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Abstract 

 

 While the influence of pKa provided by amine-containing materials in siRNA 

delivery vectors for use in gene-silencing has been widely studied, there are little 

reports in which amine pKa is controlled rigorously by using bioisosteres and its effect 

on gene-silencing. Here, we report that amine pKa could be rigorously controlled by 

replacement of hydrogen atom(s) with fluorine atom(s). A series of mono- and di-amine 

lipids with a different number of fluorine atoms were synthesized. The pKa of the 

polyamine lipids was shifted to a lower value with an increase in the number of fluorine 

atoms. The optimal pKa for high gene-silencing efficiency varied according to the 

number of amine residues in the polyamine lipid. Whereas the endosomal escape ability 

of mono-amine lipid-containing lipid vesicles (LVs) depended on the pKa, that of all 

tested di-amine lipid-containing LVs showed equal membrane-destabilizing activity. 

LVs showing moderately weak interactions with siRNA facilitated cytoplasmic release 

of siRNA, resulting in strong gene-silencing. These findings indicate that appropriate 

amine pKa engineering depending on the number of amines is important for the 

induction of effective RNA interference. 

 

KEYWORDS:lipid nanoparticle, siRNA, pKa, fluorine  
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1. Introduction 

 

Pharmaceuticals such as small-molecule and biomedical drugs have made 

great contribution to longevity. However, there are many diseases untreatable by these 

pharmaceuticals [1,2]. Oligonucleotides such as antisense, siRNA and miRNA have 

received much interest as novel therapeutic agents capable of treating such diseases, 

because they specifically lead to cleavage or functional inhibition of their target 

mRNA[3] and can be designed and synthesized according to the sequence on demand. 

As certain types of oligonucleotides act in the cytoplasm, they face several hurdles to 

get there: 1) being taken up into cell, 2) escaping from the endosomes, and 3) being 

released into the cytoplasm [4]. Unfortunately, the physicochemical properties of 

oligonucleotides such as their high molecular weight, hydrophilicity, and high 

negative-charge density make it difficult for them to break these barriers by themselves. 

In addition, oligonucleotides are decomposed by nucleases and eliminated rapidly after 

entrance into the bloodstream [5]. Therefore, various materials such as liposomes [6], 

lipid nanoparticles [7], polymer nanoparticles [8], dendrimers [9], and nanogels [10] 

have been studied widely as their carriers.  

Polyethylenimine (PEI) has been widely used as a polycationic material for 

the holding of oligonucleotides such as siRNAs in the carriers. Although transfection 

with siRNA in PEI-containing nanocarriers results in a significant gene-silencing effect 

by increasing siRNA uptake into the cell and providing endosomal escape ability [11], 

its strong cytotoxicity has been a critical problem [12]. Therefore, a number of studies 

have been carried out to reduce the toxicity and enhance the knockdown effect by 

improving polycation structure. For example, Kataoka’s group prepared a series of the 

N-substituted polyaspartamides possessing repeating aminoethylene units [13]; Hope’s 

group synthesized 56 kinds of amino lipids that include primary, secondly or tertiary 

amine residues [14]; Anderson’s group prepared a large library of lipidoids containing a 

secondary or a tertiary amine residue [15]; Harashima’s group synthesized 

dimethylamino lipids containing different numbers of methylene units [16]; and 

Siegwart’s group synthesized 139 lipocationic polyesters containing dialkyl amine or 

heterocyclic amine polymer [17]. These reports indicate that amine pKa (pKa = 6.2–6.5) 

is important for efficient gene-silencing and reduced cytotoxicity. However, precise 
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regulation of the amine pKa without a significant change in the chemical structure is 

considered to be extremely difficult, since adjustment of the amine pKa usually requires 

conjugation with bulky groups such as alkyl chain, benzene, cycloalkane or 

bicyclo-compound to the amine group [14-17]. These modification changes the steric 

bulk of the molecules along with the pKa. It is known that steric bulk has a significant 

effect on gene-silencing [15]. Therefore, rigorous control of amine pKa without drastic 

structural change, and investigation of the amine pKa influence on gene-silencing is still 

a great challenge and important for the designing of siRNA carriers. 

In the present study, we focused on the use of fluorine atoms for rigorous 

control of amine pKa. As the fluorine atom is a strong electron-withdrawing substituent 

and has an atomic size similar to that of hydrogen [18], the pKas of conjugate acids 

derived from neighboring nitrogen atoms decrease in accordance with the number of 

fluorine atoms without causing a significant change in chemical structure or steric bulk 

[19]. We used ethylenediamine (EtDA) as a model amine group. In addition, 

diethylenetriamine (DiETA) was used to examine the effect of the number of amines on 

the gene-silencing. 
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2. Material and methods 

 

 

2.1 Titration of polyamine lipid 

 

Preparation procedures for DCP-polyamine-CH2R (Et-CH3, Et-CH2F, 

Et-CHF2, Et-CF3, Di-CH3, Di-CH2F, Di-CHF2 and Di-CF3) were described in 

Supporting Information. DCP-polyamine-CH2R and DSPE-PEG2000 (1/0.1 as a molar 

ratio) were dissolved in t-butanol and lyophilized. Liposomes were produced by 

hydration of the lipid mixture with RNase-free water. The liposomes were diluted (final 

lipid conc.: 2 mM) with 5 mL of ultra pure water containing 150 mM NaCl, and basified 

with 0.1 M NaOH. Five µL of 0.1 M HCl was added to the vial by use of micropipette  

while stering the solution. pH change was monitored by use of pH meter HM-31P 

(DKK-TOA, Tokyo, Japan). After stabilized the pH, additional HCl was dropped.  

 

2.2 Preparation of lipid vesicles 

 

 DOPE, Cholesterol, DPPC and polyamine lipid (1/1/0.5/0.5 as a molar ratio) 

were dissolved in t-butanol and lyophilized. Lipid vesicles (LVs) were produced by 

hydrating the lipid mixture with RNase-free water. LVs were freeze-thawed 3-times to 

prepare unilamellar vesicles. 

 

2.3 TNS assay 

 

 Ten µL of 1 mM LVs were diluted in 480 µL of assay buffer containing 20 

mM sodium phosphate, 25 mM citrate, 20 mM ammonium acetate, 150 mM NaCl (pH 

2.0-12.0), and incubated for 20 min at room temperature. Then, 10 µL of 0.3 mM TNS 

in was mixed with the LVs solutions. The fluorescence intensity of TNS was determined 

with a Tecan Infinite M200 microplate reader (Salzburg, Austria) operated according to 

the manufacturer's instructions (ex. 322 nm, em. 431 nm). 

 

2.4 Preparation of siRNA-encapsulated LVs 
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 siRNA-encapsulated lipid vesicles (sLVs) was prepared by freeze-thawing of 

siRNA and LVs complex as described previously [21]. LVs and siRNA were mixed 

(protonable amine groups in polyamine lipid / phosphorus atoms in siRNA = 20 as a 

molar ratio) and incubated for 20 min at room temperature in 1 mM citric 

acid/RNase-free water (pH 3.0) to form siRNA/LVs complexes. Then, the complex was 

frozen in liquid nitrogen and thawed in a water bath at 45°C with vortexing to prepare 

sLVs. Cell-penetrating peptides (CPP)-DOPE conjugate (6 mol% to total lipids) was 

modified to sLVs by incubating them at 50°C for 30 min (sLVs-CPP). The amino acid 

sequence of CPP is RRRRRRGGRRRRG. 

 

 

2.5 Cell culture 

 

HT1080 human fibroblast cells and HT1080 expressing enhanced green 

fluorescent protein (HT1080-EGFP) cells were cultured with D-MEM/Ham’s F-12 

containing 10% fetal bovine serum, 100-units/mL penicillin G and 100-μg/mL 

streptomycin in a CO2 incubator. 

 

 

2.6 siRNA transfection 

 

 Cells were seeded onto a culture plate and pre-cultured overnight. The 

medium was changed to a fresh one supplemented with FBS and free of antibiotics 

(adjusted pH 7.4) before transfection. Et-sLVs-CPP or Di-sLVs-CPP was added to the 

culture medium, and the cells were then incubated for 24 h at 37°C in a 5% CO 2 

incubator. After a medium change, the cells were incubated for the desired time as 

described for each experimental procedure. 

 

 

2.7 siRNA uptake test 

 

 HT1080 cells were seeded onto 24-well plates (BD Bioscience, San Jose, CA) 
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at the density of 1.5×104 cells/well. FITC-labeled siRNA formulated in LVs-CPP were 

added to the cells (5 pmol/500 µL; 10 nM as siRNA) and incubated for 24 h. After 

having been washed with PBS containing 30 units/mL heparin, the cells were lysed with 

1 w/v% n-octyl-β-D-glucoside containing the following protease inhibitors: 1 mM 

phenylmethylsulfonyl fluoride, 2 μg/mL leupeptin, 2 μg/mL aprotinin, and 2 μg/mL 

pepstatin A. The fluorescence intensity of FITC was determined with a Tecan Infinite 

M200 microplate reader (ex. 495 nm, em. 535 nm). Total protein contents were 

measured by bicinchoninic acid assay using a Pierce™ BCA Protein Assay Reagent Kit 

according to the manufacturer's instructions. 

 

 

2.8 Gene-silencing effect 

 

 HT1080-EGFP cells (1.5×104 cells/well) were seeded onto 24-well plates (BD 

Bioscience) and transfected with siRNA against GFP (siGFP) formulated in each 

LVs-CPP for 24 h at a final siGFP concentration of 10 nM (5 pmol/500 µL). After the 

medium had been changed to a fresh one, the cells were cultured for an additional 48 h. 

Cell viability was determined by WST-8 assay; the media was changed to WST-8 assay 

reagent (Cell Counting Kit-8 : medium = 7.5 µL : 292.5 µL), and then the cells were 

incubated for 1 h at 37°C. To determine cell viability, absorbance of supernatant at 450 

nm was measured using Tecan Infinite M200 microplate reader. Then, the cells were 

washed with PBS and lysed with 1 w/v% n-octyl-β-D-glucoside containing the protease 

inhibitors. Gene silencing against EGFP was determined as a reduction rate of the 

fluorescence intensity measured with a Tecan Infinite M200 microplate reader (ex. 485 

nm, em. 535 nm). Total protein content measured with a Pierce™ BCA Protein Assay 

Reagent Kit. RNA interference efficiency was determined as follows: Knockdown (%) / 

siRNA uptake (pmol/well). 

 

 

2.9 Hemolysis assay 

 

 For preparation of erythrocyte, 500 µL of caw blood was washed by gently 

vortexing with 1 mL of PBS, and was centrifuged at 10,000 xg for 10 min at 4°C. After 
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repeating the wash with PBS five times, the pellet was suspended with 0.3 M sucrose in 

ultra-pure water. sLVs-CPP diluted with 10 mM phosphate buffer (pH 7.4 or 5.5) 

containing 0.3 M sucrose were mixed with 10 µL of the erythrocyte (100 µM as amine 

moiety), and incubated at 37°C for 1 h in a shaking container. After centrifugation 

(10,000 xg for 10 min at room temperature), the liberated hemoglobin was determined 

by colorimetric analysis of the supernatant at 405 nm with a Tecan Infinite M200 

microplate reader. The value for 100% hemolysis was set from the erythrocytes treated 

with 0.1% Triton X-100. The ζ-potential of the sLVs-CPP diluted with 10 mM 

phosphate buffer (pH = 5.5 or 7.4) was measured by use of Zetasizer Nano ZS 

(Malvern). 

 

 

2.10 Isothermal titration calorimetric assay 

 

 Isothermal titration calorimetry was performed with MicroCal PEAQ-ITC 

(Malvern) at 25°C. Injection cell was filled with 300 nM siRNA solution in 1 mM 

phosphate buffer (pH 7.4 or 5.5). Et-LVs or Di-LVs was titrated into the cell according 

to the manufacturer's program. Data was analyzed by use of the MicroCal PEAQ-ITC 

Analysis (Malvern). 

 

 

2.11 Confocal laser-scanning microscopy 

 

 HT1080 cells were seeded onto glass bottom 24-well plate (AGC Techno 

Glass Co., Ltd., Shizuoka, Japan) at a density of 1.5×104 cells/well. FITC-labeled 

siRNA-encapsulating Et-LVs-CPP or Di-LVs-CPP was added to the cells (siRNA 

concentration was 10 nM; 5 pmol/500 µL/well). Distribution of FITC-labeled siRNA in 

the HT1080 cells was observed under an A1R+ confocal laser-scanning microscope 

(Nikon, Tokyo, Japan). Individual cells within a single field of view were imaged every 

5 min for 24 h. siRNA diffusion time after transfection of LVs-CPP and the proportion 

of siRNA-diffusing cell at selected time points were determined. The proportion of 

siRNA-diffusing cells was calculated as follows: the number of FITC-distributed cells / 

the number of all the cells. 
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2.12 Statistical analysis 

 

 Differences within a group were evaluated by analysis of variance (ANOVA) 

with the Tukey post-hoc test. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 11 

 

3. Results and discussion 

3.1 Rigorous control of amine pKa by replacement of hydrogen atom(s) with fluorine 

atom(s). 

 

 Procedures for the synthesis of dicetylphosphate (DCP)-EtDA and -DiETA are 

shown in Figure 1. As for (DCP)-EtDA-CH2R (R indicates CH3 ([Et-CH3], CH2F 

([Et-CH2F]), CHF2 ([Et-CHF2], CF3 [Et-CF3]), reductive amination of the 

corresponding fluorine-containing primary amines with N-Boc-2-aminoacetaldehyde (a) 

was first conducted. Removal of the Boc protection with 4 M HCl proceeded smoothly 

to furnish the diamine backbone. Fortunately, in line with our previous reports [6], the 

amidation with dicetyl chlorophosphate (b) occurred chemoselectively at the primary 

amine under typical conditions. Though a tedious reaction sequence was required, a 

similar method was applicable for the synthesis of (DCP)-DiETA-CH2R (Di-CH3, 

Di-CH2F, Di-CHF2, Di-CF3, respectively). Initially, with the same amines as a starting 

material, N-Boc-N-fluoroalkyl-2-aminoacetal-dehydes were prepared through a reaction 

set consisting of reductive amination with (tert-butyldimethylsiloxy)a-cetaldehyde (c), 

Boc protection, and desilylation followed by oxidation of the primary alcohol. Requisite 

elongation to the triamine backbone was readily performed with 

N-Boc-ethylenediamine (d), and the resulting primary amine was conjugated to 

chlorophosphate. 

To determine the pKa of the lipids, acid-base titration was performed with 0.1 

M HCl. While the titration curves of EtDA-lipids showed a single equivalence point and 

DiETA-lipids showed a two-phase equivalence curve (Figure S1), the pKa of 

EtDA-lipids was gently shifted to lower value by increasing the number of fluorine 

atoms (Table 1). In addition, both pKa1 and pKa2 of DiETA-lipids were also shifted to 

lower values in response to the substitution with fluorine. The pKa of Et-CF3 and pKa2 

of Di-CF3 could not be determined due to loss of buffering capacity over the range of 

pH 2–11. From these results, we succeeded in rigorous control of amine pKa by fluorine 

substitution without causing any significant change in chemical structure or steric bulk. 
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Figure 1. Synthesis of fluorine-conjugated lipids. 

(A) Dicetylphosphate-ethylenediamine-CH2R (Et-R) and (B) 

Dicetylphosphate-diethylenetriamine-CH2R (Di-R) conjugates were synthesized by 

reductive amination. 

 

Table 1. pKa values of polyamine lipids 

 pKa1 pKa2   pKa1 pKa2 

Et-CH3 8.2 -  Di-CH3 9.2 5.4 

Et-CH2F 5.3 -  Di-CH2F 8.0 4.9 

Et-CHF2 4.4 -  Di-CHF2 7.5 3.9 

Et-CF3 < 3.3 -  Di-CF3 7.1 < 3.0 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 13 

3.2 Effect of the number of amines and fluorine atoms on gene-silencing 

 

 We next prepared lipid vesicles (LVs) composed of 

dioleoylphosphatidylethanolamine (DOPE), cholesterol, 

dipalmitoylphosphatidylcholine (DPPC), and EtDA-lipid or DiETA-lipid (Et-LVs, 

Di-LVs, 1/1/0.5/0.5 as a molar ratio). Charged percentage of the LVs within the pH 

2–12 range was measured by using 6-(p-toluidino)-2-naphthalenesulfonic acid [20]. 

Although the curve of Et-LVs shifted to low pH side by increasing the number of 

fluorine atom, that of Di-LVs did not show any considerable change (Figure 2A). These 

results suggest that the surface charge of mono-amine-containing nanoparticles 

depended on the pKa of the amino group whereas that of di- or more amine-containing 

nanoparticles did not depend on the amine pKa 

 To evaluate the gene-silencing activity of siRNA delivered with these LVs, we 

prepared siRNA-encapsulated LVs (sLVs) by freeze-thawing siRNA and LV complexes 

3 times in 1 mM citric acid (pH 3.0, Figure S2) [21]. In this study, FITC-conjugated 

siRNA was used for the uptake test, and siRNA against green fluorescent protein (GFP) 

was used for the gene-silencing assay. Importantly, un-encapsulated siRNA was not 

detected by performing an electrophoretic assay after the freeze-thawing (Figure S3). 

Modification of functional peptides has often been used to improve cellular uptake of 

nanocarriers [22]. In the present study, we modified the sLV surface with 

cell-penetrating peptide (CPP) [23] (sLV-CPP, Figure S3). Then, the cellular uptake 

ratio and gene-silencing effect of each sLV-CPP were examined (Figure 2B, Figure 

S4-S6). No cytotoxicity was observed with any sLV-CPP (Figure S6). Surprisingly, the 

optimal amine pKa for a high knockdown effect depended on the number of amines. 

Thus, sLV-CPP containing Et-CH3 (pKa = 8.2) showed a high knockdown effect in the 

EtDA (mono-amine) group; and sLV-CPP containing Di-CF3, (pKa1 = 7.1, pKa2 < 3.0) in 

the DiETA (di-amine) group. These results indicate that the balance between the number 

of amines and fluorine atoms was crucial to achieve the high knockdown effect. 
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Figure 2. Effect of the number of amines and fluorine atoms on gene-silencing.  

(A) TNS was mixed with lipid vesicles in a series of buffers with pH ranging between 2 

and 12. Fluorescence intensity was normalized by the TNS fluorescence value at pH 2.0.  

(B) HT1080-EGFP cells were transfected with siGFP-encapsulating LV-CPP. RNA 

interference efficiency was determined as follows: Knockdown (%) / siRNA uptake 

(pmol/well). Significant differences :**P<0.01, ***P<0.001 
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3.3 Endosomal escape ability of sLV-CPP 

 

 It is known that the ability to escape endosomes is important for 

gene-silencing induction [24]. Hemolysis assay is known as a surrogate assay to test for 

endosomal escape ability because of similarities in their lipid bilayer and glycocalyx 

compositions [25]. As endosomal pH is known to decrease with endosome maturation 

[26], caw erythrocytes were incubated with each sLV-CPP in 10 mM phosphate buffer 

adjusted pH at 5.5 or at 7.4 for 1 h (Figure 3A). The pH-responsive hemolytic activity 

was observed with both Et- and Di-sLV-CPP. The hemolytic activity decreased as the 

pKa in the Et-sLV-CPP decreased. It is known that positively charged nanoparticles tend 

to induce strong hemolytic activity [27]. Since the surface charge of Et-sLV-CPP 

decreased with increasing fluorine number (Figure 3B), the hemolytic activity should 

also be decreased accordingly. These results indicate that Et-CHF2- and Et-CF3-sLVs 

could not break the endosomal membrane even if the endosome was acidified. Then, the 

siRNA should remain in the endosome and be enzymatically degraded [28]. Importantly, 

pH-dependent change of ζ-potentials of sLVs-CPP was similar to sLVs (without CPP 

modification). In contrast, there was no correlation between the number of fluorine 

atoms and the hemolytic activity of Di-sLV-CPP. This data is following the result that 

Di-sLVs-CPPs have similarly charged percentage and the surface charges. Surface 

charges of Di-sLVs-CPP were not significantly changed even if increasing of fluorine 

atom number because pKa2 is still above 5.5 (Figure 3B). Therefore, hemolytic 

activities of Di-sLVs-CPP were not changed with the fluorine atom number unlike 

Et-sLVs. The data suggest that the impact of pKa on membrane-destabilizing activity 

was small in the di- or more-amine-containing LVs.  
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Figure 3. Membrane-destabilizing activity of sLVs-CPP.  

(A) sLVs-CPP were incubated with RBCs at 37°C for 1 h in 10 mM phosphate buffer 

containing 0.3 M sucrose at pH 7.4 or 5.5. After centrifugation, absorbance of 

leaked-hemoglobin was determined at 405 nm. (B) The ζ-potential of each sLVs-CPP in 

10 mM phosphate buffer was measured. Bars with oblique line indicate the ζ-potentials 

of sLVs-CPP at pH 7.4. Filled bars indicate those at pH 5.5. 
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3.4 Effect of binding affinity of Di-LVs for siRNA on gene-silencing 

 

We next measured the binding affinity of siRNA for LVs. siRNA needs to 

form RISC in the cytoplasm after the endosomal escape for gene-silencing. Therefore, 

effective hand-off of siRNA from LVs to the RISC should be important for a strong 

gene-silencing effect. We hypothesized that binding affinity of siRNA for Di-CF3-LVs, 

which showed a strong gene-silencing effect, would be weak in the cytoplasm compared 

with that of other Di-LVs. Apparent dissociation equilibrium constants (Kd) of siRNA 

for LVs were measured by isothermal titration calorimetry (Figure S7, Table 2). The Kd  

of Et-CH3- or Et-CH2F-LVs at pH 7.4 was 1.27 μM or 2.43 μM, respectivery. The Kd  

of Et-CHF2- and Et-CF3-LVs were unable to determine. siRNA showed stronger 

binding affinity for all Di-LVs at pH 5.5 than at pH 7.4, due to their positive charge at 

pH 5.5 (Figure 2A, 3B). The Kd values of Di-CH3-, Di-CH2F-, or Di-CHF2-LVs were 

in the range of 100–500 nM at pH 7.4. In contrast, the Kd of Di-CF3-LVs was 3–10 

times larger (1.57 μM) than that of other Di-LVs. Since the pKa of Di-CF3  is lower than 

that of other Di-lipids, the amine of the Di-CF3-LVs should be less protonated than that 

of the other Di-LVs at pH 7.4. As described above, each Di-LVs had equal hemolytic 

activity (Figure 3A). Therefore, the weak interaction of siRNA with LVs in the 

cytoplasm should be an important for the release of siRNA from LVs, resulting in strong 

gene-silencing. In fact, the Kd of Et-CH3- and Et-CH2F-LVs, which showed strong 

gene-silencing effect, was similar to that of Di-CF3-LV at pH 7.4. 

 

Table 2. Kd values of polyamine liposomes 

 pH 7.4 pH 5.5   pH 7.4 pH 5.5 

Et-CH3 1.27 µM 1.71 µM  Di-CH3 327 nM 24.3 nM 

Et-CH2F 2.43 µM 273 nM  Di-CH2F 581 nM 75.0 nM 

Et-CHF2 N.D. 1.58 µM  Di-CHF2 111 nM 41.6 nM 

Et-CF3 N.D. N.D.  Di-CF3 1.57 µM 320 nM 
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3.5 Effect of siRNA release time from LVs in the cytoplasm on gene-silencing  

 

 To demonstrate the effect of siRNA release time from LVs into the cytoplasm 

on gene-silencing, we measured siRNA release time into the cytoplasm from LVs by 

time-lapse imaging using a confocal laser-scanning microscope (Figure 4, Figure S8, 

Movie S1-S8.). FITC-conjugated siRNA was used for the experiment, and each 

sLV-CPP was used to transfect HT1080 cells. Then, siRNA-releasing time into the 

cytoplasm (siRNA-spreading throughout the cytoplasm) was recorded for the first 10 

cells up to 24 h after the transfection (Figure 4A). Et-CH3-LVs-CPP showed the fastest 

siRNA release (2.94 h) among the Et-LVs. Although Di-LVs showed relatively fast 

siRNA release compared with the Et-LVs, Di-CF3-LVs-CPP had the fastest (2.05 h) 

among the Di-LVs. These results indicate that fast siRNA release from the nanocarriers 

is important for the effective gene-silencing. To elucidate the relationship between 

proportion of siRNA-diffusing cells and gene-silencing effect, the proportion of cells 

with siRNA that had diffused throughout the cytoplasm at a selected time point was 

measured (Figure 4B). The diffusion of siRNA was observed in about 70% of cells 24 h 

after the transfection with Et-CH3- or Di-CF3-LV-CPPs. However, proportion of 

siRNA-diffused cells was less than 10% for the other LV-CPPs. siRNA delivered by 

LVs containing Et-CH2F, Et-CHF2 or Et-CF3 did not spread out in the cytoplasm, but 

remained in a compact form and appeared to have difficulty escaping from the 

endosomes because of low pKa. Therefore, the diffusion of siRNA might not be 

observed. Since the interaction of siRNA to LVs containing Et-CH3-LVs was weak, 

siRNA might be immediately released from the LVs after the endosomal escape and 

spread into the cytoplasm. In terms of the DiETA-series, it seems that every 

Di-sLV-CPP could escape from the endosome because hemolytic activities of the 

Di-sLV-CPP were same. However, affinity of siRNA for LVs containing Di-CF3 was 

relatively weak at pH 7.4 compared with that for other Di-LVs (Table 2). Therefore, the 

Di-CF3-LVs could release siRNA all over the cytoplasm effectively after the endosomal 

escape compared with other Di-sLV-CPPs. These results indicate that endosomal escape 

ability and binding affinity of siRNA for the nanocarrier are important for the siRNA 

spreading in the cytoplasm. High proportion of siRNA-diffusing cells should show high 

gene-silencing effect.   
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Figure 4. Intracellular behavior of siRNA delivered with LVs-CPP. HT1080 cells 

were transfected with FITC-siRNA-encapsulating LVs-CPP and observed by confocal 

laser-scanning microscopy. (A) siRNA diffusion time after transfection with LV-CPPs. 

Significant differences: *P<0.05, *** P<0.001. (B) Proportion of siRNA-diffusing cells 

at selected time points. The ratio was calculated as follows: the number of 

FITC-distributed cells / the number of all the cells.  
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4. Conclusion 

 

We succeeded in rigorous control of amine pKa by fluorine substitution 

without causing a significant change in chemical structure or steric bulk. The pKa of 

EtDA (mono-amine)-lipids and both pKa1 and pKa2 of DiETA (di-amine)-lipids were 

gently shifted to lower value by increasing the number of fluorine atoms. The optimal 

amine pKa for the efficient gene-silencing depended on the number of amines. sLV-CPP 

containing Et-CH3 (pKa = 8.2) showed a high knockdown effect in the EtDA group; and 

sLV-CPP containing Di-CF3, (pKa1 = 7.1, pKa2 < 3.0) in the DiETA group. The 

hemolytic activity decreased as the pKa in the Et-sLV-CPP decreased. However, the 

hemolytic activities of Di-sLVs-CPP were not changed with the fluorine atom number.  

The binding affinity of siRNA for the LVs changed even if the LVs showed similar 

surface charge and hemolytic activity. LVs having a high RNAi efficiency might be 

superior in the cytoplasmic release of siRNA. Moderate interaction between siRNA and 

nanocarrier was important for effective gene-silencing. Because sLV-CPP containing 

Et-CH3 or Di-CF3 showed fast siRNA release time from LVs in the cytoplasm and high 

proportion of siRNA-diffusing cells compared with other sLVs. Since cellular uptake 

amount and intracellular behavior of liposome and siRNA may vary depending on the 

cancer cell lines, knockdown effect may also vary according to cell lines. Therefore, 

adequate pKa for strong gene-silencing may differ depending on the cell lines. Although 

further examination will be needed, these results indicate that it is important to control 

the pKa of the carrier accurately to achieve the ideal multifunctionalitiy of the vector. 

We believe that these data provide general information for the design of oligonucleotide 

delivery vectors and will prompt the development of novel delivery vector for practical 

application of oligonucleotides. 
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Supporting Information. Information on pKa of amine lipids, cellular uptake, 

knockdown effect, cell viability, interaction of siRNA for LVs, intracellular behavior of 

siRNA and NMR data is available in the Supporting Information 
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Figure legends 

 

 

Figure 1. Synthesis of fluorine-conjugated lipids.  

(A) Dicetylphosphate-ethylenediamine-CH2R (Et-R) and (B) 

Dicetylphosphate-diethylenetriamine-CH2R (Di-R) conjugates were synthesized by 

reductive amination. 

 

Figure 2. Effect of the number of amines and fluorine atoms on gene-silencing.  

(A) TNS was mixed with lipid vesicles in a series of buffers with pH ranging between 2 

and 12. Fluorescence intensity was normalized by the TNS fluorescence value at pH 2.0.  

(B) HT1080-EGFP cells were transfected with siGFP-encapsulating LV-CPP. RNA 

interference efficiency was determined as follows: Knockdown (%) / siRNA uptake 

(pmol/well). Significant differences :**P<0.01, ***P<0.001 

 

Figure 3. Membrane-destabilizing activity of sLVs-CPP.  

(A) sLVs-CPP were incubated with RBCs at 37°C for 1 h in 10 mM phosphate buffer 

containing 0.3 M sucrose at pH 7.4 or 5.5. After centrifugation, absorbance of 

leaked-hemoglobin was determined at 405 nm. (B) The ζ-potential of each sLVs-CPP in 

10 mM phosphate buffer was measured. Bars with oblique line indicate the ζ-potentials 

of sLVs-CPP at pH 7.4. Filled bars indicate those at pH 5.5. 

 

Figure 4. Intracellular behavior of siRNA delivered with LVs-CPP.  

HT1080 cells were transfected with FITC-siRNA-encapsulating LVs-CPP and observed 

by confocal laser-scanning microscopy. (A) siRNA diffusion time after transfection with 

LV-CPPs. Significant differences: *P<0.05, *** P<0.001. (B) Proportion of 

siRNA-diffusing cells at selected time points. The ratio was calculated as follows: the 

number of FITC-distributed cells / the number of all the cells.  
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