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ABSTRACT 

The use of cationic polymers in gene therapy aims at improving the circulation, protection and delivery of 

nucleic acids. The modification of poly(L-lysine) (PLL), including the insertion of hydrophobic moieties, is 

an efficient strategy to enhance the transfection efficiency of this synthetic delivery system. PLL is usually 

modified through either the extremities of the polymer chains or the amino groups present on the side 

chains. Herein the synthesis of dodecalysines as model of PLL with hexyl spacing units regularly distributed 

along the oligomer backbone is reported. Oligolysines terminated with azidohexyl groups were prepared 

by solid-phase synthesis and ligated by copper-assisted alkyne-azide cycloaddition using propargylamine. 

The iterative ligation of α-azidohexyloligolysines was more efficient when performed on resin as 

compared to the ligation in solution. The plasmid DNA transfection efficiency of the hydrophobically 

modified dodecalysines was then compared to that of unmodified dodecalysine. The results show that 

when formulated with the helper lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) the 

hydrophobized dodecalysines exhibited a higher efficiency than the unmodified one. Interestingly, the 

efficiency could also be increased by the addition of a fusogenic peptide, which paves the way for 

modifications of the oligolysines that could lead to improved activities.  
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1. INTRODUCTION 

Solid-phase synthesis (SPS) is a well-established method to prepare peptides,[1, 2] oligonucleotides,[3, 4] 

and oligosaccharides[5, 6] and has been a source of inspiration in the field of polymer synthesis to reach 

sequence-defined oligomers and polymers[7-9] especially to tune the properties of biomaterials.[10, 11] 

SPS has been in particular used to generate non-viral vectors for the delivery of nucleic acids by designing 

oligomers from novel building blocks or by including for example lysine residues on oligomers. In this field 

lysine residues are often used because poly(L-lysine) has been shown to be efficient for complexing 

DNA.[12] Solid-phase peptide synthesis has been exploited to enhance the transfection of oligolysines by 

inserting at precise location other α-amino acids such as cysteine residues to promote formation of 

reducible disulfide bridges[13, 14] and histidine residues to induce endosomal escape.[15] The addition 

of specific peptide sequences have been also investigated such as RGD for enhanced nuclear entry[16] 

and GGFLGF for endosomal cleavage.[17]  

Among the features considered in the design of non-viral polymer-based vectors for nucleic acid delivery, 

the introduction of hydrophobic moieties improves mainly the stability of the complex formed by 

condensation of the nucleic acid with the cationic polymer, and the cellular uptake. Post-polymerization 

modification of the most commonly used cationic polymers in this field (e.g. polyethylenimine, 

poly(L-lysine), chitosan) allows the introduction of aliphatic chains, fatty acids, polymers such as Pluronic® 

and poly(γ-benzyl L-glutamate), and cholesterol derivatives.[18] Hydrophobic modification has been also 

performed by design of the polymers for example, by copolymerizing amine-containing and hydrophobic 

comonomers[19, 20] or distributing oligolysines pendent to a polymer backbone.[21, 22] Solid-phase 

synthesis is an approach providing easy access to insert hydrophobic moieties precisely located along the 

backbone of sequence-defined oligomers. We have previously reported the solid-phase synthesis of 

oligolysine end-capped with an alkyl azide and sequence-defined oligomers containing amino acid 

residues and aliphatic spacing units.[23-26] In the former case, solid-phase peptide synthesis using Fmoc-

Lys(Boc)-OH has been performed to prepare a Boc-protected tetralysine followed by on resin coupling of 

6-azidohexanoic acid before cleavage from the resin and removal of the Boc protecting group. In the latter 

case, the oligomers have been synthesized in a similar manner by on resin iterative addition of protected 

amino acids, azidoalkanoic acids, and propargylamine through amidification and copper-assisted alkyne-

azide cycloaddition reactions. For the synthesis of long sequences, the fully iterative approach as 

previously described could be time-consuming and source of deleted sequences. These limitations are 

usually overcome using ligation approaches.[27, 28] 



Herein a ligation strategy of oligolysine end-capped with an hexyl azide is proposed to introduce regularly 

spaced hydrophobic spacing units on a dodecalysine. Dodecalysine has been selected as model as the 

minimal number of lysine residues to induce complexation of DNA is eight.[29] Preliminary results on the 

transfection performance of two synthesized sequence-defined oligomers with hydrophobic hexyl spacing 

units every four and six lysine residues respectively and dodecalysine as reference in the presence of 

dioleoylphosphatidylethanolamine (DOPE) is presented to highlight the effect of the presence of 

hydrophobic spacers on DNA delivery. 

 

2. RESULTS AND DISCUSSION 

2.1. Synthesis of Boc-protected α-azidohexyl-oligolysines 

Boc-protected α-azidohexyl-oligolysines were synthesized as previously reported for N3-h-K*4-OH[23] by 

solid-phase synthesis (Scheme S1 and Figure S1). Briefly, a 2-chlorotrityl chloride resin was functionalized 

with Fmoc-Lys(Boc)-OH in the presence of diisopropylethylamine (DIPEA) followed by removal of the Fmoc 

protecting group using a solution of piperidine in DMF. After determining the loading density by 

gravimetry, the other lysine residues were added iteratively in two steps: i) addition of Fmoc-Lys(Boc)-OH 

using N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) as coupling 

agent in the presence of 1-hydroxybenzotriazole hydrate (HOBt) and DIPEA, and ii) treatment with 

piperidine to remove the Fmoc group. The oligolysine grafted on the resin was end-capped with 

6-azidohexanoic acid using the same reaction conditions as for the addition of Fmoc-Lys(Boc)-OH 

affording N3-h-K*x-O-resin where * represents the Boc protecting group and x is the number of lysine 

residues (x = 4 or 6). N3-h-K*x-OH were recovered after cleavage from the resin using a solution of 

2,2,2-trifluoroethanol (TFE) in CH2Cl2 and precipitation in diethyl ether/n-hexanes in 70-85 % yield. 

2.2. Ligation of Boc-protected α-azidohexyl-oligolysines  

To avoid the addition of multiple Boc-protected α-azidohexyl-oligolysine blocks simultaneously, the 

ligation of two N3-h-K*4-OH was performed in three steps (Scheme 1): i) protection of the ω extremity of 

one of the two N3-h-K*4-OH (N3-h-K*4-OMe), ii) addition of propargylamine by copper-assisted alkyne-

azide cycloaddition reaction to prepare the corresponding tetralysine block terminated by a primary 

amine (NH2-h-K*4-OMe), and iii) ligation with an unmodified N3-h-K*4-OH to obtain N3-h-K*4-h-K*4-OMe. 

The first step consisted in the protection of the carboxylic acid group by methylation using iodomethane 

in the presence of potassium carbonate in DMF affording N3-h-K*4-OMe quantitatively. For the second 

step, various catalyst/ligand systems (e.g. CuBr with N,N,N′,N′′,N′′-pentamethyldiethylenetriamine, CuSO4 

with sodium ascorbate) under different reaction conditions (e.g. reaction times, molar ratios of reagents, 



solvent) were investigated. The optimal conditions were obtained using 2 equivalents of propargylamine 

in the presence of 0.2 equivalent of copper sulfate and 1.5 equivalents of sodium ascorbate in a mixture 

of water and acetonitrile at room temperature for 24 h. NH2-h-K*4-OMe was purified by precipitation into 

water and obtained in 85% yield. Finally, the ligation of N3-h-K*4-OH with NH2-h-K*4-OMe was conducted 

through the formation of an amide linkage (Table 1). The first attempt consisted in using the conditions 

employed for the addition of Fmoc-Lys(Boc)-OH when synthesizing N3-h-K*4-OH, i.e. 3 equivalents of HBTU 

as coupling agent in the presence of HOBt (3 equivalents) and DIPEA (6 equivalents) in DMF at room 

temperature for 1 h. However, no formation of N3-h-K*4-h-K*4-OMe was observed. Increasing the reaction 

time to 24 h did not show any improvement on the reaction. As the proper activation of the carboxylic 

acid group is important to efficiently form amide linkages,[30] different coupling agents based on aminium 

salts (i.e. HBTU and 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium hexafluorophosphate 

(HATU)), carbodiimide (i.e. 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC)), and phosphonium 

salts (i.e. bromotripyrrolidinophosphonium hexafluorophosphate (PyBroP), and 1H-benzo-triazol-

1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP)) were considered. All the reactions 

were conducted for 16 h at room temperature. After purification by extraction to remove the excess of 

coupling agents and urea side products, the residue was characterized by 1H NMR spectroscopy and mass 

spectrometry to determine the extent of the reaction. The results showed that HATU and PyBroP did not 

allow the formation of the desired product (N3-h-K*4-h-K*4-OMe), EDC led to the formation of traces of 

N3-h-K*4-h-K*4-OMe while PyBOP was the most efficient coupling reagent (Table 1). However, the 

purification of the reaction was arduous due to the presence of the large excess of N3-h-K*4-OH used (3 

equivalents relative to NH2-h-K*4-OMe). The reaction was thus attempted with a lower amount of N3-h-

K*4-OH (1.5 equivalents), but the purification remained difficult.  

  



 
Scheme 1. Ligation of two N3-h-K*4-OH in solution through i) methylation of the terminal carboxylic acid of one of 
the two N3-h-K*4-OH, ii) addition of propargylamine by copper-assisted alkyne-azide cycloaddition reaction, and 
iii) coupling with an unmodified N3-h-K*4-OH. 
 

Table 1. Reaction conditions for the ligation of N3-h-K*4-OH on NH2-h-K*4-OMe. 

coupling agent reaction time 
(h) 

formation of N3-h-K*4-h-K*4-OMe 

HBTU 1 no 

HBTU 24 no 

HATU 16 no 

EDC 16 traces 

PyBroP 16 no 

PyBOP 16 yes, but isolation difficult 

 

To minimize the difficulties encountered for the purification of N3-h-K*4-h-K*4-OMe, the ligation was 

performed on the resin previously used to prepare the Boc-protected α-azidohexyl-oligolysines 

(Scheme 2). This approach permits to rinse the growing oligomers grafted on the resin after each step to 

remove easily the unreacted molecules. Instead of cleaving N3-h-K*4-OH from the resin, N3-h-K*4-O-resin 

was modified with propargylamine by copper-assisted alkyne-azide cycloaddition reaction. As the resin is 

based on polystyrene, the previous conditions used in solution would induce deswelling of the resin due 

to the presence of water and thus limit the accessibility of the active sites on the resin for the reaction to 

occur. The addition of propargylamine was conducted with CuBr in the presence of 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) in CH2Cl2. The reaction was monitored by FT-IR 



spectroscopy following the disappearance of the absorbance band characteristic of the asymmetric 

stretching vibration of azide groups at 2100 cm-1 (Figure S2). N3-h-K*4-OH was then ligated on NH2-h-K*4-

O-resin using HBTU as coupling agent in the presence of HOBt and DIPEA in DMF. After extensively rinsing 

the resin with solvents to remove any unreacted N3-h-K*4-OH, the Kaiser test was performed to monitor 

the consumption of the amine of NH2-h-K*4-O-resin (i.e. yellow solution if no primary amine present), 

while FT-IR spectroscopy showed the presence of the characteristic absorption band of azide groups at 

2100 cm-1 resulting from the formation of N3-h-K*4-h-K*4-O-resin. These steps were repeated to insert a 

third N3-h-K*4-OH and the oligomer was cleaved from the resin using a solution of TFE in CH2Cl2 (1:4) 

affording a Boc-protected dodecalysine with a hexyl spacer every four lysine residues (N3-h-K*4-h-K*4-h-

K*4-OH, Figure S3). Similarly, a Boc-protected dodecalysine with a hexyl spacer every six lysine residues 

(N3-h-K*6-h-K*6-OH, Figure S4) was prepared by ligating N3-h-K*6-OH on NH2-h-K*6-O-resin. 

 
Scheme 2. On resin ligation of three N3-h-K*4-OH through i) addition of propargylamine by copper-assisted alkyne-
azide cycloaddition reaction, and ii) coupling with an unmodified N3-h-K*4-OH. 
 



2.3. Evaluation of the lysine-based oligomers as non-viral vectors 

Before evaluating the transfection activity of the oligomers, the Boc protecting groups of N3-h-K*4-h-K*4-

h-K*4-OH and N3-h-K*6-h-K*6-OH were removed following the previously reported protocol[23] affording 

K4x3 and K6x2 respectively. K12 (i.e. dodecalysine without any spacing unit) was used for comparison 

purposes. Each oligomer was tested for its ability to promote the delivery of a reporter plasmid in the 

Human colorectal carcinoma cell line HCT116. Therefore, increasing amounts of oligomer were mixed with 

a constant amount of a luciferase expression plasmid and incubated with the cells. As control, complexes 

generated with a poly(L-lysine) with a degree of polymerization of 215 (K215) were included. The results 

showed that all three oligomers were poorly efficient as their activity remained more than 10-fold below 

that of K215 (Figure S5) - which in the absence of helper compounds is by itself also rather a poor 

transfection vector[31] (see also Figure 2 K215 in comparison with DOTAP). This result is not unexpected 

since it was previously shown that shorter poly(L-lysine)s are less efficient than longer ones.[32] Next, we 

tested whether addition of helper agents could improve the activity of our oligomers. Therefore, the 

transfection was performed by adding the lysosomotropic agent chloroquine that was previously shown 

to increase the transfection efficiency of vectors such as lactosylated poly(L-lysine)s.[33] However, the 

addition of this weak base did not increase the efficiency (data not shown). The naturally-occurring 

phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) was then investigated by addition 

to the complexes. The helper activity of the zwitterionic lipid DOPE relies on its capacity to increase 

endosomal escape of the complexes through its fusogenic activity.[34, 35] Many commercially available 

lipidic formulations (Lipofectamine, Lipofectine, SAINT-red, DC-Chol/DOPE, etc.) contain a mixture of a 

cationic lipid and the helper lipid DOPE. But DOPE proved also able to increase the DNA and siRNA 

transfection activity of non-lipidic formulations, in particular of oligoureas, a class of peptidomimetic 

foldamers composed of ethylene diamine type units connected by urea bonds.[36, 37]  

To evaluate the effect of this additive, DNA complexes were generated using different oligomer/DOPE 

ratios and their activity was measured on HCT116 cells. The results showed that when associated with 

DOPE, the efficiency of oligomers K4x3 and K6x2 was significantly increased (Figure 1) reaching the level 

of K215, while this was not the case with K12. To note, when DOPE was mixed with plasmid DNA without 

the presence of a cationic vector no detectable levels of luciferase were found with 5 µg but measurable 

levels of luciferase were obtained when using 10 µg of DOPE (Figure S6). When the K4x3/DOPE/DNA 

complexes were generated in a sequential manner (i.e. instead of mixing oligomer K4x3 with DOPE before 

addition of DNA, we first generated the oligomer/DNA complexes before adding DOPE) the resulting 

complexes performed slightly less well (Figure S7). A similar light decrease was also observed when the 



ternary K4x3/DOPE/DNA complexes were generated in water in place of 150 mM of sodium chloride 

suggesting an effect of salts on structuration of the complexes (Figure S7). How the different components 

of the complexes exactly get organized remains to be studied.  

Lastly, the ability to increase the activity by adding a fusogenic peptide to the K4x3/DNA complexes was 

investigated. Fusogenic peptides, mostly derived from the amino-terminal sequence of hemagglutinin of 

the influenza virus, have been widely used in order to increase the escape from the endosomes of DNA 

complexed with polymers [38-41] or lipids [42, 43]. These anionic peptides have a disordered 

conformation at pH 7 but as the pH decreases, a situation which occurs in late endosomes, the carboxyl 

groups of aspartate and glutamate side chains become protonated and the disappearance of the anionic 

repulsion allows the transition into an amphipathic α-helical conformation. As a consequence, the 

peptides can interact with membranes to form pores or induce membrane fusion/lysis.[44] In 1996, 

Gottschalk and coworkers designed such a peptide, JTS-1 (GLFEALLELLESLWELLLEA), that showed a pH-

dependent lytic activity on erythrocytes and the authors found that addition of this amphipathic peptide 

to plasmid DNA complexed by a cationic peptide strongly increased the transfection efficiency.[45] The 

results obtained with oligomer K4x3 showed that addition of JTS-1 highly increased the activity since levels 

approx. 17-fold higher than that of K215 were observed (Figure 2), even though the activity remained 

below that of the commercialized cationic lipid DOTAP (N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-

trimethylammonium chloride).[46]  

To check whether the negatively charged fusogenic peptide adsorbs electrostatically to the oligomer/DNA 

complexes the surface charge was measured before and after addition of JTS-1. While the zeta potential 

of 20 μg K4x3/1.5 μg DNA was of +27.3 mV, it decreased to +20.7mV when 10 μg JTS-1 were added. These 

results suggest that at least some of the JTS-1 peptides bind to the positively charged DNA complexes.  

Importantly, the cell toxicity of the oligomer/DNA +/- DOPE or JTS-1 was estimated by measuring the 

amounts of proteins present in each well. The DNA complexes displayed no cytotoxicity when compared 

to untreated cells (Figures 1, 2, and S5-S7). 



 
Figure 1. Evaluation of the DNA transfection activity of oligomer/DOPE mixtures on human HCT116 cells. 
Transfection was performed in 48 well-plates using 0.75 µg/well of the plasmid encoding for luciferase. Increasing 
amounts of polymer were mixed with either 5 µg (dark bars) or 10 µg of DOPE (light bars) in 150 mM NaCl before 
addition of a constant amount of plasmid. The indicated amounts of polymer in µg are given for 1.5 µg of DNA. The 
complexes were incubated with cells for 2h30 in serum-free medium. Thereafter, the medium was removed and 
replaced with serum-containing medium. Luciferase activity was measured 24 h after the beginning of the 
transfection and it is expressed as total light units/1 s/mg protein, and the average of duplicates is shown. Error bars 
represent the standard deviation of the mean. Cell toxicity was estimated by total protein quantification and 
compared to untreated cells (purple dots; right axis). 
 



 
Figure 2. Addition of the fusogenic peptide JTS-1 to oligomer/DNA mixtures on human HCT116 cells. Transfection 
was performed in 48 well-plates using 0.75 µg per well of DNA. Increasing amounts of oligomer were mixed with a 
constant amount of plasmid. Then 10 µg of the peptide JTS-1 was added to the complexes. The indicated amounts 
of vector in µg are given for 1.5 µg of DNA. DOTAP was used at an amine to phosphate (N/P) ratio of 3. The complexes 
were incubated with cells for 2h30 in serum-free medium. Thereafter, the medium was removed and replaced with 
serum-containing medium. Luciferase activity was measured 26 h after the beginning of the transfection and it is 
expressed as total light units/1 s/mg protein, and the average of duplicates is shown. Error bars represent the 
standard deviation of the mean. Cell toxicity was estimated by total protein quantification and compared to 
untreated cells (purple dots; right axis). 
 

3. CONCLUSION 

In the present work two new lysine-rich oligomers with hydrophobic spacers regularly distributed have 

been synthesized using SPS and on resin ligation. The strategy proposed for the synthesis of the oligomers 

should offer the ability to prepare blocks having each a function (e.g. oligolysine for complexation with 

nucleic acids as described in this work) and attach them covalently to each other by ligation in a specific 

order paving the way to enhance the transfection of lysine-based oligomers. Although only low DNA 

transfection activity by themselves was observed, addition of helper agents could importantly increase 

their efficiency as compared to the corresponding unmodified oligolysine (i.e. same number of lysine 

residues and without hydrophobic spacers). Given the reported results endosomal release of the 

complexes has some limitation since addition of fusogenic compounds led to high activity. These 

encouraging results suggest that the introduction of moieties such as histidines [47, 48] known to enhance 



endosomal escape on one of the blocks of the oligomers could reach the development of lysine-based 

oligomers with interesting nucleic acid delivery capabilities. 

 

 

4. EXPERIMENTAL 

4.1. Materials 

2-Chlorotrityl chloride (CTC) resin (100-200 mesh, 1.6 mmol g-1), Fmoc-L-Lys(Boc)-OH (>99%), N,N,N′,N′-

tetramethyl-O-(1H-benzo-triazol-1-yl)uronium hexafluorophosphate (HBTU, 99%), and 2-(1H-

7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU, 99%) were purchased 

from Iris Biotech. 1-Hydroxybenzotriazole hydrate (HOBt, ≥97%), copper(I) bromide (CuBr, 98%), 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA, 99%), anhydrous N,N-dimethylformamide 

(anhydrous DMF, 99.8%), anhydrous dichloromethane (anhydrous CH2Cl2, ≥99.8%), and 

N,N-dimethylformamide (DMF, >99%) were purchased from Sigma-Aldrich. 

2,2,2-N,N-Diisopropylethylamine (DIPEA, >99%), propargylamine (>95%), trifluoroethanol (TFE, >99%), 

1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (EDC, >98%), and 

bromotripyrrolidinophosphonium hexafluoro-phosphate (PyBroP, >98%) were purchased from TCI. 

Iodomethane (CH3I, 99%, stabilized with copper) and L-ascorbic acid sodium salt (99%) were purchased 

from Alfa Aesar. 1H-Benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, 98%) 

was purchased from ABCR. Copper sulfate(II) pentahydrate (>98%), methanol (MeOH, 99.8%), ethanol 

(EtOH, absolute, 99.99%), dichloromethane (CH2Cl2, pure, stabilized with amylene), n-hexane (pure), and 

diethyl ether (Et2O, 99%) were purchased from Carlo Erba. Hydrochloric acid (HCl, 37% in water) and acetic 

acid (99.7%) were purchased from Fisher Chemical. Potassium carbonate (K2CO3, 99%) was purchased 

from VWR. Acetonitrile (ACN, Chromasolv, >99.9%) was purchased from Honeywell. Docecalysine, TFA 

salt (K12, ≥98%) was purchased from GenScript. All chemicals were used as received, except if noted 

otherwise. Dialysis membrane in regenerated cellulose with molecular cutoff of 2000 Da (SpectrumLab) 

were purchased from Roth. CuBr was washed with acetic acid, subsequently with absolute EtOH, filtered 

and stored under inert atmosphere prior to use. 6-Azidohexanoic acid was synthesized as previously 

reported.[23] The Kaiser test was conducted as described in the literature.[49] All the syntheses on solid 

support were performed in solid phase extraction (SPE) tubes (60 mL polypropylene SPE tubes with 

polyethylene frits, 20 μm porosity purchased from SUPELCO®).  

4.2. Characterization 



1H and 13C NMR spectra were recorded in DMSO-d6 or MeOD on a 400 MHz Bruker Avance III HD 

spectrometers equipped with a BBO type probe at 25 °C.  

Fourier transform infrared (FTIR) spectra were recorded on a Bruker Vertex 70 spectrometer using the 

attenuated total reflectance (ATR) technique for wavenumber between 600 and 4000 cm-1.  

Mass measurements were carried out on a Bruker Daltonics microTOF spectrometer (Bruker Daltonik 

GmbH, Bremen, Germany) equipped with an orthogonal electrospray (ESI) interface. Calibration was 

performed using Tunning mix (Agilent Technologies). Sample solutions were introduced into the 

spectrometer source with a syringe pump (Harvard type 55 1111: Harvard Apparatus Inc., South Natick, 

MA, USA) with a flow rate of 5 μL min-1.  

4.3. Synthesis of Boc-protected α-azidohexyl-ω-carboxylic acid-oligolysines  

N3-h-K*4-OH was synthesized as previously reported.[23] N3-h-K*6-OH was prepared using the same 

protocol that is briefly described below. 

Loading of the resin. CTC resin (1.00 g, 1.60 mmol, 1 eq.) was weighed in a SPE tube, swollen in CH2Cl2, 

and washed three times with CH2Cl2. Fmoc-Lys(Boc)-OH (1.50 g, 3.20 mmol, 2 eq.) was added to the resin. 

The tube was degassed by performing three vacuum/argon cycles. Under argon atmosphere, 6 mL of 

anhydrous CH2Cl2 was added to the tube, followed by 1.1 mL of DIPEA (6.40 mmol, 4 eq.). The tube was 

agitated using an orbital stirrer for 1 h at room temperature. The solution was filtered and the resin was 

washed six times with DMF (addition of DMF, agitation for 2 min, and filtration). 30 mL of 

CH2Cl2/MeOH/DIPEA (80/15/5) was added to the tube, agitated for 10 min at room temperature, and 

filtered (twice). The resin was then washed six times with DMF. The deprotection of the Fmoc group was 

performed by adding a 25 v% piperidine solution in DMF to the tube that was agitated for 3 min. After 

filtration, this step was repeated with an agitation of 20 min. The resin was washed six times with DMF, 

three times with CH2Cl2, three times with MeOH, and six times with CH2Cl2. The resin was dried under 

vacuum for 48 h. The loading density of the resin was determined by gravimetry as 1.23 mmol 

Boc-protected lysine per gram of resin (77%). 

Addition of protected lysine residues. Fmoc-Lys(Boc)-OH (1.63 g, 3.48 mmol, 3 eq.), HOBt (0.47 g, 

3.48 mmol, 3 eq.), and HBTU (1.31 g, 3.48 mmol, 3 eq.) were dissolved in anhydrous DMF (7 mL) followed 

by the addition of DIPEA (1.2 mL, 6.96 mmol, 6 eq.). The solution was added to the SPE tube containing 

the resin and the reaction was agitated for 1 h at room temperature with an orbital stirrer. After filtration, 

the resin was washed six times with DMF and six times with CH2Cl2. The Kaiser test was performed: i) if 

the solution was blue, the coupling reaction was repeated or ii) if the solution was yellow, the Fmoc 

removal reaction was performed as previously using a solution of piperidine in DMF.  



Insertion of 6-azidohexanoic acid. 6-Azidohexanoic acid (0.55 g, 3.48 mmol, 3 eq.), HOBt (0.47 g, 

3.48 mmol, 3 eq.), and HBTU (1.31 g, 3.48 mmol, 3 eq.) were dissolved in anhydrous DMF (7 mL) followed 

by the addition of DIPEA  (1.2 mL, 6.96 mmol, 6 eq.). The solution was added to the SPE tube and the 

reaction was agitated for 1 h at room temperature with an orbital shaker. After filtering the solution, the 

resin was rinsed six times with DMF, three times with CH2Cl2, three times with MeOH, and six times with 

CH2Cl2. The Kaiser test was performed: i) if blue, the coupling reaction was repeated or ii) if yellow, FTIR 

spectroscopy was performed to confirm the presence of the azide (2100 cm-1). 

Cleavage from the resin. The resin was transferred to a glass vial and a solution of CH2Cl2/TFE (4/1) was 

added. The solution was agitated at room temperature for 45 min and then the filtrate was collected. This 

step was performed four times and then the resin was washed three times with CH2Cl2. The filtrates were 

combined and concentrated by rotary evaporation. The product was precipitated in Et2O/n-hexane (2:1) 

and the suspension was centrifuged. The supernatant was removed to isolate the product as a white solid 

that was dried under vacuum overnight. 

N3-h-K*6-OH. 78 % yield. 1H NMR (DMSO-d6, 2.50 ppm): δ 7.94-7.85 (m, 6H, -NH-C(=O)-), 6.71-6.38 (m, 

6H, NH(Boc)), 4.26-4.09 (m, 6H, -C(=O)-CH-NH-), 3.30 (t, 3JHH = 7.0 Hz, 2H + H2O, -CH2-N3), 2.90-2.84 (m, 

12H, -CH-CH2-CH2-CH2-CH2-NH(Boc)), 2.14-2.13 (m, 2H, -NH-C(=O)-CH2-), 1.70-1.20 (m, 97H, -CH-CH2-CH2-

CH2-CH2-NH(Boc), -C(=O)-CH2-CH2-CH2-CH2-CH2-N3, -CH3 from Boc). 13C NMR (DMSO-d6, 39.52 ppm): 

δ 173.5 (-C=O), 172.3 (-C=O), 172.0 (-C=O), 171.5 (-C=O), 171.4 (-C=O), 171.3 (-C=O), 155.6 (-C=O), 77.4 (-

C-(CH3)3 from Boc), 52.7 (-C(=O)-CH-NH-), 52.5 (-C(=O)-CH-NH-), 52.3 (-C(=O)-CH-NH-), 51.9 (-C(=O)-CH-

NH-), 50.6 (-CH2-N3), 35.0 (-C(=O)-CH2-CH2-CH2-CH2-CH2-N3), 31.8 (-CH2-NH(Boc)), 31.6 (-CH2-NH(Boc)), 

31.0 (-CH2-NH(Boc)), 30.8 (-(C(=O)-CH2-CH2-CH2-CH2-CH2-N3), 29.3 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 29.2 

(-CH-CH2-CH2-CH2-CH2-NH(Boc)), 28.3 (-CH3 from Boc), 28.0 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 25.8 (-C(=O)-

CH2-CH2-CH2-CH2-CH2-N3), 24.8 (-C(=O)-CH2-CH2-CH2-CH2-CH2-N3), 22.8 (-CH-CH2-CH2-CH2-CH2-NH(Boc), 

22.7 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 22.5 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 22.1 (-CH-CH2-CH2-CH2-CH2-

NH(Boc)). FTIR: 2098 cm-1. HR ESI (m/z): [M+Na]+ calculated from C72H131N15O20Na, 1548.9587; found, 

1548.9583. 

4.4. Chemical ligation of two N3-h-K*4-OH in solution 

Synthesis of N3-h-K*4-OMe. N3-h-K*4-OH (300 mg, 0.28 mmol, 1.0 eq.) and K2CO3 (51 mg, 0.37 mmol, 

1.3 eq.) were placed in a round bottom flask. Three vacuum/argon cycles were performed. Anhydrous 

DMF (6 mL) and CH3I (18 µL, 42 mmol, 1.5 eq.) were added. The reaction mixture was stirred at room 

temperature for 2 h and concentrated on a rotary evaporator. The residue was purified by precipitation 

in a solution of Et2O/n-hexane (2:1). The suspension was centrifuged for 20 min. Filtrate was removed and 



the product was dried overnight under vacuum. N3-h-K*4-OMe was obtained quantitatively as a white 

solid.   
1H NMR (DMSO-d6, 2.50 ppm): δ 8.17-7.76 (m, 4H, -NH-C(=O)-), 6.75-6.39 (m, 4H, -NH(Boc)), 4.25-4.15 (m, 

4H, -C(=O)-CH-NH-), 3.60 (s, 3H, CH3-C(=O)-), 3.29 (t, 3JHH = 7.00 Hz, 2H, -CH2-N3), 2.88-2.86 (m, 8H, -CH-

CH2-CH2-CH2-CH2-NH(Boc)), 2.14-2.10 (m, 2H, -NH-C(=O)-CH2-), 1.70-1.20 (m, 66H, -CH-CH2-CH2-CH2-CH2-

NH(Boc), -C(=O)-CH2-CH2-CH2-CH2-CH2-N3, -CH3 from Boc). 13C NMR (DMSO-d6, 39.52 ppm): δ 172.3 (-C=O), 

172.1 (-C=O), 171.8 (-C=O), 171.6 (-C=O), 171.2 (-C=O), 155.5 (-C=O), 77.3 (-C-(CH3)3 from Boc), 52.5 

(-C(=O)-CH-NH-), 52.3 (-C(=O)-CH-NH-), 52.1 (-C(=O)-CH-NH-), 51.9 (-C(=O)-CH-NH-), 51.7 (CH3O-C(=O)), 

50.5 (-CH2-N3), 34.9 (-C(=O)-CH2-CH2-CH2-CH2-CH2-N3), 31.8 (-CH2-NH(Boc)), 31.5 (-CH2-NH(Boc)), 30.9 

(-CH2-NH(Boc)), 30.5 (-C(=O)-CH2-CH2-CH2-CH2-CH2-N3), 29.2 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 29.1 (-CH-

CH2-CH2-CH2-CH2-NH(Boc)), 29.0 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 28.2 (-CH3 from Boc), 27.9 (-CH-CH2-

CH2-CH2-CH2-NH(Boc)), 25.7 (-C(=O)-CH2-CH2-CH2-CH2-CH2-N3), 24.7 (-C(=O)-CH2-CH2-CH2-CH2-CH2-N3), 

22.7 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 22.6 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 22.4 (-CH-CH2-CH2-CH2-CH2-

NH(Boc)), 22.0 (-CH-CH2-CH2-CH2-CH2-NH(Boc)). ESI (m/z): [M+Na]+ calculated from C51H93N11O14Na, 

1106.6796; found, 1106.6812. 

Synthesis of NH2-h-K*4-OMe. Sodium ascorbate (96 mg, 0.48 mmol, 1.5 eq.), copper sulfate (8 mg, 

0.05 mmol, 0.1 eq.), and propargylamine (42 µL, 0.65 mmol, 2.0 eq.) were added to a solution of N3-h-K*4-

OMe (350 mg, 0.32 mmol, 1.0 eq.) in H2O/ACN (0.9/2.1 mL). The reaction mixture was stirred at room 

temperature for 24 h and concentrated on a rotary evaporator. The residue was purified by precipitation 

in water and the suspension was centrifuged. The product was obtained as brown solid in 85% yield.   
1H NMR (DMSO-d6, 2.50 ppm): δ 8.17-7.77 (m, 5H, -NH-C(=O)- and -CHtriazole-), 6.70-6.36 (m, 4H, -NH(Boc)), 

4.28-4.18 (m, 4H, -C(=O)-CH-NH-), 3.59 (s, 3H, CH3-C(=O)-), 3.39 (br s, 2H + D2O, -CH2-NH2), 2.86 (br s, 8H, 

-CH-CH2-CH2-CH2-CH2-NH(Boc)), 2.09 (m, 2H, -NH-C(=O)-CH2-), 1.78-1.23 (m, 66H, -CH-CH2-CH2-CH2-CH2-

NH(Boc), -C(=O)-CH2-CH2-CH2-CH2-CH2-triazole-, -CH3 from Boc). 13C NMR (DMSO-d6, 39.52 ppm): δ 172.3 

(-C=O), 172.1 (-C=O), 171.8 (-C=O), 171.6 (-C=O), 171.2 (-C=O), 155.5 (-C=O), 77.3 (-C-(CH3)3 from Boc), 

52.5 (-C(=O)-CH-NH-), 52.3 (-C(=O)-CH-NH-), 51.9 (-C(=O)-CH-NH-), 51.7 (CH3O-C(=O)-), 34.8 (-C(=O)-CH2-

CH2-CH2-CH2-CH2-triazole-), 31.8 (-CH2-NH(Boc)), 31.5 (-CH2-NH(Boc)), 30.9 (-CH2-NH(Boc)), 30.6 (-(C(=O)-

CH2-CH2-CH2-CH2-CH2-triazole-), 30.4 (-triazole-CH2-NH2), 29.5 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 29.2 (-CH-

CH2-CH2-CH2-CH2-NH(Boc)), 29.0 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 28.2 (-CH3 from Boc), 27.9 (-CH-CH2-

CH2-CH2-CH2-NH(Boc)), 25.4 (-C(=O)-CH2-CH2-CH2-CH2-CH2-triazole-), 24.6 (-C(=O)-CH2-CH2-CH2-CH2-CH2-

triazole-), 22.7 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 22.5 (-CH-CH2-CH2-CH2-CH2-NH(Boc)), 22.4 (-CH-CH2-CH2-



CH2-CH2-NH(Boc)), 22.0 (-CH-CH2-CH2-CH2-CH2-NH(Boc)). ESI (m/z): [M+Na]+ calculated from C54H99N12O14, 

1139.7398; found, 1139.7362. 

General protocol for the ligation of N3-h-K*4-OH on NH2-h-K*4-OMe. N3-h-K*4-OH (141 mg, 0.13 mmol, 

3 eq.), coupling agent (0.13 mmol, 3 eq.), HOBt (18 mg, 0.13 mmol, 3 eq.), and DIPEA (46 μL, 0.26 mmol, 

6 eq.) were placed in a vial and dissolved in a mixture of DMF (1 mL) and CH2Cl2 (0.5 mL). The solution was 

added to a round bottom flask containing NH2-h-K*4-OMe (50 mg, 0.04 mmol, 1 eq.). The reaction mixture 

was stirred for the desired time (Table 1) at room temperature. CH2Cl2 and 10% NaOHaq were added and 

the solution was extracted three times with CH2Cl2. The organic phases were combined, dried over Na2SO4, 

filtered, and concentrated by rotary evaporation. The residue was dissolved in MeOH and precipitated in 

a solution of Et2O/n-hexane (2:1). The product was isolated by centrifugation and dried under vacuum 

overnight. 

4.5. On resin chemical ligation 

Addition of propargylamine by copper-assisted alkyne-azide cycloaddition reaction. Typically, CuBr 

(24 mg, 0.17 mmol, 1 eq.) was added to the SPE tube containing N3-(h-K*x)y-O-resin (0.17 mmol of 

oligomer grafted on the resin) where x = 4 or 6 and y = 1 or 2. Three vacuum/argon cycles were performed. 

Anhydrous CH2Cl2 (4 mL) was added to tube followed by PMDETA (0.10 mL, 0.50 mmol, 3 eq.) and 

propargylamine (0.03 mL, 0.50 mmol, 3 eq.). The reaction mixture was agitated for 16 h under argon at 

room temperature. After filtering the solution, the resin was rinsed six times with DMF, three times with 

CH2Cl2, three times with MeOH, and six times with CH2Cl2. The extent of the reaction was monitored by 

the disappearance of the characteristic band of azides at 2100 cm-1 by FT-IR spectroscopy; if still present 

the reaction was repeated. 

Ligation of N3-h-K*4-OH on the oligomer grafted on the resin. N3-h-K*4-OH (0.50 mmol, 3 eq. relative to 

the loading of the resin), HBTU (186 mg, 0.50 mmol, 3 eq.), HOBt (67 mg, 0.50 mmol, 3 eq.), and DIPEA 

(0.17 mL, 0.99 mmol, 6 eq.) were placed in a vial and dissolved in 4 mL of DMF. The solution was added 

to the SPE tube containing NH2-(h-K*x)y-O-resin (0.17 mmol of oligomer grafted on the resin, 1 eq.). The 

reaction mixture was agitated for 1 h at room temperature with an orbital shaker. After filtering the 

solution, the resin was rinsed six times with DMF, three times with CH2Cl2, three times with MeOH, and 

six times with CH2Cl2. The Kaiser test was performed to monitor the consumption of the primary amine of 

NH2-(h-K*x)y-O-resin: if the solution was blue, the coupling reaction was repeated. 

Cleavage from the resin. The resin was transferred to a glass vial and a solution of CH2Cl2/TFE (4/1) was 

added. The solution was agitated at room temperature for 45 min and then the filtrate was collected. This 

step was performed four times and then the resin was washed three times with CH2Cl2. The filtrates were 



combined and concentrated by rotary evaporation. The product was precipitated in Et2O/n-hexane (2:1) 

and the suspension was centrifuged. The supernatant was removed to isolate the product, that was 

dialyzed against methanol for at least 24h. The solution was concentrated by rotary evaporation affording 

a brown solid that was dried under vacuum overnight. 

N3-h-K*4-h-K*4-h-K*4-OH. 54 % yield. 1H NMR (MeOD, 3.31 ppm): δ 8.57-7.73 (m, 16H, -NH-C(=O)- 

and -CHtriazole-), 6.70-6.09 (m, 12H, -NH(Boc)), 4.67-4.05 (m, 20H, -C(=O)-CH-NH-, -triazole-CH2-NH-, 

and -CH2-CH2-triazole-), 3.22-2.81 (m, 26H, -CH-CH2-CH2-CH2-CH2-NH(Boc) and -CH2-N3), 2.41-2.18 (m, 6H, 

-NH-C(=O)-CH2-), 2.07-1.23 (m, 198H, -CH-CH2-CH2-CH2-CH2-NH(Boc), -C(=O)-CH2-CH2-CH2-CH2-CH2-

triazole-, -C(=O)-CH2-CH2-CH2-CH2-CH2-N3, and -CH3 from Boc). HR ESI-MS (m/z): [M+2Na]2+ calculated 

from C156H281N35O40Na2, 1642.5515; found, 1642.5532. 

N3-h-K*6-h-K*6-OH. 50 % yield. 1H NMR (DMSO-d6, 2.50 ppm): δ 8.51-7.58 (m, 14H, -NH-C(=O)- 

and -CHtriazole-), 6.92-6.24 (m, 12H, -NH(Boc)), 4.52-3.97 (m, 16H, -C(=O)-CH-NH-, -triazole-CH2-NH-, 

and -CH2-CH2-triazole-), 3.31 (t, 2H, -CH2-N3), 3.00-2.76 (m, 24H, -CH-CH2-CH2-CH2-CH2-NH(Boc)), 2.00-2.23 

(m, 4H, -NH-C(=O)-CH2-), 1.91-1.12 (m, 192H, -CH-CH2-CH2-CH2-CH2-NH(Boc), -C(=O)-CH2-CH2-CH2-CH2-

CH2-triazole-, -C(=O)-CH2-CH2-CH2-CH2-CH2-N3, and -CH3 from Boc). HR ESI (m/z): [M+Na+K]2+ calculated 

from C147H265N31O40NaK, 1575.4615; found, 1575.4624. 

4.6. Transfection experiments 

Cell culture. The Human colorectal carcinoma cell line HCT116 was cultured at 37 °C in a humid 

atmosphere (5% CO2) in RPMI 1640 (Roswell Park Memorial Institute) supplemented with 2 mM 

L-glutamine, 100 units  mL-1 penicillin, 100 µg mL-1 streptomycin and 10% fetal calf serum (FCS).  

Preparation of the DNA complexes. The polymer/DNA complexes were prepared by mixing equal volumes 

of DNA and polymer in 150 mM NaCl: 1.5 µg of DNA in 25 μL of 150 mM NaCl were mixed with increasing 

amounts of carrier in 25 µL NaCl 150 mM. After stirring, the mixture was kept for 20 min at room 

temperature allowing the formation of the complexes. Serum-free culture medium was then added to 

obtain a final volume of 500 µL; next, 250 µL were added to each well of the duplicate.  

Complexes with the helper lipid DOPE were generated in the same way as described above except that 

DOPE was added to the oligomer before addition of DNA (unless otherwise stated). For the 

oligomer/DNA/JTS-1 complexes the following procedure was used: oligomer/DNA complexes were 

generated in 150 mM NaCl as described above. After a maturation step of 15 min, 10 µg of JTS-1 peptide 

was added, and the complexes were allowed to stay for 10 min at room temperature before they were 

diluted in culture medium.  



The cationic lipid DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate) was 

used at an amine to phosphate (N/P) ratio of 3. N/P ratio is used to indicate the amount of lipid used for 

a transfection; N/P=1 corresponds to the amount required to neutralize all of the negative charges carried 

by the phosphate groups of the plasmid. For example, 1 μg of DNA corresponds to 3 nmol of negative 

charges; the N/P ratio is calculated by considering the fact that 1 molecule of DOTAP carries 1 "N". 

Zeta potential. The surface charge of the formulation 20 µg K4x3/1.5 µg DNA +/- 10 µg JTS-1 in 15 mM 

NaCl was determined by using a Zetasizer Nano ZS (Malvern Instruments).  

DNA transfection. The plasmid pSMD2LucΔITR 7.6 kbp was used in the transfection assays; it encodes 

for the luciferase gene pGL2 under the control of the human cytomegalovirus (CMV) immediate. All 

transfection experiments were performed in 48-well plates. The cells were seeded into the plates one day 

before transfection, in order to have a confluency of 60-80%. After removing the culture medium, the 

complexes were deposited into the wells and the plates were placed into the incubator. After a period of 

2-3 h of incubation, the transfection medium was replaced by fresh medium containing 10% serum. Then, 

the cells were incubated at 37 °C until the end of the experiment.  

Luciferase activity. The luciferase assay was performed as previously described.[50] Briefly, to determine 

the luciferase activity, the cells were first lysed after the transfection step by adding 100 µL of lysis 

buffer/well after having removed the culture medium. Next, the lysates were transferred into Eppendorf 

tubes and centrifuged for 5 min at 18,000 g. Then 1-5 µL of the supernatant were deposited in wells of a 

white 96 well-plate. The reading of the luciferase activity with the luminometer was realized after 

successive addition of 50 µL assay buffer and 50 µL of a luciferin solution. The results are expressed in 

relative light units (RLU) and are normalized for the amount of proteins present in each sample and are 

expressed in RLU/1s/mg protein. The amount of protein was determined by a Bradford assay (Biorad 

protein assay kit, Biorad). This measurement was made with 4 µL of supernatant in a transparent 96 well-

plate. To each sample was then added 200 µL of Bradford reagent previously diluted at 1/5 in MilliQ water. 

The colorimetric assay was done by measuring the optical density (OD) at 595 nm using a 

spectrophotometer (SP Safas 2000). The amount of protein was determined using a calibration curve 

realized in the same plate with albumin.  

 

5. DATA AVAILABILITY 

The raw/processed data required to reproduce these findings cannot be shared at this time due to 

technical or time limitations. 
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