1 equiv.) was then 

dissolved in anhydrous DCM (5 mL) and 0.21 mL of dry DIPEA (1.2 mmol, 5equiv.) were added 

under stirring. CEP-Cl (0.06 mL, 0.2 mmol, 1.1 equiv.) was added slowly and the reaction was 

allowed to stir under inert gas at room temperature for 2 hours. Two fast extractions with DCM 

from a 10 % Na2CO3 aqueous solution were performed. Organic fractions were combined, dried 

over MgSO4, filtered and the solvent was evaporated under reduced pressure (40 °C). The crude 

product was loaded on celite and purified using the combiFlash system with a SiO2 “Gold” column 

pretreated with 1 % TEA in hexanes. Hexanes/TEA (100:1) and ethyl acetate were used in a 

gradient. A white solid was isolated (110 mg, 0.130 mmol, 54 %). 

HRMS (ESI-QTOF) m/z: [M + Na]+ Calcd for C45H61N6O8PNa 867.4181; Found 867.4164. 

1H NMR (500 MHz, CDCl3): δ (ppm) 9.41 (bs 1H), 8.04 (bs, 1H), 7.47 (s, 1H), 7.40-7.39 (m, 2H), 

7.29-7.26 (m, 6H), 7.21-7.18 (m, 1H), 6.81 (d, J=9Hz, 4H), 6.73 (s, 1H), 4.80-4.77 (m, 1H), 3.88-

3.55 (m, 15H), 3.11-3.03 (m, 6H), 2.63-2.52 (m, 6H), 1.72-1.63 (m, 4H), 1.17 (t, J=6Hz, 12H). 
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13C NMR (126 MHz, CDCl3): δ (ppm) 158.5, 145.3, 136.6, 135.2, 130.1, 128.3, 127.9, 126.8, 

113.2, 86.0, 62.0, 61.7, 58.7, 58.2, 58.1, 58.0, 55.3, 53.0, 52.9, 52.6, 52.4, 52.2, 51.8, 51.1, 45.6, 

43.2, 43.1, 29.8, 29.4, 28.1, 24.8, 24.8, 24.8, 24.7, 20.6, 20.6. 

31P NMR (203 MHz, CDCl3): δ (ppm) 147.6 147.4. 

5.7.3.13 Methyl N-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N-(3-

hydroxypropyl)glycyl-L-tryptophanate (11) 

 

Compound PT2b (484 mg, 0.88 mmol, 1 equiv.) was dissolved in about 2 mL of methanol. To the 

mixture was added 25 mL of 0.4M NaOH in MeOH/water 4:1. The reaction mixture was left under 

stirring for 3h at 65 °C. Reaction was monitored by TLC. When higher mobility spot disappeared, 

methanol was evaporated under reduced pressure (60 °C) until a precipitate appears but a small 

amount of water remains. DCM is added to the obtained solution and 2 equiv. of 

tetrabutylammonium chloride (489 mg, 1.76 mmol) were added. Two extractions with DCM from 

sat. Na2CO3 solution were performed followed by one washing with 10 % Na2CO3 solution. 

Organic fractions were combined, dried over MgSO4, filtered and the solvent was evaporated 

under reduced pressure (40 °C). The tetrabutylammonium carboxylate salt obtained was suspended 

in DMF (5 mL). Anhydrous HOBt (154 mg, 1.14 mmol, 1.3 equiv.) and EDC-Cl (219 mg, 1.14 

mmol, 1.3 equiv.) were successively added. The solution was left under stirring for 5 minutes until 

complete dissolution of EDC-Cl. Tryptophan methyl ester hydrochloride (235 mg, 0.92 mmol, 

1.05 equiv.) and triethylamine (0.61 mL, 4.4 mmol, 5 equiv.) were then successively added. The 

reaction mixture was left under vigorous stirring overnight. Solvent was evaporated under reduced 

pressure (60 °C). The crude product was loaded on celite and purified using the combiFlash system 

with a SiO2 “Gold” column pretreated with 0.1 % TEA in DCM. DCM/TEA (100:0.1) and 

DCM/Methanol/TEA (90:10:0.1) were used in a gradient. A pale yellow solid was isolated (260 

mg, 0.374 mmol, 43 %). 

HRMS (ESI-QTOF) m/z: [M + H]+ Calcd for C41H48N3O7 694.34868; Found 694.34783. 
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1H NMR (500 MHz, CDCl3): δ (ppm) 8.36 (s, 1H), 7.66 (d, J=8Hz, 1H), 7.52 (d, J=8Hz, 1H), 

7.43-7.41 (m, 2H), 7.31-7.21 (m, 8H), 7.13 (t, J=7Hz, 1H), 7.08 (t, J=7Hz, 1H), 6.92 (d, J=2Hz, 

1H), 6.83 (d, J=9Hz, 4H), 4.92-4.88 (m, 1H), 3.78 (s, 6H), 3.68 (s, 3H), 3.38-3.26 (m, 4H), 3.09-

2.96 (m, 4H), 2.34-2.52 (m, 4H), 1.63-1.52 (m, 2H), 1.47-1.39 (m, 2H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 172.7, 171.7, 158.4, 145.3, 136.5, 136.2, 130.1, 128.2, 

127.9, 127.7, 126.8, 122.9, 122.2, 119.6, 118.6, 113.1, 111.3, 109.9, 86.0, 61.5, 60.5, 58.7, 55.3, 

52.5, 52.5, 52.1, 52.0, 30.1, 27.8, 27.4. 

5.7.3.14 Methyl N-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N-(3-(((2-

cyanoethoxy)(diisopropylamino)phosphanyl)oxy)propyl)glycyl-L-tryptophanate 

(Trp) 

 

Compound 11 was suspended in acetonitrile and solvent was evaporated under reduced pressure 

(60 °C). The operation was repeated once and the dried compound was kept under high vacuum 

for at least 5 hours. In an oven-dried flask, compound 11 (254 mg, 0.353 mmol, 1 equiv.) was then 

dissolved in anhydrous DCM (6 mL) and 0.31 mL of dry DIPEA (1.8 mmol, 5 equiv.) were added 

under stirring. CEP-Cl (0.10 mL, 0.46 mmol, 1.3 equiv.) was added slowly and the reaction was 

allowed to stir under inert gas at room temperature for 2 hours. Two fast extractions with DCM 

from a 10 % Na2CO3 aqueous solution were performed. Organic fractions were combined, dried 

over MgSO4, filtered and the solvent was evaporated under reduced pressure (40 °C). The crude 

product was loaded on celite and purified using the combiFlash system with a SiO2 “Gold” column 

pretreated with 1 % TEA in hexanes. Hexanes/TEA (100:1) and ethyl acetate were used in a 

gradient. A white solid was isolated (286 mg, 0.320 mmol, 91 %). 

HRMS (ESI-QTOF) m/z: [M + H]+ Calcd for C50H65N5O8P 894.45653; Found 894.45527. 

1H NMR (500 MHz, CDCl3): δ (ppm) 8.54 (s, 1H), 7.72 (d, J=8Hz, 1H), 7.50 (d, J=8Hz, 1H), 

7.41-7.40 (m, 2H), 7.29-7.19 (m, 8H), 7.11 (t, J=7Hz, 1H), 7.05 (t, J=7Hz, 1H), 6.92 (m, 1H), 6.81 

(d, J=9Hz, 4H), 4.88-4.85 (m, 1H), 3.83-3.69 (m, 8H), 3.64 (s, 3H), 3.62-3.42 (m, 4H), 3.35-3.24 
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(m, 2H), 3.06-2.95 (m, 4H), 2.55 (t, J=5Hz, 2H), 2.49-2.44 (m, 4H), 1.55-1.47 (m, 4H), 1.20-1.15 

(m, 12H). 

13C NMR (126 MHz, CDCl3): δ (ppm) 172.1, 171.5, 158.3, 145.2, 136.4, 136.4, 136.1, 129.9, 

128.1, 127.7, 127.5, 126.6, 122.8, 121.9, 119.3, 118.4, 117.8, 117.8, 113.0, 111.3, 109.7, 109.7, 

85.8, 61.8, 61.7, 61.6, 61.6, 61.3, 58.5, 58.5, 58.2, 58.1, 58.0, 58.0, 55.1, 52.6, 52.4, 52.2, 52.0, 

43.0, 42.9, 29.0, 28.9, 27.9, 27.8, 27.4, 24.6, 24.6, 24.6, 24.6, 20.3, 20.3. 

31P NMR (203 MHz, CDCl3): δ (ppm) 147.5 147.4. 

5.7.3.15 1-(Bis(4-methoxyphenyl)(phenyl)methoxy)dodecan-2-yl (2-cyanoethyl) 

diisopropylphosphoramidite (Bal) 

 

2 steps protocol to obtain Bal from 1,2-dodecanediol and characterization data are detailed 

elsewhere.54 

 

5.7.4 Solid-Phase Synthesis 
For unbranched oligomers, synthesis was performed on a 1 μmol scale, starting from a universal 

1000 Å LCAA-CPG solid support. 5’-DMT and 5’-Lev nucleoside phosphoramidites (benzoyl 

protected adenosine, benzoyl 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. 

Removal of the DMT protecting group was carried out using 3 % dichloroacetic acid in 

dichloromethane on the DNA synthesizer. Removal of the 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 starting from a universal 2000 Å 

LCAA-CPG solid support and using coupling times of 10 minutes. The codons were synthesized 

after the unnatural monomer couplings in the case of the library but before otherwise. 
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General procedure for attaching moiety without phosphoramidite isolation. Under a nitrogen 

atmosphere in a glove box (<2.5 ppm trace moisture), in a 10 mL oven-dried round bottom flask, 

monoprotected alcohol 2 (12mg, 0.030 mmol) is dissolved in dry DCM (300 µL). 

Diisopropylethylamine (4.8 µL, 0.050 mmol, 1 eq.) and N,N-Diisopropylamino cyanoethyl 

phosphonamidic-Cl (6.0 µL, 0.027 mmol, 0.9 eq.) are added. Reaction is allowed to stir at room 

temperature during 45 minutes. Coupling was done using the ‘syringe’ technique: the crude 

solution containing the phosphoramidite (200 µL, 0.1 M) is mixed with the standard activator 

solution (200 µL, 0.25 M) in presence of the CPG using syringes. After ten minutes, the solution 

was removed from the columns and the strands underwent capping, oxidation and deblocking steps 

in the synthesizer. 

Deprotection procedure: Sequences without unnatural monomers underwent classical deprotection 

procedures: completed syntheses were cleaved from the solid support and deprotected in 28 % 

aqueous ammonium hydroxide solution for 16-18 hours at 65 °C. Deprotection involving 

methylamine is not compatible with benzoyl-protected cytidine. The crude product solution was 

separated from the solid support and concentrated under reduced pressure at 60 °C. This crude 

solid was re-suspended in Millipore water before further RP-HPLC or gel purification. 

With unnatural monomers, a 1:3 tert-butylamine/water solution during 6h at 65 °C was performed 

first to cleanly deprotect methyl esters into carboxylate. This step was followed by the standard 

deprotection procedure in ammonium hydroxide to make sure deprotection is complete.  

 

 

Table 5.2. Sequence of strands used, and special synthetic conditions. Letters in bold and italic indicate the 
use of 5’-Levulinyl amidites.

Strand 
name 

Sequence (5’ to 3’) Special synthetic 
conditions 

AT TTTTTCAGTTGACCATATA - 

HYD1 ACGACGACGACGACGACGACGACGACGACGACGAC
GACGACGACGCG 

30 first couplings 
followed by hydrazine 
treatments of 10 min 

LEV1 TTTTTTTTTGTTCCTAACCG 1.5 M hydrazine, 10 
min 
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LEV2 TTTTTTTTGTTCCG Hydrazine 32min 

T10 GGTCCTAATGCCGATCGA Hydrazine 10min 

T30 GGTCCTAATGCCGATCGA Hydrazine 30min 

DNA 
21mer 

TA-X-TTTTTCAGTTGACCATATA From X, 20 hydrazine 
treatments of 10 min 

BR1 CGTCGAGGCCCGGGAAGAAAGGA-BU-
ACACGTCACGCCTTTTTTTTT 
Branch: TCGA 

Hydrazine 20 min 

BR2 CGTCGAGGCCCGGGAAGAAA-BU-
GCATAGGATACACGTCACGCC 
Branch: TCGA 

 

Hydrazine 20 min 

BR3 DMT-
CGTCGAGGCCCTTAATTGGTTCCTTAACCTTAGGA-
BU-ACACGTCACGCCTTTTTTTTT 
Branch: TATGTCTACT 

Hydrazine 15 min 

TBA1 CGTCGAGGCCCCTTCTTCTTCGTCTTCTTCTTAGGA-
BU-ACACGTCACGCCTTTTTTTTT 
Branch: GGTTGGTGTGGTTGGTTTTT 

Hydrazine 10 min 

TBA2 CGTCGAGGCCCGTGCTTACCCGTGACCTTCTTAGGA-
BU-ACACGTCACGCCTTTTTTTTT 
Branch: GGHisTGGC12GTGGAlkTGGTTTTT 

Hydrazine 10 min 

TBA3 CGTCGAGGCCCATACAGGTATAATGCCATTGAAGGA-
BU-ACACGTCACGCCTTTTTTTTT 
Branch: GGTrpSugGGPheAntTGGBalAGGNapTTTT 

Hydrazine 10 min 

Forward 
Primer 

ACACTGACGACATGGTTCTACACGTCGAGGCCC  

Reverse 
Primer 

TACGGTAGCAGAGACTTGGTCTGGCGTGACGTGTAT
CCT 

 

LIB CGTCGAGGCCC NNN NNN NNN NNN NNN NNN NNN 
AGGA-BU- ACACGTCACGCCTTTTTTTTT 
Branch:GG 7 6 GG 5 4 TGG 3 2 GG 1 TTTT 
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Table 5.3. Monomers used during library synthesis. 
Position 
modified 

Aliquot A Aliquot B Aliquot C Aliquot D Aliquot E Aliquot F 

1 G T Alk C12 Nap Phe 

2 A T Alk C12 Sug Trp 

3 C T Ant Nap Phe Trp 

4 A G Alk C12 Nap Sug 

5 G T C12 Phe Sug Trp 

6 A T Alk His Nap Phe 

7 G T Ant C12 Sug Trp 

 

5.7.5 Reverse-phase HPLC 
Analysis and purification with the HPLC were performed as follows. Solvents (0.22 μm filtered): 

50 mM triethylammonium acetate (TEAA) buffer (pH 8.0) and HPLC grade acetonitrile. Elution 

gradient is described on Figure 5.9, Figure 5.10 and Figure 5.11. All gradients were followed by 

a short column wash in 95 % acetonitrile. Column: Hamilton PRP-C18 5 μm 100 Å 2.1 x 150 mm. 

For each analytical separation approximately 0.5 OD260 of crude DNA was injected as a 20-50 μL 

solution in Millipore water. Detection was carried out using a diode-array detector, monitoring 

absorbance at 260 nm. 

 

 
Figure 5.8. RP-HPLC chromatogram of AT-2-Nap. Gradient : 3 to 50 % in 30 minutes. 
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Figure 5.9. RP-HPLC chromatogram of BR3. Gradient : 3 to 50 % in 30 minutes. 

 

 

Figure 5.10. RP-HPLC chromatogram of AT, AT-His, AT-Trp. Respectively top, middle and bottom 
traces. Gradient : 3 to 30 % in 50 minutes. These strands were made and HPLC-purified in order to check 
for their purity by LC-MS.



263 
 
 

 
Figure 5.11. RP-HPLC chromatogram of AT-Ant (top), AT-Bal (bottom). Gradient : 3 to 50 % in 30 
minutes. Peak at 10 minutes correspond to unmodified DNA strands while other peak is the expected 
modified strand. Yields of Bal are lower than for the other modifications since this monomer is not suitable 
for 5’ end modification. At internal positions, yields are similar to the other monomers as shown on Figure 
5.5. We hypothesize double peak is due to the presence of two diastereomers. These strands were made and 
HPLC-purified in order to check for their purity by LC-MS. 

 

5.7.6 Gel electrophoresis 
Denaturing Polyacrylamide Gel Electrophoresis (PAGE) was carried out at room temperature for 

30 minutes at 250V followed by 1 hour at 500V with big plates and only for 1h at 100V with small 

plates. TBE buffer (1X) was used and the concentration of urea in the gel was 7M. For each lane 

5 µL of DNA (0.1 to 2 µM) in water was added to 5 L of 8 M urea. The DNA bands for all gels 

were visualized by incubation with GelRed™. In all gels, the ladder used is the Invitrogen Ultra 

Low Range ladder.  
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Figure 5.12. 15 % PAGE, denaturing conditions, HYD1, LEV1, LEV2.  Crude mixture was loaded. Lanes 
1, 2,3: LEV1, LEV2, HYD1. Strands are discussed in Section 5.5.1. The highest mobility band is visible 
on the whole gel width. 

 
Figure 5.13. 12 % PAGE, denaturing conditions, T10, T30, BR1, BR2, BR3.  Lanes : 1 : T10 (crude), 2 : 
T30 (crude), 3 : BR1 (crude), 4 : BR2 (crude), 5 : BR1 (gel purified), 6 : BR2 (gel purified), 7 : BR3-DMT 
off (crude), 8 : BR3 (crude), 9 : BR3-f1 (fraction 1 from HPLC purification), 10: BR3-f2 (fraction 2 from 
HPLC purification), 11: BR3-f3 (fraction 3 from HPLC purification), 12: BR3-f4 (fraction 4 from HPLC 
purification). T10 and T30 were synthesized to compare 10 min vs 30 min hydrazine deprotection times 
(see Table 5.2). Other strands are discussed in Section 5.5.2. 

L    1           2                    3 

     1   2   L  3   4   5   6  L  7  8  9  10 11 12 
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Figure 5.14. 15 % PAGE denaturing conditions, AT-Ant, AT, AT-Bal, AT-His, AT-Trp.  Lanes 1 to 5: 
Crude mixtures from synthesis of AT-Ant, AT, AT-Bal, AT-His, AT-Trp. Bal is found to have lower 
attachment yields in this case because it is located at the 5’end. These strands were made and HPLC-purified 
in order to characterize them by LC-MS. 

           

Figure 5.15. 12 % PAGE, denaturing conditions, TBA1, TBA2, TBA3 and LIB.  Lanes 1 to 4: crude 
mixtures from synthesis of TBA1, TBA2, TBA3 and LIB, Lanes 5 to 8: gel purified products: TBA1, 
TBA2, TBA3 and LIB. These strands are discussed in Section 5.5.4. 

     1   2 3  4  5 

L  1 2  3  4  5  6 7  8 

L     1    2    3      6     7      5     4 
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5.7.7 LC-MS 
The oligomers were analyzed by LC-ESI-MS in negative ESI mode. Samples (~60 pmols in H2O) 

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. 

 

Table 5.4. ESI-MS characterization of the strands synthesized. 
Strand  Expected exact mass 

(g/mol) 

Found exact mass 

(g/mol) 

AT-2-Nap 6491.23 6491.34 

LEV1 6027.00 6026.98 

LEV2 4214.70 4215.76 

BR1  15230.90 (MW) 15230.20 (MW) 

BR2  14346.39 (MW) 14345.68 (MW) 

BR3-DMToff 20590.40 (MW) 20589.71 (MW) 

BR3, bottom banda 6310.06 6310.00 

BR3, middle banda 9810.66 9810.47 

BR3, HPLC fraction 4a >20590 Mostly >27000 

AT-Ant 6231.17 6231.25 

AT-Bal 6029.14 6029.22 

AT-His 6155.12 6155.22 

AT-Trp 6204.14 6204.25 

TBA1 24042.59 (MW) 24041.20 (MW) 

TBA2 24110.81 (MW) 24109.73 (MW) 

TBA3 24839.97 (MW) 24839.96 (MW) 

MW stands for molecular weight. a. These strands are byproducts from BR3 synthesis. They are 
discussed in Figure 5.4. 
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a) AT-2-Nap after HPLC purification. 

 
b) LEV1, analyzed before purification. Difference between peaks of the bottom spectrum is about 

304 g/mol, which is the mass of a thymidine nucleotide. It shows that the byproducts shown on this 
spectrum may be branched oligomers. 

 
c) LEV2, analyzed before purification. 
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d) BR1, analyzed after gel purification 

 
e) BR2, analyzed after gel purification. Peaks of lower masses probably come from truncated products 

due to mispurification or strand degradation after purification. 

 
f) BR3-DMToff, after gel purification. 

 
g) BR3, bottom band, after gel purification. Truncated monomer before the insertion of BU as 

explained on Figure 5.4. Second peak has a +80 g/mol difference corresponding to an extra 
phosphate group present at the 5’ end. 
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h) BR3, middle band, after gel purification. Truncated monomer for which the code did not grow; as 

explained on Figure 5.4. 

 
i) BR3, fraction 4 after HPLC purification. High masses may be due to the presence of multi-branched 

oligomers as explained on Figure 5.4. 

 
j) AT-Ant, after HPLC purification. 
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k) AT-Bal, after HPLC purification. 

 
l) AT-His, after HPLC purification. 

 
m) AT-Trp, after HPLC purification. 

 
n) TBA1, after gel purification. 
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o) TBA2, after gel purification. 

 
p) TBA3, after gel purification. 

Figure 5.16. MS data for modified DNA strands.  The data was processed and deconvoluted using the 
Bruker Data Analysis software version 4.1. Masses reported are exact masses except for BR1, BR2, BR3-
DMToff, TBA1, TBA2, TBA3 for which molecular weight is reported. 

 

5.7.8 PCR 
Polymerase chain reaction (PCR) was carried out using the MyTaq™ HS Red Mix PCR kit. The 

reaction was performed in a batch of 60 µL, using 0.1 ng.µL-1 of template (except for 1x10-5 ng.µL-

1 of TBA3), 0.625 µM of each of the forward and reverse primers, and a final concentration of 1x 

MyTaq™ HS Red Mix. The mixture was then heated at 95 ºC for 1 minute and was followed by 

30 cycles of: 1) 95 ºC for 15 seconds, 2) 60-67 ºC (temperature was optimized depending on the 

sample) for 15 seconds, and 3) 72 ºC for 15 seconds. After PCR, the samples were purified using 

a QIAquick PCR Purification Kit (manufacturer protocol was followed). Electrophoresis gel 

experiments were performed in native and denaturing conditions. 
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Figure 5.17. 12 % PAGE, denaturing conditions of amplicons after PCR with BR1, BR2, BR3, TBA1, 
TBA2, TBA3. Strands are respectively in lanes 1, 2, 3, 4, 5, 6. Lane 7 contains a control with no template 
added. This gel is discussed on section 5.5.5. L contains the Invitrogen Ultra Low Range ladder. 

Native Polyacrylamide Gel Electrophoresis (PAGE) was carried out at 4 °C for 1 hour at 100V 

using small gel plates. TAMg buffer (1X) was used. For each lane ~10 µL of DNA (0.1 to 1 µM) 

from PCR crude mixture was added to 2 L of a glycerol solution. The DNA bands for all gels 

were visualized by incubation with GelRed™.  

Figure 5.18. 8 % PAGE, native conditions of amplicons after PCR with BR1, BR2, BR3, TBA1, TBA2, 
TBA3. Strands are respectively in lanes 1, 2, 3, 4, 5, 6. L contains the Invitrogen Ultra Low Range ladder. 

  

  1     2    3    4    5    6    7   L 

    1       2       3       4       5                           6                 L 
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5.7.9 Sequencing 
Sequencing was performed by the McGill University and Génome Québec Innovation Center. 

Methodology for MiSeq Illumina next generation sequencing sample preparation is indicated 

below. 

Barcoding step: The barcoding step adds an index (or barcode) to each sample and the sequence 

of Illumina adapters required for DNA binds to flow cell (i5 and i7). 

Table 5.5. Master Mix components for barcoding step. 
Master Mix Components 1X 8 Final Concentration 

Roche PCR 10X Buffer without 
MgCl2 2.000 16.0 1 X 
Roche MgCl2 25 mM 1.438 11.5 1.8 mM 

Roche DMSO 1.000 8.0 5 % 
dNTP mix 10 mM_FroggaBio 0.400 3.2 0.2 mM 
TAQ 5U-ul Roche FastStart High Fi 0.100 0.8 0.025 U/ul 
H2O 12.063 96.5   

 

Polymerase chain reaction (PCR) was carried out using 17 µL of the Master Mix for a 20 µL final 

volume. The reaction was performed using ~0.1 ng.µL-1 of template (except for 1x10-5 ng.µL-1 of 

TBA3), 0.2 µM of each of the forward and reverse primers with the barcode corresponding to each 

sample. The mixture was then heated at 95 ºC for 10 minutes and was followed by 15 cycles of: 

1) 95 ºC for 15 seconds, 2) 60 ºC for 15 seconds, and 3) 72 ºC for 15 seconds. The cycles were 

followed by 3 minutes at 72 ºC. 

Verification of barcode incorporation for each sample on 2 % agarose gel: All amplicons had a 

similar profile on agarose gel so no quantification was necessary to generate the pool (library). 

The library was then generated by pooling 5ul of each sample except for sample TBA3 (7ul) in 

order to get more reads for this sample. 

Final steps: 

- Cleaning-up of the pool (or library) with a ratio of 1.5 of sparQ PureMag Beads (from 

Quantabio). 



274 
 

- QC of the library as follows: library was quantified by fluorescence using Qubit dsDNA 

high-sensitivity (HS) kit (ThermoFisher). Average fragment size was estimated on 2 % 

agarose gel with 100bp DNA ladder. 

- The library was added to the “principal” library at a ratio of 1 % of the MiSeq lane. 10 % 

of Phix control library was spiked into the final amplicon pools (loaded at a final 

concentration of 10pM) to improve the unbalanced base composition. 

- Sequencing with the MiSeq Reagent Kit v2 500 cycles from Illumina.  Sequencing was 

done with LNATM modified custom primers (Exiqon): 

Primer read1: LNA-CS1: ACACTGACGACATGGTTCTACA 

Primer read2: LNA-CS2: TACGGTAGCAGAGACTTGGTCT 

Primer index read: LNA-CS2rc: AGACCAAGTCTCTGCTACCGTA 

 

Results were obtained as 2 FASTQ files per sample containing the forward strand read and the 

reverse strand read. The forward strand reads were used for BR1 and BR2 to count the number of 

times code sequences were found as well as the number of times the forward primer region 

sequence (5’-CGTCGAGGCCC-3’) was found. 

For BR3, TBA1, TBA2, TBA3, we privileged the reverse strand read in order to count the number 

of times the reverse primer region was found (5’-GGCGTGACGTGTATCCT-3’). It is a 17mer 

which is closer in length and therefore more comparable to the code sequences’ length (20mer for 

BR3 and 21mer for TBA1, TBA2 and TBA3). We also counted the number of times the 

complementary code sequence was found. Ratio of reads found/total number of reads are reported 

in Table 4.3. 

Using the reads of the complementary strand led to similar results. 
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6.1 Contributions to original knowledge 

Throughout this thesis, we have significantly expanded the types of monomers that can be used to 

build sequence-defined oligo(phosphodiester)s, and to functionalize DNA and RNA. This allowed 

the exploration of novel self-assembly behaviors and applications for such precision polymers in 

DNA-encoded combinatorial libraries. 

In Chapter 2, we specifically addressed the use of a monomer capable of fluorophilic interactions 

that are not found in natural compounds. The strategy reported allowed the synthesis of an 

oligomer made of perfluorocarbon chains (PFC) to a DNA strand. This represents a breakthrough 

in the context of a hydrophobic polymer conjugation to DNA. Resulting “DNA-Teflon” oligomers 

were shown to self-assemble into almost monodisperse micelles responsive to the concentration 

of divalent cations in solution. More importantly, the micelles were shown to be detectable and 

even quantifiable through 19F NMR, while fluorine-rich aggregates are typically invisible with 

such a technique, underlining their potential for in vivo imaging by MRI. When incorporated into 

DNA duplexes, the PFC chains interacted together through the “fluorous” effect, significantly 

influencing hybridization thermodynamics. The van’t Hoff plot-based study of entropy and 

enthalpy of hybridization was successful to determine locations at which PFC chains conferred a 

stability increase upon double-stranded DNA. PFC chains were also demonstrated to increase the 

nuclease resistance of DNA duplexes. Finally, the gene silencing ability of a silencing RNA duplex 

remained unaffected by its modification with a PFC chain. Thus, PFC were shown to impart 

valuable properties to DNA strands demonstrating the benefits of introducing new supramolecular 

interactions in oligo(phosphodiester)s. 

With the synthesis of a novel naphthalene-containing monomer used along a hydrophilic, a 

hydrophobic and a fluorophilic monomer, many different interactions could be rationally studied 

in Chapter 3. A fine balance of these interactions was investigated along with systematic variation 

of oligomer length and sequence through the synthesis of a library of sequence-defined block 

oligo(phosphodiester)s. Sequence-control enabled by iterative automated synthesis was a unique 

tool to probe subtle differences in monomer sequence that could not be achieved with regular block 

copolymerization techniques. For example, increasing the hydrophobic content by one monomer 

triggered a drastic morphology switch from spherical micelles to well-defined nanosheets. This 
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chapter sets out elementary rational rules to predict the self-assembly outcomes for sequence-

defined oligomers. 

In polymer synthesis and especially in the sequence-controlled polymers field, monomers design 

and synthesis is a time-consuming step. Chapter 4 describes the development of a novel strategy 

to make a large variety of phosphoramidite monomers in two steps only. Three readily accessible 

molecular platforms were designed to bear chemical handles (alkyne, carboxylate, amine) for 

further functionalization with a moiety of interest. Contrary to most non-nucleosidic commercially 

available phosphoramidites, these platforms do not contain a chiral center and showed very high 

coupling efficiency and stability, which allows their use multiple times in the same oligomer or 

DNA strand. To demonstrate the versatility of this approach, phenylalanine and carbohydrate-

containing phosphoramidites were successfully synthesized and introduced into fully artificial 

oligomer in high yields. The alkyne platform already found applications in the synthesis of DNA 

trimers with a specific strand pattern1 and of sulfonated dye-DNA conjugates.2 The histidine-

containing moiety developed using the strategy reported in Chapter 4 and presented in Chapter 5 

was used in a collaboration with the group of Prof. Juewen Liu (U. Waterloo) in the generation of 

DNA strands with high affinity and specificity for Zn2+.3 Thus, a large scope of applications was 

already made possible following Chapter 4 methodology. 

Rational design of sequence-defined polymers is an arduous task especially in the case of artificial 

monomers. Combinatorial strategies are good alternatives, especially in the case of ligand 

discovery through DNA-encoded libraries. In Chapter 5, a valuable tool to discover aptamers made 

of non-nucleosidic monomers is described. The successful parallel synthesis of a sequence-defined 

oligomer made of the artificial monomers that were described in the other chapters, and a DNA 

strand coding for the oligomer identity and sequence was implemented. It led to the synthesis of a 

300,000 sequence-defined oligomer aptamers library through the split-and-pool method. 

Amplification and sequencing were both accomplished from small amounts of these constructs to 

show the possibility for target affinity selection. In the DNA-encoded library field, this finding 

represents an access door to the new chemical space of phosphodiesters. Moreover, the use of a 

solid-phase synthesis (SPS) strategy allows to envision the synthesis of much longer oligomers 

than what was possible through common strategies. As aptamers, our constructs are also of 
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significant interest since they are made of non-nucleosidic modifications that have only been rarely 

explored. 

Overall, by increasing the number of monomers available for sequence-defined synthesis of 

oligo(phosphodiester)s, we have discovered new applications in drug delivery, self-assembly and 

ligand discovery. More importantly, this work sets up novel tools for the rational study of 

sequence-defined oligomers as outlined in Chapter 3, the development of more phosphoramidite 

monomers and a powerful synthetic method to make DNA-encoded libraries of precision 

poly(phosphodiester)s. 

6.2 Future work 

Due to their great stability, low CMC (critical micelle concentration) and ability to be detected and 

quantified through 19F NMR, “DNA-Teflon” micelles hold great promise as potential drug carriers. 

Therefore, it would be of great interest to pursue research in this direction. For example, drug 

encapsulation tests could be performed. Once in vivo, micelles disassemble due to an important 

dilution factor and interactions with numerous biological components. Micelle crosslinking has 

been investigated in our group for example through the use of N-hydroxysuccinimide (NHS) esters 

in micelles with a core made of alkyl chains.4 This strategy could be implemented with “DNA-

Teflon” micelles. For any drug delivery applications, biodistribution and bioaccumulation of PFC 

chains need to be tested. Indeed, the biggest limitation of “DNA-Teflon” micelles might be that 

the PFC chains do not get cleared and accumulate. The design and use of shorter PFC chains would 

be a good alternative to palliate this issue. Besides, PFC chains could be of interest to combine the 

“fluorous” effect with other supramolecular interactions in DNA nanostructures. For example, on 

the DNA cube scaffold our group developed,5 it would be possible to precisely position alkyl and 

PFC chains and study the new structures this may generate. 

Fundamental studies on self-assembly and folding of sequence-defined polymers are valuable for 

the de novo design of complex nanostructures. Chapter 3 reveals the potential to make many 

sequences and study their self-assembly, at the same time by combining fast “screening” 

techniques such as agarose gel electrophoresis and accurate characterization methods such as 

atomic force microscopy. Cryo-electron microscopy would probably be a valuable tool to analyze 

self-assembled structures in solution in more details. Also, many parameters can be further 
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explored to increase our understanding of sequence-defined oligomers. We mainly limited our 

study to oligomers with a degree of polymerization (DP)<15. The yields we obtained demonstrate 

the possibility to make longer oligomers. With a DP>50, one could think of block co-oligomers 

with 10 blocks or more, giving rise to novel nanostructures. More importantly, new monomers 

derived from the platforms studied in Chapter 4 may be used as well. For example, the creation of 

sequence-defined oligo(phosphodiester)s that contain large aromatic units is an on-going project 

in our group. These may have applications in photonics and molecular wires. 

Chapter 4 describes a methodology for making novel phosphoramidite monomers. Therefore, it 

can lead to many opportunities. So far, the amine-containing platform has not been used to turn a 

carboxylic acid into a suitable phosphoramidite. Such an experiment could be done with promising 

candidates such as folates. Many studies already reported the synthesis of oligonucleotide-folate 

conjugates for targeted delivery applications.6 However, folate has two carboxylates that are 

usually reacted non-specifically for bioconjugation. Moreover, very few studies offer a method to 

analyze the impact of folate positioning on a DNA strand or on a sequence-defined 

oligo(phosphodiester). An on-going project with Dr. Violeta Toader aims at developing a specific 

folate phosphoramidite that could be introduced at different positions on a DNA strand. More 

generally, two avenues would be worth exploring in order to make artificial proteins mimics made 

of poly(phosphodiester)s. The optimization of synthetic conditions to reach higher synthetic yields 

and therefore higher DPs of multifunctional oligomers is of interest. The generation of a library of 

monomers containing amino acids and short peptides would also greatly enhance the capacity of 

oligomers to fold similarly to proteins. 

In Chapter 5, a strategy to encode sequence-defined oligo(phosphodiester)s with a DNA tag is 

presented. It probably holds the greatest promises of this thesis. We started a collaboration with 

the McKeague group to test the design of our DNA-encoded thrombin-binding aptamers and to 

perform selection on the library we have obtained. The presence of a hit could confirm the power 

of our strategy to find protein ligands and could lead to potential high-impact discoveries. For 

example, it could be adapted to other targets such as proteins involved in important diseases and 

receptors of specific cell lines for targeted therapies. The scope of DNA-encoded sequence-defined 

oligomers library is not limited to ligand discovery. Indeed, motivated by the discovery of potent 

DNAzymes using a histidine modification we developed,3 we envision that sequence-defined 
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oligo(phosphodiester)s may be good candidates to discover novel catalysts. Ideally, these would 

be close in selectivity and efficiency to natural enzymes but adapted to new reactions and 

substrates. Such discoveries would epitomize the long-term goals of this thesis – outperforming 

biopolymers selectivity and efficiency with sequence-defined oligo(phosphodiester)s made of 

artificial building blocks. 
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A 1H NMR spectrum is provided for each small molecule synthesized. A 13C NMR spectrum is 

included for each unreported compound. 

7.1 Molecules from Chapter 2 

7.1.1 Compound 1 

 
7.1.2 Compound 2 

 

  

1H NMR (400 MHz), CDCl3 CDCl3 

1H NMR (400 MHz), CDCl3 
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7.1.3 Compound 3 

 

 

1H NMR (400 MHz), acetone-d6 

13C NMR (100 MHz), acetone-d6 
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7.1.4 Monomer N[PFC] 

 

 

1H NMR (500 MHz), acetone-d6 

13C NMR (126 MHz), acetone-d6 
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7.2 Molecules from Chapter 3 

7.2.1 Compound C12’ 

 
 

 

1H NMR (400 MHz), acetone-d6 

13C NMR (100 MHz), acetone-d6 
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7.2.2 Monomer C12 

 

 

1H NMR (500 MHz), acetone-d6 

13C NMR (126 MHz), acetone-d6 
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7.2.3 Compound NAP’’ 

 
 

 

1H NMR (400 MHz), acetone-d6 

13C NMR (100 MHz), acetone-d6 
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7.2.4 Compond NAP’ 

 
 

 

1H NMR (400 MHz), acetone-d6 

13C NMR (100 MHz), acetone-d6 
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7.2.5 Monomer NAP 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.3 Molecules from Chapter 4 

7.3.1 Compound 1’’ 

 

 

 

1H NMR (400 MHz), CDCl3 

13C NMR (100 MHz), CDCl3 
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7.3.2 Compound 1’ 

 
 

 

1H NMR (400 MHz), acetone-d6 

13C NMR (100 MHz), acetone-d6 
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7.3.3 Compound 3’’ 

 

7.3.4 Compound 3’ 

 

1H NMR (500 MHz), CDCl3 

1H NMR (500 MHz), CDCl3 
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7.3.5 Monomer 3 

 

13C NMR (126 MHz), CDCl3 

 

1H NMR (500 MHz), CDCl3 
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7.3.6 Compound 4’’ 

 

1H NMR (600 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.3.7 Compound 4’ 

 

13C NMR (125 MHz), CDCl3 

 

1H NMR (500 MHz), CDCl3 
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7.3.8 Monomer 4 

 

13C NMR (125 MHz), CDCl3 

 

1H NMR (500 MHz), CDCl3 
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7.3.9 Compound 5’’ 

 

13C NMR (126 MHz), CDCl3 

1H NMR (500 MHz), CDCl3 
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7.3.10 Compound 5’ 

 

7.3.11 Monomer 5 

 

1H NMR (400 MHz), CDCl3 

1H NMR (500 MHz), CDCl3 

*
 

*
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7.3.12 Compound PT1a 

 

13C NMR (126 MHz), CDCl3 

1H NMR (500 MHz), CDCl3 
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7.3.13 Platform PT1 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.3.14 Monomer 6 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.3.15 Compound 7’ 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.3.16 Monomer 7 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.3.17 Compound PT2a 

 

7.3.18 Compound PT2b 

 

1H NMR (500 MHz), CDCl3 

1H NMR (500 MHz), CDCl3 
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7.3.19 Platform PT2 

 

1H NMR (400 MHz), DMSO-d6 

13C NMR (126 MHz), CDCl3 

 

*
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7.3.20 Compound 8’ 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), DMSO-d6 
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7.3.21 Monomer 8 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.3.22 Platform PT3 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.3.23 Compound 11’ 

 

1H NMR (500 MHz), DMSO-d6 

13C NMR (126 MHz), CDCl3 
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7.3.24 Monomer 11 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), DMSO-d6 

 

* 
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7.4 Molecules from Chapter 5 

7.4.1 Compound 1 

 

1H NMR (300 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.4.2 Compound 2 

 

7.4.3 Compound 3 

 

1H NMR (500 MHz), DMSO-d6 

1H NMR (500 MHz), DMSO-d6 



320 
 

7.4.4 Compound 5 

 

7.4.5 Compound 6 

 

1H NMR (500 MHz), CDCl3 

1H NMR (500 MHz), DMSO-d6 
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7.4.6 Compound 7 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), DMSO-d6 
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7.4.7 Branching unit BU 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 

 



323 
 
 

 

7.4.8 Compound 8 

 

1H NMR (300 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.4.9 Compound 9 

 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.4.10 Monomer Ant 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.4.11 Compound 10 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), DMSO-d6 
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7.4.12 Monomer His 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.4.13 Compound 11 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.4.14 Monomer Trp 

 

1H NMR (500 MHz), CDCl3 

13C NMR (126 MHz), CDCl3 
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7.4.15 Compound Bal’ 

 

7.4.16 Monomer Bal 

 

1H NMR (500 MHz), CDCl3 

1H NMR (400 MHz), CDCl3 
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