
 

Instructions for use

Title Synergism between a cell penetrating peptide and a pH-sensitive cationic lipid in efficient gene delivery based on
double-coated nanoparticles

Author(s) Khalil, Ikramy A.; Kimura, Seigo; Sato, Yusuke; Harashima, Hideyoshi

Citation Journal of controlled release, 275, 107-116
https://doi.org/10.1016/j.jconrel.2018.02.016

Issue Date 2018-04-10

Doc URL http://hdl.handle.net/2115/73482

Rights © 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Rights(URL) http://creativecommons.org/licenses/by-nc-nd/4.0/

Type article (author version)

File Information WoS_84342_Khalil.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


 1 

Journal of Controlled Release 

Research Article 

Synergism between a Cell Penetrating Peptide and a pH-sensitive 

Cationic Lipid in Efficient Gene Delivery Based on Double-coated 

Nanoparticles 

  

Ikramy A. Khalila,b,* Seigo Kimura,a Yusuke Sato,a and Hideyoshi Harashimaa,* 

 

aFaculty of Pharmaceutical Sciences, Hokkaido University, Kita-12, Nishi-6, Kita-ku, Sapporo 

060-0812, Japan  

bFaculty of Pharmacy, Assiut University, Assiut 71526, Egypt 

 

 

KEYWORDS: gene delivery, pDNA, YSK05, R8, nanoparticles 

 

*Corresponding authors at: Laboratory for Molecular Design of Pharmaceutics, Faculty of 

Pharmaceutical Sciences, Hokkaido University, Kita-12, Nishi-6, Kita-ku, Sapporo 060-0812, 

Japan. Tel.: +81 11 706 3919. Email address: harasima@pharm.hokudai.ac.jp (H. Harashima) 

and ikramy@aun.edu.eg (I.A. Khalil)   

  

mailto:harasima@pharm.hokudai.ac.jp
mailto:ikramy@aun.edu.eg


 2 

ABSTRACT  

We report on the development of a highly efficient gene delivery system based on synergism 

between octaarginine (R8), a representative cell penetrating peptide, and YSK05, a recently 

developed pH-sensitive cationic lipid. Attaching a high density of R8 on the surface of YSK05 

nanoparticles (NPs) that contained encapsulated plasmid DNA resulted in the formation of 

positively charged NPs with improved transfection efficiency. To avoid the development of a net 

positive charge, we controlled the density and topology of the R8 peptide through the use of a 

two-step coating methodology, in which the inner lipid coat was modified with a low density of 

R8 which was then covered with an outer neutral YSK05 lipid layer. Although used in low 

amounts, the R8 peptide improved cellular uptake and endosomal escape of the DNA 

encapsulated in YSK05 NPs, which resulted in a high transfection efficiency. The two-step 

coating design was essential for achieving a high degree of transfection, as evidenced by the low 

activity of NPs modified with the same amount of R8 in a regular single-coated design. In 

addition, a high transfection efficiency was not observed when R8 or YSK05 were used alone, 

which confirms the existence of a synergistic effect between both components. The results of this 

study indicate that cationic cell penetrating peptides have the ability to improve transfection 

activities without imparting a net positive charge when used in the proper amount and in 

conjunction with the appropriate design. This is expected to significantly increase the potential 

applications of these peptides as tools for augmenting the activity of lipid nanoparticles used in 

gene delivery.  
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1. INTRODUCTION 

Gene therapy is currently a subject of great interest since it represents one of the most promising 

medicines for treating diseases that are not currently treatable with conventional medicines [1–3]. 

Gene therapy relies on efficiently delivering a therapeutic nucleic acid such as plasmid DNA 

(pDNA) or small interfering RNA (siRNA) to an intracellular target site for the manipulation of 

gene expression for therapeutic purposes. The use of replication-defective viral vectors is 

currently the most efficient method for delivering nucleic acids to their intracellular target sites 

[4,5]. However, viral vectors suffer from several drawbacks including high immunogenicity, a 

high level of toxicity and difficulty of large-scale production. Synthetic non-viral vectors, i.e., 

liposomes, micelles, and dendrimers are promising alternates to viral vectors due to their 

simplicity, higher safety profiles and lower immunogenicity [6–9]. Non-viral vectors are recently 

applied for treating a wide-variety of acquired and inherited diseases including cancer, cystic 

fibrosis, cardiovascular and neurological diseases [10–16]. Despite the great progress that has 

been made in developing non-viral vectors in the past decade, the efficiency of such systems for 

use in gene therapy remains far below that of viral-based systems. Therefore, the greater 

challenge in non-viral gene delivery is developing systems that can overcome different 

extracellular and cellular barriers to efficiently and specifically deliver nucleic acids to their 

target sites in doses sufficient to produce a therapeutic effect [6]. 

Different strategies have been used for increasing the efficiency of non-viral systems including 

the use of novel polymers, peptides or lipids assembled in nano-delivery systems for protecting 

therapeutic nucleic acids and for improving their delivery to target sites inside cells [17–19]. A 

promising strategy depends on developing systems that combine two or more functional devices 

that have previously proven to be efficient and that function via different mechanisms. The 



 4 

successful combination of such different functional devices in a single system is expected to 

increase the efficiency of gene delivery through synergistic effects of these devices. However, a 

rationalized design is required for controlling the topology of different components in a way that 

ensures that each one of them is functional at the right time and place. 

We recently developed a pH-sensitive cationic lipid (referred to as YSK05) that is neutral at 

physiological pH but acquires a positive charge in acidic conditions [20]. YSK05 can condense 

and protect pDNA or siRNA by incorporating them into stable lipid nanoparticles (NPs) owing 

to its positive charge when used in an acidic medium [21–25]. Subsequent neutralization of the 

medium produces NPs with a neutral charge, which is advantageous for systemic administration 

where non-specific interactions and unwanted aggregation in the circulation can be avoided. In 

mice, YSK05 has been shown to mediate efficient pDNA delivery, resulting in efficient gene 

expression in hepatocytes after in vivo administration [25]. In addition, siRNA encapsulated in 

YSK05 NPs also resulted in efficient gene silencing in liver tissues in mice [23,24]. The 

efficiency of YSK NPs is related to its ability to adopt a positive charge in the acidic pH of 

endosomes, which may induce a structural change in the lipid membrane that facilitates its fusion 

with the endosomal membrane, thus allowing the internalized particles to escape efficiently from 

the endosomes [20]. It, therefore, appears that YSK05 is a promising functional device for 

developing efficient nucleic acid-based therapeutics. YSK NPs proved to be efficient despite the 

expected low cellular uptake and membrane interactions of YSK NPs after the loss of their 

positive charge. Therefore, it would be expected that the activity of YSK-based NPs could be 

further improved by using other functional devices that further enhance cellular uptake and 

interactions with membranes in general.  



 5 

On the other hand, we have previously used the octaarginine peptide (R8) for efficient gene 

delivery in vitro and in vivo [26–31]. The positively charged R8 peptide was found to mediate 

efficient cellular uptake and improve the intracellular trafficking of its cargos, leading to an 

enhanced nuclear delivery of exogenous genes and improved gene expression [29,30]. Perhaps 

the most important disadvantage of the R8 peptide is its permanent positive charge, which limits 

its activity in vivo. Our extensive research with R8 led us to conclude that this peptide can still 

produce a dramatic improvement in gene delivery even when its positive charge is masked and 

not expressed on the surface. 

In this study, we hypothesized that efficient gene delivery can be achieved through the use of a 

combination of YSK05 and R8 in a rationally designed system. We attempted to combine 

YSK05 and R8 in a synergistic non-positive design based on controlling the density and 

topology of the peptide. The simple mixing of YSK05 and low amounts of R8 resulted in the 

formation of a non-positive system, albeit with low transfection activity. To improve the 

activities, we examined the use of a two-step coating strategy for pDNA where only the inner 

lipid coat is modified with a low density of R8 while the outer lipid coat is mainly composed of 

YSK05 for achieving efficient endosomal escape. The proposed design proved to be essential for 

achieving a successful synergism between YSK05 and R8. We further identified the mechanism 

responsible for this synergism, which indicated that the cationic R8 peptide has the ability to play 

multiple roles in gene delivery that extend far beyond simply the introduction of a positive 

charge to the system.  
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2. MATERIALS AND METHODS  

2.1. Materials 

HeLa human cervix carcinoma cells were obtained from the RIKEN Cell Bank (Japan). 

Dioleoylphosphatidylethanolamine (DOPE) and cholesterol (chol) were purchased from Avanti 

Polar Lipids (Alabaster, AL). 1,2-Dimyristoyl-sn-glycerol, methoxypolyethylene Glycol 2000 

(DMG-PEG) was purchased from the NOF CORPORATION (Tokyo, Japan). Stearyl-

octaarginine (STR-R8) was purchased from Toray Research Center, Inc. (Tokyo-Japan). 

Chloroquine was purchased from WAKO Pure Chemicals (Osaka, Japan). The reporter plasmid 

pcDNA3.1(+)-luc (7037 bp) encoding the firefly luciferase gene was purified using a Qiagen 

Endofree Plasmid Mega Kit (Qiagen GmbH, Helden, Germany). Dulbecco`s modified eagle 

medium (DMEM) and fetal bovine serum (FBS) were purchased from Invitrogen Corp. 

(Carlsbad, CA, USA). The luciferase assay reagent and reporter lysis buffer were obtained from 

Promega Co. (Madison, USA). All other reagents were reagent-grade and commercially 

available. 

2.2. Preparation of conventional 1-step coated NPs 

Nanoparticles were prepared by the lipid hydration method, as previously described [32]. The 

lipids were mainly composed of YSK05:DOPE:Chol:DMG-PEG (4:4:2:0.15). The lipids (320 

nmol) were dissolved in ethanol (300 µl) in a round bottom glass tube and the ethanol was then 

removed by evaporation by a stream of Nitrogen. The pDNA (15 µg) was diluted in 500 µl 

HEPES buffer (10 mM, pH = 4) and the solution was used to hydrate the lipid film for ~15 min 

at room temperature. The tubes were then sonicated in a bath type sonicator and incubated at 

room temperature for 30 min. The medium in the final solution was adjusted to pH 7.4.      
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2.3. Preparation of 2-step coated NPs 

The lipids used in the first coat (DOPE/STR-R8; total 160 nmol) were dissolved in ethanol and 

evaporated to form a lipid film (tube 1).  The lipids used in the second coat (YSK05/chol/DMG-

PEG; total 160 nmol) were dissolved in ethanol and evaporated to form a second lipid film (tube 

2). The pDNA (15 µg) was dissolved in 500 µl HEPES buffer (10 mM, pH = 4) and the solution 

was used to hydrate the lipid film in tube 1 for 15 min at room temperature. The tube was 

sonicated in a bath type sonicator and incubated for 30 min at room temperature. The contents 

were then transferred to tube 2 and incubated with the second lipid film for 15 min. The second 

tube was then sonicated for ~1 min and incubated for 30 min at room temperature and the pH 

was adjusted to 7.4. NPs were characterized by measuring the diameter and surface charge using 

Zeta-sizer Nano ZS ZEN3600 instrument (Malvern, UK). A Picogreen assay kit (Molecular 

Probes, Eugene, USA) was used to determine the final pDNA concentration and the 

encapsulation efficiency according to the manufacturer’s protocol.  

2.4. Transfection studies 

HeLa cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), penicillin (100 U/mL) and streptomycin (100 µg/mL) at 37oC in an atmosphere of 5% 

CO2 and 95% humidity. One day before transfection, cells were cultured in a 24-well plate 

(40,000 cells per well). At the time of transfection, the culture medium was removed and cells 

were washed with 500 µL of DMEM without serum. Samples containing 0.4 µg pDNA 

suspended in 250 µL DMEM were added to each well and cells were incubated for 1 hr at 37oC. 

Fresh DMEM (1 mL) containing 10% FBS was then added followed by further incubation for 23 

hr. At the end of the incubation, the medium was removed and cells were washed with phosphate 

buffered saline (PBS) 500 µL then solubilized by the addition of 75 µL Reporter Lysis Buffer 
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(Promega). Luciferase activity in the cell lysate was measured in the presence of a Luciferase 

Assay Reagent (Promega) by means of a luminometer (Luminescence-PSN, ATTO, Japan). The 

amount of total proteins in the cell lysates was measured using a BCA protein assay kit (Pierce, 

Rockford, IL, USA). Each transfection experiment is performed in triplicate. To examine the 

effect of chloroquine, cells were incubated with DMEM containing chloroquine (final 

concentration 100 µM) for 4 hours. The medium was then removed and cells were washed and 

incubated with DMEM containing the various MENDs and chloroquine for 1 hr. The medium 

was then replaced with 1 mL of fresh medium containing serum and the incubation continued for 

23 hr. 

2.5. Flow cytometer studies 

One day before the experiments, HeLa cells were cultured in a 6-well plate (200,000 cells per 

well). The different NPs were prepared as described above where a DiD label (Invitrogen, CA, 

USA) was mixed with the lipids (0.5 mol% of total lipids). At the time of the experiments, the 

culture medium was removed and cells were washed with 1 mL DMEM without serum. Samples 

containing pDNA suspended in 1 mL DMEM was added to each well and the cells were 

incubated for 1 hr at 37oC. The medium was then removed and cells were washed 3 times with 

phosphate buffer saline and then trypsinized. The cell suspension was centrifuged (700 g, 4oC, 3 

min) and the precipitated cells were suspended in 1 mL FACS buffer (PBS containing 0.5% 

bovine serum albumin and 2mM EDTA). Centrifugation and re-suspension in FACS buffer were 

repeated twice before the final cell suspension was passed through a nylon mesh to remove any 

cell aggregates. The fluorescence of the cells was analyzed by means of a FACS Calibur flow 

cytometer (FACScan, Becton Dickenson).  

2.6. Confocal microscopy studies 
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One day before the experiment, HeLa cells were cultured on a 35-mm glass base dish (100,000 

cells per dish). pDNA was labeled with Cy5 using a Label IT Cy5 labeling kit (Mirus Corp., 

Madison, US) following the manufacturer’s protocol. At the time of the experiments, the culture 

medium was removed and cells were washed with 1 mL DMEM without serum. Samples 

containing Cy-5 labeled pDNA suspended in 1 mL DMEM was added to each well and cells 

were incubated for 1 hr at 37oC. The medium was then removed and cells were incubated in 

DMEM medium with 10% serum for a 3-hr chase period. LysoTracker Green (Molecular Probes, 

Eugene, OR) was added to the medium (1 µM) 30 min before examination with confocal 

microscopy (Olympus).  

2.7. Statistical analysis 

Comparisons between multiple treatments were made utilizing the one-way analysis of variance 

(ANOVA) followed by Bonferroni or Student-Newman-Keuls test. Pair-wise comparisons 

between treatments were made using a two-tail Student t-test. A p-value of <0.05 was considered 

to be significant. 
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3. RESULTS 

3.1. Modification of YSK05 nanoparticles with R8 

We condensed luciferase-encoding pDNA into YSK05 NPs in the presence and absence of R8. A 

solution of the pDNA in an acidic medium was added to a lipid film consisting mainly of the pH-

sensitive YSK05 and the helper lipid DOPE with or without STR-R8. The peptide was used in 

two different amounts: low (YSK/R8-L; 2 mol% of the total lipids) and high (YSK/R8-H; 10 

mol% of the total lipids). The amount of R8 added was selected based on preliminary data from 

experiments in which negative or positive NPs (YSK/R8-L or YSK/R8-H, respectively) were 

prepared (data not shown).  The diameters and charges of the different NPs are shown in Table 1. 

All NPs showed diameters ranging from 170 to 190 nm. Nanoparticles containing high amount 

of R8 were positively charged while those prepared with low R8 amounts or lacking R8 were 

negatively charged. The transfection activities for the different NPs are shown in Figure 1. The 

activity of the YSK NPs was increased by ~8-fold by the addition of low amounts of R8 and 

~107-fold by the addition of high amounts of R8. This result indicates that R8 modification can 

improve the transfection activities of YSK NPs depending on the dose of R8 used and the net 

surface charge of the NPs. Although YSK and YSK/R8-L NPs were found to have similar 

diameters and surface charges, the activity of the latter was higher, indicating that R8 may play a 

role in gene delivery, even when the amount is low and the system is not carrying a net positive 

charge. 
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3.2. Preparation and evaluation of double coated YSK/R8 nanoparticles 

Although R8 used in low amounts improved the activity of YSK-NPs as shown in Figure 1, we 

hypothesized that the activity of YSK/R8-L could be further optimized by controlling the 

position of the R8 peptide and the YSK05 lipid. We proposed a new strategy for preparing such 

devices, based on two-step coating (Figure 2A). In this design, a lipid film consisting of DOPE 

and a low amount of R8 is used to condense pDNA into negatively charged NPs. The resulting 

NPs are then further coated with an outer coat consisting mainly of YSK05 through electrostatic 

attractions between the negatively charged NPs and the positively charged YSK05 in an acidic 

Figure 1. Comparison of transfection activities of luciferase-
encoding plasmid DNA encapsulated in different YSK NPs.  

TABLE 1. Characterization of YSK nanoparticles* 

 
STR-R8 content  

(mol% of total lipids)  
Diameter 

(nm) 
PDI 

Zeta Potential 
(mV) 

YSK 0 181.5 ± 11.7 0.38 ± 0.06 (-) 20.2 ± 6.8 

YSK/R8-L 2 181.4 ± 10.7 0.31 ± 0.06 (-) 19.5 ± 5.8 

YSK/R8-H 10 178.1 ± 6.3 0.35 ± 0.13 (+) 22.5 ± 7.5 

*Values are the mean +/- SD of at least 3 independent preparations 
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medium. Thus, the R8 peptide is presumably masked and located within the inner coat. To 

prepare the first coated NPs, pDNA was condensed with a lipid consisting of DOPE and 

increasing amounts of STR-R8 (3 to 8 mol% of lipid). As shown in Figure 2B, increasing the 

amount of R8 changed the surface charge from negative to positive. Since the objective was to 

prepare negative NPs to be further coated with a second coat, only NPs containing 4, 5, or 6  

mol% of lipid were further coated with a second coat of YSK and cholesterol. Positively charged 

NPs containing 7 or 8 mol% lipid would not be expected to accept a second coat since both have 

similar positive charges. The outer lipid included a low amount of DMG-PEG (3% of the outer 

lipid) to control particle diameter and prevent the near neutral NPs from forming aggregates. The 

properties of the NPs after a second coating are shown in Figure 2C. The diameter was around 

140 to 160 nm and the charge changed from negative to neutral or slightly positive when the 

amount of R8 was increased. The encapsulation efficiency (EE) of the NPs after the first coat 

was low (20-32%) since the amount of R8 is not sufficient to fully condense the DNA (Figure 

2D). However, the EE was increased by the second coating especially when the inner lipids 

contained 4 mol% of R8. This can be explained by the fact that the first coat is more negative 

when 4 mol% of R8 is used compared to 5 or 6 mol%, and NPs with a more negative charge 

would be expected to be more extensively covered by the second positively charged lipid coat. 

This demonstrates the clear advantage of a second coat in enhancing the EE of the pDNA in the 

lipid NPs. We next examined the transfection activities of different NPs after the first or second 

coating (Figure 2E). After the first coating, the NPs containing a lower amount of R8 (4 mol%) 

showed the highest activity. When R8 approaching a neutral charge was used (5 or 6 mol%), 

some aggregation was detected, as evidenced by their larger diameters (data not shown), which 

may explain the lower activities of these NPs. However, the second coat significantly increased 
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transfection activities by 6-fold (4 mol%), 60-fold (5 mol%), or 126-fold (6 mol%). This 

improvement can be explained by the endosomal escape ability of the YSK05 located in the 

outer coat as well as the improved EE after the second coating [20,22]. The higher improvement 

in the case where 5 or 6 mol% of R8 was used can be explained by a change in the charge of NPs 

to less negative and loss of aggregation due to the presence of PEG in the outer coat. The 

transfection activities after the second coat were remarkably high and compete with 

Lipofectamine 2000 reagent (LF), one of the most efficient commercially available transfection 

systems, although the NPs are not carrying a net positive charge in all three cases 

(Supplementary Figure S2). This result indicates the importance of controlling the position of the 

peptide (inner or outer) and clearly shows a possible advantage of the double-coating strategy 

compared to conventional single-coating strategy shown in Figure 1. 

 

 

 

 

 

 

 

 

 

Figure 2. Preparation and evaluation of double-coated YSK/R8 NPs 
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3.3. Optimization of double coated YSK/R8-L nanoparticles 

Since the objective was to develop non-positively charged NPs to avoid non-specific interactions, 

we avoided using 5 or 6 mol% of R8 in the inner lipid. We fixed the amount of R8 at 4.5 mol% 

of the inner lipid, since this condition showed a high transfection activity and resulted in all 

preparations having a final negative charge. However, the EE was still low (~40-50%) which 

may represent a significant barrier for in vivo applications. We increased the total amount of 

lipid from 320 to 800 nmol while fixing the ratio of inner to outer lipid (1:1) and fixing the 

amount of R8 in the inner lipid (7.2 nmol/15 µg pDNA). We then characterized the preparations 

and measured the luciferase activities of the different NPs (Figure 3). Increasing the amount of 

total lipids decreased the negative charge but had negligible effects on particle diameter. The EE 

increased from ~40 to ~80% by increasing the amount of lipid, while the transfection activity 

increased up to total lipid 640 nmol. Cytotoxicity started to significantly increase when the total 

amount of lipid was higher than 640 nmol as judged by measuring total protein content at the end 

of the transfection period (data not shown), which may explain the decreased activity for NPs 

prepared using 800 nmol of lipid. Changing the amount of YSK or the ratio of inner to outer 

lipids did not further improve EE or luciferase activity (data not shown). Therefore, YSK/R8-L 

NPs prepared with 640 nmol lipids were used in further studies. 

 

 

 

 

Figure 3. Optimization of double-coated YSK/R8 NPs 
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3.4. Comparing NPs prepared with 1-step or 2-step coating  

We next directly compared the luciferase activity of YSK/R8-L and YSK/R8-H NPs prepared 

with the ordinary 1-step coating or with the proposed 2-step coating. The same amount of lipid 

and composition were used when comparing 1-step versus 2-step coating so that the only 

difference was in the method used in the preparation, which determines the position of the 

peptide. In the case of YSK/R8-L, R8 is located at the outer surface (1-step coating) or in the 

inner lipid coat (2-step coating).  In the case of YSK/R8-H, R8 is located at the outer surface (1-

step coating) or both in the inner lipid and outer surface (2-step coating). The inner lipid coat was 

the same for R-L and R-H NPs. When a high amount of R8 was attached to the inner coat only,  

positive NPs were produced that could not been further coated with a positively charged YSK05 

second coat due to lack of electrostatic attraction. The lipid composition and characterization of 

the different NPs are shown in Table 2. YSK/R8-L NPs were negative while YSK/R8-H NPs 

were positive. As shown in Figure 4A, the YSK/R8-L prepared with 2-step coating produces a 

dramatically higher transfection activity compared to the 1-step coating (~70-fold increase). This 

clearly shows the advantage of a 2-step coating (or positioning R8 in the inner coat) in the case 

where low amounts of R8 were used.  Meanwhile, there was no significant difference between 

NPs prepared with the 1-step or 2-step coating in the case of YSK/R8-H, probably because a 

high amount of R8 is located at the outer surface in both cases. Noticeably, the activity of the 

YSK/R8-L (2-step) NPs was comparable to that of YSK/R8-H. The transfection activities of 

optimized YSK/R8-L and YSK-R8-H was less than LF but the difference was not statistically 

significant (Supplementary Figure S2B). Although the exact mechanism responsible for this high 

activity of YSK/R8-L (2-step) NPs was not evident at this stage, the results confirmed the 

importance of controlling the position of the peptide (inner or outer), which is dependent on the 
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amount of peptide used. We additionally examined the transfection activities of YSK/R8-L and 

YSK/R8-H in the absence or the presence of 10% serum to investigate the potential applicability 

of the NPs for in vivo gene delivery (Figure 4B). The presence of serum reduced the transfection 

activities by ~30% in the case of R8-L compared to ~70% in the case of R8-H. This shows that 

non-positive YSK/R8-L is relatively more serum resistant compared to positively charged 

systems such as YSK/R8-H.   

  

 

  

 

 

 

 

 

 

 

 

 Figure 4. Comparison of transfection activities of different 
NPs prepared with 1-step or 2-step coating 

TABLE 2.  
Composition and characterization of different nanoparticles prepared by 1-step or 2-step coating*  

 
 

 
Lipid  Composition 

Diameter 

(nm) 
PDI Zeta Potential  

(mV) 

YSK/R8-L  
1-step coating 

YSK:DOPE:Chol:PEG:R81  
(4:5:1:0.075:0.1125) 

168 ± 1 0.270 ± 0.00 (-) 24 ± 7 

2-step coating 
First Coat- DOPE:R8 (9.775:0.225) 

Second Coat- YSK:Chol:PEG (8:2:0.15) 
162 ± 3 0.282 ± 0.02 (-) 27 ± 2 

YSK/R8-H 
1-step coating 

YSK:DOPE:Chol:PEG:R8  
(4:5:1:0.075:0.6125) 

140 ± 4 0.242 ± 0.07 (+) 34 ± 7 

2-step coating 
First Coat- DOPE:R8 (9.775:0.225) 

Second Coat- YSK:Chol:PEG:R8 (8:2:0.15:1) 
144 ± 1 0.265 ± 0.02 (+) 25 ± 7 

*Values are the mean +/- SD of at least 3 different preparations 
1PEG is used as DMG-PEG-2000 and R8 is used as STR-R8 
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3.5. Synergism between YSK05 and R8 

To investigate the synergistic effect of the use of a combination of YSK05 and R8, we compared 

the transfection activities of NPs prepared with YSK05/DOPE (without R8) with those prepared 

with DOPE/STR-R8 (DOPE/R8-L and DOPE/R8-H, both without YSK) or those prepared with 

both YSK05 and R8 (YSK/R8-L and YSK/R8-H) (Figure 5). NPs prepared without R8 (YSK) 

showed relatively low transfection activities. The use of low amounts of R8 without YSK05 

(DOPE/R8-L) did not significantly increase the activity. However, the activity significantly 

increased when YSK05 was combined with a low amount of R8 (YSK/R8-L) particularly in the 

2-step design. This indicates the existence of a synergistic effect of YSK and R8 and validates 

our hypothesis that there are distinct advantages of combining these two different functional 

devices in a single system. A similar synergism was shown when high amounts of R8 were used 

(Figure 5B). However, the activity of DOPE/R8-H was relatively higher than similar NPs 

prepared with a low amount of R8 (DOPE/R8-L). This is consistent with our previous results 

showing that high amounts of R8 are needed to improve the intracellular trafficking of liposomes 

and NPs when YSK05 is not used [30]. Hence, the synergistic effect of YSK05 and R8 is 

particularly evident when preparing non-positive NPs using low amounts of R8; a condition that 

is highly desirable for in vivo application. 
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Figure 5. Synergism between YSK and R8 
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3.6. Cellular uptake of different nanoparticles 

To understand the mechanism of synergism between YSK05 and R8, we examined the cellular 

uptake of different double-coated NPs prepared with DiD-labeled lipids using flow cytometry. 

The uptake of NPs was low in the absence of R8 (YSK) and was only slightly increased when 

YSK05 was replaced with DOPE and low amounts of R8 (DOPE/R8-L) (Figure 6, A-B). 

However, the uptake was significantly improved by ~6-fold when YSK05 was combined with a 

low amount of R8 (YSK/R8-L). Nevertheless, the improvement in uptake cannot explain the 

large difference in transfection activities of YSK and YSK/R8-L NPs (~700 fold). This shows 

that the role of R8 in improving intracellular trafficking of YSK NPs is probably more important 

than its role in enhancing cellular uptake. In the case where a high amount of R8 was used 

(Figure 6, C-D), the presence of R8 caused a high cellular uptake (~10-12 fold increase). In this 

case, the high R8 density on the surface was sufficient to cause a high cellular uptake, even in the 

absence of YSK05 (DOPE/R8-H). To further examine the intrinsic efficiency of each type, we 

divided the transfection activities (RLU/mg of protein) by the amount internalized (geo-mean 

fluorescence) in each case (Figure 6, E). The efficiency was relatively low when either YSK or 

R8 were used alone. The efficiency was higher when YSK was combined with R8, which 

confirms the role of R8 in improving intracellular trafficking when used in low amounts (inner) 

or high amounts (inner and outer). Although the highest uptake was shown in the case of 

DOPE/R8-H, the efficiency of these YSK-lacking NPs was low, which clearly points to the 

importance of using YSK for enhancing endosomal escape. 
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3.7. Endosomal escape of different nanoparticles 

Since the difference in cellular uptake did not explain the difference in transfection activities of 

YSK and YSK/R8-L NPs, we examined the endosomal escape of both types prepared using Cy-

5-labeled pDNA. We observed cells incubated with YSK or YSK/R8-L NPs using confocal 

scanning microscopy where the lysosomes were stained with LysoTracker. Representative 

images of observed cells are shown in Figure 7. The amount internalized appeared to be higher 

in the case of YSK/R8-L, which is consistent with the flow cytometer data shown in Figure 6. 

Furthermore, the pattern of co-localization between pDNA and lysosomes is different. A higher 

co-localization (yellow spots) was more evident in the case of YSK NPs. In the case of YSK/R8-

L NPs, a high amount of pDNA was not localized with lysosomes, which indicates that the 

pDNA is not highly entrapped in the endosomal/lysosomal compartment. This result shows that 

Figure 6. Comparison of cellular uptake and transfection efficiency of NPs 
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R8 has the ability to enhance YSK-mediated endosomal escape. We assume that R8 may 

enhance the interaction between YSK and endosomal membranes, thus leading to a more 

efficient disruption of endosomes and the release of pDNA to the cytosol. To further confirm this 

result, we measured transfection activities in the absence and presence of the endosome-

disrupting agent, chloroquine (Figure 8) [33]. The disruption of endosomes by chloroquine 

enhanced the transfection activities in the case of YSK NPs by ~2-fold, indicating that a 

significant amount of pDNA was trapped in the endosome/lysosome compartment. Meanwhile, 

transfection activities were not significantly increased by chloroquine in the case of YSK/R8-L, 

indicating that endosomal escape is already efficient in this case. This is consistent with the 

previous confocal microscopy study, which showed an efficient endosomal escape when a 

combination of YSK and R8 was used. Collectively, these results confirm that R8 has the ability 

to improve cellular uptake as well as the endosomal escape of the YSK05-NPs.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Evaluation of endosomal escape of different NPs 
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Figure 8. Effect of chloroquine on transfection activities 
of different NPs 
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4. DISCUSSION 

YSK05, a pH-sensitive cationic lipid, efficiently delivered pDNA and siRNA to the cytosol of 

liver cells after systemic administration [20-25]. This lipid contains a pH-sensitive group (N-

methylpiperidine) and two unsaturated carbon chains. At acidic pH, it becomes positively 

charged (pKa = 6.6) and can be used to condense a variety of different nucleic acids. Upon 

changing the pH to neutral, YSK05 nanoparticles lose their positive charge and can be 

internalized into cells through Apo-E mediated endocytosis [34]. After internalization into 

endosomes, the YSK lipid causes efficient endosomal escape since it adopts an inverted 

hexagonal shape with anionic lipids when the pH drops below 6. Compared with NPs prepared 

using conventional cationic lipids, fewer YSK-NPs are internalized into cells, but they produce a 

stronger gene silencing activity [20].  The low internalization of YSK NPs can be explained by 

the fact that these NPs are neutral under physiologic pH, which limits their internalization 

compared to systems prepared with cationic lipids. Therefore, the addition of a ligand that can 

enhance the cellular uptake of YSK NPs would be expected to increase the number of particles 

that are internalized and subsequently improve transfection activities. 

The R8 peptide is a model CPP peptide that enhances cellular uptake and controls the 

intracellular trafficking of its attached cargos [29,30]. We hypothesize that a combination of R8 

and YSK may cause high transfection activities, since R8 can enhance the interactions between 

the lipids contained in NPs and cellular or endosomal membranes. When R8 was attached on the 

surface of YSK NPs prepared with luciferase-encoding pDNA, the transfection activities were 

increased based on the density of the peptide used (Figure 1). Using a low R8 density resulted in 

the formation of negatively charged NPs whose activities were ~8 fold higher than NPs prepared 

without R8. The use of a high R8 density produced positively charged NPs whose activities were 
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~107 fold higher than NPs prepared without R8. We suggest that R8 may improve the 

interactions between YSK and cellular or endosomal membranes leading to increased cellular 

uptake or endosomal escape, respectively. R8 actually improved the cellular uptake of YSK NPs 

when used in low or high density (Figure 6). In addition, R8 also improved the endosomal escape 

of YSK NPs as evidenced by confocal microscopy results (Figure 7). 

Although modifying YSK NPs with a high amount of R8 clearly enhanced the transfection 

activity (Figure 1), the produced NPs were positively charged (Table 1). This deprives the YSK 

NPs of its main advantage, namely its non-positive nature under physiological pH.  When small 

densities of R8 are used, the produced NPs were not positively charged, but transfection 

activities were lower than the corresponding values for the positively charged NPs. It therefore 

became necessary to enhance the activities of the non-positive YSK-R8 NPs. We have 

previously shown that multi-layered NPs were superior to single layer NPs in transfecting 

dividing and non-dividing cells [35,36]. Here, we hypothesized that the transfection activities of 

YSK/R8-L NPs could be enhanced by preparing double-coated NPs where the R8 peptide is 

located mainly on the surface of the inner coat and the outer coat is mainly composed of YSK 

(Figure 2A). We speculate that this design allows pDNA to be condensed in the inner lipid while 

YSK is free and can exert its main function, i.e., enhancing endosomal escape. In addition, the 

outer lipid layer would be expected to be consumed during endosomal escape thus releasing the 

pDNA condensed in the R8-modified inner coat. The inner coat can protect pDNA from 

degradation in the cytosol and the R8 on its surface would be expected to enhance the migration 

of the nanoparticles to the nucleus [29]. Taken together, the transfection activities of double-

coated YSK/R8 NPs would be predicted to be higher than NPs prepared with a single coating 

step.  
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To test this hypothesis, we optimized the amount of R8 in the inner coat to finally produce 

negatively charged NPs that can be further coated with the positively charged YSK outer lipid 

(Figure 2B). The water bath sonication used in preparing the inner coat did not significantly 

affect the integrity of pDNA, especially when the amount of R8 was higher than 4 mol% of lipid, 

as judged by gel electrophoresis (Supplementary Figure S1A). We have previously shown that 

pDNA complexed with the polycation poly-l-lysine was not affected by water bath sonication 

[32]. The second coating significantly improved the EE of pDNA and dramatically increased 

transfection activities (Figure 2D-E). The transfection activities of 2-step coated NPs were 

comparable to the efficient commercially available LF reagent (Supplementary Figure S2). 

Although the transfection is enhanced by increasing the amount of R8 in inner coat, the EE 

decreased and the surface charge was sometimes positive. To avoid the presence of a positive 

charge and to obtain a higher EE, we chose NPs prepared with R8 4.5 mol% of inner lipids for 

further optimization. To estimate the possibility of the formation of NPs coated only with the 

second coat, we measured the pDNA that remained free after first coat using a sensitive 

picogreen assay (Supplementary Figure S1B). The free DNA decreased as the percent of R8 

increased and the second coat further decreased the free DNA, especially when R8 is low (4 

mol%). From this figure, we estimate the amount of DNA coated with the second coat only as 

20% (R8-4 mol%), 7% (R8-5 mol%) and 1% (R8-6 mol%). The final optimized NPs contain 4.5 

mol% of R8 and the total lipid amount is increased from 320 to 640 nmol which slightly affected 

the percent of free DNA (Supplementary Figure S1C). We estimate the amount of DNA coated 

with the second coat only as 14% (320 nmol lipid) and 12% (640 nmol lipid). In addition, the 

activity of pDNA coated with YSK/Chol (second coat) only is relatively low (Figure 5). 
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Therefore, we expect that the overall activity may be slightly reduced by the possible presence of 

single-coated NPs. This does not affect the high transfection activities of optimized YSK/R8-L. 

After optimization of the total amount of lipid, as shown in Figure 3, we directly compared the 

transfection activities of YSK/R8 NPs prepared with the same lipid composition but using the 

one-step or two-step coating protocols (Figure 4A). When using low amounts of R8, the two-step 

coated NPs produced much higher transfection activities compared to the one-step coated NPs. 

Meanwhile, there was no difference in transfection activities between one-step and two-step 

coating in the case of a high amount of R8.When using a high amount of R8, the peptide is 

located in the outer layer in both designs and the NPs carry a net positive charge. The high 

amount of R8 may be sufficient to condense and protect pDNA, irrespective of whether they are 

prepared in one-step or two-step coating designs, and excess R8 is found free (unbound) on the 

surface. The higher transfection activities of double-coated YSK/R8-L NPs compared to those 

prepared with 1-step coating was quite interesting and needed further investigation. Although the 

activities of 2-step coated R8-L and R8-H NPs were comparable, using low R8 amount provides 

an additional advantage related to the absence of a final net positive charge. Non-positive NPs 

are expected to be more serum-resistant and be more suited for in vivo applications. Figure 4B 

confirms that YSK/R8-L is relatively more serum resistant compared to positively charged 

YSK/R8-H.   

The high transfection activities of the double-coated YSK-R8 NPs point out to the possibility of 

synergism between YSK and R8. The use of YSK alone or R8 alone failed to produce high 

transfection activities while the combination of YSK and a low R8 density produced much 

higher activities, especially when the two-step design was used (Figure 5A). DOPE/R8-H 

showed higher activities compared to YSK NPs but the highest activities were found for 
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YSK/R8-H (Figure 5B). This result indicates the existence of synergism between YSK and R8 in 

both negative and positive NPs and confirms the superiority of double-coated NPs when the 

amount of R8 is low. To examine the mechanism responsible for this synergism, we compared 

the cellular uptake of different double-coated NPs (Figure 6). Cellular uptake was significantly 

improved when a combination of YSK and low R8 was used compared to using YSK alone or 

R8 alone. In contrast, a high amount of R8 caused a high cellular uptake, even in the absence of 

YSK. High levels of R8 on the outer surface cause the NPs to adopt a positive charge, thus 

making them readily internalized. The uptake study, however, is not sufficient to explain the 

synergism obtained when measuring luciferase activity. This is evident by comparing the 

efficiency of transfection per internalized DNA (Figure 6E). The efficiency was found to be low 

for YSK NPs lacking R8 and for DOPE/R8 NPs lacking YSK, which indicates that intracellular 

trafficking is not optimal. The efficiency was significantly higher when a combination of YSK 

and R8 was used. YSK is known to improve endosomal escape but the role of R8 in improving 

intracellular trafficking is not currently clear. We hypothesize that R8 may improve the 

interaction between YSK in NPs and negatively charged endosomal membranes which may 

improve YSK fusiogenic activity and enhance endosomal escape. Confocal images of co-

localization with lysosomes in Figure 7 support this hypothesis. The YSK/R8-L NPs showed a 

lower colocalization with lysosomes indicating that R8 may augment the activity of YSK 

regarding endosomal escape. We have previously shown that the R8 peptide significantly 

improved endosomal escape mediated by GALA, a fusiogenic peptide [27]. Transfection in the 

presence of the endosome disrupting agent chloroquine confirmed that YSK endosomal escape 

behavior is different in the absence or the presence of R8 (Figure 8). Another possibility to 

explain the enhanced endosomal escape in the presence of R8 is related to the involvement of 
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YSK in condensing pDNA as explained earlier. When YSK is used as an outer lipid, it functions 

only as an endosomal escape device and may exert maximum activity. In contrast, in the absence 

of R8 or when using low levels of R8 in the one-step coating design, YSK is involved in pDNA 

condensation, which may limit its ability to cause efficient endosomal escape. Other than the 

effect of R8 on endosomal escape, the possibility exists that the pDNA is released from 

endosomes in the form of an inner coat where it is protected by the DOPE/R8 lipid. This lipid 

coat protects DNA from degradation in the cytosol and the outer R8 may improve nuclear 

migration and internalization. Although confocal images in Figure 7 did not clearly confirm 

pDNA nuclear delivery in the presence or absence of R8, these images were taken after a short 3 

hr chase. Nuclear delivery may be evident at later points, especially when the nuclear envelope is 

removed during cell division. In addition, some pDNA may be delivered to the nucleus in non-

condensed diffused form for which fluorescence could not be detected due to resolution 

limitations. The role of R8 and other CPP peptides in improving nuclear migration and delivery 

has been previously shown [37–39]. We are currently performing additional investigations to 

clarify the role of R8 in enhancing the nuclear delivery of pDNA after endosomal escape. 

One interesting result is the enhanced cellular uptake of double-coated YSK/R8-L compared to 

YSK NPs. First, we did not expect that the cellular uptake of double-coated YSK/R8-L might be 

significantly improved compared to YSK NPs, since the outer layer is composed mainly of YSK 

with little or no R8 on the surface. However, the cellular uptake of double-coated YSK/R8-L 

NPs was higher than YSK NPs by ~6 fold (Figure 6B). We hypothesize that the double-coated 

design may enable YSK to be in a free state, i.e. not bound to pDNA as in the single-coated NPs. 

Another possibility is that a certain degree of lipid mixing may occur between the inner and the 

outer lipids, which allows some of R8 to be expressed on the surface. This suggested surface R8 
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is low, since it did not cause a change in the net surface charge, but sufficient to enhance 

interactions with cellular membranes. To test this hypothesis, we investigated the cellular uptake 

of YSK-liposomes (without pDNA) prepared with or without various amounts of R8 compared 

to YSK-NPs encapsulating pDNA (1-step coating) (Supplementary Figure S3A). We found a 

significant difference in cellular uptake in the presence or the absence of pDNA when R8 is used 

in low amount while the presence of pDNA did not affect the cellular uptake when R8 is used in 

high amount (>7.2 nmol). Surprisingly, a low amount of R8 on the surface (1.8 nmol, or 0.28 

mol% of total lipid) caused a significant increase in cellular uptake in the absence of DNA (~6 

fold). This increase was not seen in the presence of DNA, which indicates that pDNA probably 

consumed the R8 completely when found in low amount in the ordinary one-step coating. We 

also compared the cellular uptake of YSK-liposomes (without pDNA) with YSK-NPs 

encapsulating pDNA (1-step or 2-step coating) in the absence or the presence of 7.2 nmol R8 

(similar to the optimized YSK-R8-L) (Supplementary Figure S3B). In the presence of pDNA, the 

cellular uptake was higher in the case of 2-step coating compared to 1-step coating. This supports 

our hypothesis that in the 2-step coated system, the pDNA is bound in the inner coat and a little 

R8 is expressed on the surface (free from pDNA), probably through lipid mixing. This little R8 

significantly improved cellular uptake compared to the 1-step coating as shown earlier. The 

mean fluorescence of ~600 arbitrary units (shown in 2-step coated system, R8 7.2 nmol) 

corresponds to ~1.8 nmol external R8. Therefore, we estimate that ~25% of the R8 in the inner 

coat may be expressed at the surface and significantly affects cellular uptake. In the case of 1-

step coating, much lower free R8 is available at the surface and the effect on cellular uptake is 

low. The same explanation can also be expected for the interaction between the outer lipid layer 

and endosomal membranes to improve endosomal escape.   
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5. CONCLUSION 

We report herein on the development of an efficient gene delivery system based on synergism 

between a pH-sensitive cationic lipid (YSK05) and the R8 peptide. Controlling the amount of R8 

and using a two-step coating strategy to confine DNA and most of the R8 to the inner coat 

permitted us to prepare an efficient, non-positively-charged system. The proposed system 

described in this study has a considerable potential for use in gene transfer in vivo since it shows 

improved serum resistance compared to cationic systems that are commonly used for non-viral 

gene delivery. In addition, the surface of the outer coat can be further modified with different 

ligands for successful active targeting to different organs.  
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FIGURE LEGENDS 

Figure 1. Comparison of transfection activities of luciferase-encoding plasmid DNA 

encapsulated in different YSK NPs 

Cells were transfected with YSK NPs in the absence (YSK) or the presence of low or high 

amount of R8 (YSK/R8-L or YSK/R8-H, respectively). Luciferase activity was measured after 

24 hr and is expressed as relative light units per mg of total proteins (RLU/mg protein). Each bar 

represents the mean +/- SD of 3 different experiments (*P<0.05, **P<0.001 vs. YSK). 

Figure 2. Preparation and evaluation of double-coated YSK/R8 NPs 

A. Schematic illustration of the preparation of double-coated YSK/R8-L NPs. The pDNA was 

first coated with a lipid layer consisting of DOPE/STR-R8 to form NPs with a net negative 

charge. These NPs were then coated with a YSK05/cholesterol layer under acidic conditions.  B. 

Surface charges of NPs prepared by coating pDNA with DOPE and varying amounts of STR-R8 

(mean +/- SEM of at least 4 different preparations). C. Characterization of NPs prepared with 

different R8 amounts after second coating (mean +/- SEM of 4 different preparations). D. 

Encapsulation efficiency (EE) of pDNA after first or second coat (mean +/- SD of 3 different 

preparations). E. Transfection activities of different NPs prepared with one- or two-step coating. 

Each bar represents the mean +/- SD of 3 different experiments (*P<0.05, **P<0.01 vs. [After 

1st coat]). 
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Figure 3. Optimization of double-coated YSK/R8-L NPs 

A. Characterization of different YSK/R8-L NPs prepared using different amounts of lipids (mean 

+/- SD of at least 3 different preparations). B. Encapsulation efficiency (EE) of YSK/R8-L NPs 

prepared using different lipid amounts (mean +/- SD of at least 3 different preparations) 

(*P<0.05, **P<0.01 vs. original condition (320 nmol lipid)). C. Transfection activities of double-

coated YSK/R8-L NPs prepared using different amounts of lipid. Each bar represents the mean 

+/- SD of 3 different experiments. 

Figure 4. Comparison of transfection activities of different NPs prepared with 1-step or 2-

step coating 

A. Cells were transfected with YSK/R8-L or YSK/R8-H NPs prepared using 1-step or 2-step 

coating. Luciferase activity is expressed as relative light unit per mg of total proteins (RLU/mg 

protein). Each bar represents the mean +/- SD of 3 different experiments (*P<0.05 vs. 1-step 

coating). B. Transfection activities in the presence of 10% serum (expressed as % of luciferase 

activities in the absence of serum). Each bar represents the mean +/- SD of 3 different 

experiments (*P<0.05 vs. YSK/R8-H).  

Figure 5. Synergism between YSK05 and R8 

Cells were transfected with different NPs prepared with YSK05/DOPE in the absence of R8 

(YSK) or with DOPE/R8 in the absence of YSK (DOPE/R8-L or -H) or with both YSK05 and 

R8 (YSK/R8-L or -H). NPs were prepared using 1-step or 2-step coating. A. Low amount of R8 

(R8-L). B. High amount of R8 (R8-H). Luciferase activity is expressed as relative light units per 
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mg of total protein (RLU/mg protein). Each bar represents the mean +/- SD of 3 different 

experiments (**P<0.01). 

Figure 6. Comparison of cellular uptake and transfection efficiency of different NPs 

A, C. Histograms showing fluorescence intensities of cells after treatment with different NPs. B, 

D. Comparison of geo-mean fluorescence in each case. Each bar represents the mean +/- SD of 3 

different experiments (*P<0.05, **P<0.01). E. Calculation of efficiency of transfection obtained 

by dividing luciferase activities from Figure 5 (RLU/mg protein) by cellular uptake (geo-mean 

fluorescence). 

Figure 7. Evaluation of the endosomal escape of different NPs 

Confocal laser scanning images of cells treated with NPs encapsulating Cy-5 pDNA (red) 

followed by staining lysosomes with LysoTracker (green). Cells were treated with naked pDNA, 

YSK or YSK/R8-L NPs for 1 hr followed by a 3-hr chase period.  

Figure 8. Effect of chloroquine on transfection activities of different NPs 

Cells were transfected with YSK or YSK/R8-L NPs in the presence or absence of chloroquine. 

Luciferase activity is expressed as fold increase compared to the absence of chloroquine. Each 

bar represents the mean +/- SD of at least 3 different experiments (*P<0.05 vs. no-chloroquine 

condition). 
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TABLE 1. Characterization of YSK nanoparticles* 

 
STR-R8 content  

(mol% of total lipids)  
Diameter 

(nm) 
PDI 

Zeta Potential 
(mV) 

YSK 0 181.5 ± 11.7 0.38 ± 0.06 (-) 20.2 ± 6.8 

YSK/R8-L 2 181.4 ± 10.7 0.31 ± 0.06 (-) 19.5 ± 5.8 

YSK/R8-H 10 178.1 ± 6.3 0.35 ± 0.13 (+) 22.5 ± 7.5 

*Values are the mean +/- SD of at least 3 independent preparations 

TABLE 2.  
Composition and characterization of different nanoparticles prepared by 1-step or 2-step coating*  

 
 

 
Lipid  Composition 

Diameter 

(nm) 
PDI Zeta Potential  

(mV) 

YSK/R8-L  
1-step coating 

YSK:DOPE:Chol:PEG:R81  
(4:5:1:0.075:0.1125) 

168 ± 1 0.270 ± 0.00 (-) 24 ± 7 

2-step coating 
First Coat- DOPE:R8 (9.775:0.225) 

Second Coat- YSK:Chol:PEG (8:2:0.15) 
162 ± 3 0.282 ± 0.02 (-) 27 ± 2 

YSK/R8-H 
1-step coating 

YSK:DOPE:Chol:PEG:R8  
(4:5:1:0.075:0.6125) 

140 ± 4 0.242 ± 0.07 (+) 34 ± 7 

2-step coating 
First Coat- DOPE:R8 (9.775:0.225) 

Second Coat- YSK:Chol:PEG:R8 (8:2:0.15:1) 
144 ± 1 0.265 ± 0.02 (+) 25 ± 7 

*Values are the mean +/- SD of at least 3 different preparations 
1PEG is used as DMG-PEG-2000 and R8 is used as STR-R8 
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Supplementary Figures 

Supplementary Figure S1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Gel electrophoresis of pDNA after lipid coating. Samples of lipid coated NPs containing 0.4 

µg DNA were treated with Triton X-100 (final concentration 1%) and dextran (final 

concentration 1 mg/mL) for 15 min at room temperature before gel electrophoresis. 

Electrophoresis was performed on 1% agarose gel at 100 V for 30 min and the gel was then 

stained with ethidium bromide. Naked plasmid DNA (pDNA) was used as a control (+/- Triton). 

B. Evaluation of free pDNA after first or second lipid coating in the presence of different 

amounts of R8. Samples were treated with picogreen reagent in the presence (total DNA) or the 

absence (free DNA) of Triton X-100 and dextran. C. Effect of total lipid amount on the percent 

free DNA after first or second lipid coating. 
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Supplementary Figure S2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Transfection activities of different double-coated YSK/R8-L NPs containing different 

amounts of R8 in the inner coat (from Figure 2E). B. Direct comparison of transfection activities 

of YSK/R8 NPs and Lipofectamine 2000 Reagent (LF). YSK/R8 NPs were prepared with the 

optimized inner coat (STR-R8 4.5 mol% of inner lipid). Luciferase activities were measured 

after 24 hr and expressed as relative light units per mg of total proteins (RLU/mg protein). Each 

bar represents the mean +/- SD of at least 3 different experiments (N.S. is no statistical 

significant difference). 
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Supplementary Figure S3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Cellular uptake of YSK-liposomes (prepared in the absence of pDNA) and YSK-NPs 

(prepared with pDNA, 1-step coating) in the presence of variable amounts of R8. B. Direct 

comparison of cellular uptake of YSK-liposomes and YSK-NPs (1-step or 2-step) coating 

prepared in the absence or the presence of R8 (7.2 nmol, optimized condition). Cellular uptake is 

expressed as geo-mean fluorescence measured in each case. Each bar represents the mean +/- 

SEM of 3 different experiments. 
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