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Abstract 
 

With the development of phosphoramidite chemistry, the use of synthetic oligonucleotides 

grows progressively. Because of their structure, periodicity and specific interactions, short 

oligonucleotides find application in numerous scientific fields. Some of them include biology, 

biomedicine and clinical diagnostics. The modifications in their chemical structure did give rise 

to more stable and more efficient oligonucleotide sequences with higher potential for practical 

application as therapeutics and diagnostics tools. 

Chapters 3, 4 and 5 in this thesis, describe the synthesis and the characterization of advanced 

oligonucleotide therapeutics. We successfully synthetized a library of peptide-oligonucleotide 

conjugates (POCs) model therapeutics and investigated their biophysical properties in vitro. Our 

findings confirmed the POCs ability for efficient target binding and single nucleotide 

polymorphism (SNP) discrimination. Additionally, the serum stability studies confirmed higher 

stability of the POCs when compared with the naked-parent oligonucleotides. Moreover, we 

formulated model oligonucleotides as complexes and conjugates with peptides and proteins and 

we investigated further their stability in various simulated bio-fluids. The data revealed that 

both strategies improve the stability; however, the effect of the conjugated peptide was superior 

over the complexed one. In essence, the nature of the peptide sequence influenced the 

oligonucleotide stability in the simulated gastric juice. Finally, we formulated complexed and 

conjugated oligonucleotide therapeutics with peptide sequences, designed to reduce the HIV1-

mRNA or the BGas lnRNA expression and function. The cell culture experiments showed 

promising effect and cell internalization for the complexes and conjugates. Nevertheless, the 

variability within the quantitative results was high.  

Chapter 6 covers the work on developing a simple and cost-effective strategy for modification 

and functionalization of synthetic oligonucleotides as fluorescent diagnostic tools. It also 

describes the biophysical studies and the ability for single mutation detection by fluorescence. 

We synthetized new bis-alkyne nucleic acids building block that afterwards was incorporated 

into oligonucleotide sequences. This followed successful post-synthetic conjugation with three 

different fluorescent dyes. According to our findings, while the oligonucleotide-dye conjugates 

(ODCs) with perylene intercalated within the duplex efficient and distinguished SNP by shift in 

the fluorescence intensities at emission maxima, the ODCs with 5JOE and PEP failed to 

discriminate SNP by temperature melting and fluorescence measurements experiments. In 

addition, the ODCs with perylene detected mutant DNA extracted from cancer cell lines.  
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a) 

 

 

 

b)                                                                                                                       c) 

 

 

d) 

 

 

 

a) Peptide-oligonucleotide conjugates show high affinity for target binding; b) Peptides and proteins 

conjugated and complexed to oligonucleotide improve its stability in bio-fluids; c) Improved intracellular 

delivery of the oligonucleotide conjugated with peptide; d) Oligonucleotides with new bis-alkyne building 

block conjugated with fluorescent dyes, detect single point mutation in extract from cancer cell line. 

Intracellular delivery 
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Resume 
 

Med udviklingen af phosphoramidit syntesen blev brugen af syntetiske oligonukleotider øget 

markant. Korte oligonukleotider har fundet bred anvendelse i forskellige forskningsområder 

grundet deres regelmæssige struktur og specifikke interaktioner. Disse inkluderer kemisk 

biologi, biomedicin og klinisk diagnostik. Modifikationer af oligonukleotiders kemiske struktur 

har ledt til udviklingen af mere stabile og effektive sekvenser med større potentiale som 

lægemidler og diagnostiske værktøjer til klinisk brug.  

Kapitel 3, 4 og 5 i denne afhandling beskriver syntesen og karakterisering af avancerede 

oligonukleotid-lægemidler. Vi syntetiserede et bibliotek af peptid-oligonukleotid konjugater 

(POC) som modellægemidler, og undersøgte deres biofysiske egenskaber in vitro. Vores 

resultater bekræftede, at konjugaterne binder effektivt til deres komplimentære sekvens og kan 

identificere sekvenser med mutation på én enkelt nukleobase. Ydermere viste stabilitets studier 

i plasma, at konjugaterne har øget stabilitet sammenlignet med de frie oligonukleotider. En 

række komplekser og konjugater blev derefter formuleret, hvor oligonukleotiderne blev 

kombineret med peptider og proteiner. Formuleringerne blev testet i forskellige simulerede 

biovæsker, hvor resultaterne viste, at begge strategier øger stabiliteten af oligonukleotiderne, 

men. Konjugering med peptiderne var mere effektivt end kompleksering. Detaljeret analyse 

viste hvordan sekvensen af de konjugerede peptider ændrede stabiliteten af oligonukleotiderne 

i simuleret mave syre. Slutteligt blev en serie af terapeutiske oligonukleotider designet til at 

reducere HIV1-mRNA eller BGas lnRNA ekspression og funktion. Oligonukleotiderne blev 

komplekseret og konjugeret med peptider og testet i cellestudier, hvilket viste lovende 

resultater med forbedret optag i cellerne. Der var dog stor variation i de kvantitative resultater. 

Kapitel 6 omhandler udviklingen af en simpel og omkostningseffektiv metode til at 

funktionalisere og modificere oligonukleotider som fluorescente værktøjer til diagnostik. 

Ligeledes bliver de biofysiske studier samt muligheden for at identificere mutationer af enkelte 

nukleobaser beskrevet. Vi syntetiserede en ny bis-alkyn nukleinsyre byggeblok, som 

efterfølgende blev inkorporeret i en oligonukleotid sekvens. Derefter blev sekvensen konjugeret 

med 3 fluorescente farvestoffer. Ifølge vores resultater er oligonukleotid-farvestofkonjugatet 

med perylen i stand til at identificere mutationer af enkelte nukleobaser via interkalering i det 

resulterende duplex, hvilket ændrer intensiteten ved emissionens maksimum. Lignende effekter 

blev ikke observeret for konjugater med 5JOE eller PEP farvestoffer. Ydermere var perylen-

konjugatet i stand til at detektere muteret DNA ekstraheret fra cancer celle linjer.  
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Chapter 1  

Aims and Study Design 
 

Literature emphasize nucleic acids as a very promising tools for meeting the need of advanced 

treatment and diagnosis of otherwise not targetable diseases. Short oligonucleotides manipulate 

on genetic level and have properties that are beyond the characteristics of small molecules and 

protein therapeutics. In addition, they are suitable tools for molecular diagnostics and 

superlative building blocks in nanotechnology. Nevertheless, after more than fifty years 

extensive research, it is evident that for better translation from bench side to the clinics, 

oligonucleotides as therapeutics and diagnostic tools need to overcome vast challenges.  

1.1. Research Questions and Hypothesis 

 

1) Do rationally designed oligonucleotide therapeutics conjugated with peptide sequences 

have optimal biophysical properties? 

2) How different formulation approaches can affect the stability of oligonucleotide 

sequences in various bio-fluids? 

3) What is the intracellular delivery efficiency and the potency of logically formulated 

oligonucleotide therapeutics as nanoplexes and conjugates with peptides? 

4) Can we detect single point DNA mutation by simple fluorescence method using synthetic 

multi-fluorescent oligonucleotides? 

 

Subsequent the research questions we give the following Hypotheses:  

 

- Oligonucleotide conjugates with short peptides have improved properties as specific 

target binding and good stability in bio-fluids; 

- Covalently conjugated peptide is superior in protecting the oligonucleotide sequence 

from enzymatic degradation compared to complexed one; 

- Efficient intracellular delivery of therapeutic oligonucleotides is achieved by 

conjugation with rationally designed peptide sequence and N-acetylgalactosamine 

(GalNAc) molecule. 

- Single gene mutations can be distinguished by multi-fluorescent oligonucleotides 

without the use of robust sequencing methods; 
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1.2. Aims  

 

Overall aim: Development of new modified nucleic acids applicable in the discovery of next 

generation oligonucleotide therapeutics and in the new methods for efficient diagnosis on the 

molecular level.  

 

Specific aims: 

 

1) Synthesis of a library of peptide-oligonucleotide conjugates designed to target BRAF 

V600E oncogene in vivo;  

- Optimization of a method for double internal covalent conjugation of a peptide;  

- Investigation of the target binding specificity and stability in 90% human serum. 

(Paper II) 

 

2) Detailed studies on stability of differently formulated oligonucleotide therapeutics in 

simulated bio-fluids such us human serum, gastric juice and hydrochloric acid;  

- Assessment of stability of complexed and conjugated oligonucleotides with short 

peptide/protein sequences. (Paper III) 

 

3) Development of next generation oligonucleotide therapeutics for targeted 

intracellular delivery and estimation on their efficiency in cell culture studies. 

(Chapter 5) 

 

4) Development of multi-fluorescent oligonucleotides for detection of single point 

mutation by fluorescence.  

- Synthesis of new bis-alkyne scaffold monomer for oligonucleotide functionalization; 

- Incorporation of the scaffold into sequence specific oligonucleotide with subsequent 

conjugation with three different fluorescent dyes;  

- Investigation of the biophysical properties of the fluorescent oligonucleotides and 

estimation of their ability to sense target binding by shift in the fluorescence intensity 

at emission maxima; 

- Assessment of detection of mutated DNA extracted from cancer cell lines. (Paper IV). 
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1.3. Study design 

 

Preliminary data by others and us and existing literature rationalize the selected methodology. 

The applied methods (represented in Figure 1.1) are suitable for extensive studies of modified 

oligonucleotides in diagnostic and therapeutic context. 

 

 

Figure 1.1. Study design summary. Schematic representation of the four different projects 

included into the thesis and the methods used. 

 

  

•

• Therapeutic
oligonuccleotides
complexes and conjugates
with peptide and GalNAc;

• MALDI TOF, HPLC charact.;

• Cell culture studies;

• Flowcytometry,
Bioluminiscence, total RNA
extraction and qPCR.

•Synthesis of new            
scaffold;

•Incorporation into 
oligonucleotide sequence 
and post-synthetic 
bioconjugation with 
fluorescent dyes;

•Tm, CD, Fluorometry;

•Capturing assay SNP 
detection.                                                 

•Formulation of 2 
oligonucleotide seq. as 
conjugates or 
complexes with 
peptides/proteins;

•Stability in biofluids -
32P PAGE

• Statistical analyses

• Synthesis of 3 modified 
DNA/LNA oligos by 
phoshporamidite 
method;

•Bioconjugation with 
small peptide library (10 
peptide seq.);

•MALDI TOF, HPLC 
character.;

•Tm, CD studies

•Stability in serum -
32P PAGE studies

Peptide-
oligonucleotide 
conjugates, sythesis 
and characterization

(Paper II)

Studies on 
oligonucleotide 
stability in biofluids

Paper (III)

Rationaly formualted 
oligonucleotide 
therapeutics, synthesis 
and cell culture studies

(Chapter 5)

Fluorescent oligos for 
SNP detection, 
synthesis, 
characterization and in 
vitro eficacy 
investigation

(Paper IV)
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Chapter 2  

Intro  
 

2.1 Nucleic acid discovery, structure and biological function 

 

 

Figure 2.1. Timeline of DNA1–4 and RNA5–10 discovery. 

Deoxyribonucleic acid (DNA) was first isolated by Friedrich Miescher 150 years ago. Since then, 

it is the foundation of modern bioscience. The so-called “nuclein” was originally extracted from 

the nuclei of human leucocytes and clearly distinguished as a separate entity from proteins with 

a high phosphorus content.1,3 Subsequently, in 1889, due to its behavior as an acid in chemical 

reactions, Richard Altmann named it nucleic acid.1 Although the nucleic acids were identified as 

being a part of the chromosomes,11 the importance of the DNA was recognized 77 years after 

this discovery. It was when Oswald Avery revealed that DNA consisting of only four subunits – 

thymine (T), cytosine (C), adenine (A) and guanine (G) is hereditary material.12 By following the 

physicochemical studies of the Chargaff group13,14 and the x-ray crystallographic studies by 

Franklin and Gosling,15 Watson and Crick in 1953 solved the structure of DNA, the double-helix 

model.16,17 Finally, in 1958, Crick presented the central principles of molecular biology, giving 

the mechanism of protein synthesis.4 According to it, first the DNA is transcribed to ribonucleic 
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acid (RNA) in the nuclei and then translated to protein in the cytoplasm.18 This was followed by 

the resolution of the genetic code indicating that the DNA codon consists of three nucleotides or 

letters giving one amino acid.19 Since then, it has been possible to isolate and cleave DNA on 

specific locations, amplify, transfer genes from one species to another and sequence the DNA.20 

At the beginning of the 21th century, the focus in the field has been on sequencing the entire 

human genome.21–23 Figure 2.1 represents the timeline of DNA and RNA discovery To date, the 

knowledge of gene regulation, protein synthesis and nucleic acid-protein interactions is growing 

rapidly. Although complex, it is auspicious to follow the potential of gene manipulation in the 

nucleic acid research.  

DNA and RNA are natural nucleic acids polymers made up of nucleotide monomers. Their 

chemical structure consists of aromatic heterocyclic nucleobase called purines (A and G) or 

pyrimidines (T/uracil (U) and C), sugar moiety (2ʹ-deoxy-β-D-ribofuranose in DNA or β-D-

ribofuranose in RNA) and a phosphate group. The primary structure of DNA and RNA is 

analogous. Two successive sugars on the 3ʹ and 5ʹ carbons are connected via a phosphodiester 

groups while the nucleobases (Nitrogen 1 for pyrimidines and Nitrogen 9 for purines) are 

attached to the 1ʹ carbon of the sugar moiety. When, the G and A form Watson-Crick base pairs 

with C and T/U respectively, DNA:DNA or DNA/RNA duplex is formed giving the secondary 

structure (Figure 2.2). The double helix is formed by hybridization using hydrogen bonds, π-π 

stacking and hydrophobic interactions by the complementary nucleotide strands oriented in an 

antiparallel fashion. The hydrophobic nucleobases are located in the core pared up and the 

hydrophilic phosphates are located on the exterior of the duplex. By minimizing charge and 

steric repulsion and by optimizing the above-mentioned interactions, the duplexes adapt helices 

as tertiary structure. The most important biological active helix structures reported are helix 

type -A, -B and -Z.24 The B-type duplex is right handed with wide major groove and narrow minor 

groove and is preferred by DNA under physiological conditions. When B-DNA is dehydrated, it 

adopts an A-DNA helix that is wider and has a shorter pitch. Z-DNA is promoted by alternating 

purine-pyrimidine sequences or by high salt concentration. The duplex is left handed with a zig-

zag backbone, large pitch and short diameter of the cross sections.25 RNA usually adopts an A-

helix under physiological conditions with deeper major grove and wider minor grove. Hybrid 

duplexes (DNA:RNA) are also revealed in many biological processes. They adopt mixed A/B 

conformation, and they are structurally more similar to A-type helix.26 Directed by the structure, 

the primary function of DNA is to store and pass on genetic information through RNA to proteins 
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– the central dogma of molecular biology. Nevertheless, today it is known that big part of the 

human genome contains DNA that is noncoding i.e. does not form functional protein. 

I) 

 

II) 

 

Figure 2.2. Primary, secondary (I) and helical-side view (II)24 structures of DNA and RNA 

Moreover, literature recognize that DNA and RNA influence the conformational and the dynamic 

properties of the nucleosomes and play an important role in many biological processes such as 
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replication, recombination and gene regulation.27 In addition, DNA and RNA are part of the 

mechanisms for epigenetic regulation such as: DNA methylation, post-translational modification 

of histones, chromatin remodeling, microRNA (miRNA) and long non-coding RNA (ln RNA).28 

 

2.2 Synthetic nucleic acids – chemical synthesis development and applications 

 

Following the revolutionary article by Watson and Crick in 1953, chemists became interested in 

preparing new and synthetic significant bio-molecules. The main step in the chemical synthesis 

of oligonucleotides is generation of the internucleotide linkage using nucleoside phosphate 

derivatives as building blocks (Figure 2.3). The first dinucleotide synthesis was reported by 

Michelson and Todd, in 1955, containing 3ʹ-5ʹ phosphate link using nucleoside 3ʹ phosphoryl 

chloride.29 Three years later, since the intermediate phosphoryl chloride was susceptible to 

hydrolysis, Khorana introduced new concept – the phosphodiester method, using stable 3ʹ 

phosphorylated nucleoside capable of coupling with dicyclohexyl carbodiimide (DCC) after 

activation.30 Khorana also contributed greatly to the introduction of nucleoside protecting 

groups that are key to the development of sequential nucleoside coupling. He introduced the 

protecting group for the 5ʹ hydroxyl nucleoside - dimethoxytrityl (DMT), and the protecting 

groups for the exocyclic amines of the nucleobases - isobutyryl for guanosine, benzoyl for 

adenosine and cytidine, and acetyl for cytidine.31 Furthermore, in 1969 Letsinger et. al. 

introduced the phosphotriester method which improved Khorana’s phosphodiester system by 

avoiding branching at the internucleosidic phosphate. They used β-cyanoethyl phosphate 

intermediates to make comparably simple and reproducible chemistry.32 However, considering 

the slow reaction rate of the previous method, Letsinger and coworkers presented a new 

phosphite-triester methodology in 1970. Their results were based on the use of more reactive 

phosphorus in the P(III) oxidation state in the nucleoside phosphomonochloridite intermediate 

which was then efficiently oxidized to phosphotriester with aqueous iodine.33 The prevailing 

contribution of Letsinger was the introduction of the first solid support polymer for 

oligonucleotide synthesis 34,35. His student Caruthers developed it further by expanding the 

chromatography grade silica and the controlled pore glass (CPG) as supports.36 The work of 

Caruthers and coworkers is regarded as crucial for the introduction of the phosphoramidite 

method. They succeeded by exchanging the unstable and highly reactive chloride with a 
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relatively controllable amine.37 Finally, Koster et al. in 1983, reported successful formation on 

internucleotidic bonds using β-cyanoethyl 3ʹO-(N,N-diisopropyl) phosphoramidite.38  

 

Figure 2.3. Development of phosphorous moieties and formation of inter-nucleotide 

phospodiester linkage  

 

Currently the preferred method for oligonucleotide synthesis is the phosphoramidite method 

using β-cyanoethyl as protecting group because of its stability and easy removal. The solid-phase 

oligonucleotide synthesis runs as a cycle that consists of four subsequent reactions. Elongation 

goes from 3ʹ to 5ʹ direction and uses amino functionalized CPG or macroporous polystyrene 

supports that are rigid and low-swellable.36,39 The amino group anchors the base-labile linker, 

which is also attached to the first monomer (3ʹ-terminal). The first step in the cycle is to 

detritylate to remove the 5ʹ DMT protection group of the first monomer with trichloroacetic or 

dichloroacetic acid in dichloromethane. Since the DMT cation is orange and has a high absorption 

at 495 nm, spectrometry is used to determine the efficiency of the coupling on each nucleotide.40 

Furthermore, the nucleoside phosphoramidite is activated by 1H-tetrazole. Consequently, it 

couples to the free 5ʹOH group of the solid–support bound first monomer and forms a phosphite 

triester linkage.41 Next, the unreacted 5ʹOH groups are capped by acetylation with a mixture of 

acetic anhydride and 1-methylimidazole in tetrahydrofuran. The elongation cycle of a single 

nucleotide ends with oxidation of the phosphitetriester intermediate to phosphotriester with 

aqueous iodine in presence of pyridine.  

The development of efficient methods for oligonucleotide synthesis and the recognition of the 

unique properties of the synthetic oligonucleotides lead to exploration for wide use in many 

fields. Taking into account DNA’s and RNA’s defined size, periodicity and programmable 
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features, in the field of nanotechnology they are explored as nanomachines with application in 

biomedicine and biotechnology.42,43 The action and the control of these molecular machines can 

be achieved through the use of strand hybridization, enzymatic reactions or environmentally 

provoked conformational transitions.44 Neumann and colleagues, for example, reported building 

tweezer like nanomachine, made of three DNA strands and fueled by another DNA strand.45 They 

highlighted the DNA fueled controlled motion, indicating numerous possibilities of the use of 

such systems, including mediated organic synthesis46 and cargo transport.47 

In addition, synthetic oligonucleotides are introduced as biosensors using the controlled surface 

chemistry and the charge distribution. This has a significant impact on clinical diagnosis, 

environmental monitoring and food control.48,49 In general, they are classified as DNA based, 

aptamer based and DNAzyme based biosensors. Whereas, the DNA based biosensors detection 

works by target hybridization and specificity;50 aptamer based biosensors, in addition to 

hybridization of biosensors with DNA and RNA51, bind and detect specific receptor molecules 

with high affinity. The DNAzyme based biosensors detect and cleave substrate strand in the 

presence of metal ions which act as cofactors.52 In addition, many advanced methods have been 

introduced to transduce the resulting signal including fluorescence,51 electrochemistry,53 

chemiluminescence54 and colorimetry.55 Moreover, forensic genetics and “DNA fingerprinting” 

were developed with the development of polymerase chain reaction (PCR)56 and the 

amplification of the short tandem repeat (STR) sequences. The use of forensic analyses enabled 

the possibility of identification and quantification of human DNA from biological samples.57,58 

Very recently, it was reported that accurate age and human visible characteristics can be 

predicted using epigenetic markers and methylation-sensitive analysis.58 The new methods and 

the next-generation sequencing led to the development of new scientific disciplines in the sphere 

like population genetics and phylogenetics.59 The newly developed scientific disciplines provide 

development of significant analytical methods to form diagram hypothesis - phylogenetic trees 

that are crucial for understanding the evolution of organisms, biodiversity and ecology.60,61 

Science explore the synthetic oligonucleotides as advanced therapeutics in medicine as well. In 

recent decades, significant efforts have been made to develop efficient short synthetic 

oligonucleotide therapeutics. It was postulated that these drugs would act in the core of the 

disease on the genetic level by simple hybridization. Efficient targeting of any desired gene in a 

particular cell type can be achieved by changing the sequence of the therapeutic and by 

improving of the delivery vehicle.
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As predicted, there are now various types of promising oligonucleotide therapeutics in 

development. Nevertheless, only a few of them are in clinical use. Despite of the challenges, it is 

clear that synthetic oligonucleotide therapeutics are important part in the development of the 

personalized medicine, and in future, they have high potential to become one of the major drug 

platforms.  

 

2.3 Synthetic oligonucleotides as therapeutics; mechanisms of action 

 

Many studies report oligonucleotide therapeutics as appropriate tools for managing a wide 

range of non - targetable diseases. Using short synthetic oligonucleotides, specific non-functional 

genes can be targeted, silenced and manipulated by direct interference with gene function on a 

cellular level. Compared to available small molecule drugs and other large biopharmaceutical 

products, oligonucleotide therapeutics, which mainly act by complimentary base pairing, have a 

much simpler design, offer more controllable action and have fewer side effects. Today, they are 

recognized as candidates with the highest potential to meet the medical needs for treating 

cancer,62–64 neurological diseases,65,66 cardiovascular diseases,67,68 autoimmune diseases,69,70 

viral71–73 and even bacterial infections.74  

The concept of using short synthetic oligonucleotides to control gene expression dates back to 

1970, when synthetic DNA oligonucleotides were proposed to replace mutated DNA.75 However, 

due to their size, their negatively charged backbone and their intracellular action (Figure 2.4), 

the clinical success of oligonucleotide therapeutics in the upcoming decades was negligible. The 

guiding principle for small molecule drugs76 failed to be valid and demanded new strategies of 

drug development.77 

 

Property Small molecule Oligonucleotide Antibody 

Size 1 nm 6 nm 12 nm 

Molecular weight <500 g/mol 7000-14000 g/mol >100000 g/mol 

Site of action Extra- and intra- 

cellular 

Extra- and intra- 

cellular 

Extracellular 

Cell permeability Good Poor Poor 

Administration 

route 

Primarily oral IV/SC/IT/IVT IV/SC 
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*IV-intravenous; SC-subcutaneous; IT-intrathecal; IVT-intravitreal 

Figure 2.4. Properties of small molecule, oligonucleotide and antibody drugs78 Figure adopted 

from the respective reference. 

 

The FDA approval of the very first oligonucleotide therapeutic – ASO, Fomivirsen (Vitravene) 

took 20 years of extensive research and numerous clinical trials. It was first developed by Isis 

(Ionis) Pharmaceuticals as a 21-mer phosphorotioate ASO used to treat cytomegalovirus 

retinitis by intravitreal administration.79 Macugen (Pegaptanib), a 27 nucleotide long aptamer 

oligonucleotide approved in 2004, was the next approved oligonucleotide drug in the line. It 

consists of a phosphorothioate 3ʹ-3ʹdeoxythymidine cap, 2ʹ-O-methylated ribose sugars of the 

purines and 2ʹ-fluorinated ribose sugars of the pyrimidines. It targets the vascular endothelial 

growth factor (VEGF165). From Fomivirsen’s initial approval, it took another 15 years for the 

scientists to develop the second ASO. Kynamro (Mipomersen) indicated for familial 

hypercholesterolemia was approved by the FDA in 2013. It is a 20-mer phosphorotioate ASO 

that contains 2ʹ-methoxyethoxy modifications on positions 1-5 and 15-20 in the sequence. 

Mipomersen targets the coding region of apolipoprotein B mRNA that is further cleaved by 

RNase H1. 

In the recent years, the research circle was running faster and three new ASOs were introduced 

to the market in 2016. The first one, Defitelio (Defibrotide), was developed by Jazz 

Pharmaceuticals. It is designed to target severe hepatic veno-occlusive disease caused by 

chemotherapy. Its structure is a mixture of single and double stranded not modified 

oligonucleotides with average length of 50 nucleotides. It has a non-specific mechanism of action 

that most likely uses charge-charge interactions with proteins. The other two ASOs are 

Eteplirsen (Exondys 51)80 and Nusinersen (Spinraza).80 Both of them are splice switching 

oligonucleotides and use exon skipping and exon inclusion gene modulation, respectively. 

Eteplirsen is a 30-mer, phosphomorpholidate oligonucleotide. A superlative candidate that 

correct irregular splicing effects by skipping exon 51 in duchenne muscular dystrophy (DMD). 

Whereas, Nusinersen is an 18-mer modified phosphorotioate ASO with 2ʹ-O-methoxyethoxy and 

methyl cytidines on position 5. It makes inclusion of exon 7 in the survival of motor neuron 1 and 

2 gene by blocking the intron 7 splice site in spinal muscular atrophy (SMA). After 15 years 

investigation of RNA interference, the first siRNA oligonucleotide therapeutic was approved in 

the summer of 2018. Alnylam Pharmaceuticals developed the Patisiran (Onpattro), and 

formulated it as a lipid nanoparticle that targets the liver. Its usage is important for treatment of 



  Intro, Synthetic oligonucleotides as therapeutics 

13 
 

hereditary transthyretin-mediated amyloidosis which is characterized by deposition of amyloid 

in the peripheral nerves and the heart.81  

Following literature, various types of therapeutic oligonucleotides have been developed. They 

work by diverse mechanisms and target different class of nucleic acids inside cells - including 

mRNA, pre-mRNA, miRNA, lnRNA, telomerase RNA and protein. All of these targets are 

structurally and functionally different, and represent different challenges in the process of drug 

discovery and development.78 The following section will describe a few cutting-edge therapeutic 

oligonucleotide platforms and their mechanism of action. 

 

2.3.1 Antisense oligonucleotides (ASOs) 

 

Paterson et al. in 1977 introduced ASOs showing the translational blockage of mRNA by DNA 

sequence.82 Following this discovery, Zamecnik and Stephenson reported the inhibition of Rous 

sarcoma virus replication.83 ASOs are single stranded oligonucleotides, between 15-25 

nucleotides in length that can bind to the target RNA sequence by Watson-Crick base pairing and 

control the gene expression.84  

Depending on the chemical properties and the intended target, ASOs can modulate gene 

expression mainly by two different mechanisms. These mechanisms include either RNase H 

activation or steric blockage (Figure 2.5). When applied in gain-of function disorders, ASOs act 

by silencing the mutant gene expression. In this matter, “knock down” of the mRNA can be 

triggered either by steric block or by RNase H1 degradation of the mRNA. The steric block near 

the starting codon85 or to the 5’ cap region86 prevents association with the ribosome translation 

machinery. Whereas the not specific endonuclease RNase H1 recognize the DNA-RNA hybrid and 

cleave the mRNA phosphodiester backbone. On the other hand, the modulation of alternative 

splicing by targeting the splice sites – exons or introns of mRNA and prevention of the 

recognition by the splicing factors can either restore the function of a mutant protein or can 

increase the expression of a protein variant in loss-of function disorders.78,80  
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Figure 2.5. ASOs mechanism of function. A) Natural process; DNA transcription into pre-mRNA 

that is consequently sliced to mature mRNA in the nucleus. mRNA enters the cytoplasm and it is 

translated into protein by ribosomes. B) Splice exclusion by splice switching ASO binding to the 

pre-mRNA to skip dysfunctional exon resulting in further translation in condensed but 

functional protein. C) RNA “knock down” by ASO binding to mRNA and activating RNase H1 to 

cut the mRNA. D) Prevention of mRNA translation by steric block ASO. 

 

2.3.2 siRNAs 

 

The idea of RNA interference dates back to 1998 when Mello and colleagues reported that double 

stranded RNA, when introduced into animal can interfere with the utility of the mRNA.9 It takes 

advantage of the natural defense mechanism of the cells to destroy exogenous or viral RNA using 

short non coding RNA duplexes, miRNA or small interfering RNA (siRNA) as templates.87 

Recognizing its potential, in 2001 Elbashir and Tuschl showed that synthetic, 21 nucleotide long, 

double stranded RNA is able to specifically suppress gene expression in various mammalian cell 

lines.88 This finding led to the development of siRNA gene therapeutics with comparable effects 

to ASOs.  

After entering the cell, siRNAs trigger the endogenous RNA interference machinery. It is 

represented by RNA-induced silencing complex (RISC) that contain members of the argonaute 

protein family. One of the two strands of the siRNA, usually the guide strand binds to the 

argonaute (AGO2) protein to form the ribonucleoprotein complex. It furthermore serves as a 

guide to its complementary mRNA. AGO2 protein, in the right conformation, binds the guide RNA 
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strand to recognize the target mRNA and then cleave the fully complementary target or steric 

block the target with some mismatches (Figure 2.6).78 

 

 

Figure 2.6. siRNA mechanism of action; First, siRNA is loaded onto argonaute (AGO2) by DICER 

with the help of RNA binding protein – TRBP. Then AGO2 selects the guide strand ejecting the 

passenger strand. Moreover, the guide strand guide AGO2 to cleave the complementary mRNA 

target. At the end, RISC is recycled using the same guide strand.  

 

2.3.3 CRISPR Cas 

 

The clustered regulatory interspaced short palindromic repeat associated 9 (CRISPR Cas9) 

system was discovered as an adaptive defense system in Streptococcus pyogenes protecting the 

microorganism from foreign DNA invasion.89 After several years of extensive research on the 

working mechanism of the system, in 2012 Jinek at. al. suggested CRISPR Cas9 to be a 

groundbreaking tool for editing of genomic DNA. It was recognized that Cas9 is DNA 

endonuclease with two nuclease domains, HNH and RuvC-like, and that it is guided by two RNA 

sequences which interact with each other and form a duplex - tracrRNA and crRNA (Figure 

2.7).90–92 The DNA target is recognized by the crRNA in presence of a short PAM motif sequence. 
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Figure 2.7. Crystal structure of CRISPR Cas9 (red) from Streptococcus pyogenes associated with 

sgRNA (green and purple) and target double stranded DNA (grey).PDB ID: 5F9R93 Picture 

modified in Maestro.  

Furthermore, the tracrRNA and the crRNA were combined in single guide RNA (sgRNA) which 

is capable of guiding the CRISPR Cas9 using Watson-Crick base pairing to any desired target DNA 

sequence adjusted to the protospacer adjacent motif (PAM).  

Recognizing that CRISPR Cas9 has immense potential, many studies focuses on improving the 

Cas9 and sgRNA features.94,95 CRISPR Cas9 is involved in functional studies concerning the 

molecular basis for diseases and as a therapeutic by regulation of gene expression or pathogen 

gene disruption. 

 

2.4 Chemical modifications of therapeutic oligonucleotides 

 

Although oligonucleotide therapeutics have shown auspicious and effective results in cell 

culture assays and animal studies, they still have a long road towards reaching the clinic. ASOs, 

siRNA and the other nucleic acid therapeutic platforms face big challenges preventing them from 

actual application. The first obstacle is the potential off target effects and immune stimulation 

that may lead to harmful side effects. Secondly, poor in vivo stability is precluding the drug 

efficacy by degradation and preventing systematic delivery. Finally, since oligonucleotide 
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therapeutics act on an intracellular level i.e. cytoplasm or nuclei; their biggest weakness is the 

ineffective distribution at the action site. 

 

Figure 2.8. Dinucleotide representing the most common modification sites in oligonucleotide 

therapeutic 

Although many of these obstacles are solved by a development of chemical modifications to the 

natural DNA and RNA, there are still many challenges that need to be resolved. Following the 

oligonucleotide structure, the chemical modifications were developed to deal with every 

challenge, and aimed to solve multiple problems simultaneously (Figure 2.8 and Table 2.1).96 

For instance, the inter-nucleotide linkage modifications were developed to increase nuclease 

resistance to endo- and exonucleases and to improve the intracellular delivery of the 

oligonucleotide therapeutics. The chemical modification of the sugar led to better binding 

affinity, which led furthermore to less off target effects. In addition to that, these chemical 

modifications also significantly improved the enzymatic stability. Finally, the nucleobase 

modifications that affect target binding and immune stimulation were also introduced, and 

present interesting strategy for improving oligonucleotide properties. 

The following pages aim to outline the most commonly employed chemical modifications 

showing promising results in later clinical trials.  

2.4.1 Modifications that increase the stability towards nuclease degradation 
 

Inter-nucleotide linkage modification is alteration that protects the oligonucleotide from 

degradation caused by endo- and exonucleases. The most frequently used strategy in 
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oligonucleotide therapeutics development and biotechnology is the phosphorothioate (PS) 

backbone modification, where the non-bridging phosphate oxygen is replaced by sulfur.97 It 

increases the half-live of DNA and RNA oligonucleotide sequences by improving the metabolic 

stability and by binding with serum proteins like heparin and albumin. PS oligonucleotides are 

mainly applicable to ASOs and have less negatively charged backbone that improve the cell 

internalization as well.98 The reduced target binding ability of the PS oligonucleotides is 

considered an unfavorable asset. However, as oligonucleotide therapeutics, they are still able to 

induce RNase H mediated cleavage of mRNA. Related to that, the chemically synthetized PS 

oligonucleotides are not isomerically pure. They exist as a diastereomeric mixture with two 

stereochemical configurations, Sp and Rp. It is reported that stereochemistry influence the 

efficacy and the pharmacokinetics decreasing its activity.98,99 Reliable synthesis and purification 

of oligonucleotides with defined stereochemistry of the PS linkage is still major challenge that 

invites further research and development.100 

Table 2.1. Properties overview of the more frequently used oligonucleotide therapeutics 

modifications. – The effects of the particular assets are described as: high, moderate, fair or low. 

Modification Off target 
effects 

Enzymatic 
resistance 

Ability for 
cell 
penetration 

Mechanism of 
action 

Main 
Representatives 

Backbone  
 
PS High High Fair RNase H + ASOs, siRNA 
PMO Moderate High Fair Steric block ASOs,  
PNA Low High Fair Steric block ASO, siRNA 
Sugar 
 
2ʹ-O-Me Low Fair Low RISC 

/Steric block 
siRNA, ASO, 
Aptamer 

2ʹF Low Low Low RISC 
/Steric block 

siRNA, ASO, 
Aptamer 

2ʹ-O-MOE Low High Low RNaseH 
/Steric block 

ASO, siRNA 

LNA Very low Fair Low Steric block ASO, miRNA, 
siRNA 

UNA High Fair Low  siRNA, ASO 
*PS-phosphorothioate; PMO-phosphorodiamidate morpholino; PNA-peptide nucleic acids; 2ʹ-O-Me-2ʹ-O-methyl 

RNA; 2ʹF – 2 fluoro; ; 2ʹ-MOE-2ʹ-O-(-2-methoxyethyl) RNA; LNA-locked nucleic acid; UNA-unlocked nucleic acid  

 

Phosphorodiamidate morpholino is the second most important modification of the 

oligonucleotide phosphodiester backbone.101 Compared to natural DNA and RNA, it consists of 

methylenemorpholine rings, which are inter connected with phosphorodiamidate groups. 

Following the chemical structure, the PMOs show resistance to nuclease cleavage. The PMOs 
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work as steric blockers and are among the most promising candidates for treatment of diseases 

where exon skipping is needed.102 Nevertheless, the poor cellular uptake is the biggest obstacle 

that prevents the PMOs from clinical application.103 

Peptide nucleic acids (PNA) represent a thrilling class of oligonucleotide therapeutics also. They 

share structural properties from both peptides and oligonucleotides, which are two key 

biomolecules. In the PNA structure, the N-(2-aminoethyl) glycine connects to the bases via a 

methylene carbonyl linker and replaces both the phosphodiester backbone and the sugar 

moiety. That is the main reason why they exhibit nuclease resistance.104 Compared to its DNA 

variant, PNA can bind its DNA target stronger. Due to its minimized electrostatic repulsion, 

target recognition happens with great affinity via base pairing between the unaffected 

nucleobases. As such, PNA silences a particular gene by a steric block.104,105 In addition to that, 

PNA is capable of forming triplex with genomic DNA. This ability is explored in gene editing 

which activates the endogenous DNA repair factors to make recombination of donor single 

stranded DNA and to fix a mutation.106 

2.4.2 Modifications that improve target binding 
 

In order to imitate the A-form duplex, nucleobase modifications for adjustments of the sugar 

conformation within the oligonucleotide sequence modulate its target binding specificity. 

2ʹ-O-methyl (2ʹ-O-Me) modification is a RNA mimetic where 2ʹ-O-Me replace the 2ʹOH. It is the 

most common variation for development of siRNA therapeutics, mainly because it increases the 

target binding affinity.107,108 In addition, it is involved in trials developing ASOs and aptamer 

drugs.109 2ʹF RNA is another important imitation of RNA that increases the strength of target 

binding by approximately 3 oC per insert in oligo melting experiments.110,111 Similar to 2ʹ-O-Me, 

it is the main constituent in siRNA therapeutics, but is also used in the ASO and aptamer drug 

development platforms. The 2ʹ-O-(-2-methoxyethyl) RNA (2ʹ-O-MOE) is a methoxyethyl 

modification of the 2ʹOH of RNA. It increases the melting temperature and shows improved 

nuclease stability. When used in ASOs it can induce RNase H cleavage of mRNA.111 

To date, the locked nucleic acid (LNA) is reported to be the leading modification candidate which 

can improve the target binding specificity.112,113 It is a conformational restricted bicyclic RNA 

analog where the 2ʹ OH and the C4ʹ are linked by a methylene bridge which stabilize the duplex 

for 5-6 oC per insert. LNA is used in the development in almost all typesʹ of oligonucleotide drugs. 

Its discovery represent the beginning of shorter and more efficient oligonucleotide sequences as 

therapeutics.114 In addition, scientists developed unlocked nucleic acid (UNA) modification. UNA 
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lacks the C2ʹ-C3ʹ bond of the ribose sugar and when used it gives flexibility to the oligonucleotide. 

In general, UNA molecule, when incorporated into oligonucleotide lowers the affinity toward the 

target. Because of these characteristic, scientists combine UNA with other modifications aiming 

to improve the RNase H compatibility of ASOs.115 Moreover, literature suggests that when UNA 

is implemented in siRNA oligonucleotides, it is capable of reducing the off target effects to the 

seed region, reducing siRNA toxicity in the HeLa cell line and protect siRNA from cleavage in 

serum.116,117 

2.4.3 Prominent modifications headed for targeted intracellular delivery 
 

Complexation and covalent linkage between oligonucleotides and other molecules and 

biomolecules open a new perspective for the development of potent, stable, and safe nucleic acid 

therapeutics. In particular, formulation approaches are leading to, and have already shown 

promising results by increasing the ability of oligonucleotide therapeutics to convey cellular 

uptake.  

Carbohydrate – oligonucleotide conjugates are a very promising approach for efficient targeted 

intracellular delivery, specifically for siRNA. Scientists pay special attention to them, especially 

with the discovery of the asialoglycoprotein receptor expression in hepatocytes. It process N-

acetylgalactosamine (GalNAc) residues by receptor-mediated endocytosis. To date, siRNAs 

covalently attached to GalNAc are extensively researched, and their efficient receptor mediated 

delivery to hepatocytes is confirmed.118–120 Notably, the candidates in clinical trials, this method 

is a very elegant way to treat many liver conditions by oligonucleotide therapeutics. 

Nevertheless, they also face challenges such us suboptimal pharmacokinetics, 

pharmacodynamics and safety. In addition to the GalNAc conjugation, there is a need for further 

improvement of the siRNA oligonucleotide design. Many scientific reports highly recommend 

the development of new strategies similar to 2ʹsugar modifications and implementation on UNA 

for better in vivo performance.119,121 

The conjugation of oligonucleotide therapeutics to lipid molecules represents another important 

strategy to improve the cellular uptake, to prolong the half-life in plasma and to enhance the in 

vivo potency of the ASOs and RNAi drugs.122–124 Contrary, to cationic polymers and lipids, 

literature propose the more biocompatible natural lipids like cholesterol and fatty acids to be 

more promising candidates for bioconjugation.125,126 A study, where a small library of 3ʹ and 5ʹ 

lipid modified ASOs were synthetized proved that the ASOs containing 5ʹ-lipid modifications 
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internalize within the cell and silence the target gene. The micropinocytosis and the clathrin-

mediated endocytosis were proposed to be the mechanisms for intracellular delivery.125 In 

another study, when compared with its naked variant, the siRNA conjugated with cholesterol 

showed evidently improved pharmacological properties with fifteen times increased half-life in 

vivo.127 Furthermore, α-tocopherol conjugated to heteroduplex oligonucleotide – gapmer 

DNA/complementary RNA displayed improved potency, higher tolerability and better safety 

compared to the parent gapmer DNA.128 

Literature report aptamers which specifically recognize the cell surface receptor as promising 

tools for targeted delivery of nanoparticles, antibodies and therapeutic oligonucleotides.129–131 

They are 20-80 base pairs long DNA or RNA single stranded oligonucleotides. Upon secondary 

and tertiary structure formation, aptamers act as ligands and bind to a specific target molecule 

or receptor with high affinity. A study, report an aptamer with specific ability to deliver splice-

switching ASOs to cell nuclei. This ASO-aptamer chimera is able to splice the pre-mRNA. 

However, the authors fail to explain the mechanism of intracellular and nuclear 

internalization.132 Furthermore, literature report various aptamer-siRNA conjugates and 

chimeras that target cancer and HIV cells.133,134 They are seen as powerful delivery vehicles, 

which are capable of reducing the treatment doses of the therapeutic oligonucleotides and the 

toxic side effects. Nevertheless, the low number of discovered aptamers, the low stability in 

serum and the potential immune stimulatory effects are among the factors limiting the wide 

application as delivery tools. 

 

2.5 Clinical status of ASOs, siRNA and CRISPR Cas9 therapeutics 

 

Nature Reviews Drug Discovery, 2018, predict the oligonucleotide therapeutics along with small 

molecules and biologics to become the third major platform of drug development.135 The forty 

years of research on ASOs results in five ASOs approved by the FDA and at least ten others in 

phase III clinical trials. Furthermore, the fifteen years journey to employ siRNA as therapeutics 

resulted in approval of the first one – Patasiran, and six more in ongoing phase III clinical trials. 

Representative clinical trials for ASOs, siRNA and CRISPR Cas9 are presented in Tables 2.2, 2.3 

and 2.4, respectively. 
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Table 2.2. Status on ASO therapeutics in phase II and III clinical trials136,137 

 
Name Chemistry Target Indication Phase/Stage Trial ref. Developer 

Modified ASOs 

 

Isis 420915 PS, 2ʹ-MOE Transthyretin mRNA Senile Systemic Amyloidosis II withdrawn NCT02627820 Ionis 

AVI-4658 PMO Exon 51 DMD II completed NCT00159250 London Imperial Coll. 

ISIS 104838 PS, 2ʹ-MOE TNF-alpha mRNA Active Rheumatoid Arthritis II completed NCT00048321 Ionis 

ISIS-CRP Rx PS, 2ʹ-MOE C-reactive protein Paroxysmal atrial fibrillation II completed NCT01710852 Ionis 

OGX-427 2ʹ-MOE Heat shock protein Prostate cancer II completed NCT01120470 British Cancer Agency 

ISIS 5132 PS c-raf-1 Breast cancer II completed NCT00003236 Ionis 

G3139 PS Bcl-2 Lung cancer II completed NCT00005032 NCI 

IONIS-STAT3Rx PS, 2ʹ-MOE STAT3 Advanced cancers II completed NCT01563302 Ionis/AstraZeneca 

IONIS DGAT2Rx PS, 2ʹ-MOE Diacylglycerol O 
acyltransferase 

Hepatic Steatosis II completed NCT03334214 Ionis 

IONIS-HTTRx PS, 2ʹ-MOE HD protein Huntingtonʹs Disease III started NCT02519036 Ionis/Roche 

IONIS-DMPKRx cEt DMPK Myotonic Dystrophy Type 1 II competed NCT02312011 Ionis 

ISIS-GCGRRx PS, 2ʹ-MOE Glucagon receptor Type 2 Diabetes II completed NCT02824003 Ionis 

IONIS-TTR Rx PS, 2ʹ-MOE Transthyretin Amyloid Polyneuropathy III active NCT02175004 Ionis 

Volanesorsen PS, 2ʹ-MOE Apolipoprotein C-III Chylomicronemia Syndrome III active NCT02658175 Ionis/Akcea 

Alicaforsen PS Adhesion molecule 1 Ulcerative colitis III completed NCT00048113 Ionis 

Miravirsen PS, LNA MIRN122 Chronic hepatitis C II completed NCT01200420 Roche/Santaris 

Cobomarsen LNA miR-155 T-cell lymphoma II recruiting NCT03713320 miRagen 

Apatorsen 2ʹ-MOE HSP27 protein Pancreatic cancer II completed NCT01844817 OncoGenex 

 
Conjugated ASOs 
ISIS 678354 GalNAc Apolipoprotein C-III Hypertriglyceridemia II recriuting NCT03385239 Ionis/Akcea 

Imetelstat PS, Palmitate Telomerase Myelofibrosis II completed NCT01731951 Janssen 

ISIS 681257 2ʹ-MOE, GalNAc Apolipoprotein A Hyperlipoproteinaemia II completed NCT03070782 Ionis/Akcea 

ANGPTL3-LRx 2ʹ-MOE, GalNAc ANGPTL3 protein Hypertriglyceridemia II completed NCT02709850 Ionis/Akcea 

Zimura PEG complement factor C5 Polypoidal vasculopathy II withdrawn NCT03374670 OphthoTech 
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Table 2.3. Satatus on siRNA therapeutics in phase II and III clinical trials136,138 

 
Name Chemistry Target Indication Phase/Stage Trial ref. Developer 

 
Modified siRNA 
Teprasiran 2ʹ OMe Protein p53 Surgery III recruiting NCT03510897 Quark 

PF-04523655 2ʹ OMe RTP801/REDD1 Diabetic macular oedema II completed NCT01445899 Quark  

ARC-520 PS, 2ʹOMe, 2ʹF / Hepatitis B II terminated NCT02604199 Arrowhead 

Remlarsen LNA Collagen Keloid II recruiting NCT03601052 miRagen 

Bevasiranib dT capp VEGF Macular edema II terminated NCT00306904 OPKO  

 
Conjugated siRNA 
Inclisiran GalNAc PCSK9 protein Hypercholesterolemia III active NCT03397121 Alnylam 

Fitusiran GalNAc Antithrombin III Haemophilia III recruiting NCT03549871 Alnylam 

Givosiran GalNAc 5 aminolevulinate synthetase Intermittent porphyria III active NCT03338816 Alnylam 

Lumasiran GalNAc Glycolate oxidase Primary Hyperoxaluria II enrolling NCT03350451 Alnylam 

ARC-AAT Cholesterol Hepatic Z-AAT Alpha 1-antitrypsin deficiency II terminated NCT02363946 Arrowhead 

STP705 Polypeptide NP Cyclo-oxygenase 2 Hypertrophic scars II recruiting  Sirnaomics 

 

Table 2.4. CRISPR Cas9 involvement in clinical trials136,139 

 
Name 
 

Mechanism Indication Phase/Stage Trial ref. Developer 

CTX001 Ex vivo modif. CD34 and hHSPCs  Beta-thalassaemia II recruiting NCT03655678 CRISPR/Verthex 

UCART019 Ex vivo, Editing CAR-T Cells CD19 CD19+ leukemia and lymphoma II recruiting NCT03166878 Chinese PLA 

CRISPR CCR5 Ex vivo, Modification of CD34+ HIV-1 I recruiting NCT03164135 Peking University 

Anti-mesothelin CAR-T cells Ex vivo, Modification of CAR.T Cells Solid tumors I recruting NCT03545815 Chinese PLA 

PD-1 Knockout T Cells Ex vivo, T cells modification Esophageal cancer II recruiting NCT03081715 Anhui Kedgene 

PD-1 Knockout EBV-CTLs Ex vivo, PDCD1 gene knock out Epstein-Barr virus II recruiting NCT03044743 Yang Yang 
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2.6 Synthetic Nucleic Acid Analogues in Gene Therapy: An update for Peptide-

Oligonucleotide Conjugates  

Taskova M, Mantsiou A, Astakhova K., Chembiochem., 2017, 17, 1676-82. 

 
"Reprinted (adapted) with permission from (Taskova M, Mantsiou A, Astakhova K., 

Chembiochem., 2017, 17, 1676-82) Copyright (2017) John Wiley and Sons."  
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The main objective of this work is to provide an update on 

synthetic nucleic acid analogues and nanoassemblies as tools in 

gene therapy. In particular, the synthesis and properties of 

peptide–oligonucleotide conjugates (POCs), which have high 

potential in research and as therapeutics, are described in 

detail. The exploration of POCs has already led to fruitful re- 

sults in the treatment of neurological diseases, lung disorders, 

cancer, leukemia, viral, and bacterial infections. However, deliv- 

ery and in vivo stability are the major barriers to the clinical 

application of POCs and other analogues that still have to be 

overcome. This review summarizes recent achievements in the 

delivery and in vivo administration of synthetic nucleic acid 

analogues, focusing on POCs, and compares their efficiency. 

1. Introduction 

 
The development of the phosphoramidite chemistry of 

nucleosides opened up an exciting possibility for the syn- 

thesis of artificial DNA and RNA sequences.[1] By using 

automated oligonucleotide synthesis, synthetic nucleic 

acids have been widely investigated within diverse appli- 

cations, such as therapeutic agents, diagnostic tools, and 

nanotechnology. As a result, after more than 30 years of 

intensive research, the high potential of synthetic oligo- 

nucleotides in personalized medicine has been con- 

firmed. However, in order to be applied in vivo, synthetic 

nucleic acids still have to meet the requirements of sta- 

bility in biofluids and specific delivery.[2] 

This review elucidates synthetic nucleic acid analogues 

as potential nucleic acid therapeutics (NATs). In particular, 

conjugates of biomolecules with oligonucleotides are de- 

scribed, highlighting peptide–oligonucleotide conjugates 

(POCs) as a promising class of NATs. We discuss the major 

issues of NATs, and POCs in particular, that still need to be 

overcome. We comment on the delivery of NATs, which is 

considered to be a major barrier to their clinical 

application; summarize the methods used; and highlight 

the latest research solutions. Other issues related to NATs, 

such as in vivo stability, toxicity, and specific and selective 

therapeutic properties, are also discussed. 

We outline several methods for overcoming these issues 

based on recent successful studies by multiple research 

groups. One exciting approach that we discuss is delivery 

that uses nucleic acid nanostructures, which can 

simultaneously aid uptake and monitor NAT performance 

in cells. As a final aspect, we deliberate chemical strat- 

egies for the preparation of NATs and compare their effi- 

ciency. 
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Scheme 1. Structures of modified second - and third-generation NATs. B: nucleobase. 

 

2. Synthetic Nucleic Acid Analogues for Next- 

Generation Therapeutics 

Synthetic oligonucleotides containing modified nucleotide ana-

logues have already found multiple applications in clinical re- 

search, diagnostics, and life sciences.[3] For therapeutic applica- 

tions, synthetic oligonucleotides have to meet several require- 
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ments; most importantly, they have to effectively target specif- 

ic tissues and have selective therapeutic action within cells. 

Major concerns related to unmodified oligonucleotides used in 

vivo include the inability to cross biological membranes, accu- 

mulation in endosomes, poor pharmacokinetics, and biodistri- 

bution profiles.[4] Some of these problems were effectively 

solved by the synthesis of new-generation oligonucleotides; 

some still remain a big challenge. Useful strategies for the 

preparation and chemical modification of therapeutic oligonu- 

cleotides are discussed below. 

 

2.1. Towards improved gene therapy by using synthetic 
nucleic acid analogues 

The implementation of various synthetic nucleic acid analogues 

leads to biomolecules and biomolecular assemblies with unique 

properties.[3, 5] Second-generation therapeutic oligonucleotides 

contain various modifications of the ribose sugar at position 2’.[6] 

Examples include fluorine (2’F), methoxy (2’OMe), and O-

methoxyethyl (2’MOE) analogues of RNA nucleotides (Scheme 

1). These modifications protect oligonucleotides from 

degradation by endonucleases.[4] Also, the replacement of 

oxygen by sulfur in the phosphate backbone increases the 

binding of serum proteins and makes phosphothioates more 

resistant to degradation.[7] 

The third generation of modified oligonucleotides includes 

replacement of the phosphodiester backbone with peptide 

linkages that result in peptide nucleic acids (PNAs), replace- 

ment of the backbone with methylenemorpholine rings and 

phosphorodiamidate linkages that give rise to phosphorodi- 

amidate morpholino oligomers (PMOs), and incorporation of 

locked nucleic acid (LNA) into the oligonucleotide sequence 

(Scheme 1).[6] PNAs and PMOs show good binding affinity to 

DNA/RNA targets and fair cellular uptake.[4, 8] Oligonucleotides 

that contain LNA analogues show excellent affinity for binding 

to complementary DNA/RNA, good mismatch discrimination, 

and high enzymatic stability.[3] 

Overall, the second and third generations of oligonucleo- 

tides have made a big step towards overcoming the multiple 

disadvantages of natural DNA and RNA strands.[4] However, 

there is a need for new strategies to overcome the biggest 

challenge that faces gene therapy, that is, targeted intracellular 

delivery. In addition to chemical modification at the monomer 

level, bioconjugation of therapeutic oligonucleotides with dif- 

ferent biomolecules is considered to be an excellent strategy 

that leads to modern, improved, fourth-generation NATs. 

Bioconjugation can be conducted during automated solid- 

phase synthesis or after it by solution-phase conjugation. Strat-

egies such as click chemistry and phosphoramidation reactions 

can be used to conjugate peptides, lipids, carbohydrates, or 

other nucleic acids to oligonucleotides.[2b] Recent examples of 

chemical conjugation with improved properties of NATs are 

shown in Scheme 2. In particular, cell-penetrating peptides 

(CPPs) are reported to be promising for conjugation with oli-

gonucleotides, resulting in improved cellular specificity and in-

tracellular delivery.[4] Boeneman et al. highlighted the use of 

functional peptide analogues as tools for cellular drug delivery 

that offered efficient uptake and endosomal escape.[9] The au-

thors defined the key elements within the peptide sequence 

that had to be taken into account for such activity.[9] In another 

example, a peptide complex of poly(ethylene glycol)-block-pol- 

yethylenimine as a potential carrier of small interfering RNA 

(siRNA) to tumors in vivo was reported.[10]  This system selec- 

search interest is in the development of novel tools for ultraspecific 

targeting of nucleic acids. 
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Scheme 2. Selected oligonucleotide conjugates that show improved proper- 

ties. 

 

tively targets CD44-overexpressed cancer cells and accumu- 

lates to significant levels in solid tumors. Thus, it inhibits pri- 

mary tumor growth and prolongs survival in two different 

mouse models. 

Receptor-mediated targeting is reported as a potential strat- 

egy for directed oligonucleotide delivery.[11] In one work, anti- 

sense oligonucleotide was conjugated to bombesin (BBN) pep- 

tide to investigate delivery and its mechanism in PC3 cells ex- 

pressing the gastrin-releasing peptide receptor (10; Scheme 2). It 

was seen that the conjugate entered PC3 cells by receptor-

mediated endocytosis. However, further trafficking the con- 

jugate inside of the cell was not achieved.[11] This work high- 

lights the complexity of intracellular delivery and highlights the 

need for further research on this topic. 

Numerous successful approaches for the in vivo delivery of 

siRNA include the use of lipids either in lipid nanoparticle for- 

mulation or as lipid covalent conjugates. Recent studies dem- 

onstrated that siRNAs encapsulated into lipid nanoparticles 

successfully inhibited the expression of disease-relevant genes 

in humans.[12] Alternatively, the covalent conjugation of choles- 

terol, palmitic acid, and other lipophilic moieties directly to 

siRNA molecules has been shown; this results improved in vivo 

pharmacokinetics and increased cellular uptake, resulting to a 

great extent of gene silencing in multiple tissues.[13] siRNA 

conjugates with cholesterol are most extensively used (12; 

 
Scheme 2). Cholesterol forms conjugates with lipoproteins in the 

bloodstream; this leads to an increased circulation time of siRNA, 

which is further inserted into hepatocytes though lipo-protein 

receptors.[13a] siRNAs have recently also been modified with other 

lipids, such as a-tocopherol or palmitic acid.[14] 

There are cell-surface receptors that are expressed or overex-

pressed only in certain tissues either naturally or as a result of a 

disease condition.[15] These receptors are potential targets for 

NAT delivery.[15] For example, the covalent attachment of the 

highly efficient ligand N-acetylgalactosamine (GalNAc) to siRNA 

has been recently reported to robustly silence gene expression 

in liver cells (11; Scheme 2).[16] GalNAc is an asialoglycoprotein 

receptor ligand expressed mainly in liver hepatocytes that 

mediates clearance of circulating glycoproteins through the 

clathrin endocytic pathway.[17] More specifically, bis- or tris- 

antennary GalNAcs attached to chemically modified siRNAs[16] 

have proved to improve siRNA stability against nucleases, as 

well as improve its pharmacokinetics; this results in potent si-

lencing of the targeted gene in primary mouse hepatocytes. [16] 

GalNAc is a high-affinity ligand that exhibits a high internaliza-

tion rate and it is easily attached to oligonucleotides by solid- 

phase synthesis; this makes it an advantageous candidate for 

siRNA-targeted delivery.[16] Alnylam Pharmaceuticals are cur- 

rently performing clinical trials on three GalNAc–siRNA conju- 

gates for the treatment of various diseases, such as hemophilia 

and amyloidosis. 

 

3. Synthetic Peptides and Their Analogues for NAT 

Bioconjugation 

Chemical conjugates of NATs with bioactive peptides have 

advantageous pharmacological properties, cellular uptake, and 

therapeutic efficacy.[18] By using advanced methods for peptide 

synthesis, pure, biologically active peptides can now be pre- 

pared. In particular, solid-phase automated peptide synthesis 

(SPPS),[19] artificial cellular factories, and advanced purification 

strategies find application in the field of synthetic peptides.[20] 

The development of disease-specific and nontoxic peptides is 

required and their toxicity is an issue that has been studied. 

Table 1 lists antimicrobial peptides (AMPs)[21] and CPPs[22] in var- 

ious stages of development, from preliminary analysis to clini- 

cal testing, and their reported toxicity. Small peptides, such as 

AMPs, CPPs, and tumor-targeting peptides, do not accumulate 

in specific organs. This minimizes their toxicity compared with 

that of large proteins.[23] Moreover, they are less immunogenic 

compared with antibodies and proteins.[23] On the other hand, 

the trans-activator of transcription (TAT), which is one of the 

most common CPPs, recently showed undesirable biological 

effects. It was reported that TAT induced apoptosis of human 

lung epithelial BEAS-2B cells and an inflammatory response.[24] 

Prior to stimulation with protein kinase C activator (PKC) of 

BEAS-B cells, they were pretreated with TAT. The results were 

inhibition of activity of the PKC. Conspicuously, TAT inhibited the 

production of multiple cytokines induced by PCK and the PCK 

activation-induced degradation of IkBa (alpha-nuclear factor of 

kappa light polypeptide gene enhancer in B-cell inhibitor).[24] 
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Evidently, the amino acid sequence, length, and various 

modifications can have a huge influence on the performance of 

the peptides, including on the toxicity profile.[25] Lim et al. 

reported the design of a new 17 amino acid long CPP called BR2 

through the elimination of the C-terminal a-helical motif from 

their previous model CPP. This peptide was selectively cytotoxic 

against HeLa cells and HCT116 human colon cancer cells, but not 

to HaCat human keratinocytes and BJ human fibroblasts.[26] 

Next, low-molecular-weight protamine (LMWP), a 14-residue 

fragment CPP, achieved by enzymatic digestion of native 

protamine was reported not to be toxic, immunogenic, or 

antigenic.[27] The immunogenicity of LMWP in mice was 

examined, and a 46% reduction in production of antibodies 

compared with that of protamine was observed.[27] Importantly, 

LMWP showed decreased hemodynamic and hematological 

toxicity than that of protamine.[27] 

SPPS is a powerful method for synthesizing homogeneous 

protein segments with the possibility of post-translational 

modification (Scheme 3 B).[39] Automated solid-phase oligonu- 

cleotide synthesis (Scheme 3 A) and SPPS have several key prin- 

ciples in common, namely, solid-support attachment of the first 

nucleotide/amino acid, automation, the use of an excess of 

reagents, and a series of deprotection–coupling reactions to 

grow the chain.[20a] Nevertheless, SPPS chemistry and oligonu- 

cleotide synthesis are not compatible due to the incompatibili- 

ty of the deprotection chemistries. For cleavage from the sup- 

port and the side-chain deprotection step, acidic conditions are 

used in peptide synthesis.[40] Conversely, in DNA/RNA oligo- 

nucleotide synthesis, basic conditions are necessary. Therefore, 

the syntheses cannot be combined in a single instrumental 

setting.[41] 

Although SPPS is an effective method for preparing short 

peptides, such as AMPs, it is not useful for preparing longer 

peptides (the typical limit of SPPS is 50 amino acids).[20a] To 

overcome this limitation, chemical ligation of two or more short 

sequences can be used.[39] Recent developments related to 

these methods have been reviewed by Harmand et al.[39] a- 

Ketoacid–hydroxylamine (KAHA) ligation, serine/threonine liga- 

tion, alkyne–azide ligation, and amide-forming ligations are 

among the most effective chemical ligation methods available 

to date.[39] More specifically, KAHA ligation with 5-oxaproline can 

be used to make depsipeptides and overcome the problem of 

low solubility of hydrophobic sequences.[39] Serine/threonine 

ligation through native amide-bond formation is performed at 

the N-terminal serine and threonine residues.[39] Moreover, 

alkyne–azide click ligation produces a stable triazole group in the 

peptide backbone. The main advantages of this method include 

regioselectivity, high yields, and compatibility with a diverse 

range of aqueous buffers at different pH values. Similarly, the 

amide-forming ligation of potassium acyltrifluoroborates (KATs) 

and O-carbamoylhydroxylamines is a chemoselective assembly 

reaction.[39] 

Alternatives to chemical methods for the synthesis of pep-

tides are chemoenzymatic methods. The chemoenzymatic ap-

proach is a mild procedure that can provide peptides in high 

yields. It uses substrate-specific enzymes to form stereoselec-

tive peptide bonds.[42] As discussed by Numata and Yazawa, 

cysteine proteases, serine proteases, and esterases are often 

used in peptide synthesis.[42] In addition, engineered enzymes 

created by either random or side-directed mutagenesis can also 

be used.[42, 43] One example is nonribosomal peptide syn- 

thetases (NRPS), which can be re-engineered at the genetic 
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Scheme 3. General chemistries of A) solid-support oligonucleotide synthesis and B) solid-phase peptide synthesis. DMT: 4,4’-dimethoxytrityl, BOC: tert-butyl- 

oxycarbonyl. 

 
level to generate specific modified bioactive peptides.[43] How- 

ever, developing standard protocols and rules for the recombi- 

nation of diverse NRPS modules and domains is a challenging 

task.[43] Calcott and Ackerley summarized the three general 

strategies employed by researchers to achieve this goal, that is, 

substitution of the A domain, target alteration of the substrate-

binding pocket of the A domain, and substitution of in- 

separable C–A domains.[43] 

Similar to oligonucleotides, generally, there are two methods 

for the modification of peptides: 1) SPPS modification, and 2) 

solution-phase modification of presynthesized peptides or 

bioconjugation.[44] Algar et al. reported methods for modifying 

peptides with 4-formylbenzoyl and 2-hydrazinonicotinoyl 

groups.[44] Furthermore, they described the aniline-catalyzed li- 

gation of both functional groups, as well as subsequent conju- 

gation of the ligated peptides to CdSe/ZnS quantum dots. The 

conjugated product can be used for diverse applications from 

in vivo and in vitro imaging and sensing to drug delivery. An- 

other method for solid-phase N-methylation of peptides was 

proposed by Jensen and Roodbeen.[45] They suggested that N- 

methylation of peptides improved target affinity and specifici- 

ty. Moreover, the oral availability and in vivo half-life were posi- 

tively influenced.[45] 

Protein ubiquitination is a post-translational modification, in 

which ubiquitin is attached to a substrate protein.[46] 

Abeywardana and Pratt reported the successful SPPS of 

ubiquitin, a 76 amino acid long protein that regulated several 

intracellular recognition pathways.[47] Thus, synthetic ubiquitin 

analogues are exciting objects of study and promising reagents 

for bioconjugation with other peptides, proteins and, 

oligonucleotides.[47] 

Relaxin-2 and -3 are peptides with vital biological functions that 

have recently been synthesized.[48] There are two known synthetic 

strategies for their synthesis: SPPS and recombinantDNA synthesis. 

In SPPS, the two chains are synthesized separately,  
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followed by sequential disulfide-bond formation. In contrast, 

recombinant DNA synthesis is a combination of the synthesis of 

the propeptide, oxidative folding, and cleavage of the C-peptide. 

It is reported that synthetic relaxins show excellent receptor 

specificity and in vivo stability.[48] 

 
4. Synthesis and Properties of POCs 

 
4.1. Peptides for modern NATs 

The fact that some peptides significantly enhance the cellular 

delivery of oligonucleotides and lower the dose required for 

treatment inspire further syntheses and studies of POCs as 

NATs.[49] For example, recently, Fan et al. reported a bis-pep- 

tide–siRNA conjugate as a promising therapeutic agent for 

cancer treatment.[50] The bis-peptide conjugated to siRNA at the 

3’ termini of both strands inhibited the translation of target 

genes for a longer period than that with the unconjugated 

reference. These conjugates showed stability in 80% fetal 

bovine serum for up to 24 h. The conjugate showed better 

inhibition of xenograft tumor growth in athymic mice compared 

with that of the reference. The circulation time in vivo in the 

mice was also prolonged.[50] In another case, a chimeric peptide–

siRNA conjugate designed to inhibit HIV-1 infection was 

reported to have efficient transduction in macrophages and 

astrocytes.[51] The chimeric peptide was constructed from the 

protein transduction domain to bind with siRNA and the cell-

fusing domain to enter the cell.[51] In the study, it was observed 

that the silencing effect did not correlate with efficient 

transduction; this approach may be suitable for targeting 

residual HIV-1 infection, but ineffective against latent viral in- 

fection.[51] 

CPPs with short protein transduction domains are able to ef- 

fectively penetrate cells.[52] The arginine amino acid is reported to 

be essential to the ability of the peptide to enter the cell. Thus, CPPs 

conjugated to other biomolecules enhance intracellular delivery.[53] 

Polyarginines and transportin were the first CPP sequences used.[54]  

Gait et al. proved that CPPs were taken up into the cell through 

endocytosis.[41, 53a] The major endocytic pathway for CPPs is either 

macropinocytosis or clathrin-mediated uptake.[54] It is also proven 

that this cellular uptake depends on the temperature and cellular 

adenosine triphosphate (ATP) pool.[53a] More recently, a non-

endocytotic pathway for CPP–siRNA conjugates was reported.[55] In 

recent reviews, it has also been discussed that the mechanism of 

uptake for siRNA–CPPs depends on the cell-line type and can be 

affected by cell fixation reagents. Therefore, in vivo monitoring of  

uptake is crucial for making final conclusions on the intracellular 

faith of CPP-derived POCs.[56] 

Pseudocomplementary peptide nucleic acids (pcPNAs) can 

form a hybrid G-quadruplex with double-stranded DNA 

(dsDNA). Kameshima et al. reported that, if a pyrrole/imidazole 

polyamide was conjugated to a pcPNA, hybridization with 

dsDNA was efficient under physiological conditions.[57] Specific 

cleavage of long dsDNA has been observed upon the applica- 

tion of pcPNAs. The authors prove that the pcPNA and pyr- 

role/imidazole polyamide worked together in a cooperative 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

matter to enable more efficient targeting of dsDNA. [57] Table 2 

provides a summary of representative conjugated sequences of 

CPPs with NATs and their application for disease treatment. 

Some interesting approaches use two elements of the POC 

simultaneously: the oligonucleotide and the peptide. In recent 

work, these elements have targeted the recognition sites of the 

c-Jun transcription factor.[64] Given the ability of oligonucle- 

otides to control peptide conformation and regulate protein 

activity, the combination of peptides and oligonucleotides as 

POCs is a highly effective approach when the two parts of the 

POC work together.[64] In addition, the potential of multivalent 

designs that are capable of modulating more functions of a 

target protein has been highlighted by Dupont et al.[65] This 

approach is a good alternative to functional knockout. Such a 

multivalent molecule was synthesized by combining three ar-

tificial inhibitors, two aptamers, and a peptide. The conjugated 

moieties bind the serine protease urokinase-type plasminogen 

activator at three different sites and simultaneously prevent all 

functional interaction of the same.[65] 

Taking into account all of the aforementioned results, CPPs 

and their conjugates are promising candidates for conjugation 

to NATs. However, despite knowledge gained of CPPs in recent 

decades, there is still no unified CPP design that can internalize 

various cargos into all cell types. This obstacle creates a demand 

for efficient methods to develop new CPPs. Peptide libraries and 

quick screening assays represent a possible solution to this 

problem. One such method is the selection of peptide 

conjugates (SELPEPCON).[66] It is practiced as a strategy for the 

high-throughput synthesis of conjugates. Afterwards, it is used 

for screening, which eliminates the need for HPLC purification. 

Through the use of SELPEPCON, different CPPs were in- 

vestigated, and the best candidates for delivery into the cells 

were discovered. Accordingly, 78 peptides were developed and 

their biological activities were investigated.[66] The splicing re-

direction of PNA705 in a HeLa cell assay was affected by the 

number of positive charges in the peptide, particularly arginine 

residues. CPPs with good properties have peptides with at 
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least eight charged arginines. Also, it was concluded that effec-

tive cell penetration of peptides was dependent on both the 

cargo and cell.[66] 

For the molecular basis of POC structure and function, mo- 

lecular charges are of high importance. Whereas CPPs are cat- 

ionic, oligonucleotides have a negative charge. Charge differ- 

ence also affects the synthesis of POCs. Making conjugates of 

peptides such as CPPs with canonical oligonucleotides can be 

challenging because these molecules tend to form aggre- 

gates.[54] In addition, the use of long peptide sequences that 

form secondary structures creates a problem in the conjuga- 

tion reaction. However, optimization of the reaction conditions 

and the use of a denaturing agent could be a solution.[66] 

An alternative approach to the charge problem is the use of 

short interfering ribonucleic neutrals (siRNNs), as reported by 

Meade et al. (Scheme 4).[67] The siRNNs contain neutralizing 

bioreversible phosphotriester groups that allow their effective 

intracellular uptake and, excitingly, in vivo delivery. Tracking of 

siRNNs shows that, once inside the cell, they are converted into 

a native, charged phosphate backbone by cytoplasmic 

thioesterases. Thus, the therapeutic activity of the siRNN is re- 

gained. As a proof of concept, siRNNs conjugated to a hepato- 

cyte-specific targeting domain were applied for systematic de-

livery into mice. The authors reported prolonged, dose-depen-

dent in vivo responses in mice upon treatment with siRNNs; this 

makes them potent for further trials.[67] 

 
 

Scheme 4. Bioreversible cytoplasmic transformation of siRNNs. 

 

4.2. Synthetic strategies for POCs 

POCs can be synthesized by biological or chemical methods.[40, 68] 

The latter are considered to be more useful for the synthesis of 

short oligonucleotides and peptides, and for the incorporation 

of other functionalities into the product conjugates. Several 

chemistries have been explored for conjugation reactions and 

they may affect the biological properties of POCs (Scheme 5).[40, 

68a] For example, conjugates with a disulfide bond are reduced to 

sulfides in the cell-reducing environment; conversely, 

conjugates with amide bonds are more stable.[40] Chemically, 

POCs can be synthesized by one of two methods: in-line 

synthesis and fragment conjugation.[40, 68a, b] In the first method, 

both the peptide and oligonucleotide chains are assembled on a 

solid support by stepwise coupling reactions.[40] 

 

 
 

Scheme 5. Representative chemistries of linkers for making POCs. mTFP: monomeric 

teal fluorescent protein. 

 
However, due to the requirement for matching chemistries, this 

method is restricted to PNA conjugates with peptides. By 

employing the second method, the two fragments (peptide and 

oligonucleotide) are synthesized separately, cleaved from the 

support, purified, and conjugated by the reaction of choice 

(Scheme 3). 

Site-specific modification of DNA/RNA oligonucleotides can 

be performed during solid-phase synthesis or postsynthetical- 

ly.[53a] Insertion of various chemical moieties into the oligonu- 

cleotide during solid-phase synthesis has some limitations. Key 

limitations are the length of the oligonucleotide that can be 

synthesized and low yields of the product. To overcome this 

challenge, approaches for postsynthetic modifications are im- 

portant. Lee et al. reported the preparation of a peptide–DNA 

conjugate in which an 18-nt oligodeoxyribonucleotide with 5’- 

thiol modification was conjugated with a fluorescein amidite 

(FAM) peptide through a disulfide bond (13; Scheme 5).[40] The 

product conjugate was efficiently internalized in HeLa cells by 

endocytosis. Circular dichroism (CD) spectroscopy showed that 

the optical and conformational characteristics of both macro- 

molecules were affected after conjugation.[40] Other POCs were 

prepared by coupling a 5’-maleimide-modified oligonucleotide 

and a monomethoxytrityl-protected cysteine incorporated at 

the N terminus of the peptide (14).[69] By temperature melting 

(Tm) experiments, it was shown that the POCs bound the target 

more strongly than that of the unlabeled reference.[69] 

A universal method employs a two-step phosphoramidation 

reaction to facilitate the conversion of azido or alkynyl groups 

into oligonucleotide precursors primed with a phosphate at the 

5’ termini. The precursor is then conjugated with a peptide by 

copper-catalyzed 1,3-dipolar azide–alkyne cycloaddition 

(CuAAC) to yield the desired POCs.[49b] CuAAC results in the for- 

mation of a chemically and biologically stable 1,2,3-triazole 

linker.[2b]  In particular, DNA functionalized with azido groups 
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was successfully conjugated to an alkynyl-containing Tat peptide in 

a yield of 85 % (15). The cytotoxicity of the POC produced was 

investigated by using human A549 cells. Upon CuAAC-mediated 

synthesis, some cytotoxicity of the product was connected to 

residual copper. By using copper-free stain-promoted 1,3 dipolar 

azide–alkyne cycloaddition (SPAAC), cytotoxicity was eliminated. In 

the SPAAC reaction, the cyclooctyne alkyne reacts with the azido 

group without the use of copper(I); the reaction is stain-

promoted.[70] 

Although PNA–peptide conjugates can be made in a straight- 

forward manner during SPPS,[40] fragment conjugation is re- 

ported to be a more convenient strategy.[71] Different methods 

for bioconjugation aimed at PNA–peptide conjugates and their 

analogues are reported: 1) conjugation through a disulfide 

bond: both peptide and PNA have thiol moieties, usually 

through the incorporation of cysteine at the C or N terminus; 2) 

thioether linkage: a thiol-functionalized segment reacts with a 

maleimide functionality; 3) oxime: the ketone functionality of 

one segment reacts with the aminooxy group of the other; and 

4) trans-thioesterification: unprotected fragments containing C-

terminal thioesters react with unprotected N-terminal 

cysteine.[71] 

Additionally, expressed protein ligation (EPL) can be per- 

formed between the C-terminal thioesters of a protein and the 

N-terminal cysteine of a PNA, resulting in a native peptide 

bond.[72] Gholami et al. employed EPL to conjugate mTFP to the 

PNA (16; Scheme 5).[72] Using photophysical techniques, they 

visualized the behavior of the protein in cells, and dem- 

onstrated that this was a smart way to follow and control pro- 

tein assembly. 

Recently, Pip5e-PMO was created through an amide linkage 

(17; Scheme 5). In this synthesis, the 3’-morpholino group of the 

PMO was coupled to the C-terminal carboxylic acid of the 

peptide.[59] For direct amide conjugation, it is not necessary to 

use protecting groups for arginine-containing peptides;[73] this 

simplifies the synthesis and reduces its cost. 

 

 
4.3. Specific case 1: A CPP–PNA conjugate that silences 

luciferase in colon adenocarcinoma cells (HT-29-luc) 

Lee et al. synthesized CPP–PNA conjugates for specific delivery 

into the colon.[40] First, CPP-M918 was conjugated to the PNA 

through a maleimide–thiol coupling reaction. Then, the CPP– 

PNA conjugate was protected from nonspecific biological 

interactions by attaching poly(ethyleneglycol) (PEG) chains to 

the lysine residues. This was followed by reduction of the 

azobenzene bond, so that the CPP–PNA remained active 

 

Scheme 6. Preparation of the CPP–PNA active conjugate.[40] 

(Scheme 6).[40] This activation is expected to be performed in the 

colon by microflora. The authors showed that the conjugate 

achieved sequence-specific silencing of luciferase in cells. The 

developed NAT delivery could also be a new promising ap-

proach for the delivery of NATs into the colon. 

 

4.4. Specific case 2: New POCs targeting the V600E mutation 

in the BRAF oncogene 

Recently, we synthesized doubly labeled 21-mer DNA/LNA oli- 

gonucleotides that targeted the BRAF oncogene containing the 

V600E mutation.[74] Through CuAAC click chemistry, the 

precursors were labeled internally with a library of rationally 

designed peptides (Scheme 7). Our synthetic approach provid-

ed 30 POCs in a time- and cost-effective manner, giving good 

yields (43–83%) and high purity of the products (90%). Our aim 

was to investigate the influence of different peptide sequences 

and LNA on the structure and properties of the synthetic 

oligonucleotides and to design POCs that were stable in 

biological media and had the potential to specifically bind the 

target in vivo. To evaluate this, spectroscopic characterization 

and examination of the stability of the resulting POCs to enzy-

matic degradation were performed. 

The POCs displayed great Tm stability (Figure 1) and the pep-

tide sequence had an influence on the specificity and affinity of 

target DNA/RNA binding. Lysine residues improve binding of 

POCs to target DNA and RNA, whereas the distance to lysine is 

associated with a decrease in binding of mismatched RNA 

targets. Glycine and tyrosine residues affect target binding as 

well. The resistance of POCs to enzymatic degradation is 

improved by the internal attachment of peptides, but not by LNA 

alone. Independently of the peptide sequence, POCs show 

stability up to 24 h in 90% human serum and POC duplexes with 

complementary DNA for up to 160 h in 90% human serum. 

Moreover, using competitive UV melting experiments, we 

demonstrated that POCs preferred to bind to RNA over DNA 

when designed as a POC:DNA duplex. We speculate that the 

antisense POC designed as a duplex with DNA, which is 

extremely stable enzymatically, has potential as a new type of 

antisense double-strand oligonucleotide therapeutic agent.[74] 

 
5. Conclusions 

The field of synthetic peptides, oligonucleotides, and their con- 

jugates is growing constantly, providing new tools and exciting 

opportunities in life sciences, clinical research, nanotechnology, 

and industry. Although numerous chemistries for making NATs 

and successful proof-of-concept applications are reported, more 

studies are needed to improve in vivo performance. According 

to our recent research, internal incorporation of short peptides 

is a promising approach for NATs. Nevertheless, reports on the 

internal attachment of peptides to oligonucleotides are still 

scarce, and there is still an unmet need for extensive 

pharmacological studies of these conjugates. Moreover, there 

are numerous issues related to the efficiency, safety, and 

toxicity of the linkers and peptides applied for bioconjugation. 

.[70] 
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Scheme 7. Synthesis of POC by means of CuAAC click chemistry.[74]  TBTA: tris(benzyltriazolylmethyl)amine. 

 

 

Figure 1. Box-and-whisker plot with outliers. The arms on each boxplot are values Q1-1.5 x IQR and Q3 + 1.5 x IQR. Q: quartile, IQR: interquartile range. Data 

points for each subject are means of two independent measurements. DNA/RNA targets: m: matched; ms: mismatched. DTm is the difference between Tm for 

fully matched and mismatched duplexes. Results of the t test assuming unequal variances: the difference in means is statistically significant at the 90 (*) or 

95 % (**) significance level. Adapted with permission from ref. [74]. Copyright: American Chemical Society, 2017. 

 

 
In general, the use of the aforementioned click chemistry 

(CuAAC and SPAAC) holds promise for further developments in 

POC synthesis. For the issue of delivery, it has been confirmed 

that decorating NATs with peptides, such as CPP and NLS, as well 

as incorporation of fatty acids, aids efficient uptake.[49a, 51–52] This 

implies that, in spite of sometimes being challenging, 

bioconjugation of NATs opens up exciting opportunities for a 

new class of therapeutics with previously unachievable activity 

in vivo. 
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ABSTRACT: Specific target binding and stability in diverse 

biological media is of crucial importance for applications of 

synthetic oligonucleotides as diagnostic and therapeutic tools. So 

far, these issues have been addressed by chemical modification of 

oligonucleotides and by conjugation with a peptide, most often at 

the terminal position of the oligonucleotide. Herein, we for the first 

time systematically investigate the influence of internally attached 

8 amino acid-long peptides on the properties of antisense 

oligonucleotides. We report the synthesis and internal double 

labeling of 21-mer oligonucleotides that target the BRAF V600E 

oncogene, with a library of rationally designed peptides employing 

CuAAC “click” chemistry. The peptide sequence has an influence 

on the specificity and affinity of target DNA/RNA binding. We also 

investigated the impact of locked nucleic acids (LNAs) on the 

latter. Lysine residues improve binding of POCs to target DNA and 

RNA, whereas the distance to lysine correlates exclusively with a 

decrease in binding of mismatched RNA targets. Glycine and 

tyrosine residues affect target binding as well. Importantly, the 

resistance of POCs to enzymatic degradation is dramatically 

improved by the internal attachment of peptides but not by LNA 

alone. Independently of the peptide sequence, the conjugates are 

stable for up to 24 h in 90% human serum and duplexes of POCs 

with complementary DNA for up to 160 h in 90% human serum. 

Such excellent stability has not been previously reported for DNA 

and makes internally labeled POCs an exciting object of study, i.e. 

showing high target specificity and simultaneously stability in 

biological media. 

As a result of recent technical advances and clinical success in 

the treatment of genetic diseases, gene therapy is a rapidly evolving 

approach in research and industry.1 There are several successful 

examples of treating specific diseases with gene therapy, including 

neurological diseases,2 lung disorders,3 viral infections,4 leukemia5 

and cancer.6 In particular for cancer treatment, nucleic acid 

therapeutics (NATs) are able to directly target the gene  

 

Figure 1. Design of highly stable POCs for oncogene targeting. l, 

m, n = number of K, G and A amino acids in the attached peptide. 

L = locked nucleic acid (LNA). 

fragments responsible for developing tumorigenesis without 

causing systematic toxicity.7 This is in contrast to the numerous 

toxic effects of conventional therapy.8-10 

In spite of considerable progress in the field of diagnostic and 

therapeutic oligonucleotides, there are several issues that still need 

to be addressed. These include the in vivo stability, specificity and 

delivery of NATs. In particular, the stability of NATs in human 

serum is of crucial significance for their application as 

therapeutics.11 Unmodified oligonucleotides are rapidly degraded 

by nucleases which are present in human serum. This can be 

improved by chemical modification such as phosphothioates,12 

locked nucleic acids (LNAs),13-14 peptide nucleic acids (PNA)15-16, 

unlocked nucleic acids (UNA)17-18 or others.19 The specificity of 

target binding can be improved by the incorporation of 

modifications such as LNA and UNA.14, 17 In addition, peptides are 

used to enhance delivery.20 In particular, cell-penetrating peptides 

with the ability to cross various epithelia and even the blood-brain 

barrier have shown efficient intracellular delivery.21-22 

Simply mixed oligonucleotide-transfection reagents/peptides are 

applied as an economical gene therapy method.23 However, the 

interaction between them is not strong, and binding specificity is 
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not improved.24 There is growing evidence that by cross-linking a 

peptide with modified therapeutic oligonucleotide, all the 

aforementioned requirements to NATs can be met.25 Chemical 

conjugation of peptides to oligonucleotides can be performed 

internally, using modified nucleotide scaffolds, as well as 

terminally. So far, peptide-oligonucleotide conjugates (POCs) have 

been most often prepared by terminal conjugation of 

oligonucleotides.12 In a recent work a successful representative of 

internally labelled POCs was synthesized. Peptides were attached 

to the internal positions of oligonucleotides via a 2’-alkyne-2’-

amino-LNA scaffold, and these bioconjugates showed highly 

improved biomedical properties compared with the unlabeled 

oligonucleotides.14 In this article, we present novel POCs that target 

the BRAF V600E oncogene and studied their fundamental 

properties in vitro. The design and synthesis of the oligonucleotides 

and the peptides, their attachment by CuAAC ”click” chemistry, 

spectroscopic characterization and investigation of the stability of 

the resulting POCs to enzymatic degradation are reported. In the 

present work, we aimed to investigate the influence of different 

peptide sequences on the structure and properties of synthetic 

oligonucleotides.  

First, we designed three 21-mer oligonucleotide sequences, one 

of them pure DNA, ON1, and two DNA/LNA, ON2 and ON3; see 

Fig. 1 and SI, Table S1. The oligonucleotides ON2 and ON3 

contain three sequential LNA monomers. It has been shown that 

LNAs incorporated into the oligonucleotide sequence improve the 

binding affinity to complementary target sequences, specificity and 

enzymatic stability.13, 26-27 On the other hand, according to the 

literature, a 21mer probe and a GC content 43% are sufficient for 

unique interaction with the target.28 The commercially available 

phosphoramidite x (SI, Chart S1), which contains alkyne 

functionality, was incorporated into the oligonucleotide sequences. 

The distance between the two modifications is eleven nucleosides 

to avoid the issue of steric hindrance between the peptides.14 While 

ON1 and ON2 target the mutation BRAF V600E, ON3 targets the 

wild type gene. Afterwards, ten peptide sequences were designed 

to contain none, one or more positively charged lysine amino acids. 

The optimal position for the lysine(s) to interaction with the 

oligonucleotide backbone was investigated by systematically 

varying this position in the peptide. The peptides were modified 

with an azide functionality at the N-termini to enable labelling of 

the ON via the CuAAC “click” reaction. This, resulting in peptides 

PEP1-PEP10 (Table 1). Even though the arginine containing 

peptides have good transfection properties, the lysine residues were 

the first choice due to their good binding to oligonucleotides.29 The 

length of the peptides is limited to 8 amino acids in order to prevent 

potential toxicity.30 It has been reported that the sequence of 

conjugated peptides can affect the duplex stability of 

oligonucleotides. Thus, when a positively charged amino acid is 

present in the peptide sequence, the thermal stability of the 

oligonucleotide is increased.27, 31 Taking this into account, we 

additionally varied the peptide sequence to find the optimal amino 

acid content and positions to improve the properties of POCs.  

Next, the ten peptides were attached to the three 

oligonucleotides, each of them twice in each oligonucleotide 

sequence. This resulted in thirty different POCs, POC1-POC30 

(Fig. 1, Table 1). Conjugation of ON1-ON3 with the peptides 

PEP1-PEP10 was performed using CuAAC “click” chemistry. 

Microwave irradiation was used to improve the yield. The samples 

were heated for 15 min to 60 oC, followed by 24 h at room 

temperature and protected from light.14, 32 The resulting reaction 

mixtures were purified on an Illustra NAP-5 column, giving the 

desired products POC1-POC30 in high purity and yields of 43-

83%. We observed that the yields of conjugation were not 

influenced by the peptide sequence. Nevertheless, POCs with 

higher yields were obtained when using the pure DNA 

oligonucleotide sequence. The identity and purity of the POCs were 

confirmed by ion-exchange HPLC and MALDI-TOF mass 

spectrometry (SI, Table S2/S3, Fig. S1/S2). 

Table 1. POC composition and yields of synthesis  

Pep 
nr 

Peptide structure Oligonucleotide nr/ 
POC product (yield, %) 

ON1 ON2 ON3 

1 N3(CH2)5C(O)YKGAAGGA-
NH2 

POC1 
(49.4%) 

POC11 
(47.6%) 

POC21 
(44.2%) 

2 N3(CH2)5C(O)YGGKAGGA-
NH2 

POC2 
(75.3%) 

POC12 
(57.2%) 

POC22 
(48.8%) 

3 N3(CH2)5C(O)YGGAAKGA-
NH2 

POC3 
(69.1%) 

POC13 
(52.3%) 

POC23 
(44.2%) 

4 N3(CH2)5C(O)YGGAAGGK-
NH2 

POC4 
(69.1%) 

POC14 
(42.3%) 

POC24 
(62.8%) 

5 N3(CH2)5C(O)YKKAAGGA-
NH2 

POC5 
(64.3%) 

POC15 
(64.3%) 

POC25 
(74.4%) 

6 N3(CH2)5C(O)YKGAKGGA-
NH2 

POC6 
(83.3%) 

POC16 
(64.3%) 

POC26 
(53.5%) 

7 N3(CH2)5C(O)YKGAAGGK-
NH2 

POC7 
(66.6%) 

POC17 
(52.4%) 

POC27 
(44.2%) 

8 N3(CH2)5C(O)YKGAKGGK-
NH2 

POC8 
(42.9%) 

POC18 
(78.3%) 

POC28 
(65.1%) 

9 N3(CH2)5C(O)YGGAAGGA
-NH2 

POC9 
(66.6%) 

POC19 
(52.4%) 

POC29 
(58.2%) 

10 N3(CH2)5C(O)GGAAGGAY
-NH2 

POC10 
(54.8%) 

POC20 
(45.3%) 

POC30 
(58.2%) 

* K is lysine - a positively charged amino acid; A, G and Y are 

alanine, glycine and tyrosine respectively. The yield of the POCs 

was calculated measuring the absorbance at 260 nm and comparing 

the amount of POC product to the corresponding starting 

oligonucleotide. 

The hybridization properties of the POCs towards 

complementary and mismatched DNA/RNA were studied by the 

use of thermal denaturation (Tm) and circular dichroism (CD) 

analyses. All experiments were performed in a phosphate buffered 

saline medium (pH 7.4), using unmodified DNA references and 

precursors ON1-3 (SI, Table S1). The POC duplexes showed CD 

profiles of an intermediate A/B geometry, which is characteristic  

 
Figure 2. Representative CD spectra of POCs and unlabeled 

oligonucleotide duplexes. The spectra were recorded in a medium 

salt buffer using 2.0 μM concentration of complementary strands; 

mm and ms are matching and mismatching strand, respectively. 

ON2: 5'-CGA GAX TTCLTLCLT GTA GCX AGA-3'; POC12: 5'-

CGA GAX TTCLTLCLT GTA GCX AGA-3' + 2x 
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of unlabeled LNA/DNA oligonucleotide duplexes (Fig. 2 and SI, 

Fig. S3).14 Compared with the unmodified reference duplexes, the 

POCs displayed stronger peak intensities. According to the 

literature,14 this confirms the successful adoption of peptides within 

the duplexes and excludes the possibility of structural changes to 

the oligonucleotides that contain LNA and the oligonucleotides 

conjugated with peptides. Furthermore, all POCs displayed S-

shaped melting curves that are similar to the Tm curves of the 

unmodified reference (SI, Fig. S4). In agreement with the literature 

on LNA/DNA, the duplexes of the prepared POCs and the three 

oligonucleotides ON1, ON2 and ON3 showed higher Tm values 

when bound to the matching RNA compared to DNA (SI, Table 

S4/Fig. S5).14, 33 

We investigated the influence of peptides on target binding to 

POCs by comparison of their Tm values to those of precursor 

strands (SI, Table S1). The best stability (Tm = 71.3 oC) was shown 

by POC15 bound to complementary RNA. However, when bound 

to complementary DNA, POC12, POC13, POC25, POC28 and 

POC29 displayed the highest stabilities (Fig. 3 and SI, Fig. S5-S6; 

Tm = 60.5 oC, 61.0 oC, 60.9 oC, 61.1 oC and 61.3 oC, respectively). 

When analyzing grouped Tm data and the difference between fully 

matched and mismatched binding (∆Tm), it is also clear that the 

attachment of peptides affects RNA target binding more than the 

interaction with DNA (Fig. 3). The difference in Tm data for each 

target is statistically significant with p < 0.001.34 

We further rationalized the Tm using descriptive statistics and 

linear regression.35 First, we compared Tm values for POCs and 

their DNA and LNA/DNA analogues. As mentioned above and in 

the literature,30 RNA binding is more stable than DNA, and for 

POCs this effect is more pronounced then for reference DNA and 

LNA/DNA (for example, median Tm values 58.6 C and 59.5 C 

for DNA and RNA complexes of reference probes compared to 

58.4 C and 63.9 C for POCs). Looking at median values for the 

Tm of peptide-free vs peptide containing probes (SI, Table S7), 

discrimination of RNA and DNA mismatches is similar, and in both 

cases it is improved by the attachment of the peptides (Table S7, 

increase in median ∆ Tm value 3.1 C for binding mismatched RNA 

by POCs vs peptide-free probes).  

Statistical analyses also confirmed that the substitution with the 

peptide did alter target binding at a statistically significant level, p 

< 0.05 (SI, Table S5).31 By using a two-tailed t-test with unequal 

variances,36-37 the effect of each peptide on the Tm of the three 

different oligonucleotides was evaluated (SI, Table S6). Based on 

this, PEP10 (p=0.4) had the highest and PEP5 (p=0.9) the lowest 

influence on Tm among all the peptides Furthermore, when 

comparing the two neutral peptide sequences, PEP9 (p=0.6) 

showed superior stabilization compared to PEP10 (p=0.4), most 

likely due to the presence of tyrosine near the oligonucleotide 

sequence.33 Notably, all of the LNA/DNA POCs of ON2 and ON3 

demonstrated higher mismatch discrimination for both DNA and 

RNA compared with the LNA-free POCs of ON1 (SI, Chart 2). 

LNA helps the mismatch discrimination for RNA, while the effects 

for DNA are moderate. This is in good agreement with previous 

data on the ability of LNA to stabilize the interaction with target 

RNA.34 

Another way to analyze the influence of peptide on the binding 

of target by POC is to plot the difference between highest and 

lowest Tm obtained for each particular oligonucleotide when 

different peptides are being attached (data dispersity analysis 

shown in Fig. 4). Interestingly, when using LNA in ON2 and ON3, 

the peptide sequence had less effect on the dispersity in binding 

affinity than for LNA-free strand ON1, while the overall dispersity 

values were higher in the presence of LNA. This means that there 

is a bigger variation in the Tm data for LNA containing POCs then 

for LNA free analogue, but at the same time with a smaller 

difference among the peptides in LNA-rich POCs  

 

‘  

 

 

Figure 3. Box-and-whisker plot with outliers. The arms on each boxplot are values Q1 – 1,5×IQR and Q3 + 1,5×IQR. Data points for 

each subject are means for two independent measurements (SI, Table S13). DNA/RNA targets: m = matched; ms = mismatched. ∆ Tm is the 

difference between Tm for fully matched and mismatched duplexes. Results of t-test assuming unequal variances: the difference in means is 

statistically significant at 90% (*) or 95% (**) significance level.  
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Figure 4. Data dispersity analyses of the displayed Tm values of the 

POCs. The data was analyzed taking the difference of Tm max and 

Tm min (when bound with DNA and RNA match and mismatch) 

plotted for all peptides and the three oligonucleotides. 

Next, we studied sensitivity of POCs to mismatched targets. 

Among the POCs, POC12 and POC13 showed superior mismatch 

discrimination when binding RNA targets, with ΔTm values of 16.7 
oC and 16.8 oC, respectively. Consequently, these two POCs can be 

considered as the most specific candidates for targeting RNA. 

Mean ΔTm value for ON2POC-DNA complexes is 8.8 o C, and for 

ON3POC-DNA is 11.8 o C. However, when ON2POC and 

ON3POC bind to RNA, the situation changes. Mean ΔTm values 

are 12.5 o C for ON2POC-RNA and 8.5 o C for ON3POC-RNA (SI, 

Chart S2). This implies that +A-rA mismatch of ON3POC with 

RNA target is stabilized compared to +T-rU mismatch in 

ON2POC. One possible reason for the stabilization of +A-rA 

mismatch in POC-RNA duplexes is a formation of stable secondary 

structure. According to the literature, +A often base pairs with rA 

by unusual stacking.38-39 In that way, +A-rA pair makes a unique 

surface that could stabilize mismatched duplexes and in that way 

increase ΔTm value of ON3-POC:RNA series. 

Our next goal was to better understand the correlations between 

structural features of the peptides and the binding by POCs of the 

complementary and mismatched targets. To address this, we 

defined a set of variables for POCs that takes into account structural 

aspects of the attached peptides and correlated them with Tm values 

for fully matched and mismatched DNA and RNA targets. This was 

done using linear regression in R software. Analyzed variables 

were: number of lysine residues (0-3), number of amino acids 

between the oligonucleotide and lysine (0-7), number of glycine 

and tyrosine residues (0-4 and 0-1), and number of nucleic acids 

between the oligonucleotide and tyrosine (0-7). Resulting data is 

presented in SI, Tables S8-S12. Based on the analysis, the number 

of lysine amino acids in the peptide has a stronger effect on DNA 

then RNA binding. Moreover, this effect is stronger on mismatched 

then matched interaction with F values of 2.77 and 0.97 and p 

values 0.08 and 0.12 for mismatched DNA and RNA, respectively. 

Confidence intervals at 90% significance level are similar for the 

correlations of Tm points of matched and mismatched duplexes, and 

higher for the binding of RNA targets compared to DNA. 

Nevertheless, when analyzing the change in binding, ∆Tm, 

confidence intervals for the correlations are similar for DNA and 

RNA binding: 1.91 and 1.54, respectively. As to the distance 

between the oligonucleotide and lysine residue, it has only a minor 

effect on the Tm values but affects the discrimination of mismatched 

RNA (∆Tm for RNA, F value 0.93). RNA target discrimination is 

also affected by the number of glycine residues in the peptide (SI 

Table S10; F value 1.79). Interestingly, the number of glycine 

amino acids also positively correlated with Tm values of the probes 

with DNA but not RNA targets (SI Table S10; F values 1.25 and 

2.63 vs 0.06 and 0.26 for the complexes with mmDNA, msDNA 

vs. mmRNA, msRNA, respectively). Confidence intervals at 90% 

significance levels are rather similar for the correlated variables and 

lie within region 1.1-2.3. 

We studied the influence of the presence of tyrosine and number 

of amino acids between it and the oligonucleotide on the Tm data 

(SI, Tables S11,S12). As can be seen tyrosine has a positive effect 

on Tm of POCs vs DNA match target and on the discrimination of 

DNA and RNA targets (F values 0.75-1.65). This is accompanied 

by high confidence intervals for the correlations at 90% 

significance level (up to 4.98). The number of amino acids to the 

tyrosine correlates with Tm of match and mismatch DNA and less 

with RNA. However, this parameter has weak correlation with ∆Tm 

values. 

To evaluate the potential of using POC:DNA duplexes as 

therapeutics, we performed competitive Tm experiments. First, 

POC12 was annealed with DNA target. Next, the product duplex 

was incubated with 1 eq and 2 eq RNA target for 3h at 37 o C. The 

conditions of competitive experiments were adapted from 

incubation protocols of synthetic oligonucleotide in cell culture and 

in vivo, and also mimic physiological conditions.40 Resulting 

mixtures were analyzed by UV melting experiments (SI, Fig. S7). 

The measured Tm values were 67.9 oC and 68.2 oC for 

POC12:DNA+1eq RNA and POC12:DNA+2eq RNA respectively. 

Comparing these values with the Tm values of POC12:DNA and 

POC12:RNA, 60.5 oC and 70.5 oC, we confirm the preference of 

POC12 for RNA target over DNA target strand.  

Serum stability studies of the POCs were performed on a few 

selected POCs to evaluate their potential for in vivo applications. 

The best LNA/DNA (ON2)-POCs and representative LNA-free 

(ON1) POCs were 5'-end labeled with 32P and incubated in 90% 

human serum (HS) for 24 h. The oligonucleotides ON2 and ON1 

were used as references. Samples were withdrawn at various time 

points and analyzed on 13% denaturing polyacrylamide gels (7 M 

urea, 1x TBE). The degradation was visualized by autoradiography. 

Notably, ON2 was degraded within 1 h in HS. However, the partial 

products of degradation showed stability for more than 8 h. The 

POCs of ON2 demonstrated significant resistance to degradation 

after 24 h in 90% HS. Furthermore, while ON1 was degraded in 20 

min, the POCs of ON1 showed stability for 8 h; see Fig. 5 (SI, Fig. 

S8). In agreement with previous work, sequential incorporation of 

three LNA monomers in the oligonucleotide sequence improved 

the serum stability of the oligonucleotide.13-14 These results are 

comparable with a previously reported study on the 24 h serum 

stability of Tat peptide-oligonucleotides with phosphorothioate 

backbone conjugates.12 Moreover, the POCs of DNA/LNA 

oligonucleotides showed significantly higher resistance to 

degradation in HS compared with the POCs of LNA-free 

oligonucleotides. However, the POCs of the LNA-free 

oligonucleotides showed significant stability compared with 

unlabeled oligonucleotides. This implies that the peptides attached 

to the oligonucleotide has a significant positive impact on serum 

stability. Finally, the combination of an internally incorporated 

LNA monomer into the oligonucleotide sequence and the 

attachment of two peptide residues had an additive effect on 

improving the stability of oligonucleotides in HS.14 

As a final aspect, the stability of ON1 and two representative 

POCs duplexes with a DNA complementary strand was 

investigated in 90% HS. Higher stability of ds vs ss 

oligonucleotides is already being utilized in RNAi41-42. We 

hypothesized that similar effects can benefit the stability of 

antisense oligonucleotides and potentially can be used in delivery. 

The duplexes were 5'-labeled with 32P and incubated in HS for 160 

h. Samples were withdrawn at various time points and analyzed as 
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described above; see Fig. 5 (SI, Fig. S9). As evident from SI, Fig. 

S9, the duplexes showed stability in 90% HS for up to 160 h. These 

results are superior to previously reported results regarding the 

stability of duplexes of modified oligonucleotides in complex 

biological media.43-44 

Notably, the duplex of unmodified DNA showed high stability 

in 90% HS as well (160 h). Nevertheless, the peptide-conjugated 

antisense strands have an advantage of improved target recognition 

and therefore have higher potential as therapeutics.1,11b 

In conclusion, we rationally designed diverse POCs and 

investigated how the peptide sequence influences the stability of 

the oligonucleotide. While all POCs bound the target more strongly 

and more selectively compared to the unconjugated oligonucleotide 

and the unmodified DNA reference, some of them showed greater 

stabilization than others. 

The most important finding of this work is that the amino acid 

composition of covalently linked POCs has an effect on the target 

recognition. Lysine residues are known to improve binding of 

POCs to target DNA and RNA. Based on our data and statistical 

analyses the number of lysines affects binding to DNA and RNA 

mismatched targets, whereas the distance to lysine correlates 

exclusively with the decrease in Tm for RNA mismatch compared 

to complementary RNA binding. In addition, we observe that other 

amino acids in the POC (glycine, tyrosine) affect the Tm and 

mismatch discrimination as well. In particular, Tm values with 

match and mismatch DNA and the decrease in Tm for RNA 

recognition are affected. 

The POCs were stable in 90% human serum for up to 24 h. The 

duplexes of the POCs with complementary DNA were stable for up 

to 160 h. The best POC candidates described herein have 

considerable potential for selective and efficient binding to the 

BRAF V600E oncogene in vivo. Consequently, the DNA based 

POCs can be used in further studies to investigate the cellular 

uptake and the delivery in vivo. 

        

Figure 5. Gel electrophoresis of the 5'-32P labeled oligonucleotides, POCs and their duplexes after incubation in 90% human serum. 

Supporting Information 

Experimental details, design, synthesis and analyses of the 

oligonucleotides and the POCs, CD and Tm experiments and results, 

HS experiments, gel electrophoresis details and statistical analyses 

details are included in the supporting information. 
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I. General Experimental Details 
 

All reagents and solvents were used as received. 2'-O-propargyl-3'-CEP uridine was supplied from Jena Bioscience. TBTA for 

click chemistry was obtained from Lumiprobe LLC. Stock solutions for click chemistry were prepared as described.1 Click 

reactions were performed in 1 mL reactor glass tubes under argon stirring in Emrys Creator (Personal Chemistry). Human 

serum and Hank's buffered salt solution were purchased from Sigma-Aldrich. 

Unmodified reference DNA/RNA strands were obtained from Integrated DNA Technologies and used without further 

purification. The oligonucleotides (ON1,ON2 and ON3) were synthesized on an automated DNA synthesizer - PerSpective 

Bio-systems Expedite 8909. MALDI-TOF mass spectrometry was performed on a Ultraflex II TOF/TOF instrument, Bruker, 

using 3-hydroxypicolinic acid matrix (10 mg 3-hydroxypicolinic acid, 50mM ammonium citrate in 70% aqueous acetonitrile). 

IE HPLC was performed using a Merck Hitachi LaChrom instrument equipped with a Dionex DNAPac Pa-100 column 

(250mm x 4 mm). The Tm studies were performed on a DU800 UV/VIS spectrophotometer equipped with a Beckman Coulter 

Performance Temperature Controller. The CD spectra were recorded on a JASCO J-815 CD spectrometer equipped with CDF 

4265/15 temperature controller. 

Oligonucleotides ON1, ON2 and ON3 were synthesized on an automated DNA synthesizer PerSpective Bio-systems Expedite 

8909. Synthesis was carried out in the DMT-ON mode, in 0.2/1.0 μmol scale on a CPG support type using the standard protocol. 

For incorporation of LNA monomers and the phosphoramidite (2'-O-propargyl-3'-CEP uridine) a hand-coupling procedure 

was applied. For the hand coupling procedure, they were dissolved in acetonitrile and coupled for 18 min using tetrazole as an 

activator. The coupling efficiencies were followed measuring the absorbance of the dimethoxytrityl cation realized after each 

coupling. Cleavage of the oligonucleotides from the solid support was performed with ammonia solution (28-30%) at 55 oC, 

overnight. The oligonucleotides were subjected to detritylation with 80% acetic acid, 30 min, followed by addition of water, 

sodium acetate 3M and sodium perchlorate 5M and precipitation with cold acetone (-20 oC, 10 min), the procedure was finished 

with washing two times with acetone. Then the identity and purity of the oligonucleotides were verified by MALDI-TOF mass 

spectrometry and IE HPLC, respectively.  

All amino acids, HBTU, and HOBt were purchased from GL Biochem (Shanghai) Ltd. 6-azido hexanoic acid, Fmoc-Rink 

amide AM polystyrene resin, DIPEA, piperidine and TFA were purchased from Iris Biotech GmbH. TES and DODT were 

purchased from Sigma-Aldrich (Denmark) and TentaGel S RAM resins were purchased from Rapp Polymere. All chemicals 

were used as received and without further purification. Peptide synthesis was carried out using an automated peptide synthezier 

(Biotage SYRO II). Analytical HPLC was performed on a Dionex Ultimate 3000 system with Phenomenex  Germini C18 (3 

μm, 50 × 4.6 mm) and a linear gradient flow of (0.1% formic acid), column oven thermostated to 42 °C, connected to an ESI-

MS (MSO Plus Mass Spectrometer, Dionex). Purification of the peptide was performed on a preparative Dionex Ultimate 3000 

HPLC with a C18 column from FeF chemicals (Denmark) (5μm, 250 × 21.2 mm, 300Å) or Phenomenex Gemini Axia (5μm, 

100 × 21.2 mm, 110Å). Unless otherwise stated (0.1 % TFA) was used as eluent with a flow of 15 ml/min. High-resolution 

mass spectrometry (HR-MS) was performed on a SolariX XR instrument from Bruker by direct injection with ionization in 

positive electrospray mode. 

The peptides were synthesized using Tentagel S RAM (400 mg; 0.1 mmol; loading 0.25 mmol/g) resins as solid support that 

initially was swelled in CH2Cl2. Coupling of the amino acids (5.2 eq) and 6-azidohexanoic acid (2 eq) were utilized via standard 
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Fmoc solid phase peptide synthesis using HBTU (5 eq), HOAt (5.2 eq) and DIPEA (9.4 eq) as coupling reagents. Coupling 

time used was 2 × 1.5 h with a washing step (NMP) in between. After the coupling step the resins were washed (2 × NMP, 1 

× DCM, 3 × NMP). Fmoc deprotection was carried out using 40% piperidine in DMF for 3 min followed by 20% piperidine 

in DMF for 2 × 15 min with a washing step (NMP) in between. Subsequently, the resins were washed (3 × NMP, 1 × DCM, 3 

× NMP). The peptides were cleaved/deprotected by adding 95:2.5:2.5 TFA:TES:H2O for 2 hours. After removing TFA under 

nitrogen flow, the peptides were precipitated with cold diethylether giving a white powder. The crude product was purified by 

preparative RP-HPLC (gradient 5-65% over 25 min) and then analyzed by ESI mass spectrometry. 

MS results for the peptides, calc./found: PEP1, 832.5/832.3; PEP2, 818.4/818.5; PEP3, 832.5/832.4; PEP4, 818.4/818.5; PEP5, 

903.5/903.4; PEP6, 889.5/889.6; PEP7, 889.5/889.4; PEP8, 946.5/946.4; PEP9, 761.4/761.4; PEP10, 761.4/761.4. 

CuAAC "click" reactions were performed for oligonucleotides ON1-ON3, each labeled with two alkyne groups (2'-O-

propargyl-3'-CEP uridine), with the peptides PEP1-PEP10 that have azide group attached to the N-terminus. Concentrations 

of the oligonucleotides were calculated measuring the absorbance at 260 nm and using that nmol/OD260 is 4.7; 4.7; and 4.6 for 

ON1, ON2 and ON3 respectively. Corresponding starting oligonucleotide (20 nmol in MQ water) was mixed with 

triethylammonium acetate buffer (20 μL, 1 M in MQ water), amminoguanidine hydrochloride (4μL, 50 mM in MQ water), 

DMSO, peptide (120 nM, 12x concentration of the oligonucleotide, in DMSO), MQ water, Cu (II) TBTA (10 mM in MQ 

water:DMSO = 1:1) and ascorbic acid solution (50 mM in MQ water) in final volume of 200 μL, with 50% DMSO and 50% 

MQ water. The reaction mixture was deaerated using argon, transferred to microwave glass tube (0.2 - 0.5 mL), closed tightly, 

vortexed and put in a microwave reactor for 15 min, 60 oC. Next, the reaction mixture was stored at room temperature and dark 

place overnight. Afterwards, the reaction was filtrated using Illustra NAP-5 columns. The filtration, DNA purification by the 

process of gel filtration (Illustra NAP-5 column) was proceed using the protocol from the manufacturer (GE Healthcare). The 

resulting solution was dried under N2 flow without heat and dissolved in MQ water. Absorbance was measured at 260nm to 

find out the concentration of the POCs. All the products were analyzed by MALDI-TOF mass spectrometry and IE HPLC. 

Hybridization studies were performed for POC1-POC30, ON1-ON3 and the two commercially obtained reference DNA 

sequences, D1 and D2. The mixed sequences were annealed with DNA and RNA matching and mismatching strands. 

Complementary strands (1 μM of each strand), in a medium salt phosphate buffer (8 mM Na2HPO4, 2 mM NaH2PO4, 100 mM 

NaCl, 0.1 mM EDTA, pH 7.0) were mixed, denatured 10 min at 95 oC and subsequently cooled to 15 oC, the temperature on 

which the experiment was started. Thermal denaturation temperatures (Tm values, oC), were determined for all samples using 

the thermal denaturation curve (A260 vs. temperature). Reported Tm values present the maximum of the first derivative of the 

curve and are an average of the two measurements. 

The CD studies were performed for POC12, POC13, ON2 and D1. The samples were annealed with DNA and RNA matching 

and mismatching strands. Complementary strands (0.2 μM of each strand), in a medium salt phosphate buffer (8 mM Na2HPO4, 

2 mM NaH2PO4, 100 mM NaCl, 0.1 mM EDTA, pH 7.0) were mixed, denatured 10 min at 95 oC and subsequently cooled to 

15 oC, the temperature on which the experiment was started. For the measurements were used quartz optical cells with a patch-

length of 0.5 cm. 

The serum stability assay was made for the oligonucleotides ON2, ON1, and the POCs POC12, POC13, POC14, POC15, 

POC18, POC3 and POC8. Oligonucleotides and POCs were 32P labeled at the 5'-end by the following standard procedure: 
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1μL oligonucleotide/POC in concentration 3 pmol/μL, 1 μL Kinase buffer 10x, 3 μL ATP Gamma 32P, 5μL water and 0.2 μL 

PNK enzyme in a PCR tube in a total volume of 10 μL.  The samples were incubated in a Eppendrof Mastercycler personal of 

1:30 h at 37 oC followed by 15 min at 75 oC, and then stored at -20 oC. Kinase buffer 10x was 10 M Tris HCl, pH 8.0, 10 mM 

MgCl2  and 70 mM DTT. The labeled ON1, POC3 and POC8 were annealed with the complementary DNA strand, DT1 in 

Hank's buffered salt solution in total concentration of 0.1115 pmol. 0.1115 pmol radioactive oligonucleotide mixed with 4.485 

pmol unlabeled oligonucleotide were added to human serum (18.4 μL, 90%, in HBSS buffer, pH = 7.4) in a PCR tube in a total 

volume of 23 μL. 1.6 μL, 50 mM EDTA added. The samples were incubated in an Eppendorf Mastercycler personal at 37 oC. 

Aliquots (2 μL in 1 μL loading dye) were withdrawn at time points: 0 min, 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h 

(plus 48 h, 72 h, 96 h, and 160 h for the duplexes). The samples were then resolved on 13% standard denaturing polyacrylamide 

gels (7 M urea, 1x TBE) with TBE as running buffer. The gels were run for 1 hr at 13 W and dried under vacuum (1 h, 80 oC), 

exposed overnight and visualized by autoradiography on a Typhoon Trio Variable Mode Imager (Amersham Biosciences). 

II. Oligonucleotides used in this study 
 

Table S1. The design of oligonucleotides used in this study  

Name  Sequence 

ON1 5'-CGA GAX TTC TCT GTA GCX AGA-3' 

 

ON2 5'-CGA GAX TTCLTLCLT GTA GCX AGA-3' 

 

ON3 5'-CGA GAX TTC LALCLT GTA GCX AGA -3' 

 

D1 5'CGA GAT TTC TCT GTA GCT AGA -3' 

D2 5'CGA GAT TTC ACT GTA GCT AGA-3' 

 

DT1 

 

5'-TCT AGC TAC AGA GAA ATC TCG-3' 

 RT1 5'-UCU AGC UAC A GA GAA AUC UCG -3' 

 DT2 5'-TCT AGC TAC AGT GAA ATC TCG-3' 

 RT2 5'-UCU AGC UAC AGU GAA AUC UCG -3' 

 *X is 2'-O-propargyl-3'-CEP uridine (CEP phosphoramidite); CL, TL, and AL  are C-LNA, T-LNA and A-LNA monomers 

respectively. 
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Chart S1. 2'-O-Propargyl-3'-CEP uridine (CEP phosphoramidite, x) 

 

 

III. Analysis of oligonucleotides ON1-ON3 and representative POCs 
 

Table S2. IE HPLC retention times and MALDI-MS of the oligonucleotides 

# IE HPLC 

Ret. time, min 

MALDI-MS 

Found m/z [M-H]- 

 

Calc. m/z [M-H]- 

ON1 17.28 6511 6514 

ON2 16.82 6629 6626 

ON3 16.98 6630  6635 

 

 

Table S3. IE HPLC retention times and MALDI-MS of the representative POCs 

# IE HPLC 

Ret. time, min 

MALDI-MS 

Found m/z [M-H]- 

 

Calc. m/z [M-H]- 

POC3 16.89 8178 8177 

POC8 15.85 8407 8406 

POC14 16.26 8262 8261 

POC15 15.62 8435 8431 

POC24 16.61 8273 8270 

POC25 15.39 8444 8440 

IV. IE HPLC retention times and MALDI-MS of the POCs 
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Figure S1. Representative IC HPLC spectra of ON2 and the POCs  

 ON2 

 

POC14 

 

POC15 
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Figure S2. Representative MALDI-MS spectrum of ON2 and the POCs  

ON2 

 

POC14 

 

POC15 
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V. Representative CD curves 
 

Figure S3. Representative CD spectra of the duplexes of D1, ON2 and POC13 with complementary DNA/RNA match and 

mismatch sequence 
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VI. Representative Tm curves, Tm results  
 

Figure S4. Representative Tm curves 
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Table S4. Thermal denaturation temperatures (Tm) of the duplexes to DNA/RNA matching and mismatching strands in a 

medium salt phosphate buffer. 

                                  DNA/RNA match                                       DNA/RNA mismatch 

Sample DT1 RT1 DT2 RT2 

D1 58.6 58.2 52.9 50.3 

     

ON1 56.65  59.5  39.8 52.6 

ON2 61.20 70.1 51.1  58.5  

     

POC1 53.8 59.7  50.0 51.4 

POC2 52.8 55.7 50.1 47.6 

POC3 52.5 55.7 45.7 47.1 

POC4 52.2 55.3 45.9 47.1 

POC5 54.3 56.1 47.3 47.6 

POC6 54.0 59.1  47.3 51.3 

POC7 53.5 55.7 47.1 47.8 

POC8 54.5 56.6 47.7 48.4 

POC9 51.4 55.5 44.9 46.7 

POC10 51.8 59.6  45.4 47.3 

     

POC11 57.4 66.0 47.8 53.7 

POC12 60.5 70.5 52.0 53.8 

POC13 61.0 70.1 51.6 53.3 

POC14 57.0 70.3 50.6 58.5 

POC15 59.1 71.3 53.4 58.5 

POC16 58.5 66.9 49.1 58.3 

POC17 58.7 70.8 52.6 58.5 

POC18 60.2 68.6 50.7 59.3 

POC19 60.3 65.6 46.2 53.2 

POC20 55.8 66.0 46.6 53.9 

                                 

                                  DNA/RNA match                                       DNA/RNA mismatch 

 DT2 RT2 DT1 RT1 

D2 60.0 57.6 53.1 51.6 

     

ON3 58.4  65.9 47.2  56.0 

     

POC21 58.9 63.6 47.4 55.2 

POC22 58.6 63.9 47.1 55.1 

POC23 58.1 63.9 46.8 55.3 
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POC24 58.4 63.7 46.7 54.9 

POC25 60.9 64.1 49.1 56.2 

POC26 58.9 64.1 48.4 56.1 

POC27 59.6 64.5 48.4 56.2 

POC28 61.1 65.7 49.6 57.4 

POC29 61.3 68.8 45.6 59.4 

POC30 57.2 61.3 46.6 54.6 

 

 

Figure S5. Presentation of Tm values of the POCs when bound to DNA and RNA matching strand 

 

 

 

 

 

 

* For the abbreviations see Table S1 and Table 1
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Figure S6. Presentation of Tm values of the reference oligonucleotides and POCs when bound to DNA and RNA matching 

strand 
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Chart S2. Mismatch discrimination (delta Tm values) displayed by the POCs* 

ON1 

 

ON2 

 

ON3 

 

* DNA Tm delta (blue color) is the difference between Tm values when the POC is bound to DNA mm and DNA ms. RNA Tm 

delta (red color) is the difference between the Tm values when POC is bound to RNA mm and RNA ms. Tm delta is used to 

show the sensitivity of the POCs towards single nucleotide mismatch.1 
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Figure S7. Tm curves for competitive UV melting experiments 

 

 

 

 

*Absorbance values for the melting curves have been normalized. 
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VII. Gel electrophoresis of 5'-32P-labeled oligonucleotides and POCs incubated in 90% HS 
Figure S8. Gel electrophoresis of 5'-32P- labeled oligonucleotides and POCs incubated in HS 

a)  ON2                                                                                      b)  POC12 

     Time, min                   h                                                         Time, min                   h 

    ---------------------------------------------------------                    -------------------------------------------------------- 

      0      10    20     30     1       2      4        8     24                         0        10     20   30       1      2      4        8     24                

 

c) ON1                                                                                           d) POC8    

     Time, min                   h                                                         Time, h                   min 

    ---------------------------------------------------------                    -------------------------------------------------------- 

      0      10    20     30     1       2      4        8     24                      24      8      4       2      1      30      20      10    0      
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Figure S9. Gel electrophoresis of 5'-32P- labeled duplexes of ON1 and POCs with a complementary DNA strand incubated in 

HS 

a)  ON1: DNA                                                                                b)  POC8:DNA 

     Time, h                             min                                                 Time, h                              min 

    ---------------------------------------------------------                    -------------------------------------------------------- 

     24     8       4      2      1     30     20    10     0                              24     8      4     2     1      30   20    10     0     

          

c) ON1:DNA                                                                               d) POC8:DNA    

     Time, h                                                                                   Time, h                              

    ---------------------------------------------------------                    -------------------------------------------------------- 

        24           48            72            96          160                        24           48          72          96           160    
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VIII. Statistical analyses  
 

All statistical analyses were performed in R software. One-way ANOVA was used to compare the means of the twelve groups 

from one variable, Tm. The test statistic used for ANOVA was the F-statistic and it was calculated by taking the mean square 

for the variable divided by the mean square of the error. The F-statistic can be positive or zero. The P-value is the probability 

of being greater than the F-statistic or simply the area to the right of the F-statistic. This P-value was used to test the null 

hypothesis that all the group population means are equal versus the alternative that at least one is not equal. The two tailed t-

test with unequal variances was run to compare the Tm values of the three oligonucleotides within all groups with the Tm values 

of each peptide separately within all groups. The t-test was performed in Excel and the R- and the p-values were calculated 

using the Data analysis tool. 

Linear regression analysis2 was run for the following variables: number of lysine residues (0-3), number of amino acids between 

the oligonucleotide and lysine (0-7), number of glycine and tyrosine residues (0-4 and 0-1), and number of nucleic acids 

between the oligonucleotide and tyrosine (0-7). Resulting data is presented in Tables S8-S12. 

P values below 0.1 were considered significant at 90% confidence level. Confidence intervals (CIs) for estimated parameters 

were calculated using the corresponding probability distributions as described.3 

 

Table S5. ANOVA results 

Source of Variation SS Df MS F P-value F crit 

Between Groups 4997.184 11 454.2895 131.6540757 2.94455-57 1.878388 

Within Groups 372.668 108 3.45063    

 

Total 

 

5369.852 

 

119 

    

 

 

Table S6. t-test and linear refression results 

Peptide PEP1 PEP2 PEP3 PEP4 PEP5 PEP6 PEP7 PEP8 PEP9 PEP10 

p-value 0.732 0.803 0.679 0.668 0.979 0.889 0.924 0.938 0.656 0.402 

R2 0.885 0.865 0.922 0.923 0.912 0.955 0.919 0.923 0.876 0.922 
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Table S7. Descriptive statistics result for the Tm data of POC complexes.* 

 

*mmDNA/mmRNA = duplexes made with complementary match DNA/RNA strand; msDNA/msRNA = duplexes made with complementary 

mismatch DNA/RNA strand; MEDIAN ref is a median Tm value for unmodified DNA strand; MEDIAN POC is a median Tm value for all 

POCs. 

 

Table S8. Results from a linear regression of Tm values on the number of lysine residues 

 

 

 

 

 

 

Table S9. Results from a linear regression of Tm values on the distance to first lysine residue 

 

  

 Tm Values 

 mmDNA mmRNA msDNA msRNA ∆ DNA ∆ RNA 

MEDIAN ref 58,6 59,5 51,1 52,6 7,5 6,9 

MEDIAN POC 58,4 63,9 47,7 53,9 10,7 10 

Variable: number of lysine residues 

 Tm Values 

 mmDNA mmRNA msDNA  msRNA Delta DNA Delta RNA 

F 0,16 0,21 2,77 0,97 1,13 0,38 

Df 34 34 34 34 34 34 

P-value 0,69 0,65 0,08 0,12 0,29 0,54 

CI lower 90% -0,7154 -1,16459 -0,01396 -0,51334 -1,5538 -1,05309 

CI upper 90% 1,163137 2,035056 1,659436 1,94486 0,356064 0,492039 

CI 90% 1,878538 3,199641 1,673401 2,458198 1,909864 1,545129 

Variable: distance to first lysine residue 

 Tm Value 

 mmDNA mmRNA msDNA  msRNA Delta DNA Delta RNA 

F 0,60 0,01 0,03 0,19 0,03 0,93 

Df 34 34 34 34 34 34 

P-value 0,442904 0,905014 0,867418 0,664252 0,874888 0,342794 

CI lower 90% -0,60228 -0,65948 -0,34694 -0,69251 -0,37444 -0,14621 

CI upper 90% 0,223378 0,760367 0,423534 0,407763 0,451926 0,531849 

CI 90% 0,825657 1,419847 0,770472 1,100278 0,826369 0,67806 
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Table S10. Results from a linear regression of Tm values on the number of glycine residues. 

 

 

Table S11. Results from a linear regression of Tm values on the presence of tyrosine residues. 

 

Table S12. Results from a linear regression of Tm values on the number of amino acids to tyrosine 

 

 

Variable: number of glycines 

 Tm Value 

 mmDNA mmRNA  msDNA  msRNA Delta DNA Delta RNA 

F 2,63 0,06 1,25 0,26 0,28 1,79 

Df 34 34 34 34 34 34 

P-value 0,114217 0,814656 0,27134 0,612982 0,598845 0,189692 

CI lower 90% -1,29805 -1,00904 -1,03871 -1,18259 -0,92917 -0,11552 

CI upper 90% 0,027363 1,336561 0,211966 0,634333 0,485227 0,991295 

CI 90% 1,325415 2,345602 1,250676 1,816923 1,414398 1,106815 

Variable: presence of tyrosine 

 Tm Value 

 mmDNA  mmRNA  msDNA  msRNA Delta DNA Delta RNA 

F 1,65 0,16 0,16 0,03 0,75 1,26 

Df 34 34 34 34 34 34 

P-value 0,207608 0,690774 0,688519 0,864627 0,393837 0,26933 

CI lower 90% -4,38614 -3,31354 -2,92073 -3,725 -3,93521 -0,69535 

CI upper 90% 0,599473 5,373536 1,794068 3,038333 1,275209 3,442013 

CI 90% 4,985612 8,687072 4,714802 6,763332 5,210418 4,137359 

Variable: number of amino acids to tyrosine 

 Tm value 

 mmDNA  mmRNA msDNA msRNA Delta DNA Delta RNA 

F 2,08 0,08 1,90 0,48 0,02 0,26 

Df 34 34 34 34 34 34 

P-value 0,158518 0,7759 0,177756 0,49302 0,877322 0,610294 

CI lower 90% -0,81957 -0,90825 -0,74431 -0,84547 -0,5135 -0,26092 

CI upper 90% 0,065254 0,644857 0,076451 0,354103 0,427046 0,488893 

CI 90% 0,884824 1,553106 0,820759 1,199575 0,940551 0,74981 
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Table S13. Input data for boxplot shown in Figure 3. 

Tm 
mmDNA 

Tm 
mmDNA 

Tm 
msDNA 

Tm 
msDNA 

DNA Tm 
delta 

DNA 
Tm 
delta 

Tm 
mmRNA 

Tm 
mmRNA 

Tm 
msRNA 

Tm 
msRNA 

RNA 
Tm 
delta 

RNA Tm 
delta 

58,6 53,8 52,9 50 5,7 3,8 58,2 59,7 50,3 51,4 7,9 8,3 

56,65 52,8 39,8 50,1 16,85 2,7 59,5 55,7 52,6 47,6 6,9 8,1 

61,2 52,5 51,1 45,7 10,1 6,8 70,1 55,7 58,5 47,1 11,6 8,6 

60 52,2 53,1 45,9 6,9 6,3 57,6 55,3 51,6 47,1 6 8,2 

58,4 54,3 47,2 47,3 11,2 7 65,9 56,1 56 47,6 9,9 8,5 

 54  47,3  6,7  59,1  51,3  7,8 

 53,5  47,1  6,4  55,7  47,8  7,9 

 54,5  47,7  6,8  56,6  48,4  8,2 

 51,4  44,9  6,5  55,5  46,7  8,8 

 51,8  45,4  6,4  59,6  47,3  12,3 

 57,4  47,8  9,6  66  53,7  12,3 

 60,5  52  8,5  70,5  53,8  16,7 

 61  51,6  9,4  70,1  53,3  16,8 

 57  50,6  6,4  70,3  58,5  11,8 

 59,1  53,4  5,7  71,3  58,5  12,8 

 58,5  49,1  9,4  66,9  58,3  8,6 

 58,7  52,6  6,1  70,8  58,5  12,3 

 60,2  50,7  9,5  68,6  59,3  9,3 

 60,3  46,2  14,1  65,6  53,2  12,4 

 55,8  46,6  9,2  66  53,9  12,1 

 58,9  47,4  11,5  63,6  55,2  8,4 

 58,6  47,1  11,5  63,9  55,1  8,8 

 58,1  46,8  11,3  63,9  55,3  8,6 

 58,4  46,7  11,7  63,7  54,9  8,8 

 60,9  49,1  11,8  64,1  56,2  7,9 

 58,9  48,4  10,5  64,1  56,1  8 

 59,6  48,4  11,2  64,5  56,2  8,3 

 61,1  49,6  11,5  65,7  57,4  8,3 

 61,3  45,6  15,7  68,8  59,4  9,4 

 57,2  46,6  10,6  61,3  54,6  6,7 
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Synthetic oligonucleotides, their complexes and conjugates with other biomolecules represent valuable research tools and therapeutic agents. 

In spite of growing applications in basic research and clinical science, only few studies have addressed the issue of such compounds’ stability 

in biological media. Herein, we studied the stability of two therapeutically relevant oligonucleotide probes in simulated biofluids; the 21 

nucleotide long DNA/LNA oligonucleotide ON targeted towards cancer associated BRAF V600E mutation, and a longer DNA analogue 

(TTC) originating from BRAF gene. We found that stability of peptide-oligonucleotide conjugates (POCs) in human serum was superior 

compared to the naked or complexed 21mer oligonucleotide, whereas stability of POCs in simulated gastric juice was dependent on the 

peptide sequence. Addition of pepstatin A in general increased the stability of oligonucleotides after 24 h digestion in human serum and 

simulated gastric juice. Similarly, complexation with optimal amounts of histone proteins was found to rescue oligonucleotide stability after 

24 h digestion in hydrochloric acid. 

Keywords: stability, oligonucleotide, biofluids, peptide, gene therapy 

 

Introduction 

 

Antisense oligonucleotides (ASOs) comprise short synthetic 

DNA oligonucleotides (~15–25 nucleotides long) designed to 

hybridize to a unique RNA target. Upon target recognition, ASOs 

modulate gene expression by different mechanisms, such as RNase 

H-induced silencing or steric blocking of the mRNA, in a sequence-

dependent manner [1–3]. Various modifications have been 

introduced into ASOs to improve their pharmacokinetics and 

biodistribution profiles, some of which include incorporation of 

backbone phosphorothioates, modification of the ribose sugar at the 

2’ position, i.e. installation of fluorine (2'-F) or methoxy (2'-OMe) 

groups, and replacement of natural ribose-based scaffold by a 

locked nucleic acid (LNA) [4-6]. Overall, it is recognized that 

chemical modification help to improve stability, bioavailability and 

target binding, including single nucleotide polymorphism 

discrimination by ASOs [5–7]. Formulation strategies that enable 

the protection of oligonucleotides from degradation by enzymes 

and improve cellular delivery are highly warranted for development 

of next generation therapeutic oligonucleotides. In literature, 

various approaches have been proposed to enhance in vitro and in 

vivo stability and to improve targeted delivery, such as conjugation 

of oligonucleotides to different biomolecules [8–10]. Therapeutic 

oligonucleotides have previously been covalently and non-

covalently conjugated to lipids, proteins, and carbohydrates [8]. 

One example reported by Prakash et al. describes ASOs conjugated 

to tri-antennary N-acetylgalactosamine (GalNAc), which were 

efficiently internalized into hepatocytes by the use of the 

hepatocyte-specific asialoglycoprotein receptor. Upon cellular 

uptake, ASO-GalNAc conjugates were able to modulate gene 

expression and prolong the duration of action compared to 

unconjugated ASOs [11].  

Using a small library of POCs, we recently reported on a 

structure−property relationship demonstrating how peptide 

sequences and individual LNA incorporations affect target binding 

ability and stability in human serum [12]. The ability of POCs to 

bind target strands was found to be dependent on peptide sequence 

and on the positioning of LNA within the oligonucleotide sequence. 

Moreover, POCs showed high stability in 90% human serum after 

24 h incubation, an effect that was ascribed to the presence of 

peptide (independent of the sequence) and not LNA [12].  

To further promote synthetic oligonucleotides as drugs, oral 

delivery is highly desired and is already explored for several ASOs 

[13]. However, only a few studies have systematically  
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addressed oligonucleotide stability in acidic biofluids [14,15]. 

Oligonucleotides are generally not considered to be chemically 

stable under the harsh conditions of the gastrointestinal tract, 

wherefore oral administration of oligonucleotide therapeutics 

typically is not considered a viable route of administration [15,16]. 

A small number of reports on dietary oligonucleotides, i.e. nucleic 

acids ingested from foods, is raising awareness [15]. It has been 

shown that orally ingested nucleic acids have important effects on 

vital processes in mammalian animals, such as growth 

performance, immune responses and antibacterial resistance 

[17,18]. Moreover, the notion that histones and other proteins are 

separated from the dietary nucleic acids only in the stomach, and 

that actual digestion of oligonucleotides into mononucleotides 

happens further on in the intestinal tract was recently challenged 

[17,19]. Efficient digestion of dietary nucleic acids by pepsin in 

gastric juice mixtures and in the stomach of two types of fish, i.e. 

Channa argus and Epinephelus awoara, was recently reported 

[15,21]. Even though enzymes of the bovine stomach showed no 

detectable digestion of nucleic acids, it was concluded that 

oligonucleotide breakdown in the stomach may further accelerate 

digestion in the intestine and that this effect may be dependent on 

the exact genotype [20].  

A small number of oligonucleotide-based therapeutics already 

exists on the marked, and others are under development [21]. 

However, more formulation tools enabling effective and safe 

administration of oligonucleotide-based therapeutics are highly 

warranted [22]. Rather than focusing on targeted delivery of 

oligonucleotides, this study aimed at investigating how different 

formulation approaches in general affected the stability of two 

therapeutically relevant oligonucleotides in simulated biofluids. 

Two oligonucleotides, one short (ON) that targets cancer associated 

BRAF V600E mutation, and one long (TTC) representing a BRAF 

genomic fragment previously identified in various cancer forms 

most predominantly in malignant melanomas (66%), were included 

[23].  

Materials and Methods 

 

Chemicals 

 

2'-O-propargyl-3'-CEP uridine was purchased from Jena 

Bioscience. TBTA (Tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine) was obtained from Lumiprobe LLC. Human 

serum (HS, Immunovision, cat. no. HNP 0000, USA), Hank's 

balanced salt solution, pepsin from porcine gastric (EC number 

3.4.23.1), α-amylase from porcine pancreas (EC number 3.2.1.1), 

mucin from porcine stomach (EC number, 282-010-7), pepstatin A 

– microbial, ≥ 90% (HPLC), poly-L-lysine – mol wt > 30,000 and 

hydrochloric acid (HCl) (37%) were purchased from Sigma-

Aldrich. Histone proteins H4 and H2B, and T4 polynucleotide 

kinase (PNK) were obtained from New England BioLabs. ATP-γ-
32P was purchased from Perkin Elmer. Peptides PEP3 and PEP8 

were obtained as described previously [12]. Commercially 

available TTC oligonucleotide was purchased from Integrated 

DNA Technologies. All reagents were used without further 

purification. 

 

Oligonucleotide synthesis 

 

The 21mer oligonucleotide ON (Fig. 1A) was synthesized on an 

automated DNA synthesizer PerSpective Bio-systems Expedite 

8909 using a standard protocol in a DMT-ON mode (1.0 μmol 

scale, CPG support). LNA monomers and monomer X (2'-O-

propargyl-3'-CEP uridine, Fig. 1B) were incorporated using hand-

coupling procedure [12]. Coupling efficiencies were monitored by 

measuring the absorbance of the dimethoxytrityl cation obtained 

after each coupling step. Cleavage from the CPG solid support was 

performed with 30% aqueous ammonia at 55 °C overnight. The 

identity of ON was confirmed by MALDI-TOF using Ultraflex II 

TOF/TOF instrument from Bruker and 3-hydroxypicolinic acid 

matrix (10 mg/mL 3-hydroxypicolinic acid, 50mM ammonium 

citrate in 70% aqueous acetonitrile). Purity was assessed by IE 

HPLC using a Merck Hitachi LaChrom instrument equipped with 

a Dionex DNAPac Pa-100 column (250 mm x 4 mm).  

 

Covalent conjugation 

 

POC13 and POC18 (Fig. 1C) were synthesized by CuAAC 

"click" reaction between internal double alkyne-functionalized ON 

and N-terminal azide-functionalized PEP3 and PEP8 

(Supplementary, Table S1). In 200 μL total reaction volume of 

DMSO:water (1:1), 20 nmol oligonucleotide ON was mixed with 

120 nmol peptide (PEP3/PEP8), 4 μL (50 mM) aminoguanidine 

hydrochloride, 10 μL (10 mM) Cu(II)-TBTA and 4 μL (50 mM) 

ascorbic acid. The reaction mixture was degassed, placed in a 

microwave reactor for 15 min at 60 °C, and stored at room 

temperature overnight. Next, POC products were purified on an 

Illustra NAP-5 column (GE Healthcare) using the protocol from the 

manufacturer. Product conjugates were analyzed by MALDI-TOF 

mass spectrometry and IE HPLC (FIG. S1 and FIG. S2, Fig. 1E). 

 

Non-covalent complexation 

 

ON-poly-L-lysine (PL) complexes were prepared by mixing 4 

pmol ON with 8 pmol PL in a total volume of 15 μL in water at 

room temperature for 15 min. TTC-histone protein H2B complexes 

(TTC-H2B, 1:2 and 1:4) were prepared by mixing 4.5 pmol TTC 

with 9 pmol/18 pmol H2B in a total volume of 14 μL/15 μL water 

at room temperature for 15 min (Supplementary, Table S1). Same 

protocol was adapted to prepare TTC-H4 (1:2 and 1:4). 
 

32P labeling 

 

Oligonucleotides, POCs and peptide-oligonucleotide complexes 

were 32P-labeled at the 5'-end using the following procedure: 1 μL 

oligonucleotide or POC at a concentration of 3 pmol/μL; 1 μL 10x 

kinase buffer; 3 μL, 10 mCi/mL ATP-γ-32P blue (502Z 1mCi, 6000 

Ci/mmol); 5μL water and 0.2 μL T4 PNK enzyme (10 U/mL) were 

mixed in a PCR tube (total volume of 10.2 μL). The samples were 

incubated for 1.5 h at 37 °C followed by 15 min at 75 °C, and then 

stored at -20 °C. 

 

Digestion in 90% human serum (HS) – General procedure 

Radioactive oligonucleotide or POC (0.11 pmol) and unlabeled 

oligonucleotide or POC (4.5 pmol) were added to 18.4 μL human 

serum (90%, in Hank’s Balanced Salt Solution (HBSS) buffer, pH 

= 7.4) in a PCR tube to give a total volume of 23 μL. Then, 1.6 μL 

50 mM EDTA was added and samples were incubated in an 

Eppendorf personal 
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FIG. 1. (A) Structures of 21mer oligonucleotide (ON) and POCs used in this study. LNA, locked nucleic acid; (B) X: 2-O Propargy l-2’-

deoxyuridine derivative; (C) PEP, peptide; (D) PL, poly-l-lysine; (E) POCs, peptide–oligonucleotide conjugates; POC13, POC where the 

peptide PEP3 is covalently conjugated to ON; POC18, POC where the peptide PEP8 is covalently conjugated to ON. 

  

Mastercycler at 37 °C. Aliquots (2 μL in 1 μL loading dye) were 

withdrawn at the following time points: 0 min, 10 min, 20 min, 30 

min, 1 h, 2 h, 4 h, 8 h, and 24 h. The samples were then resolved on 

13% denaturing polyacrylamide/bisacrylamide gels (30:1, 7 M 

urea, 1xTBE, 0,3 mm thick) with 1x TBE as a running buffer. The 

gels were run for 1 h at 13 W and dried under vacuum (1 h, 80 °C), 

exposed overnight and visualized by autoradiography on a 

Typhoon Trio Variable Mode Imager (Amersham Biosciences). 

ON, POC13, POC18, ON-PL, TTC, TTC-H2B, and TTC-H4 were 

digested in 90% human serum. 

Digestion in 90% human serum with inhibitor pepstatin A (HSi) 

The HSi mixture was prepared to contain 0.5 μg/μL pepstatin A 

(10% (v/v) acetic acid in methanol) followed by incubation for 30 

min at 37 °C. Samples (ON, ON-PL, POC13 and POC18) were 

digested as described in the General Procedure. 

Digestion in simulated gastric juice mixture (GJ) 

The simulated gastric juice mixture was prepared to contain 2 

mg/mL mucin, 4 mg/mL pepsin, 4 mg/mL α-amylase, and 50 mM 

HCl in 50 mM PBS buffer. The pH was adjusted to 3.5 at 37 °C. 

Samples (ON, ON-PL, POC13, and POC18) were digested as 

described in the General Procedure. 

Digestion in gastric juice with inhibitor pepstatin A (GJi) 

The mixture was prepared to contain 2.5 μg/μL pepstatin A (10% 

(v/v) acetic acid in methanol) followed by incubation for 30 min at 

37 °C. Samples (ON, ON-PL, POC13, and POC18) were digested 

as described in the General Procedure. 

Digestion in HCl 

Samples (ON, POC13, TTC, TTC-H2B, and TTC-H4) were 

digested in 0.5% or 1% HCl containing 0.05 mM KCl according to 

the General Procedure. 

Radioactive gels analysis 

Typhoon Trio scan data of radioactive gels were analyzed using 

GelEval (Version 1.37). For each gel, band intensities at different 

time points (It, for t = 10, 20, 30 min, and 1, 2, 4, 8 and 24 h) 

corresponding to remaining non-digested oligonucleotide starting 

material were normalized with respect to the initial band intensity 

(It=0) thereby providing the estimated remaining fraction of 

oligonucleotide (RFoligo) at the indicated time points (Equation 1). 

𝑅𝐹𝑜𝑙𝑖𝑔𝑜 =
𝐼𝑡

𝐼𝑡=0
    (1) 

Digestions exhibiting a clear trend towards exponential decay 

were assumed to follow first order kinetics and fitted to an 

exponential one-phase decay model (goodness of fit criterion of R2 

> 0.8), from which the rate constants (k) and half-lives (t1/2) were 

estimated (Equation 2).  
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𝑡1/2 =
ln2

𝑘
   (2) 

Digestions were performed in at least duplicates on two different 

days. Also, using GraphPad Prism (version 5.0c) software, all time 

points for digestion experiments were presented as the average 

mean of repeated experiments, and error bars represent the standard 

deviation (except for rate constants, which are presented as means 

± S.E.M.). 

Results 

NAT design 

 

In this study, we designed a 21mer DNA/LNA oligonucleotide 

(ON) that contains two internal alkyne functionalities and target the 

BRAF V600E mutation in vivo (Fig. 1A and Fig. 1E). Next, we 

synthesized POC13 and POC18 (Fig. 1C and Fig. 1E) composed 

of ON covalently conjugated to two peptides (POC13: 

ON+2xPEP3; POC18: ON+2xPEP8) each containing either one 

(PEP3) or three (PEP8) positively charged lysines. Moreover, ON 

was formulated as a non-covalent complex with PL (Fig. 1D), a 

cationic polymer able to facilitate delivery of oligonucleotides [24]. 

It has previously been reported that short peptides containing 

positively charged residues exhibit enzyme-protective properties, 

while also promoting intracellular delivery of the corresponding 

POC [12,25]. In addition, a longer 50 nt synthetic DNA analogue 

of the BRAF genomic fragment (TTC, Supplementary, Table S1) 

was complexed to histone proteins H2B or H4 (Supplementary, 

Table S1), which facilitate the packaging of DNA in eukaryotic 

cells [26,27]. In this study, we focused solely on the ability of said 

peptides, PL and histone proteins to modulate stability of 

oligonucleotides in simulated biofluids rather than on their 

potential as moieties for promoting intercellular delivery. 

Selected simulated biofluids 

Various administration routes for therapeutic oligonucleotides have 

been reported in literature, such as intravitreous administration of 

formvirsen for treatment of cytomegalovirus retinitis [28] and 

intramuscular administration of ASO PRO051 in patients with 

Duchenne’s muscular dystrophy [29]. It was also shown that ASO 

PRO051 successfully could be applied via subcutaneous 

administration [30]. Further, in vivo studies in mouse models have 

demonstrated that dynamin2 (Dnm2) ASO could be administered 

by intraperitoneal injections leading to DNM2 gene knockdown 

and the reversal of muscle pathology within 2 weeks [31]. 

In the present study, we investigated how different formulation 

strategies affected stability of oligonucleotides in simulated 

biofluids important to consider in the context of oral administration 

(simulated gastric juice and HCl assays), and systemic circulation 

(human serum assay). To study stability of oligonucleotide probes 

in different simulated biofluids, we resolved the 32P 5’-end labeled 

ON and POCs on denaturing polyacrylamide gels that were found to 

be sensitive and convenient for low (pM) concentration 

oligonucleotides and POCs. Oligonucleotides were labeled with the 
32P isotope at the 5’-termini, digested in biofluids for various time 

points (0 min - 24 h) and subsequently resolved on 13% denaturing 

polyacrylamide gels (FIG. S3-5). 

 

 

Oligonucleotide and peptide digestion in simulated biofluids 

 

First, 21mers ON, ON-PL, POC13 and POC18 were digested 

in human serum and mean remaining fraction of the 

oligonucleotide (RFoligo) were estimated after 2 h, 8 h, and 24 h 

incubation (FIG. 2A). While roughly 20% of naked 

oligonucleotide (ON) remained intact after 24 h digestion, the non-

degraded portions estimated for ON-PL, POC13 and  

 

A)                                                                                                          B)  

 

                           

FIG. 2. (A) Estimated remaining fraction of oligonucleotide after 2, 4, and 8 h digestion in HS. Data represent mean ± SD. (B) 

Oligonucleotide (ON) digestion in HS; ON levels estimated over the course of 24 h at different time points fitted to an exponential one-phase 

decay model. Representative gel displaying ON main bands is depicted below the graph. Data represent mean ± SD. HS, human serum. 
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POC18 were 10%, 70% and 55%, respectively. Notably, as 

observed in FIG. 2B ON exhibits fast degradation kinetics in 

human serum (t1/2 of 8.9 min and k of 4.6 ± 0.8 h-1) whereas ON-

PL, POC13 and POC18 showed higher degree stability with visible 

band intensities at 8 h time point (Supplementary, FIG. S3). Next, 

human serum was pretreated with pepstatin A (HSi) to potentially 

inhibit proteases such as endopeptidases. Remaining fractions of 

the probes ON and ON-PL after 24 h incubation were observed to 

further increase to roughly 100% and 50%, respectively, while 

pepstatin A did not markedly affect the stability of POC13 and 

POC18 (FIG. 2A). 

Digestion in simulated gastric juice revealed that around 80% of 

naked 21mer ON had degraded after 24 h incubation and that the 

complexation to PL extended RFoligo value by roughly two-fold 

(RFoligo of ~ 30%). Co-addition of pestatin A clearly impeded the 

degradation of oligonucleotide and its complex with PL (RFoligo of 

~ 60% and 70%, respectively), as observed in FIG. 3C. POC13 and 

POC18 were subjected to the same conditions (RFoligo as a function 

of time is depicted in FIG. 3A, FIG. 3B), and while POC13 

exhibited a marked increase in RFoligo (~ 45% at 24 h time point) 

when compared to ON and ON-PL complex, POC18 was almost 

fully degraded after 24 h incubation (RFoligo ~ 5%). In addition, this 

set of experiments was fitted to an exponential one-phase decay 

model in order to estimate first order rate constants (k, expressed as 

h-1) and half-lives (t1/2, expressed in min) of the differently 

formulated ON probes (FIG. 3D). Of the two POCs tested in 

simulated gastric juice assay, POC13 did exhibit the shortest half-

life (t1/2 of 11 min) while the rate of degradation was lower for 

POC18 (t1/2 of 31 min). Despite the shorter half-life of POC13, 

degradation of 

 

A)                                                                                                          B)  

                           
C)                                                                                                               D)  

 

   
 

FIG. 3. (A) POC13 digestion in simulated GJ; POC13 levels estimated over the course of 24 h at different time points and fitted to an 

exponential one-phase decay model. Representative gel displaying POC13 main bands is depicted below the graph. Data represent mean ± 

SD. (B) POC18 digestion in simulated GJ; POC18 levels estimated over the course of 24 h at different time points and fitted to an exponential 

one-phase decay model. Representative gel displaying POC18 main bands is depicted below the graph. Data represent mean ± SD. (C) 

RFoligo values of ON, ON–PL, POC13, and POC18 after 24 h incubation in simulated GJ. Data represent mean ± SD. (D) Kinetic profile of 

ON, ON–PL, POC13, and POC18 in simulated gastric juice. Best-fit values of k represent mean ± SEM. GJ, gastric juice.  
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POC13 reached a plateau after 2 h incubation time (RFoligo ~ 40%) 

after which further degradation was impeded, whereas degradation 

of POC18 in simulated gastric juice continued until nearly full 

consumption after 24 h. Similarly, comparing ON (t1/2 of 19 min) 

and ON-PL (t1/2 of 7 min), naked oligonucleotide (ON) exhibited 

the slowest initial degradation kinetics, however over a 24 h 

incubation period PL did to some extent impede degradation of 

parent ON (ΔRFoligo ~ 13%) in simulated gastric juice (FIG. 3C). 

Inhibition of pepsin by pepstatin A significantly increased 

remaining band intensities of ON, ON-PL and POC13 when 

evaluated after 24 h digestion (FIG. 3C), while POC18 appeared 

to be unaffected by the presence of pepstatin A. 

Altogether, POC13 exhibited the highest stability in simulated 

gastric juice at the 24 h time point and was further tested in HCl 

assay together the corresponding free oligonucleotide (ON). Both 

compounds exhibited high stability in 0.5% HCl at the 8 h time 

point (RFoligo ~ 90%), but efficiently degraded when subjected to 

1% HCl (FIG. 4) (radioactive gels, Supplementary, FIG. S4).   

We further examined the stability of TTC and its complexes with 

histone proteins, TTC-H2B and TTC-H4. In human serum, TTC 

and the corresponding complexes TTC-H2B and TTC-H4 

exhibited moderate to high stability at the 24 h time point (digestion 

analysis on radioactive gels, Supplementary FIG. S5). When 

subjected to acidic conditions, TTC was found only to be stable for 

2 h in 1% HCl (RFoligo of ~ 8%), whereas considerable amounts of 

TTC remained after 8 h incubation in 0.5% HCl (RFoligo of ~ 40%) 

(FIG. 4). Next, the ability of histone proteins to protect TTC from 

degradation in HCl was investigated. Briefly, the addition of 2 

equivalents of histone proteins caused a slight decrease in half-life, 

and despite degradation of TTC to some extent halted at the 2 h 

time point when compared to TTC without H2B and H4, histone 

proteins did not significantly prevent TTC degradation in 1% HCl 

(green bars, FIG. 4, Supplementary FIG. S6). Interestingly, 4 

equivalents of H2B or H4 was found to cause a marked increase in 

stability of TTC in 1% HCl even though this effect was more 

pronounced for TTC-H2B than for TTC-H4 when evaluated at the 

4 h time point (blue bars, FIG. 4). The decent stability of POC13 

in simulated gastric juice (FIG. 3C) encouraged further evaluation 

of this POC and ON (control) in acidic media. In short, both POC13 

and ON exhibited a high degree of stability in 0.5% HCl at the 8 h 

time point (FIG. 4), and despite rapid degradation of both analogs 

within the first hour of incubation in 1% HCl to lower RFoligo 

values, appreciable band intensity of POC13 remained after 2 h 

incubation period (mean RFoligo of ~ 30%). 

Finally, we studied two aspects that additionally could affect 

the stability of oligonucleotides in human serum and in HCl, 

namely peptide degradation and oligonucleotide depurination. We 

used the precursor of POC18 (PEP8) for digestion experiments in 

human serum and 0.5% HCl, which were monitored by reverse 

phase HPLC (Supplementary, FIG. S7-S8). PEP8 was found to 

degrade over time and after 24 h incubation at 37 C the amount of 

peptide decreased by roughly 50% and 70% for digestion in human 

serum and 0.5% HCl, respectively. 

 

Discussion 

Antisense therapeutics is an exciting class of emerging 

pharmaceuticals for treatment of a variety of diseases. One of the 

most important properties therapeutic oligonucleotides need to 

fulfill is to exhibit resistance towards enzymatic degradation. In 

order to survive systemic circulation, oligonucleotides have to be 

stabile towards enzymes in human serum, such as exo- and 

endonucleases and possibly also endopeptidases, although the exact 

role of the latter and other proteases in the breakdown of 

oligonucleotides remains unclear [32–34]. All nucleases have the 

ability to cleave the phosphodiester bond of oligonucleotides, 

where 3’-exonuclease predominantly cleave 3’ non-modified 

oligonucleotides [35].  

We investigated digestions of 21mer oligonucleotide probes in 

human serum. POC13 and POC18 displayed approximately 

threefold higher stability at the 24 h time point when compared to 

ON and ON-PL. These results are in agreement with previous 

reports that peptides conjugated covalently to oligonucleotides 

increase the resistance towards enzymatic degradation of the parent 

oligonucleotide in human serum [12]. Furthermore, POC13 (RFoligo 

of ~ 70%, 24 time point) and POC18 (~ 55%) exhibited higher 

degree of stability compared to ON-PL (~ 8%), indicating that 

merely stoichiometric amounts of peptide is needed in order to 

achieve moderate oligonucleotide stability in human serum over 24 

h. In addition, a non-covalent formulation strategy using PL was 

found to be suboptimal, presumably due to uncontrolled 

dissociation of PL from oligonucleotide and from of binding of PL 

to negatively charged human serum albumin [36]. The short ON 

quickly degraded in human serum reaching an RFoligo value of 

approximately 20% after 24 h incubation, whereas the longer TTC 

sequence was significantly more stable under these conditions 

(RFoligo of approximately 80%). This suggests that stability of 

naked oligonucleotides is dependent on the nature and the length of 

the sequence and the apparent higher stability of TTC may be due 

to the possible formation of secondary structures such as hairpins 

or dumbbells [37].   

 

 

FIG. 4. Estimated remaining fraction of oligonucleotide 

after 2-, 4-, and 8-h digestion in HS, 0.5% HCl (pH of 1.04), 

and 1% HCl (pH of 0.65). *2 equivalents of histone protein 

added to TTC (TTC–H2B and TTC–H4). HCl, hydrochloric 

acid 
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The finding that inhibition of pepsin by pepstatin A impedes 

the breakdown of nucleic acids in stomach [20] prompted us to 

perform control experiments in human serum of 

oligonucleotide degradation in the presence of pepstatin A. At 

the 24 h time point, both 21mer oligonucleotide and its complex 

with PL were characterized by increased band intensities and 

RFoligo values, whereas degradation of POC18 and POC13 was 

not significantly affected by pepstatin A. These results suggest 

that certain proteolytic enzymes such as endopeptides could 

have a role in the degradation of oligonucleotides in human 

serum [38], and that the breakdown of POC13 and POC18 in 

this media most likely occurs via a different mechanism. Ruling 

out pepsin as main actor in oligonucleotide degradation in 

human serum is further substantiated by the facts that its 

proenzyme pepsinogen A is present at low concentration in 

human serum [39], that pepsinogen A is converted to pepsin 

only at low pH [40], and that pepsin exhibits low catalytic 

activity at pH 7.4 (maximal catalytic activity of porcine pepsin 

occurs at pH 3.0 [41]). 

21Mer oligonucleotide probes were also examined in 

simulated gastric juice. Incubation of reference oligonucleotide 

ON and ON-PL led to a substantial loss of oligonucleotide after 

24 h digestion - an effect that was efficiently hampered by the 

addition of pepstatin A (approximate four-fold and three-fold 

increased band intensity, respectively). This demonstrates that 

inhibition of porcine pepsin by pepstatin A to a large extent 

improves oligonucleotide stability in simulated gastric juice. 

Again, this finding is in line with previous reports that nucleic 

acid degradation is inhibited by pepstatin A [14]. Further, 

relative to ON and ON–PL, POC13 displayed a pronounced 

increase in RFoligo (~ 40% at 24 h time point) in simulated 

gastric juice, whereas POC18 was almost fully degraded after 

24 h incubation (RFoligo ~ 5%). Despite the longer half-life of 

POC18 (t1/2 of 31 min) in simulated gastric juice when 

compared to POC13 (t1/2 of 11 min), the ability of the slightly 

less cationic peptide (PEP3) was found to be superior at 

protecting ON against degradation by porcine pepsin when 

compared to PEP8. Notably, ON-PL and POC18, both 

containing higher net positive charge than POC13, were found 

to have lower stability compared to POC13 when estimating 

RFoligo values at the 24 h time point. This observation is in 

agreement with previous reports describing how attractive 

forces can help recruit the substrate to the enzyme interface 

[20]. The isoelectric point of pepsin is 2.2 [42], and at pH 3.5 

porcine pepsin is negatively charged, most likely causing it to 

bind more efficiently to POC18 and ON-PL than to POC13 

[43]. Further experiments are needed to fully understand why 

POC13, despite its shorter half-life of 11 min, exhibits higher 

stability over 24 h digestion in simulated gastric juice.  

Addition of pepstatin A was found to efficiently inhibit 

degradation of ON, its complex with PL, and POC13 (FIG. 3C) 

thereby indicating that these compounds can act as substrates 

for pepsin [14,20,44]. Contrarily, since POC18 stability was 

unaffected by the presence of pepstatin A, POC18 presumably 

degrades in simulated gastric juice via a different mechanism.  

Genomic DNA wraps around positively charged histone 

proteins rendering a condensed form of DNA [45,46] that likely 

contribute the relatively high stability of DNA in acidic 

environments [27]. We hypothesized that similar interactions 

might arise in upon complex formation between histone 

proteins (H2B and H4) and the 50 bp long TTC 

oligonucleotide. Depurination of nucleic acids is known to 

occur under harsh acidic conditions (pH < 2), such as in gastric 

juice [14,44]. To the best of our knowledge, there are only few 

reports on the stability of encapsulated synthetic 

oligonucleotides in hydrochloric acid [47], and none regarding 

the stability of naked oligonucleotides. The stability of single-

stranded (ss)DNA encapsulated into a spherical hydrogel 

matrix of polyacrylamide and covered by a cross-linked 

polystyrene shell was previously investigated by others. The 

half-life of ssDNA digested in acidic Theorell–Stenhagen 

buffer (pH 2.0) was 9.6 h, whereas the half-life of encapsulated 

ssDNA was 75 h [47]. We observed no signs of depurination of 

a DNA/LNA ASO in 0.5% HCl over 12 h incubation period at 

37 C. However, treatment with human serum led to loss of 

adenine after 1 h incubation followed by complete degradation 

at the 4 h time point (data not shown). 21Mer oligonucleotides 

ON and POC13 were found to be equally stabile in 0.5% HCl 

(pH ~ 1, black bars, FIG. 4) with decent amounts of remaining 

oligonucleotide after 24 h incubation. However, increasing the 

concentration to 1% HCl rendered fast degradation of both ON 

and POC13 (RFoligo values of ~ 8%, 4 h time point), effects that 

can be solely ascribed to chemical degradation at very low pH 

(pH < 1).  

The 50 bp TTC oligonucleotide displayed moderate 

stability in 0.5% HCl when evaluated after 24 h incubation, 

whereas TTC stability was highly compromised in 1% HCl (t1/2 

of 26 min, no visible bands after 2 h incubation). Unexpectedly, 

naked oligonucleotide (ON) exhibited higher stability than 

TTC in 0.5% HCl, which might be explained by its shorter 

length and different nucleotide content [48]. Complexing TTC 

to 4 equivalents of either H2B or H4 was found to markedly 

improve TTC stability in 1% HCl (FIG. 4), while the addition 

of 2 equivalents only to some extent impeded further 

breakdown of TTC. These results suggest that proteins such as 

H2B and H4 can protect oligonucleotides towards degradation 

in acidic media when added at optimal ratios. 

 

In conclusion, POCs and ON-PL showed improved 

stability in 90% human serum compared to the parent 

oligonucleotide ON, and covalently attached peptides (PEP3 

and PEP8) were found to be more efficient in protecting ON 

from degradation in human serum than PL in complex with ON. 

Furthermore, POC18 efficiently degraded when incubated in 

gastric juice whereas POC13, containing a slightly less cationic 

peptide, exhibited moderate stability after 24 h incubation 

period. Inhibition of pepsin by pepstatin A in general caused a 

boost in stability of oligonucleotide probes. Altogether, POC13 

displayed the most promising properties when evaluated in 

human serum and simulated gastric juice. Lastly, non-covalent 

complexation of histone proteins (H2B and H4) markedly 

enhanced stability of TTC in acidic environments, and this 

effect was dependent on the amount of added protein. 

Supplementary Information. IE HPLC, MALDI-TOF MS, 

and representative radioactive gels are presented in 

Supplementary Information. 
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Supplementary Data 

 

Sequences of PEP3, PEP8, TTC, histone proteins, and structure of pepstatin A 

 

Table S1. Sequences of PEP3, PEP8, TTC and histone proteins. 

Probe Sequence 

 

PEP3 N
3
(CH

2
)

5
C(O)YGGAAKGA-NH

2 

 

PEP8 N
3
(CH

2
)

5
C(O)YKGAKGGK-NH

2 

 

TTC 5'-AAT GTT AAT CAC AGC TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT GTG AG-3' 

 

H2B PEPAK SAPAP KKGSK KAVTK AQKKD GKKRK RSRKE SYSIY VYKVL KQVHP DTGIS 

SKAMG IMNSF VNDIF ERIAG EASRL AHYNK RSTIT SREIQ TAVRL LLPGE LAKHA 

VSEGT KAVTK YTSSK 

 

H4 SGRGK GGKGL GKGGA KRHRK VLRDN IQGIT KPAIR RLARR GGVKR ISGLI YEETR 

GVLKV FLENV IRDAV TYTEH AKRKT VTAMD VVYAL KRQGR TLYGF GG 

TTC, 50 bp synthetic oligonucleotide-representing BRAF gene fragment. 
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Ion-Exchange High-Performance Liquid Chromatography (IE HPLC) Retention Times and Matrix Assisted Laser 

Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-TOF MS) of the Peptide-Oligonucleotide 

Conjugates 
 

ON 

 
POC13 

 
POC18 

 
SUPPLEMENTARY FIG. S1. Ion-Exchange High-Performance Liquid Chromatography (IE HPLC) of ON, 

POC13, and POC18. IE HPLC; ON, 21mer DNA/LNA oligonucleotide that target BRAF V600E mutation in 

vivo (Fig. 1E); POC, peptide–oligonucleotide conjugate; POC13, POC where the peptide PEP3 is covalently 

conjugated to ON; POC18, POC where the peptide PEP8 is covalently conjugated to ON. 
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ON 

 

POC13 

 

POC18 

 

 

 

SUPPLEMENTARY FIG. S2. MALDI-TOF MS spectrum of ON, POC13 and POC18. MALDI-TOF MS, matrix 

assisted laser desorption ionization-time of flight mass spectrometry.. 
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Gel electrophoresis 

 

  
 

SUPPLEMENTARY FIG. S3. Representative gel pictures of (A) ON, (B) POC18, (C) POC13, and (D) ON-PL in 

HS. HS, human serum; PL, poly-l-lysine. 

 

 

 

  

 

SUPPLEMENTARY FIG. S4. Representative gel pictures of ON and POC13 in (A, B) 0.5% and (C, D) 1% HCl. 

HCl,hydrochloric acid. 
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SUPPLEMENTARY FIG. S5. Representative gel pictures of (A) TTC, (B) TTC-H2B and (C) TTC-H4 in HS. 

 

Oligonucleotide digestions in simulated biofluids. 

 

   
   
   

SUPPLEMENTARY FIG. S6. (A) TTC digestion in 1% HCl; TTC levels measured over the course of 2 h were 

fitted to an exponential one-phase decay model. Data represent mean – SD. (B) TTC-H2B (2 equivalents) digestion 

in 1% HCl; TTC levels measured over the course of 24 h were fitted to an exponential one-phase decay model. 

Data represent mean – SD. (C) TTC-H4 (2 equivalents) digestion in 1% HCl; TTC levels measured over the course 

of 24 h were fitted to an exponential one-phase decay model. Data represent mean – SD. 
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PEP8 digestion study 

General procedure  

Incubation in 90% HS/HEPES and 0.5% HCl was carried out as described in the Material and Methods section in 

the main article. The samples were taken at certain time points and analyzed by reverse phase HPLC. PEP8 stability 

studies and control experiments were performed using a reverse phase Waters Alliance 2695 HPLC system using 

Symmetry® C-18 column 3.5 μm, 4.6 x 75 mm, column temp; 25 °C, (1 ml/min.) with detection at 254 nm using 

a diode array detector. Eluent A (0.1% formic acid in H2O) and eluent B (0.1% formic acid in MeCN) were applied 

in a linear gradient (95% A to 100% B) with a run time of 32 min. 

A B 

 
 

C  

 

 

SUPPLEMENTARY FIG. S7. HPLC chromatograms of PEP8 incubated for (A) 1 h, (B) 4 h, and (C) and 24 h at 

37 oC.. 
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A B 

  

 

 

C 

 

 

D 

 

 

SUPPLEMENTARY FIG. S8. HPLC chromatograms of PEP8 incubated in HS at 37_C for (A) 1 h, (B) 4 h, and 

(C) 24 h. (D) HPLC chromatograms of HS incubated in HEPES (control) at 37_C for 0 h (black), 1 h (blue), 4 h 

(brown), and 24 h (cyan) at 37 oC. RLU, relative light units.. 
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Chapter 5  
5.1 siRNA gene therapeutics that target the HIV 1 362 site in the 5’LTR 

 

The Encode project aims to characterize and annotate the human genome. It reveals that more 

than 80% of the human genome transcribes to RNA. From those genes, only 2% encode for 

proteins. Encode classifies the other 78% of the RNAs, different from the transfer RNA and the 

ribosomal RNA as family of noncoding RNA (ncRNAs). They involve microRNAs, small 

interfering RNAs, PIWI-interacting RNAs and long noncoding RNAs (lnRNAs).140 

Numerous data report antisense lnRNAs as epigenetic regulators in controlling gene 

expression.141 They guide silencing complexes to target loci in the promoters of coding genes 

resulting in longer duration of gene silencing.142 This discovery lead to the idea that lnRNAs may 

be suitable targets to mediate changes in protein coding gene expression.2 

The number of discovered lnRNAs grows in parallel with the understanding of their involvement 

in various pathological conditions.143–145 Following literature, viral latency involves epigenetic 

mechanisms as well.146 For instance, ncRNAs from the HIV-1 genome suppress HIV-1 gene 

expression and replication.  

Morris et al. confirmed the existence of an HIV-1 encoded lnRNA. They described its location in 

the nuclei of infected cells in antisense orientation, overlapping the 5ʹ long-term repeat (LTR) 

and viral mRNA.142 They also confirmed that this lnRNA transcript is epigenetic regulator of HIV-

1 and transcriptional blockage. It acts by guiding chromatin modifying proteins such as, DNA 

methyltransferase 3a, polycomb protein enhancer of zeste homolog 2 and histone deacetylase 1 

to the viral 5’LTR, resulting in histone modifications and formation of heterochromatin. 

Moreover, Morris et al. found that suppression of the HIV-1 antisense ncRNA resulted in 

activation of latent HIV genes in cell lines and primary human CD4+ T cells.142 

While antiretroviral therapy successfully increases the lifespan of HIV-1 positive individuals, 

studies show that HIV-1 positive individuals on antiretroviral therapy are still at risk of 

developing AIDS.147,148 This is due to the persistence of infected reservoir cells (resting CD4+ T 

cells) leading to non-eradicable latent infection. Literature propose therapeutic reactivation of 

the proviral gene expression, combined with antiretroviral treatments –“shock and kill” strategy 

as promising strategy to eliminate latent HIV-1 infection.148 

Weinberg and Morris engineered a CRISPR/Cas9-VPR system guided by several different single 

guide RNAs (sgRNA) towards the 5’LTR HIV-1 promotor with aim to determine loci that resulted 
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in activation of HIV-1 gene expression.149 Using LTRmCherry-IRES-Tat (LChIT) reporter system 

and set of five sgRNA candidates targeting different region of LTR, they assessed the ability of 

the system in activation of viral transcription. The sgRNA362f, showed the best properties and 

was the most promising candidate in activation of latent HIV-1 in seven different in vitro 

models.149 While this model utilized activation of HIV-1 transcription as its marker, this study 

together with couple more studies also suggested that this site in the LTR was critical for HIV-1 

transcription.150,151 

Viscidi et al. in 1989 described the short cell penetrating peptides (CPPs) and their ability to 

penetrate cell membranes.152 Since the discovery, they are among the most explored 

biomolecules used to enhance the intracellular delivery of various cargoes including therapeutic 

oligonucleotides. Reports in literature state that the delivery efficacy depends of the nature of 

the peptide, the amino acid sequence, the size of cargo-peptide probe, peptide concentration and 

lipid components in the membrane.153–155 

Based on the physicochemical properties, literature classifies CPPs as cationic, amphipathic and 

hydrophobic. These differences direct to different mechanism for cell internalization via both 

energy-dependent and energy independent processes.156 The mechanisms include direct 

penetration, endocytosis pathway and translocation by formation of invert micelle157 (Figure 

5.1).  
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Figure 5.1. Proposed mechanism of intracellular delivery of oligonucleotide-peptide conjugates 

through cell membrane. Figure inspired from Derakhshankhah and Jafari155 

Since, just small number peptide sequences show the same features, different peptide sequences 

display different performance and toxicity levels when engaged with therapeutic 

oligonucleotides and used in in vitro and in vivo studies .158 Therefore, selecting the right amino 

acid composition within the peptide sequence to be associated with the oligonucleotide, might 

result in efficient ASOs and siRNA therapeutics.159 

Scientists explore CPPs to achieve cellular internalization for oligonucleotides as cargos using 

covalent and non-covalent interactions. The non-covalent approach uses direct mixing of the two 

biomolecules, whereas, the covalent attachment employs certain type of chemical reaction to 

make covalent bond. 155 

In the present work, we formulate siRNA gene therapeutics that target the HIV-1 362 site in the 

5’LTR. We develop a siRNA therapeutic formulation, complex and conjugate with peptides with 

aim to enable efficient intracellular and intranuclear delivery without the use of toxic 

transfection reagents. Moreover, we investigate the therapeutic efficiency of the formulations 

siRNAs to inhibit active HIV-1 transcription in a model cell lines.  

 

Materials and Methods 

 

siRNA nanoplexes formulation 

The RNA oligonucleotides were purchased from Integrated DNA Technologies (IDT). siRNAs 

were prepared by annealing the sense (s) and antisense (as) strands (20 nmol of each) in 1xPBS 

buffer. First, we activated both sequences, s/as at 85 oC for 10 min with subsequent graduate 

cooling down to room temperature for 1 h for hybridization and duplex formation followed by 

duplex stabilization at +4 oC for 1 h. Next, the peptide/GalNAc (30 nmol or 60 nmol) was added 

and the mixture was incubated at rt for 1 h.  

 

siRNA covalent conjugation and characterization 

The RNA oligonucleotides were obtained from IDT. The sense strands of the three-siRNA probes 

were designed to contain alkyne functionality on the 5’ termini. Next, all three strands (S2, S4 

and SCS2) were covalently conjugated to azide modified Tat1a peptide (Table 5.1). The CuAAC 

“click” reaction was performed under inert atmosphere using 20 nmol of the alkyne modified 
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sense strand (S2,S4 or SCS2), 4 eq or 80 nmol azide Tat1a peptide, 1M TEAA buffer pH 7.3, 

aminoguanidine hydrochloride (50 mM 4 µM), formamide (7%, 14 µL), CuTHPTA (10 mM; 5 µL) 

and a fresh solution of ascorbic acid (50 mM; 2 µL) in total reaction volume of 200 µL. The 

reaction mixture was kept under steering for 12 h with subsequent desalting on a NAP-5 

Sephadex column (Illustra; GE Lifescience).  

Purification and analysis were done by ion exchange (IE) HPLC, on a Dionex UltiMate 3000 LC 

System using 0.25 M NaClO4 and 0.25 M Tris in 20 % MeOH in MilliQ water. The purity of S2-

Tat1a, S4-Tat1a and SCS2-Tat1a after purification has been confirmed by the analytical IE HPLC, 

and was found to be 96.34%-99.88% (Appendix A, Fig. A2). 

The identity of oligonucleotides have been confirmed by MALDI-TOF mass spectrometry, 

performed on a Ultraflex II TOF/TOF instrument, Bruker, using 3-hydroxy picolinic acid matrix 

(10 mg 3-hydroxypicolinic acid, 50mM ammonium citrate in 70% aqueous acetonitrile). MS 

calcd./MS found values (M-H+ ) were 7423.2/7426.0, S2-Tat1a; 8035.5/8037.0, S4-Tat1a; 

7423.2/7429.0, SCS2-Tat1a (Appendix A, Fig. A1). 

 

Cell lines  

The acute lymphoblastic leukemia cell line, CEM (ATCC VA, USA) and LChIT (CEM cell based 

reporter system consist of single copy of HIV that encodes mCherry IRES-Tat from the full-length 

HIV LTR)149 cell lines were maintained in RPMI-1640 media (ATCC VA, USA) that contain 10% 

fetal bovine serum (GeminiBio CA, USA) at 37°C in a water-jacket incubator, passaged twice 

weekly. Cell viability was checked by the use of Trypan blue ensuring viability was above 90% 

before starting the experiment. The cells were plated at density of 100000 cells per well/48 well 

plate in total volume of 250 µL. Positive controls were transfected by electroporation using Neon 

Transfection Device (Life Technologies) using one pulse with voltage-1230 V and pulse width-

40 ms. 

The human embryonic kidney (HEK-pMO-GFP) cell line (ATCC VA, USA) was maintained in 

Eagle’s Minimum Essential Medium(ATCC VA, USA) supplemented with 10% fetal bovine serum 

(GeminiBio CA, USA) at 37°C in a water-jacket incubator, passaged twice weekly. The cells were 

plated at density of 75000 cells per well/24 well plate in a total volume of 250 µL. Positive 

controls were transfected using 3 µL RNAiMAX per condition.  
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The epithelial cells (TZMbl) were cultured in dulbecco modified eagle medium (ATCC VA, USA) 

supplemented with 10% fetal bovine serum (GeminiBio CA, USA) at 37°C in a water-jacket 

incubator, passaged twice weekly. The cells were plated at density of 50000 cells per well/12 

well plate in a total volume of 500 µL. Cells were transfected the next day using Lipofectamine 

3000 (Thermo Fisher Scientific, according to manufacturer’s instructions). The plasmid pcDNA-

TAT-dsRED was transfected at 100 ng/well. Expression of the HIV-1 TAT protein leads to 

activation and sustained HIV-1 transcription, by binding to the TAR region in the 5’LTR of HIV-

1. For the dual luciferase experiments, additional transfection of a control plasmid, pcDNA-

Renilla at 100 ng/well, was used to measure transfection efficiency per well. 

 

Flow cytometry, luciferase assay and dual luciferase assay 

72 h/ 48 h after siRNA transfection the media of the cells was replaced with 1xPBS and 

mCherry/GFP expression was analyzed by flow cytometry (FACSCalibur II, Becton, Dickinson 

and Company, East Rutherford, NJ), with 25000 events counted per sample. Data was analyzed 

using FlowJo, LLC (version 10.1, Ashland, OR), where percentage GFP expression was 

determined. 

Luciferase reporter assay (48 h after transfection) was performed to measure luminescence on 

a luminometer (GloMax Explorer, Promega). The media of the cells was discarded followed by a 

subsequent wash with 1xPBS and lidding the adherent cells with 120 µL luciferase assay reagent 

(LAR) by Promega. The measurements were performed in a 96 well plate using 100 µL of the 

lysed cell mixture. 

For the dual luciferase assay (48 h after transfection) cells were washed with 1xPBS before the 

addition of 100 µL 1x Passive Lysis buffer. Samples were incubated for 20 min at rt on a shaker. 

Thereafter, 25 µL of each well was transferred to a 96 well plate, followed by addition of 50 µL 

luciferase assay reagent II and reading on a luminmoeter (GLoMax Explorer, Promega) of the 

firefly luciferase (fLUC). Next, 50 µL 1x Stop&Glo reagent was added and samples were read 

again for the renilla luciferase (rLUC). The results were obtained dividing the fLUC by their 

corresponding rLUC values. This was done to correct for the transfection efficiency in each well. 

 

Design and synthesis 

 

We designed two siRNAs (S1/AS1 and S3/AS2) targeting the HIV-1 LTR 362 site and a control 

scrambled siRNA (SCS1/SCAS) - Table 5.1.  
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Table 5.1. System siRNAs designed; Sequences of siRNA sense and antisense strands and 

peptide sequences. 

Name Sequence 

S1 

AS1 

S2 

5' -r(CUU UCC GCU GGG GAC UUU C) 

5' -r(GAA AGU CCC CAG CGG AAA G) 

5' -Hexynyl-r(CUU UCC GCU GGG GAC UUU C) 

S3 

AS2 

S4 

5'-r(UUC UUU CCG CUG GGG ACU UUC) 

5'-r(GAA AGU CCC CAG CGG AAA G UU) 

5'-Hexynyl-r(UUC UUU CCG CUG GGG ACU UUC) 

SCS1 

SCAS 

SCS2 

5'-r(UCG CUU AGC GUU CUC GCG U) 

5'-r(CGC GAG AAC GCU AAG CGA) 

5'-Hexynyl-r(UCG CUU AGC GUU CUC GCG U) 

Peptides/GalNAc: 
 

TatO AEDGY 

Tat1 GRKKRRQRRR 

Tat1a 5-azidopentanoic acid-GGKKRRQKGR 

GalNAc α-GalNAc-PEG3-Azide  

 

First, we formulated the siRNAs and the scrambled control siRNA as nanoplexes. All three siRNA 

probes were complexed with TatO, Tat1 peptides and GalNAc molecule as well. Using the 

electrostatic or columbic interactions between them, we made complexation by direct mixing of 

both biomolecules (Figure 5.2).  

 

 

Figure 5.2. Formation of nanoplexes by two polyelectrolytes, anionic siRNA and cationic peptide 
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We formulated set of 21 probes (Table 5.2) using two different concentrations of the 

peptides/GalNAc molecules. We tested the probes in cell culture studies at the Center for Gene 

Therapy, COH, USA. 

 

Table 5.2. Nanoplexes targeting LTR 362 HIV1 

Name siRNA, 20 nmol Peptide/GalNAc 

L1 S1+AS1  / 

L2 S3+AS2 / 

L3 SCS1+SCAS / 

  30 nmol 

L4 S1+AS1 TatO 

L5 S3+AS2 TatO  

L6 SCS1+SCAS TatO 

L7 S1+AS1 Tat1 

L8 S3+AS2 Tat1 

L9 SCS1+SCAS Tat1 

L10 S1+AS1 GalNAc 

L11 S3+AS2 GalNAc 

L12 SCS1+SCAS GalNAc  

  60 nmol 

L13 S1+AS1 Tat0  

L14 S3+AS2 Tat0  

L15 SCS1+SCAS Tat0  

L16 S1+AS1 Tat1  

L17 S3+AS2 Tat1  
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L18 SCS1+SCAS Tat1 

L19 S1+AS1 GalNAc 

L20 S3+AS2 GalNAc 

L21 SCS1+SCAS GalNAc 

 

Results and discussion 

Based on the preliminary data from Morris et al. described above, we design the S1/AS1 and 

S3/AS2 siRNAs targeting the HIV-1 LTR 362 site and control scrambled siRNA SCS1/SCAS. Both, 

S1/AS1 and S3/AS2 target the same region of the LTR 362 with a difference that S3/AS2 contains 

UU overhangs on the both, 3ʹ and 5ʹ termini. Literature describes that siRNA having two UU 

overhangs on the sense strand silence the genes more effective in vivo and in tissue culture 

studies.160 Accordingly, we set an objective to investigate if the UU overhangs will show an effect 

in our model system. Next, literature propose short arginine and lysine peptides as one of the 

most fortunate tools for intracellular delivery of large cargoes such as biomolecules. They enter 

the cell by energy independent (membrane destabilization) or clathrin-mediated 

endocytosis.161,162 We use the peptide sequences, TatO and Tat1 in two distinct quantities (30 

nmol and 60 nmol) to prepare a nanoplexes and to investigate their performance in three 

different cell lines. We also include a mixture of the siRNAs with GalNAc molecules. 

First, we examined the delivery and the efficacy of the nanoplexes in CEM and LChIT cell lines. 

LChIT is reporter cell line (developed from a CEM parental cell line) that stably expresses an LTR 

driven mCherry gene. This reporter system works in a way that mCherry gene expression will 

lead to mCherry fluorescent protein manifestation, and contrary, silencing of the gene will 

decrease the presence of the mCherry fluorescent protein. We assessed the efficiency of the 

siRNA drug candidates to enter the cells and to block the mCherry expression by fluorescence-

activated cell sorting (FACS). We used CEM cell line as a negative control. CEM do not express 

the LTR driven mCherry fluorescent protein expression. 

We performed a dose response with several siRNA nanoplexes, L1, L3, L4 and L6 (from Table 

5.2), each in seven different concentrations (15 nM, 25 nM, 50 nM, 100 nM, 200 nM, 300 nM and 

500 nM concentration), in duplicates. After 72 h, we observed that none of the nanoplexes at any 

of the used concentrations reduces the expression of mCherry. The CEM cell line showed 
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negative expression and LChIT cell line showed positive. As seen in Figure 5.3, the mCherry 

expression remained unchanged in the control versus the treated samples. 

 

A)                                                                      B)  

                                

Figure 5.3. CEM cell line as negative control that do not express mCherry (A) and LChIT cell line 

that express mCherry (B). Nanoplexes have no effect in LChIT cells. 400000 cells/ml 

CEM/LCHITs were seeded and 15-300 nM nanoplexes L1, L3, L4 and L6 were dropped onto the 

cells. 72 h later, mCherry expression was measured by FACs. 

 

Next, using the same experimental set up, we tested all 21 nanoplexes using 500 nM and 1000nM 

concentrations. L1-naked siRNA probe (50 nM concentration) was additionally transfected by 

electroporation. Assessing the flow cytometry measurements, the nanoplexes failed to reduce 

mCherry expression even for the positive – L1 control. Finally, we tested just the naked siRNA 

samples L1-L3 in three different concentration (500 nM, 1000 nM and 2000 nM) transfected by 

electroporation using Neon Transfection Device. Unfortunately, the probes showed no reduction 

of the mCherry fluorescence signal. We terminated this experimental setting noticing that the 

designed siRNAs fail to block the LTR driven mCherry gene expression in the developed LChIT 

cell line system. 

Further, we tested the nanoplexes using HEK-pMO-GFP cell line. They stably express LTR driven 

GFP reporter. Performing flow cytometry measurement, we observed just 8% reduction of the 

expression of the GFP (green fluorescent protein – associated with the LTR gene in the Hek-pMo-

GFP cells) for the L1 and L2 positive controls and no significant reduction from the nanoplex 

probes L13-L18. We ended this experimental set up opining that the designed siRNAs do not 

significant silence the GFP gene in Hek-pMo-GFP cells.  
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Next, we tested the nanoplexes using epithelial cells (TZMbl). They contain a stably integrated 

reporter gene that expresses luciferase when activated with TAT. The activation of HIV-1 mRNA 

expression by the HIV-1 TAT protein, works through the TAT protein binding to the TAR loop of 

the LTR promoter and activates gene expression.163 The luciferase assay uses the oxidative 

enzyme, luciferase, that upon a highly energetic chemical reaction with the substrate, luciferin, 

releases energy in form of light.164  

First, we screened all nanoplexes L1-L21 in 50 nM concentration measuring the luminescence. 

(Appendix A, Chart A1-a). Notably there was no significant reduction of the luciferase 

expression. In the next round experiments, we included L1 and L3 naked as positive controls 

and their nanoplexes with TatO and Tat1 in three different concentrations (50 nM, 100 nM and 

200 nM) – (Appendix A, Chart A1-b). The data was normalized according the scrambled control 

L3. Again, we observed slight and variable reduction of the luciferase activity. 

Further, we examined L1-L3 (50 nM) as positive controls and nanoplexes L7-L9 in 100-1000 nM 

concentration - Chart 5.1. In this stage, we discarded the mixtures with GalNAc from further 

examination. Notably, the positive controls L1 and L2 on 50 nM concentration showed a 50% 

and 70% reduction of the luciferase expression, respectively. Nanoplexes L7-L9 (complexes with 

30 nM Tat1) failed to show reduction in the luciferase activity. 

 

Chart 5.1. Luciferase reporter assay results; RLU representing the expression of the luciferase 

gene in epithelial cells TZMbl cells 

  

* 100000 cells/ml TZMbl were seeded and 24 h latter, 100 ng/well pcDNA-TAT-dsRED was transfected to activate 

HIV-1 transcription. 24 h after, 50 nM nanoplexes L1-L2 were transfected using Lipofectamine 3000 (++). In 

addition, 100-1000 nM nanoplexes L7-L9 were dropped onto the cells. 48 h later, luminescence was determined. 

     50 nM                       100 nM                       300 nM             500 nM               1000 

nM 
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Next, we utilized a new cell stock of TZMbl cell line, as a control to make sure the results observed 

were not due to changes in the cell line itself due to over passaging. First, we screened 

nanoplexes L13-L18 at three different concentrations (100 nM, 500 nM and 1000 nM). We 

transfected L1-L3 at 50 nM concentration as the positive controls (Appendix A, Chart A1-c). We 

again observed, promising results from the L2 probe with a 70% reduction in luciferase activity. 

However, the L1 probe did not show any effect in this experiment. From the nanoplexes, L13-

1000 nM and L16-100nM and -1000 nM concentration showed promising results reducing the 

luciferase activity for approx. 50% in this screening experiment. Both probes (L13 and L16) are 

equivalents of L1 complexed with TatO and Tat1 (60 nmol), respectively. Further, we repeated 

these measurements using the same probes L13-L18 just in two concentrations (100 nM and 

1000 nM), in duplicates. Notably, Chart 5.2, we replicated the previous results for the positive 

controls L1 and L2. However, the nanoplexes showed significant standard deviation (SD) and CV 

values (ratio of the standard deviation to the mean) of 2.8% - 113.1% between the duplicates.  

 

Chart 5.2. Luciferase reporter assay results; RLU representing the expression of the luciferase 

gene in epithelial cells TZMbl cells 

 

* 100000 cells/ml TZMbl were seeded and 24 h latter, 100 ng/well pcDNA-TAT-dsRED was transfected to activate 

HIV-1 transcription. 24 h after, 50 nM nanoplexes L1-L3 were transfected using Lipofectamine 3000 (++). In 

addition, 100-1000 nM nanoplexes L13-L18 were dropped onto the cells. 48 h later, luminescence was determined. 

 

Next, because of the high degrees of variation between the data, we proceeded with dual 

luciferase experiments. In this assay, we measured the activities of firefly (Photinus Pyralis) and 
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Renilla (Renilla Reniformis, also known as sea pansy) luciferases. The renilla luciferase 

measurements indicate the transfection efficiency for each sample, and thus provide a 

measurement of normalization for each sample. We performed the assay two distinct times, 

adding each nanoplex probe (L13-L18, 1000 nM) and positive controls (L1-L3, 50 nM) in 

duplicates/triplicates (Appendix A, Chart A2-a and -b). Notably the results, L1 and L2 positive 

controls reduce the luciferase signal for approximately 50% and 70%, respectively. Nanoplexes 

again show variable and not reproducible results with high CV values. 

 

Conclusion 

We designed and prepared nanoplex formulations of siRNAs that target HIV1 LTR 362 with two 

different types of peptides and GalNAc. The efficiency of all nanoplexes was examined in three 

different cell lines LChIT, Hek-pMoGFP and TZMbl using appropriate assays for quantification of 

the signal/effect. The designed siRNA probes showed inefficient blockage of expression of the 

LTR gene in the LChIT cells and insignificant effect in Hek-pMoGFP cells as well. However, in 

TZMbl cells the siRNAs showed promising results reducing the expression of the LTR gene for 

50% and 70% for the L1 and L2 (positive controls) siRNAs, respectively. On the other hand, the 

delivery of the siRNAs as nanoplexes with the peptides was inconstant and with high variability 

within the data. Even though L13 and L16 - siRNA probes complexed with 60 nmol TatO or Tat1 

were among the most promising candidates, the results were not reproducible. Overall, the 

complexation of therapeutic siRNA with peptide sequences have effect on the intracellular 

delivery to some extent. Nevertheless, this effect may highly depend on the uniformity and the 

stability of the nanoplexes. In addition, many factors as peptide sequence and concentration, 

storage, temperature variations and mechanical stress most likely affect the formulation. Finally, 

the efficiency for intracellular delivery of the nanoplexes may be highly dependent on the cell 

type. 

 

Further work, Synthesis - Covalent Conjugation 

To prepare more auspicious set of samples, we designed the sense strands of the three siRNAs 

to be alkyne functionalized and subsequently covalently conjugated with the azide cell 

penetrating-Tat1a peptide – Table 5.1. We performed CuAAC reaction, previously optimized by 

us for DNA oligonucleotides. However, working with pure RNA sequences was more challenging. 
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We did not observed degradation of the RNA in the reaction conditions; however, we observed 

collecting lower amounts of RNA after IC HPLC purification. Usage of 7% formamide was crucial 

for the reaction to happen preventing precipitation of the Tat1a peptide. The conjugates were 

characterized by Maldi-TOF and IC HPLC (Appendix A, Figure A1 and A2) 

We speculate that the conjugated siRNA probes having well defined structure will perform 

better activity in cell culture studies and in vivo compared with the nanoplexes. Roslyn Ray, PhD, 

will test the probes in the Morris laboratory at COH following the optimized conditions for the 

cell lines - TZMbL previously described. 
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5.2 Repression of lnRNA (BGas) for Cystic Fibrosis Transmembrance Conductance 

Regulator expression  

 

Cystic fibrosis is a life threatening disease. The cystic fibrosis foundation patient’s registry 

contains more than 70000 patients registered worldwide. 

It is a multifaceted disorder associated with mutation in the cystic fibrosis transmembrane 

conductance regulator (CFTR) gene that also affect the activity of the encoded ion channels on 

the epithelial cell surface.165–167 Morris et al. discovered new lnRNA named BGas, antisense to 

the protein coding sense strand in relationship with gene suppression. They indicated that 

blockage of the BGas lead to CFTR expression and restoration of the chloride ion function.168 

In the present work, we design siRNA and ASO gene therapeutics directed to silence the BGas. 

We aim to investigate their potential to restore the CFTR expression. In addition, we enhance the 

gene therapeutics modifying them as a conjugates with peptide sequence or making formulation 

as nanoplexes with peptide sequence. We investigate the efficiency for intracellular and 

intranuclear delivery in adenocarcinomic human alveolar basal epithelial (A549) cells. 

Materials and methods 

siRNA covalent conjugation 

The 5’ hexynyl and the 5’ amino modified RNA oligonucleotides were obtained from IDT. The 

two RNA sense strands (BGas s and BGas SC s) and the three DNA ASO sequences (Gap, Gap A 

and Gap SC) were covalently conjugated to azide modified Tat1a peptide (Table 5.3). The CuAAC 

“click” reaction was performed under inert atmosphere using 20 nmol of the alkyne modified 

oligonucleotides, 4 eq or 80 nmol azide Tat1a peptide, 1M TEAA buffer pH 7.3, aminoguanidine 

hydrochloride (50 mM 4 µM), formamide (7%, 14 µL), CuTHPTA (10 mM; 5 µL) and a fresh 

solution of ascorbic acid (50 mM; 2 µL) in total reaction volume of 200 µL. The reaction mixture 

was steered overnight at room temperature with subsequent desalting on a NAP-5 Sephadex 

column (Illustra; GE Lifescience). For the stain-promoted azide-alkyne cycloaddition (SPAAC) 

conjugated Gap A, first the amino oligonucleotide (20 nmol dissolved in 180 µL, 0,1 M PBS, pH = 

8.5) was reacted with dibenzocyclooctyne (DBCO) NHS ester – Lumiprobe (160 nmol dissolved 

in 20 µL DMSO) for 4 h at rt followed by +4 oC overnight. Next, the product was desalted on a 

NAP-5 Sephadex column and used as that in the SPAAC reaction. The Gap A-DBCO (20 nmol) was 

added into solution of azide Tat1a peptide (25 nmol) in total volume of 200 µL (DMSO:H2O, 

1:1).169 The reaction was carried out under microwave irradiation using Biotage initiator 
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microwave at 60 oC for 3 h followed by subsequent desalting on a NAP-5 Sephadex column run 

twice. 

Purification and analysis were done by ion exchange (IE) HPLC, on a Dionex UltiMate 3000 LC 

System using 0.25 M NaClO4 and 0.25 M Tris in 20 % MeOH in MilliQ water. The purity of BGas 

s-Tat1a, BGas SC s-Tat1a, Gap-Tat1a, Gap A-Tat1a and Gap SC-Tat1a after purification has been 

confirmed by the analytical IE HPLC, and was found to be 97.98-99.86% (Appendix A, Fig. A4). 

The identity of oligonucleotides have been confirmed by MALDI-TOF mass spectrometry, 

performed on a Ultraflex II TOF/TOF instrument, Bruker, using 3-hydroxy picolinic acid matrix 

(10 mg 3-hydroxypicolinic acid, 50mM ammonium citrate in 70% aqueous acetonitrile). MS 

calcd./MS found values (M-H+ ) were 8810.2/8803.0, BGas s-Tat1a; 8810.2/8812.0, BGas SC s-

Tat1a; 7658.8/7653.0, Gap-Tat1a; 8048/8044, Gap A-Tat1a 7658.8/7657.0, Gap SC-Tat1a 

(Appendix A, Fig. A3). 

siRNA nanoplexes formulation 

The siRNAs were prepared by annealing the sense and antisense strands (20 nmol of each) in 

1xPBS buffer. They were first activated at 85 oC for 10 min with subsequent graduate cooling 

down to room temperature for 1 h followed by stabilization of the duplex siRNA at +4 oC for 1 h. 

Lastly, the peptide in certain amount (100 nmol, 30 nmol or 60 nmol) was added and the mixture 

was incubated at rt for 1h.  

 

Cell line culture 

We tested the probes in adenocarcinomic human alveolar basal epithelial (A549) cell line (ATCC 

– CCL 185, USA). Cells were cultured in Kaighn’s Modification of Ham’s F-12 Medium (ATCC VA, 

USA) supplemented with 10% fetal bovine serum (GeminiBio CA, USA) at 37 °C in a water-jacket 

incubator, passaged twice weekly. The cells were plated at density of 100000 cells/48 well plate 

in a total volume of 250 µL and supplemented the next day with the Gap probes (G1-G4).  

 

RNA isolation, reverse transcription and qPCR 

72 h after transfection, the total RNA was isolated with Maxwell® RSC simply RNA Cells Kit 

(Promega) following the standard protocol from the manufacturer. The amount and purity of 

total RNA were measured with NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies Inc.,Wilmington, DE, USA). 
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Next, 0.1-1 g of the RNA was reverse transcribed into cDNA using QuantiTect® Reverse 

Transcription kit (Qiagen, Hilden, Germany). In particular, the genomic DNA was eliminated 

using gDNA wipeout buffer 1 µL, template RNA 1µL and RNase free water 5 µL. The mixture was 

incubated for 3 min at 42 oC and placed immediately on ice. Next reverse-transcription mix was 

prepared to contain: quantiscript reverse transcriptase 0.5 µL, quantiscript RT buffer 5x 2 µL, 

RT primer mix 0.5µL and template RNA (entire genomic DNA elimination reaction, from step 

one) 7 µL. The mixture was incubated for 30 min at 42 oC, followed by incubation for 3 min at 95 

oC to inactivate the transcriptase. 

 

Quantitative measurements of RNA levels were done by real time PCR using KAPA SYBR® FAST 

qPCR Master Mix (2X) Kit (Kapa Biosystems, Wilmington, MA, USA). The PCR mix contained 

KAPA SYBR FAST qPCR Master Mix (2X) 10 µL, forward CFTR primer (5’-

TGCAAACGTAACAGGAACCCGACT) 4 µM/mL, 2.5 µL, reverse CFTR primer (5’-

TCTTTAGGTCCAGTTGGCAACGCT) 4 µM/mL, 2.5 µL, PCR-grade water 3 µL and cDNA template 

2 µL (from the 10 µL step above). The qPCR was executed in a 96 well plate with the Roche 

Lightcycler instrument (Roche, Basel, Switzerland). Thermal cycling parameters started with 3 

minutes at 95 °C, followed by 40 cycles of 95 °C for 3 seconds and 60 °C for 30 seconds. Specificity 

of the PCR products was verified by melting curve visualization. All data was analyzed using the 

delta-delta cT method calibrated to a reference gene (Beta-Actin, forward primer (5’- 

CACCAACTGGGACGACAT), reverse primer (5’- ACAGCCTGGATAGCAACG) and normalized to the 

scrambled control or control treated sample set to 1. 

 

Design and Synthesis 

Based on the preliminary data described above, we together with Morris group at COH, designed 

siRNAs (BGas s/as) targeting the nascent RNA from the promoter sequence of BGas and control 

scrambled siRNA (BGas SC s/as). We also designed ASO oligonucleotide (Gap) targeting the 

intron one of the BGas and control scrambled Gap SC as well. - Table 5.3. The BGas siRNA sense 

strands and the Gap sequences contain alkyne/amino functionality at the 5’ termini. 

 

Table 5.3. System siRNAs and Gap DNA oligonucleotides designed; Sequences of siRNA sense 

and antisense strands, Gap and peptide sequences. 
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Name Sequence 

BGas s 

BGas as 

5'-Hexenyl-r(UUG AAC AAA AAC ACA AAA AUG UU) 

5'-r(CAU UUU UGU GUU UUU GUU CAA UU) 

BGas SC s 

BGas SC as 

5'-Hexenyl-r(AUU AAC CAA UAA GAA AGA AAC UU) 

5'-r(GUU UCU UUC UUA UUG GUU AAU UU) 

Gap 

Gap A 

Gap SC 

 

5'-Hexynyl-GTG GTA TAA AAG ATA ATT AT 

5’-AminoC12-GTG GTA TAA AAG ATA ATT AT 

5'-Hexenyl-AGT AAT GTA GGA TAA TTA TA 

Peptides: 
 

TatO AEDGY 

Tat1 GRKKRRQRRR 

Tat1a 5-azidopentanoic acid-GGKKRRQKGR 

 

First, we used the ASO Gap sequences for preliminary studies to investigate their effect on the 

CFTR expression. We prepared four probes, G1, control naked Gap sequence as shown in Table 

5.3; G2, Gap sequence complexed with 100 nmol Tat1a peptide; G3, Gap covalently conjugated 

with Tat1a peptide using CuAAC chemistry; and G4, Gap A covalently conjugated with Tat1a 

using SPAAC chemistry.  

 

Results and Discussion 

Cell line studies  

We tested the probes in A549 cell line plated at density of 100000 cells per well with subsequent 

addition, the next day of the Gap probes, G1-G4, in three different concentrations (100 nM, 200 

nM and 400 nM). 

72 h after transfection, cells were collected and the total RNA isolated as described in the 

material and method section. Next, the RNA was reverse transcribed to cDNA followed by qPCR 
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to quantify the CFTR mRNA levels. Notably Chart 5.3-a, we observed big variation within the 

data with CV values >30%. 

In the next set experiment, we added the probes G1-G4 to the plated cells using lower 

concentrations (10 nM, 20 nM and 50 nM). Even though, the complexed G2 probe showed slight 

increase of the mRNA levels when used in concentrations of 10 nM and 50 nM (Chart 5.3-b), the 

variability within the data was big. Finally, we screened the probes using lower concentrations 

for the G3 and G4 probe (2 nM and 4 nM). Notably the qPCR results – Chart 5.3-c, G3 and G4 

probes transfected in 2 nM concentration give results with more than two fold increase of the 

mRNA levels. G3 probe showed similar results when transfected in 4 nM concentration, whereas 

the efficiency of the G4 probe 4 nM was lowered, increasing of the mRNA levels only for 10%. In 

this experiment set up we were not able to replicate the results for probe G2 when transfected 

in 50 nM concentration. Worth noticing is the big variation within the data - CV (%) values 

presented in Appendix A, Table A1. 

 

Chart 5.3. Repression of BGas using Gap (G1-G4) in A549 cell line 

a) 

 

*400000 cells/ml A549 were seeded and 24 h latter, probes G1-G4, 100-400 nM concentrations were dropped onto 

the cells. 74 h later the total RNA was isolated and quantified by qPCR. 

b) 
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*400000 cells/ml A549 were seeded and 24 h latter, probes G1-G4, 10-50 nM concentrations were dropped onto 

the cells. 74 h later the total RNA was isolated and quantified by qPCR. 

c) 

 

*400000 cells/ml A549 were seeded and 24 h latter, probes G1-G4, 2-50 nM concentrations were dropped onto the 

cells. 74 h later the total RNA was isolated and quantified by qPCR. SD not shown because of big data variation. For 

CV (%) values see Table A1, Appendix A. 

 

Conclusion  

We performed preliminary set of screening studies for the Gap ASO probe complexed or 

conjugated with Tat1a peptide in A549 cells for their ability to suppress lnRNA BGas function. In 
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general, the conjugated G3 and G4 probes showed minimal effects increasing the CFTR mRNA 

levels but with big variability within the data (Table A1). Additional positive control 

experiments are needed to assess the Gap efficacy and activity towards the BGas function in the 

A549 cells.  

 

Further work, Nanoplexes formulation 

Next, to examine the efficacy of the siBGas complexed with peptides, we formulated the siBGas 

and the scrambled control siBGas SC as nanoplexes with peptides TatO and Tat1 (Table 5.3). 

The complexation was done by mixing and incubation of both biomolecules using the 

electrostatic interactions between them (Figure 5.2).  

We ended up with set of 10 probes (Table 5.4) that next will be tested in cell culture studies 

(A549 cell line) at the Center for Gene Therapy, COH by Olga Villamizar, PhD. 

 

Table 5.4. siRNA nanoplexes targeting BGas intron 

Name siRNA, 20 nmol Peptide 

B1 BGas s+BGas as  / 

B2 BGas SC s+BGas SC as / 

  30 nmol 

B3 BGas s+BGas as TatO 

B4 BGas SC s+BGas SC as TatO  

B5 BGas s+BGas as Tat1 

B6 BGas SC s+BGas SC as Tat1 

  60 nmol 

B7 BGas s+BGas as Tat0  

B8 BGas SC s+BGas SC as Tat0  

B9 BGas s+BGas as Tat1  

B10 BGas SC s+BGas SC as Tat1  
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Further work, Covalent Conjugation 

Lastly, we prepared covalently conjugates of BGas s/as and BGas SC s/as to Tat1a and Gap and 

Gap SC as well to further investigate and confirm the data discussed above. First the alkyne sense 

strands and the alkyne Gap sequences were covalently conjugated to the azide Tat1a peptide 

sequence. The reaction was done using CuAAC chemistry and already optimized method for 

clicking the RNA described above. Next, the sense and antisense strands were annealed to make 

the siRNA. The samples will be tested in A549 cell line studies at COH by Olga Villamizar, PhD. 
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Chapter 6 
Paper IV 

Fluorescent oligonucleotides with bis (prop-2-yn-1-yloxy) butane-

1,3-diol scaffold allow for rapid detection of disease associated 

nucleic acids 
Taskova M, Astakhova K. 
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Fluorescent oligonucleotides with bis(prop-2-yn-1-yloxy)butane-
1,3-diol scaffold rapidly detect disease-associated nucleic acids 

Maria Taskova and Kira Astakhova* 

Department of Chemistry, Technical University of Denmark, Kemitorvet 206, 2800 Kgs. Lyngby, Denmark 

 

Abstract: Biomedical research and clinical work demand rapid and reliable detection of disease-associated nucleic acids. Fluorescent 

oligonucleotides that bind precisely and sense target DNA or RNA are useful tools for simple hybridization-based assays. Although the 

literature reports a plethora of oligonucleotide modifications, they often result in poor yields and are very expensive. We describe a simple 

and cost-effective synthesis of a new bisalkyne butane-1,3-diol scaffold and its efficient coupling into oligonucleotide sequences. In addition, 

we post-synthetically bioconjugated the oligonucleotides (double and quaternary) with azide dyes perylene, 5JOE and 

(phenylethynyl)pyrene. We investigated the biophysical and photophysical properties of the oligonucleotide–dye conjugates and confirmed 

a “light up” fluorescent sensing mechanism of the probes consequent on target binding. The data verify the ability of the oligonucleotide–

perylene conjugates in efficient target binding and detection of single-nucleotide polymorphisms in human oncogenes in a convenient and 

fast (2.5 h) bead-based assay. 

 

In the past two decades, modified oligonucleotides have gained 
immense interest in a broad spectrum of research fields and 
technology, including medicinal chemistry, nanotechnology and 
biomedicine.1,2 To address a rapidly growing demand for 
modified oligonucleotide probes, nucleic acid chemistry 
proposes numerous modifications to the nucleic acid 
backbone,3 the sugar4 and the nucleobase.5,6 Moreover, the 
literature describes bioconjugation of the modified 
oligonucleotides with various fluorescent dyes and other 
performance-improving tags as a promising strategy to develop 
effective tools for clinical diagnostics, imaging etc.7–9 

Clinical diagnosis is a field where fluorescent 
oligonucleotides have wide application.10 Taking advantage of 
developed optical methods and improved fluorescent dyes, 
hybridization-based platforms allow for rapid detection and 
studies of human genes and of their disease-related variants.11 
However, this requires the design and synthesis of stable and 
specific fluorescent oligonucleotide probes.11–13 

A plethora of studies report strategies for labeling 
oligonucleotides with fluorescent molecules.14 One of those 
includes enzymatic incorporation of fluorescent nucleotides into 
DNA probes during a PCR reaction.15 Nevertheless, the 
polymerase-mediated strategy is often inefficient. This is due to 
the enzymatic dependency and the bulky nature of the 
fluorescent dyes, which often dramatically reduce labeling 
yields.9 

Another approach for preparing fluorescent 
oligonucleotide probes couples a fluorescently labeled 
nucleotide monomer into a sequence-specific probe during 
solid-phase oligonucleotide synthesis.16 The efficiency of this 
method depends strongly on the size and geometry of the 
labeled nucleotide molecule.16,17 Although this method is 
habitually used, it faces challenges such as low coupling 
efficiency, low yields and insufficient purity of the product. 
Alternatively, post-synthetic bioconjugation strategies propose 
introduction of a functional group into the oligonucleotide 
sequence that serves as a substrate for post-synthetic 
labeling.18–20 Efficient coupling of the functionalized 
oligonucleotide with different molecules using standard 
reagents and the achieving of high product yields are the major 
improvements of this method.20 

Besides these benefits, the post-synthetic bioconjugation 
method faces concerns that need consideration. For instance, 
preparation of the reported functionalized nucleotide monomers 
takes a long time and involves complicated synthetic routes.21,22 
Furthermore, the commercially available functionalized nucleic 
acid scaffolds are expensive and remote. This implies a growing 
need for the development of simpler synthetic routes for novel 
functionalized nucleotide monomers and the use of economical 

 

 

Figure 1. Chemical structure of bisalkyne butane-1,3-diol developed herein, 

and post-synthetic bioconjugation of bisalkyne-functionalized oligonucleotide 
with azide dye. 

 

starting materials. Moreover, fluorescence detection of DNA 
and RNA faces major issues, such as low abundance of the 
target and quenching of the dye. This causes weak 
fluorescence signals and uncertain detection.23–25 The literature 
proposes the introduction of high density fluorophores into the 
oligonucleotide probe as a potential solution to this problem.25 

Herein, we synthesized a new bisalkyne butane-1,3-diol 
scaffold and incorporated it into short oncogene-targeting 
oligonucleotides (Figure 1). Next, we double-bioconjugated the 
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oligonucleotide with different dye molecules. After 
characterization of the oligonucleotide–dye conjugates (ODCs) 
that target BRAF V600E mutation, we studied the biophysical 
properties toward mutated (mismatched) and complementary 
(matched) DNA and RNA targets. The data showed the most 
potent probes, which we then applied in a bead-based 
genotyping of human oncogenes BRAF and EGFR. 

First, the bisalkyne butane-1,3-diol scaffold 7 was 
prepared by a new, simple and cost-effective protocol (Scheme 
1) using glucose 1 as a starting material. Initially, by the use of 
ZnCl2 as a Lewis acid of moderate strength and PhCHO, both 
C4 and C6 OH groups were protected by the formation of acetal. 
Next, by oxidation with NaIO4 followed by reduction with NaBH4, 
the glucose ring of 2 was opened and two new OH groups were 
formed. Treatment of 3 with NaH, followed by addition of 
propargyl bromide C3H3Br resulted in the formation of product 4 
with two alkyne functionalities. The acetal was then hydrolyzed 
using trifluoroacetic acid (TFA) in dichloromethane, yielding 
product 5. Next, the primary OH group of 5 was selectively 
DMTr-protected by the use of 4,4-dimethoxytrityl chloride 
(DMTrCl) in pyridine (6). Finally, by phosphitylation with 
diisopropylammonium tetrazolide (DIAT) and 2-cyanoethyl 
N,N,N’,N’-tetraisopropylphosphoroamidite, the 
phosphoramidite monomer 7 was synthesized. 

 

Scheme 1. Synthesis of bis(prop-2-yn-1-yloxy)butane-1,3-diol nucleic acid 
scaffold 

 
*Reagents, conditions and yields: (a) ZnCl2, PhCHO, rt, 5h, 9%; (b) NaIO4, 

NaHCO3, rt, 1 h; NaBH4, rt, 1 h, 70%; (c) NaH, 120 oC, 1 h; C3H3Br, rt, 24 h, 
65%; (d) TFA, DCM 0 oC, 2–3 h, 43%; (e) DMTrCl, pyridine, rt, 24 h, 57%; (f) 
DIAT, {[(CH3)2CH]2 N}2POCH2CH2CN, rt, 16 h, 82%. 

Next, we synthesized two oligonucleotide sequences K1 
and K2, a 21mer and a 15mer, respectively, (Table 1). Following 
their design, the sequences targeted the BRAF V600E mutation 
(the target sequence was obtained from the NCBI Pubmed). 
While K2 is a pure DNA sequence that contains the new 
bisalkyne scaffold 7 incorporated once, K1 is a mixed 
DNA/locked nucleic acid (LNA) sequence that contains the 
bisalkyne scaffold 7 twice, in positions 6 and 18. The installed 
three sequential LNA monomers (+C+T+C) in K1 improve the 
specificity and the binding affinity to the complementary target 
oligonucleotide.26,27 Concerning the length, the literature reports 
that 13mer–25mer oligonucleotides as acceptable for sufficient 
target interaction and suggest a 21mer oligonucleotide probe for 
ensuring unique interaction with the target.28,29 We included the 
shorter 15mer, K2 oligonucleotide with the aim of investigating 
its performance and comparing it with the standard 21mer. The 

oligonucleotide synthesis of K1 and K2 was executed 
automatically and the bisalkyne scaffold was incorporated into 
the desired position by hand coupling (SI, Scheme S1). 

The oligonucleotides were purified and characterized by 
ion-exchange HPLC and MALDI-TOF mass spectrometry (SI, 
Figures S1 and S2). Subsequent, post-synthetic covalent 
conjugation of the bisalkyne-functionalized oligonucleotides K1 
and K2 with azide derivatives of perylene (K1/K2–Per), 5JOE 
(K1/K2–5JOE) and (phenylethynyl)pyrene (PEP) (K1/K2–PEP) 
dyes (Scheme 1) was performed by copper(I)-catalyzed alkyne-
azide 

 

Table 1. Oligonucleotide sequences 

# Sequence Mw calc. Mw exp. 

K1 5'-CGAGAXTT+C+T+CTGTAGCXAGA 6457.0 6457.4 

RK1 5'-CGAGAdUTT+C+T+CTGTAGCdUAGA 6520.3 6520.3 

K2 5'-GATTTCXCTGTAGCT 4503.0 4503.8 

RK2 5'-GATTTCdUCTGTAGCT 4535.0 4535.0 

*+C and +T are LNA nucleotides. 

 

Chart 1. Single-nucleotide polymorphism (SNP) discrimination in DNA and 

RNA targets by probes K1, RK1 and K1–Per. 

 

 

 
 

*ΔTm values for DNA and RNA targets represented in blue and red, 

respectively. The values were calculated by subtracting the Tm values for the 

complementary and mismatched target DNA/RNA. K1 is the oligonucleotide 

that contains the new bisalkyne scaffold incorporated twice, K1–Per is K1 

quaternary-conjugated with perylene dyes and RK1 is the unmodified 

reference sequence. 

 

cycloaddition chemistry (CuAAC; Scheme 2). Then, the 
conjugated products were refined on an Illustra NAP-5 column, 
giving products with high purity in yields of 32–80%. We 
observed that the yields of the products were affected by the 
type of dye. The lowest yields were observed for rapidly 
precipitating PEP-azide dye. The identity and purity of the 
ODCs were confirmed by ion-exchange HPLC and MALDI-TOF 
mass spectrometry (SI, Figures S1 and S2, Table S2). 

The temperature-melting UV experiments (SI, Table S3) were 
performed in a phosphate-buffered saline (100 mM, pH 7.4). 
Unmodified DNA sequences RK1 and RK2, which contained 2’-
deoxyuridine in the position on the bisalkyne scaffold, were 
used as controls (Table 1). For K1 and K2, we designed 
complementary and mismatched (in position 10) DNA and RNA 
targets (21mers). For K2, we also included short 
complementary 15mers and short variable mismatched (A, U or 
C, in position 8) targets along the bisalkyne modification – Table 
S1. The duplexes of modified oligonucleotides K1, K2 and 
ODCs with perylene – with all complementary and mismatched 
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DNA/RNA long sequences – showed S-shape melting curves, 
similar to the unmodified controls (SI, Figure S3). However, the 
ODCs of K1 and K2 with 5JOE and PEP gave no clear transition 
in the melting curves. When examining the ODC duplexes of K2 
with short DNA and RNA targets, we observed S-shaped 
melting curves and clear Tm transitions solely for the conjugates 
with perylene with the complementary targets. All the duplexes 
of ODCs derived from K2 with short mismatched targets 
showed no clear transition, independent of the variable 
mismatches (A, U or C; SI, Table S3). 

 
Scheme 2. Bioconjugation of oligonucleotide K1 with azide dyes 

 
*Reagents and conditions: (a) 0.1 M Triethylammonium acetate buffer, pH 
7.3; Cu(II):TBTA complex 10 mM, ascorbic acid aq. 50 mM, Mili Q 

water/dimethyl sulfoxide 0.8:1.2, v/v/v, 75 C 10 min  60 C Mw 45 min  
rt overnight. 

In general, the oligonucleotide–perylene probes showed 
similar strength of binding with DNA and RNA targets. The 
duplexes of modified oligonucleotides K1, K2 and their 
conjugates displayed lower Tm values compared to the 
duplexes of unmodified oligonucleotides RK1 and RK2. 
However, the ODCs K1–Per and K2–Per stabilized the duplex 
with DNA and RNA targets. In particular, the decrease in Tm 

values for K1–Per compared with RK1 were –3.7 C and –5.8 

C for DNA and RNA targets, respectively. In turn, the values 

for K2–Per vs. RK2 were –0.2 C and –6.0 C for DNA and RNA 
targets, respectively. The results were similar for K2–Per 
binding the short targets, with one even more pronounced effect 
where K2–Per was binding the short-matched DNA target at 1.2 

C stronger compared to RK2 (SI, Table S3). We also estimated 
the single-nucleotide polymorphism (SNP) discrimination by 
calculating ΔTm values, the difference between DNA/RNA 
matching and mismatching sequences. RK1 discriminated 

mismatches with ΔTm values of 9.3 C and 12.1 C for DNA and 
RNA, respectively. K1–Per showed similar DNA mismatch 

sensitivity, with ΔTm 9.1 C, and improved RNA mismatch 

discrimination, with ΔTm 15.6 C (Chart 1). Notably, the data 
derived for RK2 and K2 – variable nucleobase mismatched (A, 
U or C) on the same position – gave differences in Tm values 

ranging from 0.4 to 3 C. Even though the duplexes of K1/K2–
Per probes with DNA and RNA showed equal strength, in 
agreement with literature, the K1–Per could discriminate the 
mismatch in RNA better compared with the mismatch in DNA.30 

With regard to the flanking ends of the K2 targets 
(DT1/RT1 vs. DT1 short/RT1 short), our data showed an 
increase in the Tm values when the target was longer (21mer) 
and contained three LNAs, compared with the short one 
(15mer). This effect was more pronounced for the modified K2 
sequence compared to the reference RK2 (3.5 °C and 2.8 °C for 

K2 with DNA and RNA respectively vs. 0.9 °C and 1.6 °C with 
DNA and RNA, respectively). This confirmed the stabilizing 
effect of the long targets on probe binding, without affecting the 
excellent SNP discrimination by the perylene-containing ODCs. 

To investigate the structure of ODC duplexes with 
complementary and mismatched DNA and RNA targets (15mer 
targets for K2) we recorded CD spectra in a phosphate-buffered 
saline (pH 7.4). For comparison, we measured spectra for the 
K1, K2 and the unmodified RK1 and RK2 reference sequences 
(Figure 2 and SI, Figure S4). The data confirmed no variation in 
the shapes of the spectra between ODCs, the non-conjugated 
precursors K1/K2 and the references RK1/RK2. In all cases, the 
CD spectra followed a similar pattern, i.e. a negative peak at 
205–210 nm, a positive peak at 220–225 nm, followed by more 
negative and positive peaks at 240–245 nm and 265–275 nm, 
receptively (Figure 2). The spectra of the duplexes with 
complementary and mismatched targets were overlapping. 
These results were similar to the CD spectra observed 
previously for fluorescent oligonucleotides with single-dye 
labeling.19 However, K1/K2 and the references RK1/RK2 
showed higher peak intensities than the ODCs in all cases. The 
numerical sum of the results (Tables S4/S5) confirmed that the 
three dyes related and intercalated within the duplexes to 
different degrees. In particular, the ODCs with perylene showed 
the biggest alteration in the duplex geometry. 

A) 

B) 

Figure 2. Representative CD spectra of ODC duplexes and controls: A) K1 

oligonucleotide conjugated with four 5JOE dyes (K1–5JOE) and control 
unmodified sequence RK1; B) K2 oligonucleotide conjugated with two 5JOE 
dyes (K2–5JOE) and control unmodified sequence RK2. The spectra were 
recorded in 100 mM phosphate buffer, pH 7.4, using 2 µM concentration of 
each strand. 

Next, we studied the target DNA/RNA binding and SNP 
sensitivity by fluorometry. The measurements were performed 
in a phosphate-buffered saline (pH 7.4) using 1 µM 
concentration of the perylene (excited at 425 nm) and the PEP 
(excited at 375 nm) ODCs and 0.5 µM concentration of the 
5JOE (excited at 495 nm) ODCs. 
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The fluorescence emission spectra showed hypochromic shifts 
for the K1 ODCs. Conversely, the K2 ODCs showed 
bathochromic shifts. (Figure 3) While the conjugates with 
perylene and PEP dyes displayed compelling emission maxima 
shifts (>2 nm), the conjugates with 5JOE showed minor shifts. 
These results, together with the CD data, suggested that the 
perylene and PEP dyes intercalated into the DNA and RNA 
duplex more efficiently than did 5JOE. Significantly and in 
agreement with the literature, they also intercalated more 
efficiently into the DNA duplex compared to the duplex with 
RNA.30 
In addition, the ODCs with perylene and PEP discriminated the 
single-strand probes and the duplexes by alterations in the 
fluorescence intensity at emission maxima at 490 nm and 
400 nm, respectively (Figure 3 and SI, Charts S2/S3). The 
ODCs with perylene showed pronounced effect with ratios of 
fluorescence intensities between the duplex with DNA and the 
single strand (Ids/Iss) of 7.3 and 3.6, for K1–Per and K2–Per, 
respectively. In addition, the ODCs with PEP dye showed 
fluorescence intensity ratios of 2.4 and 2.6 for K1–PEP and K2–
PEP, respectively. ODCs with 5JOE failed to detect 
hybridization with target DNA and RNA sequences by 
fluorescence. 
Notably, as seen in SI Chart S1/S2, the K1–Per probe efficiently 
discriminated SNP in DNA and RNA target sequences by 
fluorescence intensity alteration. The probe exhibited higher 
fluorescent intensity at emission maxima, binding the wild-type 
targets, compared with the mutant DNA and RNA sequences. 
In particular, the difference in fluorescence intensity binding 
match and mismatch DNA was 15.5 a.u., whereas this value for 
binding match and mismatch RNA was 8.2 a.u. K2–Per showed 
satisfactory SNP discrimination just for the DNA duplex, 
exhibiting differences in fluorescent intensities binding the wild-
type and mutant DNA of 22.7 a.u. The K1- and K2–5JOE did 
not discriminate SNP. 
 
Among the synthesized probes, the ODCs with perylene 
displayed desirable properties for homogenous fluorescence 
assay.31 They clearly showed increased fluorescence intensity 
emission upon transition from single strength to DNA and RNA 
target binding. Moreover, the ODCs with perylene efficiently 
distinguished DNA and RNA sequences with single-point 
mutation from the wild-type target by alteration in the 
fluorescence intensity. 
These results agree with the literature reports on ODCs that 
show a “light up effect”, differentiating single-stranded 
fluorescent probe vs. hybridized one.31 

A) 

 

B) 

 

Figure 3. Representative fluorescence emission spectra of ODCs: A) single-
stranded and duplexes of K1–Per (A) and K2–Per (B) with complementary 
and mismatched DNA and RNA targets. 

Therefore, the data suggest that the K1–Per and K2–Per probes 
distinguish single-stranded status vs. target binding by 
positioning of the dyes within the duplex. Single-stranded 
probes expose the perylene dyes to the solvent environment, 
which results in fluorescence quenching and low fluorescence 
emission intensity. Conversely, oligonucleotide–perylene 
duplexes intercalate the dyes, preventing dye quenching and 
showing increased fluorescence emission. The same is also 
valid for SNP discrimination. The locally distorted duplex of the 
single-point-mutated target fails the decisive prevention of the 
dye from environment quenching. This causes a degree of 
decrease in the fluorescence intensity. 
 
Lastly, considering the promising photophysical properties of 
the K1– and K2–Per probes, we developed an assay to detect 
clinically relevant mutated oncogenes, BRAF and EGFR. For 
these studies, genomic DNA targets were purified from 
commercial cancer cell lines and digested with EcoRI. As a 
negative, i.e. mutation-free, control we used DNA extracted 
from healthy cell line HMC. For the assay, we additionally 
designed and synthesized the probe E1–Per, a 21mer 
DNA/LNA (sequence shown in the SI) that targets EGFR 
mutation. The E1 sequence was first synthesized and the 
bisalkyne scaffold 7 was incorporated by hand coupling at the 
5’ termini, followed by CuAAC click conjugation with perylene 
azide dye. Moreover, we designed BRAF and EGFR 5’-
biotinylated-capturing probes (SI). 
The capturing assay was performed using streptavidin-coated 
magnetic dynabeads, biotin-conjugated capturing probes and 
our enriched fluorescent perylene–oligonucleotides (K1–Per, 
K2–Per or E1–Per). Repeating washing, incubation and 
annealing-dehybridizing steps were performed to ensure the 
required high specificity of the assay (SI). Quantitative results 
were gained by fluorometry. Overall, the assay took only 2.5 h, 
which is comparable to or shorter than existing PCR and 
sequencing assays.4–7 

Notably, all three probes performed well concerning the 
target specificity (see fluorescence intensities for mutated DNA 
vs. HMC in SI, Chart S3). For K2–Per, the signal in HMC 
negative control was elevated, but it was still 50% lower 
compared to its cancer cell line intensity. K1–Per showed 
double the fluorescence intensity compared to the K2–Per and 
E1–Per probes. These results agreed with the composition of 
the K1–Per probe containing four molecules of perylene dye vs. 
the other two probes that contain two molecules of conjugated 
dyes. The estimated limit of detection (LOD) of the capturing 

assay was 300  5 pM mutated DNA; the error of two 
independent measurements (CV) was 4.5%. These metrics are 
similar to or lower than existing genotyping methods.4–7 Given 
the high speed and low cost of our method, we believe it has 
the potential to contribute to current genotyping methods as a 
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convenient and reliable alternative to amplification-based 
techniques. 

In summary, we developed a convenient synthetic route for a 
new bis(prop-2-yn-1-yloxy)butane-1,3-diol nucleic acid scaffold. 
The synthesized bisalkyne scaffold coupled effectively to 
oligonucleotide probes, followed by post-synthetic double and 
quaternary bioconjugation with fluorophores: perylene, PEP 
and 5JOE. We use the multi-fluorophore oligonucleotides for 
biophysical studies of the duplexes with complementary 
DNA/RNA in vitro. CD spectroscopy indicated that the prepared 
conjugates adopt a different duplex geometry when compared 
to the unmodified references. While the perylene–
oligonucleotide conjugates showed successful adaptation 
within a duplex structure with DNA and RNA, the 5JOE and PEP 
dyes failed to make duplex intercalation. Moreover, the 
oligonucleotide–perylene conjugates (K1/K2–Per) showed 
sufficient target binding and excellent sensitivity toward the 
mismatched DNA and RNA targets by Tm and fluorometry 
studies. In addition, fluorometry studies in a model system and 
in cancer DNA confirmed that these conjugates discriminated 
well between the single strand and the duplex, and effectively 
detected single point mutated DNA in as little as a 300 pM 
sample. Taking into account these optimal properties, the 
oligonucleotide–perylene conjugates developed herein have a 
high potential as effective fluorescent tools for studies of nucleic 
acids and the detection of disease-related gene mutations. 
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Experimental Procedures 

 

1. Synthesis 

 
General synthetic methods 

 

All commercial reagents and solvents were used as received. The reactions were monitored by TLC using Merck silica 60 F254 

aluminum sheets. The TLC plates were visualized by UV-light at 254 nm and/or by staining by an appropriate staining agent, either 

vanillin in ethanol and/or 5% sulfuric acid in ethanol, followed by heating. Column chromatography was performed using silica gel 

(0.040-0.063 mm), Merck. 1H, 13C and 31P NMR were recorded on Bruker Avance III 400 spectrometer at 400.12 MHz, 100.62 MHz 

and 161.97 MHz, respectively. Chemical shifts (δ) are reported in ppm relative to tetramethylsilane (δH,C  0 ppm) or the solvents 

(DMSO-d6 δC 39.5 ppm, CDCl3 δC 77.16 ppm)  The coupling constants (J) are reported in Hz. As external standard for 31P NMR 

spectra, 85% H3PO4 was used. 2DNMR spectra (HSQC, COSY) have been used in assigning the 1H and 13C NMR signals. High 

resolution MS-ESI was recorded on a Bruker microTOF-Q II in a positive ion mode with an accuracy of ±5 ppm. Oligonucleotides 

were synthesized on an automated DNA synthesizer - PerSpective Bio-systems Expedite 8909. MALDI-TOF mass spectrometry 

was performed on a Ultraflex II TOF/TOF instrument, Bruker, using 3-hydroxypicolinic acid matrix (10 mg/mL 3-hydroxypicolinic 

acid, 50mM ammonium citrate in 70% aqueous acetonitrile). IE HPLC was performed using a Merck Hitachi LaChrom instrument 

equipped with a Dionex DNAPac Pa-100 column (250mm x 4 mm).  

 

Preparation of 4,6-O-benzylidene-D-glucose (2) 

 

 
 

Anhydrous glucose (67.5 g, 374 mmol) and 270 g of dry zinc chloride were stirred in 675 mL of benzaldehyde at room temperature 

(rt) for 5 h. Then the reaction mixture was cooled to 0 °C and 1350 mL of water were added. The solution was stored at 4 °C for 24 

hours. The resulting white precipitate was filtrated, washed with cold water and dried under high vacuum overnight to obtain 2 as a 

white solid (9 g, 33.5 mmol).  

Yield: 9%. Rf = 0.30 (ethyl acetate). 

HRMS-ESI (M+Na+): found m/z: 291.0845, calcd: 291.0845. 

 

Preparation of 1,3-O-benzylidene-L-erythriol (3) 

 

 
 

Compound 2 (9 g, 33.5 mmol) was dissolved in 180 mL of water and 67 mL of tetrahydrofuran. Sodium metaperiodate (14.3 g) and 

sodium hydrogen carbonate (7.4 g) were added and the reaction mixture was stirred at rt for 1 h. Then the solution, that presented 

a white precipitate, was cooled to 0°C and sodium borohydride (2.7 g) was added. The resulting mixture was stirred for 1 h. The 

precipitate was filtered and the product was extracted with ethyl acetate. The extract was washed with a solution of sodium 

thiosulfate and a solution of sodium hydrogen carbonate. The organic fraction was concentrated under reduced pressure and the 

crude material was purified by column chromatography (40100% Ethyl acetate in Petroleum ether) to give a white compound 3 

(4.9 g, 23.3 mmol). 

Yield: 69%. Rf = 0.40 (ethyl acetate). 

HRMS-ESI (M+Na+): found m/z: 233.0795, calcd: 233.0892. 
1H NMR (400 MHz, DMSO): δ 7.46-7.43 (m, 2H), 7.38-7.33 (m, 3H), 5.50 (s, 1H), 5.18 (d, J = 5.0 Hz, 1H), 4.65 (t, J = 5.7 Hz, 1H), 

4.10 (dd, J = 9.3 Hz, 6.4 Hz, 1H), 4.08 (dd, J = 9.3 Hz, 6.4 Hz, 1H), 3.75 (td, J = 9.8 Hz, 4.2 Hz, 1H), 3.57-3.46 (m, 3H); 13C NMR 

(101 MHz, DMSO): δ 138.3, 128.6, 127.8, 126.3, 100.1, 83.1, 70.7, 60.8. 
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Preparation of (2R,4S,5R)-2-phenyl-5-(prop-2-yn-1-yloxy)-4-((prop-2-yn-1-yloxy)methyl)-1,3-dioxane (4) 

 

 
 

Compound 3 (4.5 g, 21.4 mmol) was dissolved in 112 mL dimethylformamide and 6 g of sodium hydride (60%) was added. The 

solution was stirred for 1 h under reflux and then was cooled down to rt before adding 13.7 mL propargyl bromide (80%). The 

solution was left under stirring overnight. The resulted brown precipitate was disolved after addition of 100 mL of ethyl acetate and 

100 ml water. The yellowish organic phase collected with two more times of extraction with ethyl acetate was concentrated under 

reduced pressure and the crude material was purified by silica gel column chromatography (40100% Ethyl acetate in Petroleum 

ether) affording compound 4 (4 g, 13.9 mmol) as a light orange oil. 

Yield: 65%. Rf = 0.44 (ethyl acetate). 

HRMS-ESI (M+Na+): found m/z: 309.1099, calcd: 309.1103. 
1H NMR (400 MHz, DMSO): δ 7.43-7.40 (m, 2H), 7.40-7.36 (m, 3H), 5.56 (s, 1H), 4.46-4.38 (m, 1H), 4.27 (d, J = 2.4 Hz, 2H), 4.20 

(d, J = 2.3 Hz, 2H), 3.85 (m, 1H), 3.76 (dd, J = 11.0 Hz, 1.7 Hz, 1H), 3.64 (dd, J = 11.0 Hz, 5.7 Hz, 1H), 3.60-3.56 (m, 1H), 3.51 (t, 

J = 2.3 Hz, 1H), 3.44 (t, J = 2.3 Hz, 1H), 3.41-3.38 (m, 1H); 13C NMR (101 MHz, DMSO): δ 137.8, 128.8, 128.0, 126.2, 100.1, 80.3, 

80.1, 79.0, 77.4, 77.3, 68.5, 68.2, 68.0, 57.8, 57.1. 

 

Preparation of 2,4-bis(prop-2-yn-1-yloxy)butane-1,3-diol (5) 

 

 
 

Compound 4 (0.4 g, 1.39 mmol) was dissolved in 12 mL dry dichloromethane and cooled to 0 oC. 3 mL trifluoroacetic acid diluted 

in 12 mL dry dichloromethane was added drop-wise over 1 h. The reaction mixture was left under stirring for 16 h, The reaction 

was quenched with 8 mL (2.5 eq) dry pyridine. It was concentrated under reduced pressure and the crude material was purified by 

flash chromatography (010% methanol in dichloromethane) to give a light yellow oil (0.12 g, 0.60 mmol) 

Yield: 43%. Rf = 0.41 (ethyl acetate). 

HRMS-ESI (M+Na+): found m/z: 221.0774, calcd: 221.0790. 
1H NMR (400 MHz, DMSO): δ 4.91 (dd, J = 5.6, 2.9 Hz, 1H), 4.56 (t, J = 5.5 Hz, 1H), 4.22 (dd, J = 15.5, 2,4 Hz, 2H), 4.15 (d, J = 

2.4 Hz, 2H), 3.70-3.55-3.65 (m, 4H, H4), 3.50-3.35 (m, 4H); 13C NMR (101 MHz, DMSO): δ 80.9, 80.4, 80.1, 76.9, 76.5, 71.3, 68.9, 

60.3, 57.8, 57.7. 

 

Preparation of 2,4-bis(prop-2-yn-1-yloxy)butane-1-O-dimetoxytrityl-3-ol (6) 

 

 
Compound 5 (0.12 g, 0.060 mmol) was co-evaporated with anhydrous pyridine (2 x 10 mL) and dissolved in 4 mL anhydrous 

pyridine. Dimethoxytrityl chloride (0.45 mg) was added and the reaction mixture was stirred at rt for 24 h. Ethanol (99.6%, 2 mL) 

was added and it was stirred for 15 min and evaporated to dryness under reduced pressure. The crude mixture was dissolved in 

dichloromethane 20 mL and washed with water (2 x 20 mL) and a solution of saturated sodium hydrogen carbonate (2 x 20 ml). 

The resulting organic phase was dried over sodium sulfate and concentrated under reduced pressure The crude material was 

purified by column chromatography (030% Ethyl acetate in Petroleum ether) affording compound 6 ( 0.17 g, 0.034 mmol) as a 

light yellow oil. 

Yield: 57%. Rf = 0.24 (40% ethyl acetate in petroleum ether). 

HRMS-ESI (M+Na+): found: m/z 523.2089 , calcd: 523.2100. 
1H NMR (400 MHz, CDCl3): δ 7.46-7.43 (m, 2H), 7.34 (dt, J = 8.9 Hz, 3,1 Hz 4H), 7.30 – 7.20 (m, 3H), 6.83 (dt, J = 8.9 Hz, 2.6 Hz, 

4H), 4.33 (dd, J = 15.7 Hz, 2.4 Hz, 1H), 4.25 (dd, J = 15.7 Hz, 2.4 Hz, 1H), 4.16 (d, J = 2.4 Hz, 2H), 3.95 (td, J = 6.1 Hz, 3.7 Hz, 

1H), 3.78 (s, 6H), 3.75 – 3.71 (m, 1H), 3.64 (dd, J = 9.8 Hz, 3.8 Hz, 1H), 3.59 (dd, J = 9.8 Hz, 6.0 Hz, 1H), 3.40 (dd, J = 10.3 Hz, 

3.9 Hz, 1H), 3.29 (d, J = 10.3 Hz, 5.3 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 158.5, 144.8, 135.9, 135.9, 130.1, 128.2, 127.9, 126.8, 

113.2, 86.5, 80.0, 79.5, 78.0, 77.3, 77.0, 76.7, 74.7, 74.4, 70.8, 70.7, 63.2, 58.6, 57.9, 55.2. 
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Preparation of 4-(bis(4-methoxyphenyl)(phenyl)methoxy)-1,3-bis(prop-2-yn-1-yloxy)butan-2-yl(2-cyanoethyl) 

diisopropylphosphoramidite (7) 

 

 
 

Compound 6 (0.17 g, 0.034 mmol) was coevaporated with dry dichloroethane (2x10 mL) and dissolved in anhydrous 

dichloromethane 16 mL. Diisopropylammonium tetrazolide (60 mg) and 2-cyanoethyl-N,N,N’,N’-tetraisopropylphosphoroamidite 

(110 µL) were added and the reaction mixture was stirred under argon for 16 h. The mixture was concentrated under reduced 

pressure and the crude material was purified by flash column chromatography (2050% ethyl acetate in petroleum ether) to give 

compound 7 (0.2 g, 0.028 mmol) as a light yellow oil. 

Yield: 82%. Rf = 0.71 (50% ethyl acetate in petroleum ether). 

HRMS-ESI (M+Na+): found: m/z: 723.3170 , calcd: 723.3200. 
31P NMR (162 MHz, CDCl3): δ 150.15, 150.03. 

 

Oligonucleotide synthesis 

Oligonucleotides K1 and K2 were synthesized on automated DNA synthesizer PerSpective Bio-systems Expedite 8909. Synthesis 

was done using standard protocol in a DMT-ON mode, scale of 1.0 μmol on 500 Å CPG support. LNA monomers and new bisalkyne 

nucleic acid scaffold were incorporated using hand-coupling procedure. These reagents were dissolved in acetonitrile and coupled 

for 18 min using 1H-tetrazole as an activator. Coupling efficiencies were measured using absorbance of the dimethoxytrityl cation 

realized after each coupling. Cleavage of the oligonucleotides from the CPG solid support was performed with 30% aqueous 

ammonia solution at 55 oC, overnight. Detritylation of the oligonucleotides was done with 80% acetic acid, 30 min, followed by 

addition of water, sodium acetate 3M, sodium perchlorate 5M and precipitation with cold acetone (-20 oC, 10 min). Work up was 

finished by washing two times with cold acetone. The identity and purity of ONs were verified by MALDI-TOF mass spectrometry 

and IE HPLC, respectively.  

 

Bioconjugation 

The oligonucleotide-dye conjugates (ODCs) were synthetized by CuAAC "click" reaction between the K1/K2 oligonucleotide 

modified with the bisalkyne nucleic acid scaffold and azide reagents: perylene, 5JOE and phenylethynylpyrene (Scheme 3). 10 

nmol Oligonucleotide was mixed with 1 M triethylammonium acetate buffer, 200/100 nmol azide dye for K1 and K2, respectively, 

10 µL 10 mM Cu (II):TBTA and 4 µL 50 mM ascorbic acid solution in a final volume of 200 μL, DMSO:MQ water, 0.8:1.2. The 

reaction mixture was deaerated, heated on 75 oC for 10 min, placed in a microwave reactor for 45 min, 60 oC and afterwards kept 

at rt overnight. The products were purified on a Illustra NAP-5 column (GE Healthcare), using the protocol from the manufacturer. 

The obtained solution was dried under N2 flow and dissolved in Mili-Q water. Concentration of ODCs was calculated by measuring 

the absorbance at 260 nm. The products were analyzed by MALDI-TOF mass spectrometry and IE HPLC. 

 

 

Scheme S1. Oligonucleotide synthesis: main steps and coupling of the bisalkyne scaffold 

 

 

*Reagents and conditions for solid-phase oligonucleotide synthesis: (a) CCl3COOH, DCM (3/100, v/v); (b) 1H-tetrazole, CH3CN, DCM 18 min; (c) THF, H2O, 
pyridine, I2, (90.54/9.05/0.41/0.43, v/v/v/v); (d) (CH3CO)2O, THF (Cap A, 9.1/90.9, v/v), THF, C4H6N2, pyridine, (Cap B, 8/1/1, v/v/v). 
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Table S1. Commercial DNA and RNA targets used in this study* 

# Sequence 

DT1 5'- TCT AGC TAC AGA GAA ATC TCG-3' 

DT2 5'-TCT AGC TAC AGT GAA ATC TCG-3' 

RT1 5'-r(UCU AGC UAC AGA GAA AUC UCG)-3' 

RT2 5'-r(UCU AGC UAC AGU GAA AUC UCG)-3' 

DT1sh 5'- AGC TAC AGA GAA ATC-3' 

DT2sh 5'- AGC TAC AGT GAA ATC-3' 

DT3A 5'- AGC TAC AAA GAA ATC-3 

DT3U 5'- AGC TAC AUA GAA ATC-3'  

DT3C 5'- AGC TAC ACA GAA ATC-3' 

RT1sh 5'- r(AGC UAC AGA GAA AUC)-3' 

RT2sh 5'- r(AGC UAC AGU GAA AUC)-3' 

RT3A 5'- r(AGC UAC AAA GAA AUC)-3 

RT3U 5'- r(AGC UAC AUA GAA AUC)-3'  

RT3C 5'-r(AGC UAC ACA GAA AUC)-3' 

* Mismatched nucleotides are shown in red. 

  



 Fluorescent oligonucleotides for detection of mutated DNA 

119 
 

2. Characterization of oligonucleotide precursors and oligonucleotide-dye conjugates 

 
Figure S1. Representative IC HPLC of the bisalkyne-modified oligonucleotides and ODCs 
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Figure S2. Representative Maldi-TOF MS of the bisalkyne modified oligonucleotides and ODCs 
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Table S2. Oligonucleotide dyes conjugates MALDI results 

# Mw calc. Mw exp. 

K1-Per 8267.0 8267.6 

K1-5JOE 8806.2 8805.9 

K1-PEP 8635.4 8637.3 

   

K2-Per 5408.0 5409.7 

K2-5JOE 5677.6 5677.8 

K2-PEP 5592.2 5595.1 
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3. Thermal denaturation results (Tm) and representative curves for modified duplexes 

 
Table S3. Tm values* 

Probe/Target DT1 DT2 RT1 RT2 

K1  46.6 

 

33.8 56.2 40.1 

K1-Per  59.0 

 

49.9 61.5 45.9 

K1-5JOE  nct 

 

nct nct nct 

K1-PEP  nct 

 

nct nct nct 

RK1  62.7 53.4 67.3 55.2 

     

K2  38.1 

 

37.1 39.7 35.7 

K2-Per  49.3 

 

49.1 46.2 45.2 

K2-5JOE  nct 

 

nct nct nct 

K2-PEP  nct 

 

nct nct nct 

RK2  49.5 42.8 52.2 41.9 

 

Probe/Target DT1sh 

 

DT2sh DT3A DT3U DT3C RT1sh RT2sh RT3A RT3U RT3C 

K2  34.6 

 

32.5 25.6 26.6 25.2 36.9 31.9 24.2 23.6 22.9 

K2-Per  49.8 

 

49.4 nct nct nct 42.5 43.1 nct nct nct 

K2-5JOE  nct 

 

nct nct nct nct nct nct nct nct nct 

K2-PEP  nct 

 

nct nct nct nct nct nct nct nct nct 

RK2  48.6 

 

39.7 33.6 35.6 32.6 50.6 39.6 35.4 34.0 32.4 

* nct = no clear transition 
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Figure S3. Representative Tm graphs 
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4. Circular Dichroism (CD) results and representative graphs 

 
Figure S4. Representative CD graphs 
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Table S4. CD results: numerical intensities at selected wavelengths. 

Probe Target: DNA RNA 

Wavelength, nm: 

205 220 245 275 SUM 210nm 225nm 240nm 265nm SUM 

RK1 0.00 0.25 -1.25 1,25 0.25 -2.25 0.00 -0.75 2.25 -0.75 

K1 -0.25 0.50 -1.25 1.75 0.30 -1.50 0.25 -0.50 2.00 0.25 

K1-Per 0.00 1.00 -0.5 1.00 1.50 -0.75 0.25 -0.25 1.75 1.00 

K1-PEP 0.00 1.00 -0.5 0.75 1.25 -0.5 0.5 -0.50 1.25 0.75 

K1-5JOE 0.00 0.75 -0.75 1.00 1.00 -1 0.25 -0.25 1.50 0.50 

 

 

 

Table S5. CD results, numerical intensities at certain wavelength 

Probe Target: DNA RNA 

Wavelength, nm: 

210 220 245 275 SUM 210 225 240 270 SUM 

RK2 0.00 0.50 -0.75 0.75 0.50 -1.50 0.00 -0.25 1.50 -0.25 

K2 0.25 0.75 -0.75 0.75 1.00 -0.75 0.50 -0.50 1.50 0.75 

K2-Per -0.25 1.00 -0.50 +0.5 0.75 -0.50 0.50 -0.50 1.25 0.75 

K2-5JOE 0.00 1.00 -0.50 0.25 0.75 -0.50 0.50 -0.50 1.00 0.50 
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5. Fluorescence results 

 
 

Chart S1. Fluorescence intensity at emission maxima values for single stranded and duplexes of probes with DNA/RNA targets. 

 
 

 
 

 

 

 

 

 

 

 

 

 

0 20 40 60 80 100 120 140

K1-Per ss
K1-Per:DT1
K1-Per:DT2
K1-Per:RT1
K1-Per:RT2

K1-PEP ss
K1-PEP:DT1
K1-PEP:DT2
K1-PEP:RT1
K1-PEP:RT2

K1-5JOE ss
K1-5JOE:DT1
K1-5JOE:DT2
K1-5JOE:RT1
K1-5JOE:RT2

Fluorescence intensity, a.u.

D
u

p
le

x

0 20 40 60 80 100 120

K2-Per ss
K2-Per:DT1
K2-Per:DT2
K2-Per:RT1
K2-Per:RT2

K2-PEP ss
K2-PEP:DT1
K2-PEP:DT2
K2-PEP:RT1
K2-PEP:RT2

K2-5JOE ss
K2-5JOE:DT1
K2-5JOE:DT2
K2-5JOE:RT1
K2-5JOE:RT2

Fluorescence intensity, a.u.

D
u

p
le

x



 Fluorescent oligonucleotides for detection of mutated DNA 

128 
 

 

Chart S2. Fluorescence intensity at emission maxima values for single stranded and duplexes of probes with DNA/RNA targets. 
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6. Capturing assay  
 

Initially, we designed target specific capturing and derection probes to BRAF V600E and EGFR L858R regions of human genome, 

following previously described strategy.1 

The resulting probes were as follows: 

 

BRAF capturing probe: 

5’-/Biosg/ GAA AAT ACT ATA GTT GAG ACC TTC AAT GAC TTT CTA GTA ACT CAG CAG CAT CTC AGG GCC AAA AAT TTA ATC 

AGT GGA AAA ATA GCC TCA ATT CTT ACC ATC CAC AAA ATG GAT CCA GAC 

 

EGFR capturing probe:  

5’-/Biosg/ CTG GAG AGC ATC CTC CCC TGC ATG TGT TAA ACA ATA CAG CTA GTG GGA AGG CAG CCT GGT CCC TGG 

TGT CAG GAA AAT GCT GGC TGA CCT AAA GCC ACC TCC TTA CTT TGC CTC CTT CTG 

5’-/Biosg/ CTG GAG AGC ATC CTC CCC TGC ATG TGT TAA ACA ATA CAG CTACC TCC TTA CTT TGC CTC CTT CTG 
E1-Per: 

5’-/Perylene/ GCA GTT TGG C+C+C +GCC CAA AAT        Mw calc: 7668,5 g/mol; Mw exp:7665.0 g/mol 

 

The sequences of BRAF V600E specific probes K1 and K2 are given in Table 1 (main article). 

  

For the assay, we used purified genomic DNA from A101D – human skin malignant melanoma cell line (mutated BRAF, ATCC) 

and NCI-H1975 – human long non-small cell line carcinoma (mutant EGFR, ATCC). As a negative control we used DNA extracted 

from healthy cell line HMC-1 (ATCC). The capturing probes were purchesed by Qiagen and the E1-Per probe was synthetised on 

a Expedite as described above (handcoupled with the bisalkyne scaffold) and bioconjugated with the perylene-azide using CuAAC 

click chemistry (described above). For fluorescence quantification we used LightCycler® 480 Real-Time PCR System (Roche), 

LightCycler® Cyan 500 chanel (440 nm-488 nm). 

 

5’-/Biosg/ CTG GAG AGC ATC CTC CCC TGC ATG TGT TAA ACA ATA CAG CTA GTG GGA AGG CAG CCT GGT CCC TGG TGT 

CAG GAA AAT GCT GGC TGA CCT AAA GCC ACC TCC TTA CTT TGC CTC CTT CTG 

 

The capturing assay was performed using 50 µL (10 mg/mL) streptavidin coated magnetic dynabeads, stabilized at room 

temperature 1 h prior to the assay, washed three times with 150 µL 1x phosphate buffer (1xPBS) and redisolved in 25 µL 

1xPBS. Next, the beads were incubated for 30 min with biotin-capturing probe (10 µL, 500 nM concentration) with 

rotation. This was followed with three times wash with 150 µL 1xPBS and redisolving in 32.5 µL 2xPBS buffer. Next, 2.5 

µL (19 ng/µL) purified genomic DNA (from A101D/NCI-H1975/HMC) was added and the mixture was placed at 85 oC for 

10 min folowed by 3 h at 65 oC and 20 min cooling down to room temperature. This step was finished with subsequent 

three times washing with 150 µL 1xPBS buffer and redisolving in 25 µL 2xPBS. Then, 10 µL (50 nM concentration) of 

detection probe (K1-Per, K2-Per or E1-Per) was added, followed with subsequent treatment program, 10 min at 85 oC, 40 

min at 60 oC and 10 min at 40 oC. Imidiatly, worm wash step was performed washing four times with 150 µL 1xPBS buffer 

(keept on 45 oC, minimum 2 h prior the wash and during the wash). Finally, the beads were redisolved in 30 µL, 2xPBS, 

keept for 10 min at 92 oC with imidiate pull of of the supernatant (separation of the supernatant from the magnetic 

beads). Next day the fluorescence intensity was measured  

  

                                                           
1 Miotke, Astakhova et al. PLoS ONE 2015. 
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Chart S3. Capturing assay results, K1-Per, K2-Per, E1-Per and the HMCs respectively.* 

 

 
* Each data point is an average of two independent measurements with CV < 5%. 
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7. 1H and 13C NMR spectra 
Preparation of 1,3-O-benzylidene-L-erythriol (3) 

 
1H NMR (400 MHz, DMSO-d6) 

 
 

 
 
13C NMR (101 MHz, DMSO-d6) 
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Preparation of (2R,4S,5R)-2-phenyl-5-(prop-2-yn-1-yloxy)-4-((prop-2-yn-1-yloxy)methyl)-1,3-dioxane (4) 

 
1H NMR (400 MHz, DMSO-d6): 

 
 

 

 
13C NMR (101 MHz, DMSO-d6): 
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COSY (400 MHz, DMSO-d6): 

 
 

 

 

HSQC (400 MHz, DMSO-d6): 
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Preparation of 2,4-bis(prop-2-yn-1-yloxy)butane-1,3-diol (5) 

 
1H NMR (400 MHz, DMSO-d6): 

 
 

 

 
13C NMR (101 MHz, DMSO-d6): 
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HSQC (400 MHz, DMSO-d6): 
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Preparation of 2,4-bis(prop-2-yn-1-yloxy)butane-1-O-dimetoxytrityl-3-ol (6) 

 
1H NMR (400 MHz, CDCl3): 

 
 

 

 

13C NMR (101 MHz, CDCl3): 
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COSY (400 MHz, CDCl3): 

 
 

 

 

HSQC (400 MHz, CDCl3): 
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Preparation of 4-(bis(4-methoxyphenyl)(phenyl)methoxy)-1,3-bis(prop-2-yn-1-yloxy)butan-2-yl(2-cyanoethyl) 

diisopropylphosphoramidite (7) 

 
31P NMR (162 MHz, CDCl3):  
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Chapter 7  

Summary of Results and General Discussion 
 

The studies presented in this thesis come across the main objective to develop advanced 

short synthetic oligonucleotide sequences with high potential for enhanced performance as 

therapeutics and as diagnostics.  

Realizing the potential of synthetic oligonucleotides as therapeutics, the interest of new modified 

oligonucleotide sequences and their properties is constantly growing. While, almost all FDA 

approved oligonucleotide therapeutics contain certain backbone or sugar modification, 

bioconjugates of the therapeutic oligonucleotides are amplifying its presence in the 

pharmaceutical development pipelines. Ideal biomolecule, when conjugated to an 

oligonucleotide, should enhance its properties such as efficient target binding, improved serum 

stability, targeted cell internalization and enhanced pharmacokinetics.  

First, we synthetized a small library of POCs – Paper II. We aimed to characterize and 

investigate the influence of different peptide sequences on the oligonucleotide properties in 

vitro. Since the conjugation between negatively charged DNA and cationic peptides can be 

challenging,158 we optimized the method for successful synthesis of a library of thirty POCs. First, 

we synthetized the LNA modified and alkyne functionalized DNA oligonucleotide sequences, 

designed to target the BRAF V600E oncogene. This was followed by “CuAAC” internal conjugation 

with ten different peptide sequences to create POCs, each containing the same peptide sequence 

twice. Next, we performed a set of biophysical studies (Tm and CD) to investigate the specificity 

towards target binding and the structural properties of the POCs duplexes with DNA and RNA 

matching and mismatching targets. We finalized the studies by performing serum stability 

investigation for the POCs and their duplexes with DNA.  

The results confirmed efficient duplex formation of the POCs with the DNA and the RNA targets. 

According the CD investigation, all of the POCs showed mixed A/B geometry correlated to the 

not conjugated DNA/LNA starting oligonucleotide. In addition, the Tm  experiments revealed 

melting curves with S-shape, characteristic for the unmodified reference sequence. Next, the 

statistical analyses of the Tm values confirmed that LNA have important role into SNP 

discrimination. In addition, the nature of the attached peptide influenced the target binding 

(DNA and RNA) and the ability for mismatched discrimination. The data demonstrated that the 
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peptide sequence feature is important factor that affect the target binding. Chapter 3 (Paper II) 

contain detailed discussion on the effect from particular amino acid presence and the distance 

between the oligonucleotide and the particular amino acid. Furthermore, the conjugation with 

peptides showed superior improvement of the stability of the oligonucleotides in 90% human 

serum when compared with just the presence of LNA. 

Our study adds to the basic understanding on the structure and the properties of POCs in vitro. 

While literature contain numerous reports on the delivery performance of different peptides 

conjugated with ASOs and siRNAs, not many elaborate on the target-binding efficacy and the 

resistance towards enzymatic degradation. For example, Victor C. Yang and coworkers, report 

on the synthesis and intracellular delivery on siRNA conjugated with low molecular weight 

protamine peptides.170 They demonstrate that usage of polyethylene glycol (PEG) spacer and 

cleavable disulfide linker is improving the cellular uptake of siRNA. However, they point out that 

new siRNA design with optimized stability may advance the system even more.170 We speculate 

that the best performing POCs in the in vitro assays may give superior results in in vivo studies. 

The most promising POCs should be further tested for in vivo distribution and performance. 

The most common routes for administration of oligonucleotide therapeutics are injection 

based. Since, the oral delivery route is very challenging, in clinical trials oligonucleotide 

therapeutics are most often administrated by intravenous, subcutaneous, intravitreal or 

intratumoral pathway. However, considering the advantages of oral drug delivery such as large 

surface area of absorption and high patient comfort, the scientific community starts to consider 

oral delivery systems for ASOs and siRNAs as prerequisite. An orally formulated oligonucleotide 

drug, should be stable in the acidic environment of the gastrointestinal tract (GIT) and resistant 

to nuclease degradation until it reach the intracellular compartment.171 Moreover, the used 

additional excipients should be inert, biocompatible and nontoxic.  

Attempts to orally deliver siRNA and ASO therapeutics were done just for GIT diseases such as 

intestinal inflammation and colorectal liver.172–174 Following the need of stable oligonucleotide 

drugs, we investigated the stability of differently formulated, therapeutic relevant 

oligonucleotides in simulated bio-fluids (Paper III, Chapter 4). In this study, we examined the 

ability of short peptides (covalently attached), poly-L-lysine and histone proteins (complexed) 

to alleviate the oligonucleotides stability in simulated bio-fluids such as human serum, gastric 

juice and hydrochloric acid. The probes were first radiolabeled with 32P and subsequently 

incubated in the bio-fluids for 24 h deducting small volume portion at particular time points. 
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Next, the fractions were resolved on PAGE gels and imaged. For quantitative comparison, we 

estimated the remaining fractions of the naked oligonucleotides, the conjugates and the 

complexes computing the band intensities.  

Incubation in 90% human serum revealed that stability of naked oligonucleotide depend on the 

length and the nature of the sequence. However, formulation of oligonucleotide-peptide 

conjugates and complexes, in general improved the stability. In addition, the covalent complexes 

with short peptides showed superior protection ability compared with the noncovalent complex 

with poly-L-lysine. Interesting, in gastric juice the net positive charge of the conjugated peptide 

sequence influenced the stability of the oligonucleotide. The less positively charged peptide 

protected the oligonucleotide from degradation more efficient. However, blockage of the pepsin 

action by a specific inhibitor - pepstatin A, in general enhanced the stability of the 

oligonucleotides. In addition, complexation of histone proteins to the longer oligonucleotide 

sequence displayed increased stability in hydrochloric acid. This study, together with small 

number of other studies of stability of nucleic acids in bio-fluids indicate that some proteolytic 

enzymes may play role into the degradation of the nucleic acids.175,176 To meet the requirements 

for orally available oligonucleotide therapeutics, further studies on the structure-formulation-

stability relationship will be necessary. Weakness of this study is the use of simulated bio-fluids. 

Detail investigation of the stability of various formulated oligonucleotide therapeutics in freshly 

extracted human serum and gastric juice from human stomach lumen are necessary to confirm 

the indications and to give more details on the degradation mechanism. 

Chapter 5 covers two research projects where we designed and synthetized siRNA and ASOs 

therapeutics formulated as complexes and conjugates with peptide sequences to investigate 

their performance in cell culture studies. In the first project, we designed two siRNA therapeutics 

that target HIV 1 LTR 362 with the aim to inhibit the translation of the viral RNA. First we 

complexed the siRNAs with two peptide sequences and a GalNAc molecule. We examined the 

intracellular delivery and efficacy in three model cell lines. While, the siRNAs were not able to 

reduce the expression of the model target genes in LChIT and HEK-pMO-GFP cell lines, we 

observed reduction of expression of the model gene in TZMbl cells. In regards to the delivery, 

the complexes with higher concentration peptide (60 nmol) showed promising results. 

Nevertheless, these results exhibited high SD and high variability between the data of the 

repetitive experiments.  
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The siRNAs showed cell dependent efficacy and intracellular delivery. Moreover, the complexes 

with peptides showed not efficient and variable cellular internalization probably because of the 

lower complex stability. In addition, we prepared conjugates of the siRNAs with the Tat1a 

peptide and its performance in TZMbl cells will be investigated in the near future. We speculate 

that the conjugates having well defined structure will perform better in in vivo studies compared 

with the nanoplexes.  

In the second project, we designed and synthetized ASOs - Gap and Gap A targeting the intron of 

BGas and siRNAs targeting the nascent RNA from the promoter sequence of BGas. BGas is lnRNA 

antisense to the CFTR protein coding sense strand. We aimed to suppress the BGas binding to 

CFTR and increase its expression. Preliminary, we screened the effectiveness of the ASOs as 

complexes and conjugates (two distinct chemistries – CuAAC and SPAAK) with Tat1a peptide in 

A549 cells. Analyzing the data, the performance in increasing the CFTR expression varied and 

was highly concentration dependent. While in general, the complexes needed higher 

concentration, conjugates, needed approximately 15-25 fold less concentrated probes to see an 

effect. Nevertheless, we were not able to reproduce this preliminary data and further detailed 

examination will be necessary to provide stronger conclusions. 

The final project, described in this thesis (Chapter 6, Paper IV), includes synthesis of a novel 

multi-fluorescent oligonucleotides as a tools for detection of single gene mutation. Using cheap 

and affordable starting materials, we synthetized new bis-alkyne nucleic acids building block 

that was afterwards successfully integrated into three oligonucleotide sequences. The synthesis 

of the bis (prop-2-yn-1-yloxy) butane-1,3-diol scaffold was achieved in six synthetic steps giving 

sufficient amount of the final product to be hand coupled into the oligonucleotide sequences. The 

yields of each reaction step were decent except for the first step – synthesis of 4.6-O-

benzylidene-D-glucopyranose. For its synthesis we followed synthetic strategy by Lindhorst.177 

The reaction achieved the desired product after filtration without further purification. Even 

though the authors reported 50% yield, we achieved 9% yield of the product. Previous data 

following the same procedure also reported no more than 10% yield.178 In addition, a report 

using tosic acid catalyzed transacetalation of D-glucose stated a 15% yield of product. 179 

However, taking into account the simplicity of the Lindhorst strategy, we scaled up this initial 

step and after getting a reasonable amount of product, we continued carrying out the next steps. 

We performed the second step as described in literature without changing the method achieving 

70% product (3).179,180 Next, product (4) was achieved following a protocol for making 



 Summary of Results and General Discussion 

143 
 

polyalkyne scaffolds gaining 65% yield.181 We found the removal of the benzylidene group in 

step four challenging. We first performed the reaction in 80% acetic acid as described by the 

literature.182 However, even though we observed formation of a product by TLC, after wash with 

saturated solution of sodium bicarbonate, water and brine, followed flash chromatography, we 

failed to gain the product. We started optimizing the reaction first using the same concentration 

acetic acid using higher temperature (80 oC) for shorter time. Figuring out that this was not 

positive, we also tried using 50% and 100% acetic acid, but without success. We failed to obtain 

product when using 60% acetic acid in acetonitrile as well. Then we used a strategy using 

phosphomolybdic acid supported on silica gel for removing acetals.183 Performing the reaction 

in ethyl acetate at r.t., we observed only slight conversion of the starting material by TLC. Next, 

following the Carrigan et al. report on deprotection of acetals by triflates, we performed the 

reaction with copper triflate (Cu(OTf)3) in THF and water at rt.184 Unfortunately this strategy 

was not successful failing to convert the starting material. Finally, we performed the reaction 

with TFA in DCM to achieve product (5) in 43% yield. Next, the primary alcohol was selectively 

protected with a DMT group,185 followed by phosphitylation of the secondary alcohol to gain the 

phosphoramidite building block.186 

After synthesis of the scaffold, it was successfully incorporated (internal and terminal) into the 

oligonucleotide sequences by hand coupling. Next, the double and quaternary alkyne 

functionalized oligonucleotides were conjugated with the three-different azide fluorescent dyes. 

Satisfactory yields of the ODCs products were achieved after performing the CuAAC reaction 

assisted by high temperature activation for short time, followed by microwave reactor treatment 

and r.t. reaction overnight. Afterwards, the ODCs were used in experiments that investigated 

their ability and specificity for target binding. Next, the fluorescence intensity shift at emission 

maxima after binding target and mismatched DNA and RNA strands was investigated. Finally, 

the most promising ODCs were used for detection of cancer related DNA from cell extract in a 

bead assay.  

The data showed that the target binding specificity and the duplex geometry with DNA and RNA 

target sequences depend from the attached dye. The ODCs with perylene dyes showed efficient 

intercalation within the duplex and ability to sense target hybridization by shift in the 

fluorescence intensity at emission maxima. Whereas the ODCs with 5JOE and PEP dyes failed to 

show clear transition in the Tm melting curves and fluorescence intensity shift trend. Moreover, 

both the K1-Per and K2-Per conjugates, showed fluorescent intensity alteration at emission 
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maxima binding the mutant compared with the wild target. Following this data, we used the 

ODCs with perylene for the capturing (bead) assay, to detect single mutated regions in genes 

extracted from cancer cell lines.  

.
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Chapter 8  

Concluding Remarks and Perspectives 
 

Advancement of the properties of the synthetic oligonucleotides will lead to efficient probes 

applicable as therapeutic and as diagnostic tools. The required properties depend on the 

application, but primary requirements for oligonucleotide probes are descent stability in the 

media used and selectivity towards target binding. 

Synthetic oligonucleotides as therapeutics should be stable with prolonged half-life in blood and 

in serum of a minimum of 12 h, bind the target specifically without off-target interactions, to be 

safe for in vivo administration and affordable to produce. Moreover, as oligonucleotides are 

affecting intracellular targets, effective methods for cell internalization are required. 

The data presented in chapters 3, 4, and 5 show that short peptides advance the therapeutic 

oligonucleotide performance in regards to target binding efficiency, stability and intracellular 

delivery to some extent. In particular, the Tm experiments show that the specificity for target 

binding depend on the nature of the peptide sequences. In addition, the amino acid content of 

the peptide affect oligonucleotides stability in bio-fluids, especially in simulated gastric juice. 

The cell culture experiment data suggest that the peptide concentration used and the cell type 

may affect the intracellular delivery of the oligonucleotide nanoplexes.  

While the strategy using short peptide sequences is advantageous for efficient target binding 

and protection towards enzyme degradation of the oligonucleotide, it also face with drawbacks. 

The lack of cell-type selectivity, incompatibility with oral administration and renal filtration are 

the biggest problems that scientist will need to overcome in future.  

The focus will be on development of new systems for efficient delivery on target side, new 

modification chemistries and mechanistic studies. 

Fluorescent oligonucleotide hybridization-based diagnostic tools should show efficient target 

binding, discrimination between matched and mismatched target, bright fluorescence signal and 

alteration of the fluorescent emission signal upon mismatched target binding. If designed for in 

vivo application further enzymatic stability and targeted intracellular delivery are required. 

The results described in chapter 6, confirm that the new synthetized bis-alkyne nucleic acid 

building block successfully couple into oligonucleotide sequences and conjugate double and 

quaternary with different fluorescence dyes. Oligonucleotides conjugated with perylene dyes 

show the most promising assets in the Tm, CD and fluorescence studies, when hybridized with 
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mismatched and target DNA and RNA sequences. Consequently, when applied in the capturing 

(bead) assay, they successfully detect mutated gene in cell extract. 

In the future, the bis-alkyne scaffold can be explored for conjugation with excimer probes, for 

example with two molecules of pyrene dye. The formation of excimer may show a longer 

emission wavelength and longer fluorescence lifetime. 

Higher selectivity and detection of ultra-low abundant single point gene mutations remain 

scientific and technical challenge. Scientist will focus on development of new probe designs with 

multiple chemical functionalities, new signal generation strategies and advanced measurement 

techniques. Moreover, the interest in development of high-throughput automatic platforms such 

as microfluidic chips will greatly develop the field. 
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Appendix A 
 

Figure A1. Maldi-TOF spectra of the siRNA sense strands-Tat1a conjugates 

 

S2-Tat1a 

 

S4-Tat1a 

 

SCS2-Tat1a 
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Figure A2. IC HPLC spectra of the siRNA sense strands-Tat1a conjugates 

 

S2-Tat1a 

 

S4-Tat1a 

 

SCS2-Tat1a 
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Chart A1. Luciferase reporter assay results; RLU representing the expression of the luciferase 

gene in epithelial cells TZMbl cells 

 

a) 

 

*Nanoplexes show no significant effect in TZMbl cells on the used concentration. 100000 cells/ml TZMbl were 

seeded and 24 h latter, 100 ng/well pcDNA-TAT-dsRED was transfected to activate HIV-1 transcription. 24 h after, 

50 nM nanoplexes L1-L21 were dropped onto the cells. 48 h later, luminescence was determined. 

 

b) 

 

* 100000 cells/ml TZMbl were seeded and 24 h latter, 100 ng/well pcDNA-TAT-dsRED was transfected to activate 

HIV-1 transcription. 24 h after, 50 nM nanoplexes L1 and L3 were transfected using Lipofectamine 3000. In addition 

50-200 nM nanoplexes were dropped onto the cells. 48 h later, luminescence was determined. 
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c) 

 

* 100000 cells/ml TZMbl were seeded and 24 h latter, 100 ng/well pcDNA-TAT-dsRED was transfected to activate 

HIV-1 transcription. 24 h after, 50 nM nanoplexes L1 and L3 were transfected using Lipofectamine 3000. In addition 

100-1000 nM nanoplexes were dropped onto the cells. 48 h later, luminescence was determined. 

 

Chart A2. Dual luciferase reporter assay results; RLU representing the expression of the 

luciferase gene in epithelial cells TZMbl cells 

a) 

 

* 100000 cells/ml TZMbl were seeded and 24 h latter, 100 ng/well pcDNA-TAT-dsRED and 100 mg/well pcDNA-

Renilla were transfected. After 24 h, 50 nM nanoplexes L1-L3 were transfected using Lipofectamine 3000 (++). In 

addition, 1000 nM nanoplexes L13-L18 were dropped onto the cells. 48 h later, luminescence was determined 
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b) 

 

* 100000 cells/ml TZMbl were seeded and 24 h latter, 100 ng/well pcDNA-TAT-dsRED and 100 mg/well pcDNA-

Renilla were transfected. After 24 h, 50 nM nanoplexes L1-L3 were transfected using Lipofectamine 3000 (++). In 

addition, 1000 nM nanoplexes L13-L18 were dropped onto the cells. 48 h later, luminescence was determined 

 

 

 

 

 

 

 

Figure A3. Maldi-TOF spectra of the siBGas sense strands-Tat1a conjugates 

siBGas s-Tat1a 
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siBGas SC s–Tat1a 

 

Gap-Tat1a 

 

Gap SC-Tat1a 
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Figure A4. IC HPLC spectra of the siBGas sense strands/Gap-Tat1a conjugates 

 

siBGas s-Tat1a 
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Gap SC-Tat1a 

 

 

 

 

Table A1. Calculated CV (%) values for the data presented in Chart 5.3 (Chapter 5) 

a) 

 G1 G2 G3 G4 

 CV (%)    

100 nM 77.9199 201.9721 122.8566 35.12727 

200 nM 131.7461 194.6217 110.6064 310.2921 

400 nM 93.6966 74.26713 30.01816 177.8161 
 

b) 

 G1 G2 G3 G4 

 CV (%)    

 10 nM 78.2249 165.9155 121.3167 245.5039 

 20 nM 163.1232 472.6099 111.4126 77.21052 

 50 nM 25.7082 42.01205 14.7213 53.59579 

 

c) 

 G1 G2 G3 G4 

 CV (%)    

50 nM 59 1372.727   

2 nM 884  840.4255 9.52381 

4 nM 472  2952.632 545.4545 
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