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Abstract  

Efficiently delivering plasmid DNA (pDNA) to the spleen is particularly significant for 

DNA immunization. However, increasing the efficiency of gene expression in spleen cells for 

achieving a therapeutic effect remains a serious challenge. An ideal spleen-targeted system 

should avoid liver uptake and should efficiently transfect specific functional spleen cells. Here, 

we report on pDNA nanocarriers with enhanced transfection in spleen cells driven by synergism 

between an octaarginine (R8) peptide and YSK05; a pH-responsive ionizable lipid. A double-

coating design is essential for enhancing spleen selective transfection which is significantly 

affected by the total amount of lipid and the composition of the outer coat. The optimized 

R8/YSK system shows a high gene expression in the spleen with a high spleen/liver ratio and a 

surprising ability to target spleen B cells. Compared to other organs, the high spleen activity 

cannot be explained based on the amount of pDNA delivered to each organ, indicating that the 

system is extremely efficient in transfecting spleen cells. The system can be used in cancer 

immunization where a strong anti-tumor effect was observed in mice immunized with the 

R8/YSK system encapsulating antigen-encoding pDNA. The R8/YSK system holds great 

promise for future applications in the field of DNA vaccination. 

 

 

KEYWORDS: gene delivery, pDNA, YSK05, R8, spleen 
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Graphical Abstract 

 

The R8/YSK-MEND shows a high gene expression in the spleen with a high spleen/liver ratio 

and B cell targeting.  A strong anti-tumor effect was observed in mice immunized with R8/YSK-

MEND encapsulating antigen-encoding pDNA.  
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1. Introduction 

Gene therapy has considerable promise as an innovative nanomedicine for the treatment of 

various incurable diseases [1-3]. To realize gene therapy, it is necessary to deliver therapeutic 

genes to the target sites and for them to be expressed in doses sufficient to produce a therapeutic 

effect. However, unlike conventional low molecular weight drugs, for gene therapy to be 

successfully applied, high molecular weight nucleic acids face a number of intracellular and 

extracellular barriers, including in vivo instability, low membrane permeability and the elicitation 

of an immune response [4-6]. In addition, it is also necessary to consider the intracellular 

pharmacokinetics of the gene vectors to optimize the delivery of the therapeutic gene to its 

intracellular target site [7]. Most of the intravenously injected gene-carrying nanoparticles (NPs) 

are rapidly cleared from the blood through uptake by the liver and spleen, which is the biggest 

hurdle in terms of successfully delivering a gene to other diseased organs [6-8]. However, these 

two organs are particularly good candidates for gene therapy, even for diseases that are 

associated with other organs. Immune cells in the spleen are particularly attractive targets for 

gene therapy for the treatment of various immune-related diseases including allergies, 

inflammation, autoimmune diseases, infections and cancer [8, 9]. Dendritic cells (DCs) in the 

spleen can be targeted with different antigens to activate antigen-specific T cells making the 

process a potent strategy for cancer immunotherapy [10, 11]. B cells are involved in secreting 

antibodies and different cytokines to regulate inflammation and to fight infections. B cells can 

also act as antigen presenting cells (APCs) to stimulate T cell production. Modulating B cells in 

the spleen is an attractive approach for the treatment of autoimmune diseases, allergies and 

specific types of cancer [9, 12-14]. Even CD8+ T cells in the lymphoid tissues can be targeted 

with immunomodulatory compounds for augmenting T cell function [15]. 
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The efficient delivery of plasmid DNA (pDNA) to the spleen is particularly significant in 

terms of developing DNA vaccines. Transfecting spleen cells with antigen-encoded pDNA 

generates specific antigens that then stimulate the immune system. In addition, DNA can itself 

function as an adjuvant to trigger cellular immunity via activating the stimulator of interferon 

genes pathway [16]. This means that DNA vaccines have the potential for both expressing 

specific antigens and activating the immune system as an adjuvant. DNA vaccinations have 

shown promising antitumor immune responses in clinical trials [17, 18]. Although the 

physiology of the spleen makes it accessible to systemically administered gene vectors [8], the 

level of gene expression in spleen cells needs to be increased if a therapeutic effect is to be 

achieved. An ideal spleen targeted gene delivery system should avoid liver uptake and should 

deliver the therapeutic gene to a large percentage of non-phagocytic functional cells in the 

spleen. Compared to the liver, few studies concerning the in vivo efficient delivery of pDNA to 

the spleen have been reported [19-21]. Considering the ease of delivering gene carriers to the 

spleen, there is a need for a clear strategy to enhance nuclear delivery for maximizing pDNA 

gene expression in spleen cells.  

Lipid nanoparticles for DNA delivery are the most common non-viral systems used for in 

vivo gene delivery [22, 23]. We previously developed a multifunctional envelope-type nano 

device (MEND) as an artificial carrier for delivering different genes to target sites [24-26]. The 

MEND system is composed of a nucleic acid core condensed by polycations and coated with a 

lipid membrane modified with various functional elements. Different types of MEND systems 

can be used to efficiently deliver pDNA and siRNA to different organs such as the liver and lung 

[27-31]. In a recently study, we combined two functional devices; octaarginine (R8), a cell 

penetrating peptide (CPP), and YSK05, a pH-sensitive ionizable lipid, in one system by a novel 
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preparation method based on a double membrane coating [32]. The R8 peptide and the YSK05 

lipid functioned synergistically in the double coated nanoparticles, resulting in a dramatically 

improved in vitro gene expression. The double coating strategy was critical for achieving high 

gene expression efficiency in HeLa cells. A controlled amount of the R8 peptide located in the 

inner coat significantly increased cellular uptake, endosomal escape and the nuclear delivery of 

pDNA. While positively charged conventional R8-MENDs are mainly delivered to the liver [27], 

we hypothesize that the double-coated R8/YSK-MEND would be a promising candidate for the 

in vivo delivery of pDNA to the spleen. The amount and location of the R8 were carefully 

controlled so as to produce non-positively charged NPs which would not be expected to be 

extensively taken up by the liver when systemically administered [8, 33]. Furthermore, the 

diameter of the double-coated NPs is generally >150 nm, which would limit the amount that 

passes the liver fenestrae. The double-coating design results in more rigid NPs due to the 

compactness of the DNA within the two lipid layers and these rigid NPs would be expected to 

more specifically accumulate in the spleen. In addition, the double-coating design allows the 

inclusion of the R8 peptide in the inner coat. This may alter the interactions with protein corona 

which may be relevant to specific spleen delivery.   

In this study, we tested the applicability of the R8/YSK-MEND system for in vivo gene 

delivery after intravenous (IV) administration. The biodistribution of different MENDs, 

synergism between R8 and YSK05 in gene expression, and the role of the double-coating were 

evaluated. The system showed a high gene expression in the spleen where the synergism 

between R8 and YSK05 was confirmed in vivo. In addition, the presence of R8 and the double 

coating design were essential for the selective enhancement of spleen transfection. We further 

optimized the system in terms of the amount of lipid used and the composition needed. The 
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optimized R8/YSK system showed an improved gene expression in the spleen with a high 

spleen/liver ratio and was successfully used for DNA vaccination. A strong anti-tumor effect was 

observed in mice immunized with the R8/YSK system, indicating that this system holds great 

promise for future applications in the field of DNA vaccination. 
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2. Materials and Methods 

2.1. Materials 

Dioleoyl-phosphoethanolamine (DOPE), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 

and cholesterol (Chol) were purchased from Avanti Polar Lipids (Alabaster, AL). Dimyristoyl-

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). YSK05 was synthesized as previously described [34]. 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). The luciferase assay reagent 

and reporter lysis buffer were obtained from Promega Co. (Madison, USA). All other materials 

were of reagent-grade and commercially available. 

2.2. Animals 

Four-week-old male ICR mice or female C57BL6J mice were purchased from Sankyo Labo 

service (Shizuoka, Japan). The experimental protocols were reviewed and approved by the 

Hokkaido University Animal Care Committee in accordance with the “Guide for the Care and 

Use of Laboratory Animals”. In all experiments, the animals were used without fasting. 

2.3. Preparation of MENDs 

MENDs were prepared by the lipid hydration method, as previously described [24]. For the 

optimized MEND, the total amount of lipid used was 640 nmol of lipids for 30 μg of pDNA (the 

nitrogen to phosphate (NP) ratio was estimated to be ~3.56). The lipids used in the first coat 

(DOPE/STR-R8 = 95.5/4.5; total 320 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 = 68.5/28.5/3; 

total 320 nmol) were dissolved in ethanol and evaporated to form a second lipid film (tube 2). 
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The pDNA (30 μg) was dissolved in 500 μl of 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 then incubated for 30 min at room temperature. The 

contents were then transferred to tube 2 where they were 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. The NP ratio of the final preparation was estimated 

to be ~1.28. MENDs were characterized by measuring the diameter and surface charge using a 

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 (EE) according to the manufacturer's protocol. 

2.4. In vivo luciferase assay 

5-6-week-old ICR mice were treated with the MEND (tail vain injection) containing 30 µg of 

pDNA. The mice were sacrificed 6 hr after the treatment, and the liver, lungs, and spleen were 

collected. The collected organs were washed with saline, weighed, and minced with scissors. A 

0.2 g sample of liver tissue and the other whole collected organs were completely homogenized 

using a Precellys24 homogenizer in 1 mL of Lysis Buffer (100 mM Tris-HCl, 2 mM EDTA, 

0.1 % Triton X-100, pH 7.8). After centrifugation at 15000 rpm for 10 min at 4°C, a 10 µl 

aliquot of the supernatant was examined for luciferase activity. The spleen/liver (S/L) ratio was 

calculated by dividing the luciferase activity in the spleen by the activity in the liver. This ratio 

was used as an indication of the spleen selective transfection (the higher this ratio, the higher is 

the spleen selectivity). 

2.5. Biodistribution 
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DiD labeled MENDs containing 30 µg pDNA (DiD is used as 1 mol% of total lipid) were 

injected into the tail vein of 4-5-week-old ICR mice. The total amount of lipid injected was 

estimated as ~914-1067 nmol based on the EE of pDNA (~60-70%). At 6 hr after injection, the 

liver, lungs, and spleen were collected, weighed and minced with scissors. Approximately 25 mg 

of each organ was transferred to micro-tubes (SARSTEDT) containing beads and homogenized 

using a Precellys24 homogenizer in a 1% sodium dodecyl sulfate (SDS) solution. The samples 

were then centrifuged at 15000 rpm for 10 min at 4°C. A 100 µl aliquot of supernatant was taken 

to measure DiD fluorescent intensity using Enspire 2300 multilabel reader (Perkin Elmer) with 

Ex/Em = 650/680 nm. Tissue accumulation of the MENDs was calculated as %ID/g of tissue 

based on the standard calibration curve of the DiD fluorescent intensity from the MENDs and 

non-treated mouse tissues. 

2.6. Determination of Spleen cell type 

4-5-week-old ICR mice were injected into the tail vein with MENDs labeled with DiD (1 mol% 

of total lipid) At 6 hr after injection, the spleen was collected and splenocytes were isolated from 

the spleen in 5 mL of RPMI1640 supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), penicillin (100 U/mL), streptomycin (100 µg/mL), 10 mM HEPES, 100 mM sodium 

pyruvate and 50 nM 2-mercaptoethanol (gibco). The cell suspension was passed through a nylon 

mesh to remove any cell aggregates. After centrifugation at 2000 g for 5 min at 4°C, the 

supernatant was removed and 1 mL of ACK lysing buffer was added to the cell precipitates, 

followed by incubation at room temperature for 5 min. A 9 mL portion of RPMI medium was 

added to cells and they were then centrifuged at 2000 g for 5 min at 4°C. The centrifugation and 

re-suspension in RPMI were repeated twice. The final cell suspension was passed through a 

nylon mesh to remove any cell aggregates. The number of cells was counted and adjusted to 106 
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cells/tube. Cells were suspended in FACS buffer (1 g/L NaN3, 5 g/L BSA in PBS (-)), incubated 

with Fc-receptor blocking anti-mouse CD16/32 for 10 min on ice, then incubated with 1 µg 

FITC anti-mouse/human CD45R/B220 and 0.25 µg PE anti-mouse CD3, or 0.25 µg FITC anti-

mouse F4/80 and 0.25 µg PE anti-mouse CD11c for 30 min on ice. After incubation, the cells 

were washed with FACS buffer and passed through a mesh to remove any cell aggregates, then 

analyzed by Gallios (flow cytometer). The expression of CD45R/B220 and CD3, or F4/80 and 

CD11c were determined after the gating of DiD positive cells to determine the type of spleen 

cells that had taken up the  MENDs. 

2.7. Anti-tumor effect 

The pDNA encoding antigen (ovalbumin; OVA) was a generous gift from Prof. Tanaka H (Tiba 

University). C57BL/6 mice were intravenously injected with the R8/YSK-MEND encapsulating 

the pDNA for immunization on 1 and 2 weeks before tumor inoculation (20 µg pDNA/mouse). 

Thereafter, 5×105 antigen (OVA)-expressing E.G7-OVA cells were subcutaneously injected. 

Tumor volume was calculated by the following formula: (major axis × minor axis2) × 0.52. 

2.8. 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 (*; P < 0.05, **; P < 0.01). 
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3. Results and Discussion 

3.1. Comparison of YSK-MEND and R8/YSK-MEND 

First, the in vivo gene expression of the previously optimized R8/YSK-MEND [32] was 

evaluated. We prepared a double-coated R8/YSK-MEND in which pDNA is first coated with a 

lipid layer composed of a mixture of DOPE  and R8 and then further coated with a second lipid 

layer composed of YSK05, cholesterol and DMG-PEG. We compared the activity of the 

R8/YSK-MEND (RY) with YSK-MEND system lacking R8 (Y). The diameters and charges of 

the various MENDs are shown in Table 1. Transmission electron microscopy (TEM) images of 

the R8/YSK-MEND prepared with 1-step or 2-step coating are shown in Fig. S1. While most of 

the 1-step coated MENDs were observed to be a spherical solid core, there were numerous solid 

cores that were covered with additional lipid layers in the case of 2-step coating. The 2-step 

coating particles appeared in the form of typical core-shell structures. The different MENDs 

were administered to mice by IV injection. At 6 hr after injection, the liver, lung and spleen were 

collected and the luciferase activity in each organ was measured (Fig. 1). The activity of the 

R8/YSK-MEND was higher than that of the YSK-MEND, especially in the spleen (~11 fold). 

This result indicates that R8 modification results in improved transfection activities of the YSK-

MEND in vivo, which is consistent with the in vitro results [32], although the improvement in the 

case of the R8/YSK-MEND compared to YSK-MEND was much higher in vitro (~700 fold). We 

previously proposed that the mechanism for this in vitro improvement can be attributed to the 

presence of R8, which improved cellular uptake, endosomal escape and nuclear delivery. 

Although R8 is thought to be located in the inner coat, a small fraction may be expressed on the 

outer layer due to lipid mixing during the second coating process. In a previous study, we 

showed that even a small fraction of R8 expressed on the surface can significantly enhance 
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cellular uptake in vitro. The situation may be different in vivo due to the difference in the protein 

corona when we consider the YSK-MEND versus the R8/YSK-MEND. The R8/YSK-MEND 

showed a remarkably high spleen/liver ratio (>20) indicating that this system is a promising 

candidate as a new pDNA delivery system for targeting the spleen, although the exact 

mechanism of spleen targeting was unclear at this stage.  

 

Table 1.  

Composition and characterization of the different MENDs prepared by a 2-step coating 
 Lipid Compositiona) Diameterb) [nm] PDI Z-potential [mV] 

YSK-MEND (Y) First coat; DOPE 
Second coat; YSK05/Chol/PEG (78.5/20/1.5) 

181.6±8 0.314±0.07 (-) 14.4±3.8 

R8/YSK-MEND (RY) First coat; DOPE/STR-R8 (97.75/2.25) 
Second coat; YSK05/Chol/PEG (78.5/20/1.5) 

201.8±32 0.340±0.05 (-) 21.5±4.2 

a)
First coat/Second coat =1/1 (nmol/nmol); b)

Values are mean ±SD of at least three different preparations 

 

 

 

 

Figure 1. Comparison of gene expression of the YSK-MEND (Y) and the R8/YSK-MEND (RY) in different 

organs after IV injection to mice. Luciferase activities were measured at 6 hr after injection 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. 
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3.2. Optimization of R8/YSK-MEND 

Although the R8/YSK-MEND showed a high gene expression in the spleen, we concluded 

that the system could be further improved by in vivo optimization since the in vivo situation is 

much more complicated than in vitro conditions. The objective was to increase transfection 

activities in the spleen while maintaining the same high spleen/liver selectivity. We were also 

interested in identifying the factors that could affect liver and spleen selectivity. We optimized 

the R8/YSK-MEND with respect to the total amount of lipid used and lipid composition. The 

total amount of lipid and the ratios of YSK05, cholesterol, and DMG-PEG were changed and the 

luciferase activities in the spleen and liver were compared (Fig. 2 and Fig. S2). Characterization 

of the different NPs used in the optimization study is shown in Table S1. Decreasing the amount 

of total lipids resulted in a slightly increased activity in the spleen while it did not affect the 

spleen/liver ratio (Fig. 2a). In a previous study, we reported a similar improved gene expression 

in the liver by decreasing the total lipid amount [27]. The lower amount of lipid may aid in the 

ease of removing the outer lipid at the time of endosomal escape and may facilitate the 

decondensation and release of DNA from the carriers. Because the encapsulation efficiency of 

the pDNA was low at 160 nmol of lipid (~30%), the R8/YSK-MEND prepared with 320 nmol 

lipid was used in further optimization experiments (EE is ~63%).  

The amount of YSK05 in the outer lipid layer affected gene expression in the spleen.  The 

inclusion of YSK05 enhances endosomal escape and this would be expected to increase 

transfection efficiency [34]. However, we found that when using YSK05 as 40 mol% and DOPE 

at 50 mol%, this combination showed the highest gene expression in the spleen (Fig. 2b). The 

decrease in activity at 30 mol% YSK05 can be attributed to a decrease in endosomal escape 

efficiency. Meanwhile, the decrease in activity when a higher YSK05 amount (50 or 60 mol%) is 
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used is assumed to result from the lower amount of DOPE used as an inner lipid. We hypothesize 

that using low amounts of DOPE as an inner lipid did not cause efficient DNA encapsulation and 

allowed more free pDNA to exist after the first coating. This free pDNA would be coated only 

by the second coat, which may reduce overall activity. In contrast, when a sufficient amount of 

DOPE is used in the inner coat, most of the pDNA will be coated with the first coat and 

subsequently more double coated nanoparticles will be available after the second coating. This 

explains the importance of the amount of DOPE used in the first coating. It appears that a need 

exists for a compromised condition which allows both good encapsulation in double-coated NPs 

and an acceptable level of endosomal escape. The amount of cholesterol in the outer lipid also 

affected the level of gene expression as evidenced by the finding that the system prepared with 

15 mol% cholesterol showed the highest spleen activity and highest spleen/liver ratio (Fig. 2c 

and Fig. S2). In general, increasing the amount of cholesterol stabilizes the lipid membrane 

structure of the liposome, resulting in a more rigid structure [35]. An optimum amount of 

cholesterol appears to be important for stabilizing the system in the circulation, although higher 

levels of cholesterol may impair transfection in different ways. It has been reported that 

cholesterol-rich liposomes were readily taken up by splenic phagocytic cells [36], and this may 

lead to more degradation of the system. Many complement components (such as C3 proteins) 

bind to liposomes with a high amount of cholesterol and such systems are thought to be taken up 

by macrophages [37]. A higher level of cholesterol may also impair endosomal escape or the 

decondensation of pDNA. Finally, the effect of the amount of DMG-PEG on transfection 

activities was investigated. The activity of the original system (PEG 0.75 mol% of the total lipid) 

was higher than the 2.5 mol% PEG and was close to the 1.5 mol%  PEG (Fig. 2d). However, the 

ratio of luciferase activity in the spleen to that in the liver was higher when 1.5 mol% PEG was 
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used compared to when 0.75 mol% PEG was used (Fig. S2), indicating that 1.5 mol% PEG 

results in more spleen specificity. PEG-lipids are typically incorporated into lipid-based systems 

to produce a hydrophilic steric barrier that inhibits binding to plasma proteins, including 

opsonins, which mark NPs for removal by the mononuclear phagocytic system [38]. However, 

the fatty acid chain of the DMG-PEG contains 14 carbon atoms and the interaction with the NP 

lipid membrane is weak, causing DMG-PEG to rapidly become desorbed from NPs in the 

circulation [39]. Therefore, DMG-PEG is mainly used to control particle size and to prevent 

aggregation during the preparation of lipid NPs. However, a higher amount of DMG-PEG (2.5 

mol% of total lipid) may not be fully desorbed in the circulation and the remaining PEG could 

impair cellular uptake and endosomal escape [40]. In addition, the detaching of numerous DMG-

PEG molecules from the MEND surface may cause destabilization of the system. The exact 

reason for the improvement in spleen selectivity when 1.5 mol% DMG-PEG is used is not clear. 

It is thought that the amount of PEG remaining on the surface might be higher when using 1.5 

mol% which might inhibit the migration to hepatocytes via ApoE-mediated endocytosis [41]. 

Based on these results, the optimal composition for in vivo spleen transfection was determined as 

shown in Table S2. The optimization steps resulted in an increase of more than 5 fold in the 

level of gene expression in the spleen, reaching more than 106 RLU/mg of protein and the 

spleen/liver ratio of transfection activities remained still high (~20). We were not able to identify 

a higher value for spleen gene expression and selectivity of pDNA delivery systems in the 

literature [19, 20]. The gene expression of the optimized system showed a peak at 6 hours post 

injection (Fig. S3a). Different biological and immunological processes in the body may limit 

gene expression after longer times or cause the produced gene to undergo degradation. 

Measuring different markers of toxicities in the serum of mice treated with the optimized 
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R8/YSK-MEND revealed no signs of acute toxicities compared to the PBS-treated mice (Fig. 

7a).  

 

Figure 2. Optimization of the lipid composition of the R8/YSK-MENDs. Mice were treated with different 

MENDs prepared with different amounts of lipid and lipid compositions. Luciferase activities in the liver and 

spleen were measured at 6 hr after injection and are expressed as relative light units per mg of total proteins 

(RLU/mg protein). Different lipid components are expressed as mol% of total lipids. Each bar represents the 

mean +/-SD of at least 3 different experiments. 

 

3.3. Conventional 1-step coating vs. 2-step coating 

We previously reported on a 2-step coating strategy as a new method for preparing a  

MEND system and confirmed that the 2-step coating showed a more efficient gene expression 

compared to the conventional 1-step coating in in vitro experiments [32]. To evaluate the value 

of the 2-step coating design in vivo, we compared the luciferase activities and the biodistribution 

of the optimized R8/YSK-MENDs prepared using the conventional 1-step coating or the 2-step 
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coating. The same amount of lipid and composition were used when comparing the 1-step versus 

2-step coating so that the only difference was in the method used in the preparation. Data 

concerning the lipid composition and the characterization of the different MENDs are shown in 

Table 2. As shown in Fig. 3a, the R8/YSK-MEND prepared by the 2-step coating procedure 

caused a higher gene expression compared to the 1-step coating in all organs, especially in the 

spleen (~13-fold). This is consistent with the previous in vitro study, which showed the 

superiority of double-coated MEND at the cellular level. Both MENDs were similarly delivered 

to the liver or lung, however, higher levels of the MEND prepared with the 2-step coating were 

taken up by the spleen compared to the 1-step coating MEND (Fig. 3b). More rigid particles tend 

to be trapped in the spleen more frequently [8]. The MEND prepared with a 2-step coating is 

probably more rigid than that prepared with 1-step coating. In addition, the encapsulation of 

DNA in the inner coat may leave the YSK05 outer layer more free (not bound to DNA) which 

may affect the ability of the system to bind to endogenous proteins and reach spleen cells. 

Although the higher gene expression in the spleen may be explained by a higher delivery to an 

organ per gram of tissue, this is not the only reason as evidenced by calculating the gene 

expression efficiency in different organs by dividing the luciferase activity by the amount of 

pDNA delivered in each case (Fig. 3c). In both MENDs (1- or 2-step coating), the efficiency of 

gene expression was higher in the spleen compared to the liver or lung. The diameter of the NPs 

used was >150 nm, which means that a large fraction of the NPs may not be able to pass the liver 

fenestrae and may be entrapped by liver macrophages (Kupffer cells) and liver sinusoidal 

endothelial cells (LSECs) with subsequent degradation. Thus, the low delivery to hepatocytes 

may be responsible for the decreased transfection efficiency in the case of the liver. Meanwhile, 

the spleen is characterized by the presence of both open and closed circulation and the particles 
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distributed to the spleen would probably be taken up by non-phagocytic cells, which are more 

easily transfected compared to macrophages. It is note worthy that the efficiency of the 2-step 

coated preparation was dramatically high in the spleen compared to other organs (~15 fold), 

indicating that the optimized double coated system has a selective spleen enhanced transfection 

activity. Although the exact reason for this enhanced spleen-selective transfection is not known, 

we hypothesize that the double coated design may affect the interactions with the protein corona. 

As shown in Fig. S4c, the nanoparticles are coated with serum components when they are 

incubated in serum, which may be relevant to delivery to the spleen and the selective efficiency 

for this organ. Although the size may affect the distribution to different liver and spleen cells and 

the uptake into spleen cells is higher for double-coated carriers, the enhanced expression 

efficiency is the main reason for the enhanced spleen transfection. Collectively, these results 

confirm the advantage of a 2-step coating in gene expression and spleen specificity in vivo.   

 

 

Table 2 

Composition and characterization of different MENDs prepared by a 1-step or a 2-step coating 
 Lipid Compositiona) Diameterb) [nm] PDI Z-potential [mV] 

1-step coating 
DOPE/STR-R8/YSK05/Chol/PEG 

(47.75/2.25/34.25/14.25/1.5) 
216.7±36.1 0.374±0.030 (-) 12.5±4.5 

2-step coating 
First coat; DOPE/STR-R8 (95.5/4.5) 

Second coat; YSK05/Chol/PEG (68.5/28.5/3) 
155.9±18.0 0.251±0.066 (-) 14.2±13.9 

a)
First coat/Second coat=1/1 (nmol/nmol); b)

Values are mean ±SD of at least three different preparations 
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Figure 3. Comparison of MENDs prepared by 1-step or 2-step coating in vivo. 

Mice were treated with different MENDs prepared by 1-step or 2-step coating. (a) Luciferase activity in 

different organs, (b) Biodistribution of different MENDs expressed as the percent of the dose per gram of 

tissue. Each bar represents the mean +/-SD of at least 3 different experiments (*p<0.05 vs. 1s). (c) Gene 

expression efficiency was calculated by dividing luciferase activity by the dose of MEND delivered per gram 

of tissue. 

 

3.4. Synergism between R8 and YSK05 

We previously confirmed that R8 and YSK05 function synergistically in transfection 

activities in vitro [32]. To investigate the synergistic effect of this combination in the case of in 

vivo gene expression, we compared the luciferase activities of the MENDs prepared with YSK05 

or a conventional cationic lipid (DOTAP) in the presence or absence of R8. In the absence of 

YSK05, the inclusion of a conventional cationic lipid was essential since a positive component is 

needed for efficient lipid coating of DNA. The 1-step coating (1s) was used in the absence of R8 

while the 2-step coating (2s) was used in the presence of R8 (Fig. 4a). The lipid composition and 

characterization of the different MENDs are shown in Table 3. As shown in Fig. 4b, the 

transfection activities of all of the MENDs were higher in the spleen compared to the liver or 

lung. However, the highest activity in all three organs was observed when R8 was combined 

with YSK05 in a double-coating design (RY2s). This confirms the synergistic effect of R8 and 

YSK05 in gene expression in vivo, particularly in the spleen. To understand the factors affecting 



21 

 

the difference in gene expression in each case, we performed a biodistribution study and 

calculated the efficiency of gene expression in different organs. The optimized double coated 

R8/YSK-MEND (RY2s) showed the highest spleen accumulation (Fig. 4c), and also the highest 

gene expression efficiency in the spleen (Fig. 4d). DOTAP-MENDs (with or without R8) 

showed a low efficiency of gene expression in all three organs while the YSK-MEND (Y1s) 

showed a higher gene expression efficiency in the spleen. Consistent with the results shown in 

Fig. 3, the optimized RY2s-MEND showed the highest efficiency in the spleen. The data shown 

in Fig. 4 indicate that this selective spleen enhanced transfection activity is driven by synergism 

between R8 and YSK05. A size effect would not be expected in this case as equal doses were 

delivered to the liver in all cases and only a small difference was observed in the doses delivered 

to the spleen (Fig. 4c). As discussed before, the higher degradation in liver macrophages and 

endothelial cells is one factor for explaining the low gene expression efficiency of the R8/YSK-

MEND (RY2s) in the liver. It has been reported that there is a large difference in transfection 

efficiency among different cell lines due to differences in degradation activities [42-45]. In 

addition, the protein corona coating may be different between the DOTAP or YSK systems and 

this difference may affect the uptake pathway and intracellular trafficking. The optimized R8-

YSK-MEND appears to be taken up through a pathway that favors the gene expression more 

than other cases. Thus, the difference among organs is thought to be due, not only to a difference 

in biodistribution but also to a difference in transfection efficiency of cells in different organs. 
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Table 3 Composition and characterization of the different MENDs prepared with or without 

YSK05 or R8 

 Lipid Composition 
Diameter 

(nm) 
PDI 

Z-potential 
(mV) 

DOTAP-MEND 
(1-step coating) (D1s) 

DOPE/DOTAP/Chol/PEG 
(50/34.25/14.25/1.5) 

164.7±25.6 0.284±0.098 (-) 12.4±7.9 

YSK-MEND 
(1-step coating) (Y1s) 

DOPE/YSK05/Chol/PEG (50/34.25/14.25/1.5) 212.8±54.0 0.373±0.068 (-) 16.8±5.8 

R8/DOTAP-MEND 
(2-step coating) (RD2s) 

First coat; DOPE/STR-R8 (95.5/4.5) 
Second coat; DOTAP/Chol/PEG (68.5/28.5/3) 

157.3±10.7 0.262±0.040 (-) 19.9±3.8 

R8/YSK-MEND 
(2-step coating) (RY2s) 

First coat; DOPE/STR-R8 (95.5/4.5) 
Second coat; YSK05/Chol/PEG (68.5/28.5/3) 

162.3±14.9 0.232±0.027 (-) 16.8±5.9 

a)
First coat/Second coat=1/1 (nmol/nmol); b)

Values are mean ±SD of at least three different preparations 

 

 

 
 

Figure 4. Comparison of different MENDs prepared in the presence or absence of R8 or YSK05.  (a) 

Schematic representation of the different forms of MENDs used. (b) Luciferase activities in different organs at 

6 hr after IV injection (expressed as RLU/mg protein). Each bar represents the mean +/-SD of at least 3 

different experiments (*p<0.05 vs. RY2s (liver) and Y1s, RD2s (spleen), #P<0.01 vs. D1s, Y1s, RD2s (liver), 

D1s, Y1s, RD2s, RY2s (lung), and D1s (spleen)). (c) Biodistribution of different MENDs (expressed as %ID/g 

tissue). Each bar represents the mean +/-SD of at least 3 different experiments (*p<0.05 vs. D1s, Y1s, RD2s, 

RY2s (lung), ∆P<0.01 vs. Y1s (spleen)). (d) Gene expression efficiency was calculated by dividing luciferase 

activity by the dose of MEND delivered per gram of tissue. 
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3.5. Determination of which spleen cells are taking up the MEND system 

To clarify the reason for the high efficiency of gene expression in the spleen in the case of 

the optimized double coated R8/YSK-MEND, we examined the issue of which specific cells in 

the spleen are taking up the system. Identifying the transfected cells is also important for 

selecting the appropriate therapeutic application of the system. The spleen is a reticulo-lymphoid 

organ that is extensively involved in various immunological functions of the body. Anatomically, 

it can be divided into three zones: red pulp, white pulp and marginal zone [8, 46]. We used 

specific antibodies to identify the most important immune cells in the spleen (B cells, T cells, 

dendritic cells (DCs) and macrophages). Most of the detected spleen cells are B cells or T cells 

while DCs and macrophages represent a much lower percentage of the total cells detected (Fig. 

S5). The R8/YSK-MEND was mainly distributed to antigen presenting cells (APCs) such as 

macrophages, DCs and B cells. However, most of the fluorescence was localized in B cells 

(~90%) (Fig. 5), indicating that most of the dose was successfully delivered to B cells in the 

spleen. When comparing the percentage of cells that received particles, most of the macrophages 

(~80%) were positive compared to ~50% of B cells and lower percentages of DCs and T cells 

(Fig. 5c). We also examined the distribution of the R8/YSK-MEND in the spleen by confocal 

microscopy. As shown in Fig. S6, the R8/YSK-MEND is highly colocalized with macrophages 

and partially localized with B cells. This result is consistent with the results of flow cytometry, 

which confirms the ability of the system to reach macrophages and B cells, in particular. 

Transfecting a significant proportion of B cells indicates that the system can pass through 

fenestrations in the white pulp in the spleen. This may explain the selective enhancement of 

spleen efficiency since transfecting cells other than macrophages and DCs may be easier [47]. 

The B cells are not only antibodies producing cells, but they are also active as APCs [9, 
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48].Therefore, the R8/YSK-MEND is efficiently delivered to different APCs, which makes it a 

promising candidate for therapeutic applications to DNA vaccines.  

Shen et. al. reported that the protein corona is responsible for the targeting of nanocarriers to 

B cells in the spleen. We examined the optimized R8/YSK-MEND by electron microscopy after 

incubation with mouse serum. A representative TEM image of the NPs after incubation with 

serum is shown in Fig. S4c. The nanoparticles preserved their spherical structure after incubation 

with serum. However, a significant difference in electron density was observed after the 

incubation, which indicates that serum proteins are located on the surface of the particles. While 

most of the nanoparticles appeared as single units after a short period of incubation with serum 

(5 min), we observed that some of the nanoparticles were bound to each other to form aggregates 

of two nanoparticles. We hypothesize that a prolonged incubation with serum causes more 

nanoparticles to aggregate, which appeared as a separate peaks in the histograms in Fig. S4. This 

is consistent with the model proposed by Corbo et. al. for describing the protein corona and 

liposome interaction [49]. 

We also investigated the physicochemical properties of the optimized MEND incubated 

with serum (Fig. S4 a-b). The size and the PDI of nanoparticles tend to increase with increasing 

incubation time. A separate peak indicating the presence of aggregated nanoparticles appeared 

and increased with time (from 5 to 30 min). Furthermore, the surface charge decreased as soon as 

the MEND was incubated with serum. This confirms our previous conclusion that the 

nanoparticles become coated with serum components and some of them start to bind to each 

other to form aggregates of two, which continue to grow to form larger aggregates on further 

incubation (Fig. S4c). The interaction with the protein corona appears to play a critical role in 
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targeting the MEND system to different spleen cells. More detailed studies will be needed to 

clarify this role. 

 

 

Figure 5. Spleen cell type taking up the R8/YSK-MEND system. At 6 hr after the injection of the DiD labeled 

R8/YSK-MEND, mouse spleens were dissected and dispersed into single cells. The splenocytes were stained 

with several antibodies and then analyzed by flow cytometry (a). The total fluorescence (b) as well as the 

percent positive cells (c) were determined in each case. Each bar represents the mean +/- SD of 3 different 

experiments (**P<0.01 vs. T cells, DCs and macrophages). 

 

3.6. R8/YSK-MEND as a DNA vaccine for suppressing tumor growth 

To test the applicability of the system as a DNA vaccine, we evaluated the therapeutic effect 

of the R8/YSK-MEND as a DNA vaccine for suppressing tumor growth. In this study, mice were 

treated with PBS, a naked antigen (OVA)-coding pDNA (naked pOVA), the optimized R8/YSK-

MEND encapsulating luciferase-coding pDNA (RY pLuc), or encapsulating an antigen (OVA)-



26 

 

coding pDNA (RY pOVA) at 1 and 2 weeks before tumor inoculation. After inoculating E.G7-

OVA cells, tumor volume was monitored over a period of 30 days (Fig. 6a). Tumor volumes in 

the RY pLuc-treated mice were comparable to those in the PBS-treated mice. However, a strong 

antitumor effect was observed in the case of naked pOVA and RY pOVA. The RY pOVA 

completely inhibited tumor growth without the need for an additional adjuvant. We were not able 

to detect any tumor growth in all of the 6 mice that received the RY pOVA vaccine for up to 30 

days after tumor inoculation. This indicates that the RY pOVA successfully delivered and 

expressed the antigen pDNA in APCs, which induced a high antigen-specific anti-tumor activity. 

The system showed a strong anti-tumor activity even without the need for an additional adjuvant. 

This is advantageous since adjuvants can induce undesirable inflammatory reactions [50]. DNA 

can itself function as an adjuvant to trigger cellular immunity. Therefore, the R8/YSK system 

encapsulating OVA-encoded DNA has the potential for both expressing specific antigens and 

activating the immune system as an adjuvant. Naked antigenic pDNA also showed a significant 

anti-tumor effect, although the efficiency of tumor suppression was stronger in the case of the 

RY pOVA. This result confirms that the R8/YSK-MEND is a potent vector for cancer 

immunization and has great promise for applications in the field of DNA vaccination in the 

future. We also attempted to evaluate the efficacy of the original composition (YSK-MEND, 

shown in Fig. 1). However, the original lipid composition showed signs of toxicity during the 

prophylactic study. The original composition has twice the amount of lipid per pDNA and has a 

higher cationic lipid ratio compared to the optimized composition, which may explain the 

toxicity and confirm the advantage of the optimized formulation.  

We then examined the anti-tumor effect of the optimized system in mice with existing 

tumors. Mice were injected with PBS, naked pOVA or the R8/YSK-MEND encapsulating OVA-
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coding pDNA at 7, 10, 14 days after tumor inoculation. The optimized R8/YSK-MEND 

encapsulating luciferase-coding pDNA (RY pLuc) was not included in this study since we found 

no prophylactic antitumor effect when these particles were used. There were no significant 

differences in tumor growth in mice treated with PBS or naked pOVA. However, a slower tumor 

growth was observed in mice that had been treated with RY pOVA (Fig. 6b). The tumor size was 

significantly lower at 16, 20, and 24 days after tumor inoculation between PBS/naked pOVA and 

RY pOVA. These results indicate that the R8/YSK-MEND can be used for the treatment of 

existing tumors, although the prophylactic effect was more evidenced (Fig. 6a). Interestingly, the 

use of naked pOVA produced a significant prophylactic effect, while it did not show a significant 

therapeutic effect on existing tumors. This indicates that only the stimulation of innate immunity 

is not sufficient to cure existing tumors. It is likely that both the activation of immune cells and 

antigen-presentation are necessary in order to produce a significant therapeutic effect on existing 

tumors. The injection of naked CpG containing luciferase pDNA failed to produce a significant 

gene expression in the spleen (Fig. S3b), indicating that the stimulation of innate immunity does 

not require successful gene expression. In contrast, a significant expression of the antigen 

appears to be required for achieving an antitumor effect in the case of existing tumors.  
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Figure 6. In vivo anti-tumor effect of R8/YSK-MEND encapsulating antigen (OVA)-coding pDNA. (a) 

Prophylactic effect: C57BL/6 mice were injected twice with the R8/YSK-MEND encapsulating OVA-coding 

pDNA (RY OVA) on 7 and 14 days before tumor inoculation. The mice were inoculated with E.G7-OVA cells 

and the tumor volume was monitored. Mice groups treated with PBS, naked OVA-coding pDNA (naked 

pOVA), and R8/YSK-MEND encapsulating luciferase-coding pDNA (RY Luc) were used as different 

controls. (b) Therapeutic effect: C57BL/6 mice were inoculated with E.G7-OVA cells and different samples 

were injected at 7, 10 and 14 days after tumor inoculation. The plots represent the mean +/-SD (a total of 6 

mice/group) (*P<0.05, **P<0.01). 

 

We also examined the prophylactic effect of DOTAP nanoparticles to confirm the value of 

synergism between YSK05 and R8. Similar to PBS treatment, the DOTAP nanoparticles showed 

no significant prophylactic effect (Fig. S7). This confirms that synergism between YSK05 and 

R8 leading to a high level of transfection in spleen cells is critical for achieving an anti-tumor 

effect. It should be noted that the levels of Interleukin 6 (IL-6) were significantly higher in the 

case of mice injected with the optimized MEND encapsulating OVA-pDNA compared to mice 

injected with naked OVA-pDNA (Fig. 7b). This indicates that a MEND encapsulating OVA-

pDNA produced a significantly higher level of immune stimulation. The MEND encapsulating 

the CpG-containing Luc-pDNA also produced significantly higher IL-6 levels compared to 

control mice, although no prophylactic anti-tumor effect was found. This indicates that the 

immune stimulation of non-specific pDNA is not sufficient to produce a significant anti-tumor 

effect. 
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Figure 7. In vivo toxicity and immune stimulation of R8/YSK-MEND.  

(a) In vivo toxicity: ICR mice were injected with naked Luc pDNA or pDNA encapsulated in R8/YSK-

MEND. Different biomarkers were measured in the serum 6 hr after injection (neutralized to mice treated with 

PBS). Each column represents the mean +/-SD (n=3). (b) Measurement of IL-6 levels in the serum 1 hr after 

injection of PBS, naked pOVA, or R8/YSK-MEND encapsulating pLuc or pOVA. Each column represents the 

mean +/-SD (n=3). BUN: Blood urea nitrogen; CRE: Creatinine; AST: Aspartate aminotransferase; ALT: 

Alanine aminotransferase; ALP: Alkaline phosphatase; LDH: Lactate dehydrogenase; CK: Creatine kinase. 
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4. Conclusion 

In summary, we report herein on the development of an efficient spleen-targeted gene 

delivery system based on synergism between a cell-penetrating peptide (R8 peptide) and a pH-

responsive ionizable lipid (YSK05). The difference in gene expression among organs could not 

be explained based on the biodistribution of the carriers where the efficiency of gene expression 

in spleen cells is dramatically higher than cells in other organs. The R8/YSK-MEND developed 

in this study holds great promise as an efficient spleen-targeted pDNA delivery system for future 

applications in the field of DNA vaccinations. 
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Figure Legends 

Figure 1.  

Comparison of gene expression of the YSK-MEND (Y) and the R8/YSK-MEND (RY) in 

different organs after IV injection to mice. Luciferase activities were measured at 6 hr after 

injection 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. 

Figure 2. 

Optimization of the lipid composition of the R8/YSK-MENDs. Mice were treated with different 

MENDs prepared with different amounts of lipid and lipid compositions. Luciferase activity in 

the spleen was measured at 6 hr after injection and is 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. 

Figure 3.  

Comparison of MENDs prepared by 1-step or 2-step coating in vivo. Mice were treated with 

different MENDs prepared by 1-step or 2-step coating. (a) Luciferase activity in different organs, 

(b) Biodistribution of different MENDs expressed as the percent of the dose per gram of tissue. 

Each bar represents the mean +/-SD of at least 3 different experiments (*p<0.05 vs. 1s). (c) Gene 

expression efficiency was calculated by dividing luciferase activity by the dose of MEND 

delivered per gram of tissue. 

Figure 4.  

Comparison of different MENDs prepared in the presence or absence of R8 or YSK05.  (a) 

Schematic representation of the different forms of MENDs used. (b) Luciferase activities in 

different organs at 6 hr after IV injection (expressed as RLU/mg protein). Each bar represents the 
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mean +/-SD of at least 3 different experiments (*p<0.05 vs. RY2s (liver) and Y1s, RD2s 

(spleen), #P<0.01 vs. D1s, Y1s, RD2s (liver), D1s, Y1s, RD2s, RY2s (lung), and D1s (spleen)). 

(c) Biodistribution of different MENDs (expressed as %ID/g tissue). Each bar represents the 

mean +/-SD of at least 3 different experiments (*p<0.05 vs. D1s, Y1s, RD2s, RY2s (lung), 

∆P<0.01 vs. Y1s (spleen)). (d) Gene expression efficiency was calculated by dividing luciferase 

activity by the dose of MEND delivered per gram of tissue. 

Figure 5.  

Spleen cell type taking up the R8/YSK-MEND system. At 6 hr after the injection of the DiD 

labeled R8/YSK-MEND, mouse spleens were dissected and dispersed into single cells. The 

splenocytes were stained with several antibodies and then analyzed by flow cytometry (a). The 

total fluorescence (b) as well as the percent positive cells (c) were determined in each case. Each 

bar represents the mean +/- SD of 3 different experiments (**P<0.01 vs. T cells, DCs and 

macrophages).  

Figure 6.  

In vivo anti-tumor effect of R8/YSK-MEND encapsulating antigen (OVA)-coding pDNA. (a) 

Prophylactic effect: C57BL/6 mice were injected twice with the R8/YSK-MEND encapsulating 

OVA-coding pDNA (RY OVA) on 7 and 14 days before tumor inoculation. The mice were 

inoculated with E.G7-OVA cells and the tumor volume was monitored. Mice groups treated with 

PBS, naked OVA-coding pDNA (naked pOVA), and R8/YSK-MEND encapsulating luciferase-

coding pDNA (RY Luc) were used as different controls. (b) Therapeutic effect: C57BL/6 mice 

were inoculated with E.G7-OVA cells and different samples were injected at 7, 10 and 14 days 

after tumor inoculation. The plots represent the mean +/-SD (a total of 6 mice/group) (*P<0.05, 

**P<0.01). 
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Figure 7.  

In vivo toxicity and immune stimulation of R8/YSK-MEND. (a) In vivo toxicity: ICR mice were 

injected with naked Luc pDNA or pDNA encapsulated in R8/YSK-MEND. Different biomarkers 

were measured in the serum 6 hr after injection (neutralized to mice treated with PBS). Each 

column represents the mean +/-SD (n=3). (b) Measurement of IL-6 levels in the serum 1 hr after 

injection of PBS, naked pOVA, or R8/YSK-MEND encapsulating pLuc or pOVA. Each column 

represents the mean +/-SD (n=3). BUN: Blood urea nitrogen; CRE: Creatinine; AST: Aspartate 

aminotransferase; ALT: Alanine aminotransferase; ALP: Alkaline phosphatase; LDH: Lactate 

dehydrogenase; CK: Creatine kinase. 
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Tables 

Table 1.  

Composition and characterization of the different MENDs prepared by a 2-step coating 
 Lipid Compositiona) Diameterb) [nm] PDI Z-potential [mV] 

YSK-MEND (Y) First coat; DOPE 
Second coat; YSK05/Chol/PEG (78.5/20/1.5) 

181.6±8 0.314±0.07 (-) 14.4±3.8 

R8/YSK-MEND (RY) First coat; DOPE/STR-R8 (97.75/2.25) 
Second coat; YSK05/Chol/PEG (78.5/20/1.5) 

201.8±32 0.340±0.05 (-) 21.5±4.2 

a)
First coat/Second coat =1/1 (nmol/nmol); b)

Values are mean ±SD of at least three different preparations 

 

Table 2 

Composition and characterization of different MENDs prepared by a 1-step or a 2-step coating 
 Lipid Compositiona) Diameterb) [nm] PDI Z-potential [mV] 

1-step coating 
DOPE/STR-R8/YSK05/Chol/PEG 

(47.75/2.25/34.25/14.25/1.5) 
216.7±36.1 0.374±0.030 (-) 12.5±4.5 

2-step coating 
First coat; DOPE/STR-R8 (95.5/4.5) 

Second coat; YSK05/Chol/PEG (68.5/28.5/3) 
155.9±18.0 0.251±0.066 (-) 14.2±13.9 

a)
First coat/Second coat=1/1 (nmol/nmol); b)

Values are mean ±SD of at least three different preparations 

 

Table 3 

Composition and characterization of the different MENDs prepared with or without YSK05 or 

R8 

 Lipid Composition 
Diameter 

(nm) 
PDI 

Z-potential 
(mV) 

DOTAP-MEND 
(1-step coating) (D1s) 

DOPE/DOTAP/Chol/PEG 
(50/34.25/14.25/1.5) 

164.7±25.6 0.284±0.098 (-) 12.4±7.9 

YSK-MEND 
(1-step coating) (Y1s) 

DOPE/YSK05/Chol/PEG (50/34.25/14.25/1.5) 212.8±54.0 0.373±0.068 (-) 16.8±5.8 

R8/DOTAP-MEND 
(2-step coating) (RD2s) 

First coat; DOPE/STR-R8 (95.5/4.5) 
Second coat; DOTAP/Chol/PEG (68.5/28.5/3) 

157.3±10.7 0.262±0.040 (-) 19.9±3.8 

R8/YSK-MEND 
(2-step coating) (RY2s) 

First coat; DOPE/STR-R8 (95.5/4.5) 
Second coat; YSK05/Chol/PEG (68.5/28.5/3) 

162.3±14.9 0.232±0.027 (-) 16.8±5.9 

a)
First coat/Second coat=1/1 (nmol/nmol); b)

Values are mean ±SD of at least three different preparations 
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Figure S1.   

TEM images of R8/YSK-MEND prepared with 1-step (a) or 2-step coating (b-d). 

 

 

  



 

 

 

Figure S2. 

 Evaluation of spleen selectivity of different R8/YSK-MENDs 

Mice were treated with different R8/YSK-MENDs and the luciferase activity in the liver and 

spleen was measured at 6 hr after injection (expressed as RLU/mg of protein). The ratio of 

spleen/liver luciferase activity (S/L ratio) is calculated by dividing the spleen luciferase activity 

by the liver luciferase activity. Each bar represents the mean +/-SEM of at least 3 different 

experiments. 

 

 

 

 

 



 

 

Figure S3. 

(a) Luciferase activities were measured in different organs at different times after the injection of 

the optimized R8/YSK-MEND. Luciferase activities were expressed as relative light units per 

mg of total proteins (RLU/mg protein). Each pint represents the mean +/-SD of 3 different 

experiments.  (b) Gene expression in different organs was measured 6 hr after injection of naked 

Luc-encoding pDNA.  



 

 

Figure S4. 

(a) Effect of serum incubation on the physicochemical characterization of the optimized 

R8/YSK-MEND. (b) DLS histograms of R8/YSK-MEND incubated with serum for different 

times. (c) A representative TEM image of nanoparticles incubated with serum for 5 min at 37oC.    



 

 
 

 

Figure S5. Spleen cell distribution  

Mouse spleens were dissected and isolated into single cells. The splenocytes were stained with 

several antibodies and then analyzed by flow cytometry. Each bar represents the mean +/-SD of 

3 different experiments. 

 

 

  



 

 

Figure S6 

Confocal scanning microscopy of the distribution of the MEND system in the spleen. The 

MEND system was labeled with DiD fluorescence. Spleen sections were incubated with different 

antibodies (green) to identify macrophages or B cells.   

  



 

 

 

Figure S7. 

Investigating the prophylactic anti-tumor effect of DOTAP-MEND system encapsulating pOVA.  



Table S1 

  



Table S2 

MEND characterization of the optimized compared to the original condition 

  original condition optimized condition 

Total lipid for pDNA 15 µg 640 nmol 320 nmol 

STR-R8 amount for pDNA 15 µg 7.2 nmol 7.2 nmol 

YSK05 molar ratio 39.25%* 34.25%* 

DOPE molar ratio 48.88% 47.75% 

Cholesterol molar ratio 10.00% 14.25% 

DMG-PEG2000 molar ratio 0.75% 1.50% 

Diameter (nm) 201.8 160.3 

Polydispersity index (PDI) 0.340 0.244 

Zeta potential (mV) -21.5 -10.1 
*
Lipid components are expressed as mol% of total lipids 
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