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Abstract 

Previously, we developed a multifunctional envelope-type nano device 

(MEND) for efficient delivery of nucleic acids. For tumor delivery of a MEND, 

PEGylation is a useful method, which confers a longer systemic circulation 

and tumor accumulation via the enhanced permeability and retention (EPR) 

effect. However, PEGylation inhibits cellular uptake and subsequent 

endosomal escape. To overcome this, we developed a PEG-peptide-DOPE 

(PPD) that is cleaved in a matrix metalloproteinase (MMP)-rich environment. 

In this study, we report on the systemic delivery of siRNA to tumors by 

employing a MEND that is modified with PPD (PPD-MEND). An in vitro 

study revealed that PPD modification accelerated both cellular uptake and 

endosomal escape, compared to a conventional PEG modified MEND. To 

balance both systemic stability and efficient activity, PPD-MEND was 

further co-modified with PEG-DSPE. As a result, the systemic 

administration of the optimized PPD-MEND resulted in an approximately 

70% silencing activity in tumors, compared to non-treatment. Finally, a 

safety evaluation showed that the PPD-MEND showed no hepatotoxicity and 

innate immune stimulation. Furthermore, in a DNA microarray analysis in 



liver and spleen tissue, less gene alternation was found for the PPD-MEND 

compared to that for the PEG-unmodified MEND due to less accumulation in 

liver and spleen. 

 

Keywords: Multifunctional envelope-type nano device (MEND); systemic 
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1. Introduction 

The passive tumor targeting of liposomes is achieved through the enhanced 

permeability and retention (EPR) effect [1,2]. To produce liposomes that have a 

long circulation time, they are generally modified by poly(ethylene glycol) (PEG) 

and the product is referred to as a “stealth liposome” [3,4]. Stealth liposomes are 

used in clinical applications to deliver doxorubicin (Doxil) in the treatment of the 

acquired immunodeficiency syndrome (AIDS)-related Koposi’s sarcoma [5]. 

However, PEGylation hampers in vivo applications of nanoparticles that are 

intended for use for the delivery of nucleic acids, such as plasmid DNA (pDNA) 

and small interfering RNA (siRNA). From the view point of nucleic acid delivery, it 

is necessary that nucleic acids arrive at an intracellular organelle for successful 

functioning (e.g. cytosol for siRNA, nucleus for pDNA) [6]. However, PEGylation 

inhibits the intracellular trafficking of nanoparticles, especially in cellular uptake 

and subsequent endosomal escape leading to significant loss of activity [7,8], 

which is referred to as the “PEG dilemma” [9]. 

To solve this, cleavable PEG systems that are removed in response to intracellular 

environments such as the low pH in endosomes/lysosomes and thiolytical 

molecules have been proposed [10-15]. Specific environments in tumor tissues 



have been also utilized as a trigger for PEG cleavage [16-20]. We constructed a 

tumor specific PEG system in which the PEG is removed by cleavage in the 

presence of a matrix metalloproteinase (MMP) [17]. MMPs are abundantly 

distributed in tumor tissue and play a key role in progress and metastasis [21]. A 

PEG-peptide-dioleoylphosphatidyl ethanolamine (DOPE) ternary conjugate (PPD) 

containing a peptide sequence that is sensitive to MMP-2 was synthesized. We 

recently developed a multifunctional envelope-type nano device (MEND), in which 

nucleic acids are condensed using a polycation to form a core particle that is 

encapsulated in a lipid envelope for use as a novel non-viral nucleic acid delivery 

system [22,23]. PPD modified MEND encapsulating pDNA showed enhanced 

transfection activity in tumors after systemic administration in tumor-bearing 

mice compared to conventional PEG modified MEND [17]. 

In the present study, we report on the systemic delivery of siRNA to tumors using 

a PPD modified MEND. A schematic diagram of the strategy employed is shown in 

Fig. 1. We tested whether PPD modification improved the intracellular trafficking 

of the MEND compared to conventional PEG-modified MEND in in vitro 

experiments. We then optimized the PPD modified MEND for in vivo siRNA 

delivery through the optimization of PPD modification, in which a combination of 



PEG-DSPE was used to achieve stability in systemic circulation and activity in 

tumor tissue. We evaluated the PPD modified MEND for its safety in cytokine 

studies and using a DNA microarray in the form of toxicogenomics studies [24]. 

 



2. Material and methods 

2.1 Materials 

Anti-luciferase siRNA (21-mer, 5’-GCGCUGCUGGUGCCAACCCTT-3’, 

5’-GGGUUGGCACCAGCAGCAGCGCTT-3’), anti-green fluorescent protein (GFP) 

siRNA (21-mer, 5’-GCUGACCCUGAAGUUCAUCTT-3’, 

GAUGAACUUCAGGGUCAGCTT-3’) and the matrix metalloproteinase cleavable 

peptide (sequence: GGGVPLSLYSGGGG) were obtained from Thermo Electron 

GmbH (Ulm, Germany). DOPE, 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP), cholesterol, distearoyl-sn-glycero-3-phoshoethanolamine-N-[methoxy 

(polyethylene glycol)-2000] (PEG2k-DSPE), PEG5k-DSPE, 

7-nitrobenz-2-oxa-1,3-diazole labeled DOPE (NBD-DOPE) and rhodamine labeled 

DOPE (Rho-DOPE) were purchased from AVANTI Polar Lipids (Alabaster, AL, 

USA). Stearyl octaarginine (STR-R8) was obtained from KURABO INDUSTRIES 

(Osaka, Japan). PEG-peptide-DOPE (PPD) was synthesized as described 

previously [17]. RiboGreen and Lysotracker Green were purchased from 

Molecular Probes (Eugene, OR, USA). Alexa488-tagged siRNA and 

Alelx546-tagged siRNA was purchased from QIAGEN (Hilden, Germany). 

Luciferase assay reagents and reporter lysis buffer were obtained from Promega 



(Madison, WI, USA). [3H]cholesteryl hexadecyl ether (CHE), Soluene-350 and 

Hionic Fluor were purchased from Perkin-Elmer Life Sciences Japan (Tokyo, 

Japan). ELISA assay kits of Quantikine Immunoassay mouse IL-6 and TNF- 

were purchased from R&D systems (Minneapolis, MN, USA). Transaminase 

CII-test WAKO was obtained from Wako (Osaka, Japan).  

 

2.2 Experimental animals 

Male ICR mice (5-6 weeks old) and male BALB/c nude mice (5-6 weeks old) were 

purchased from CLEA (Tokyo, Japan). Tumor-bearing mice were prepared by the 

subcutaneous injection of male BALB/c nude mice with HT1080-luc cells (106 

cells/mouse). All in vivo experiments were approved by the Institutional Animal 

Care and Use Committee. 

 

2.3 Cell culture 

HT1080 cells stably expressing luciferase (HT1080-luc) were cultured in 

cell-culture dishes (Corning) containing culture medium supplemented with 10% 

fetal bovine serum, penicillin (100 U/ml), streptomycin (100 µg/ml), G418 (0.4 

mg/ml) at 37°C in an atmosphere of 5% CO2 and 95% humidity. 



 

2.4 Preparation of MENDs 

siRNA (0.1 mg per ml) was complexed with STR-R8 (0.1 mg per ml), at a 

nitrogen/phosphate ratio of 1.0, in 250 l of hepes buffer. A lipid film was formed 

by evaporating a chloroform solution containing DOTAP, DOPE and cholesterol 

(125 nmol total lipids in 3:4:3 molar ratio). The lipid films for the MENDs 

modified with PEG-DSPE and PPD were prepared by evaporation using 

predetermined amounts of PEG-DSPE and PPD. The siRNA/STR-R8 complex was 

applied to the lipid film, followed by incubation for 10 min at room temperature to 

permit the lipids to become hydrated. To coat the siRNA/STR-R8 complex with the 

lipid, the lipid film was then sonicated for approximately 1 min in a bath-type 

sonicator. The average diameter and the -potential of the condensed siRNA and 

MENDs were determined using a Zetasizer Nano ZS ZEN3600 (MALVERN 

Instrument, Worchestershire, UK). siRNA recovery ratio was determined using a 

RiboGreen assay, comparing fluorescence (excitation: 480 nm, emission: 520 nm) 

in the presence and absence of polyaspartic acid and Triton X-100, as described 

previously [25]. 

 



2.5 Electron microscopy of PEGylated MENDs 

To visualize MEND modified with 15 mol% PEG2k-DSPE (PEG2k-MEND) and 

MEND modified with 11.25 mol% PPD and 3.75 mol% PEG5k-DSPE 

(PPD/PEG5k-MEND), Rho-DOPE (0.5 mol% of total lipids) labeled MENDs 

containing Alexa488-tagged siRNA were layered on a discontinuous sucrose 

density gradient (0–60%), and centrifuged at 160,000 g for 2 h at 20 °C. Aliquots 

(1 ml) were collected from the top, and the fluorescent intensity of rhodamine 

(excitation: 576 nm, emission: 597 nm) and Alexa488 (excitation: 495 nm, 

emission: 519 nm) was measured in each fraction. Fractions containing both 

rhodamine and Alexa488 were used as the purified PEGylated MEND. A 

suspension of the purified MEND was placed on a copper grid coated with a 

carbon film. After carefully removing any excess liquid with the tip of a filter 

paper, the sample was rapidly frozen in liquid ethane using a Leica rapid-freezing 

device (Leica EM CPC system). The grid, with ice-embedded samples, was 

transferred to the specimen chamber of a transmission electron microscope using 

a cryo-transfer system. The specimen chamber was cooled with liquid helium to 

reduce damage to the specimen by the electron beam. For observations, a JEOL 

JEM-3100FFC electron microscope with an HDC phase plate inserted into the 



back focal plane of the objective lens was operated at 300 kV [26,27]. 

 

2.6 In vitro silencing activity of MENDs 

To examine the in vitro silencing effect of the MENDs, 4×104 HT1080-luc cells 

were seeded in a 24-well dish one day prior to transfection. MENDs, containing 

2.4 g of siRNA, were added to 0.25 ml of culture medium containing 10% serum, 

followed by incubation at 37 °C for 3 hr. Then, 0.75 ml of culture medium 

containing 10% serum was added to the cells, followed by incubation at 37 °C for 

21 hr. The cells were washed with 0.5 ml PBS and lysed with reporter lysis buffer. 

Luciferase activity in cell lysates was then measured using a luminometer 

(Luminescencer-PSN, ATTO, Japan). Protein concentrations were determined 

using a BCA Protein Assay Kit (Pierce, Rockford, IL). Luciferase activity is 

expressed as relative light units (RLU) per mg of protein. The silencing effect was 

calculated as a percentage using the following equation:  

silencing effect (%) = 1001 



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


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where TEanti-luc and TEanti-GFP represent luciferase gene expression after 

transfection with either anti-luciferase siRNA or anti-GFP siRNA, respectively. 

We confirmed that the anti-GFP siRNA used in this study has no effect on 



luciferase expression by comparison with non-treatment cells. 

 

2.6 Quantification of cellular uptake of MENDs 

To examine the in vitro cellular uptake of the MENDs, 2.5×105 HT1080-luc cells 

were seeded in a 6-well dish one day prior to transfection. MENDs labeled with 

0.5 mol% NBD-DOPE, containing 7.2 g siRNA, was added to 1 ml of culture 

medium containing 10% serum, followed by incubation at 37 °C for 2 hr. The cells 

were washed three times with 1 ml PBS supplemented heparin (20 units/ml) to 

remove surface bound MENDs. The cells then were washed with 1 ml of Krebs 

Ringer solution and were observed by flow cytometry (FACScan, Becton 

Dickinson). 

 

2.7 Quantitative evaluation of endosomal escape of PEGylated MENDs by 

confocal images 

To evaluate the endosomal escape of PEGylated MENDs, quantification of the 

confocal images was done using a confocal image-assisted three dimensionally 

integrated quantification (CIDIQ) method [28]. One day prior to observation, 

2.5×105 HT1080-luc cells were seeded in a glass-base dish (IWAKI, Chiba, Japan). 



PEGylated MENDs containing 7.2 g Alexa546 labeled siRNA, were incubated 

with cells at 37 °C for 3 hr. To stain endosomes/lysosomes, the cells were 

incubated with 10 M Lysotracker Green for 30 min. The cells were then washed 

three times with 1 ml PBS supplemented heparin (20 units/ml) to remove the 

surface bound PEGylated MENDs. Twenty Z-series images of the cells were 

obtained from top-to-bottom using a LSM 510 META (Carl Zeiss Co. Ltd., Jena, 

Germany) confocal laser scanning microscope equipped with an oil-immersion 

objective lens (Plan-Apochromat 63×/NA =1.4). Each 8-bit TIFF image was 

transferred to Image Pro Plus ver.4.0 (Media Cybernetics Inc., Silver Spring, MD, 

USA) to quantify the total brightness and pixel area of each r.o.i. For the data 

analysis, the pixel areas of each cluster in the endosome/lysosome: si(end/lys) and 

cytosol si(cyt) were separately summed in each X-Y plane, and are denoted as S’z 

=j(end/lys) and S’z=j(cyt), respectively. The values for S’z=j(end/lys) and S’z=j(cyt) 

in each X-Y plane were further summed through all the Z-series of images, and 

are denoted as S(end/lys) and S(cyt), respectively. These values represent the total 

amount of siRNA in the endosoms/lysosomes and the cytosol in an individual cell. 

The fraction of siRNA in the cytosol to that totally introduced on F(cyt), were 

calculated as follows: 



F(cyt) = S(cyt)/(S(end/lys) + S(cyt)). 

 

2.8 In vivo systemic stability and biodistribution of MENDs 

To evaluate the systemic stability and biodistribution of MENDs, the lipid 

envelope of MENDs were labeled with [3H]CHE [29]. The MENDs were 

administered to male ICR mice via the tail vein, at a dose of 80 g of siRNA. At 

the indicated times post-injection, radioactivity in the blood was measured as 

described previously [30]. Briefly, at the indicated times, the mice were sacrificed 

and blood was collected. A 100 l sample of blood was solubilized in 1 ml of 

Soluene-350 for 1 hr at 40 °C, and the solution then decolorized by the treatment 

with H2O2. Radioactivity was determined by liquid scintillation counting, after 

adding 10 ml of Hionic fluor. The blood concentration is represented as the %ID 

per ml of blood. To evaluate the biodistribution in tumor bearing mice, MENDs 

labeled with [3H]CHE at a dose of 80 g of siRNA were injected via the tail vein 

into tumor-bearing mice with tumor sizes of 300-500 mm3. After 24 hr, the tumor, 

liver and spleen were collected and the radioactivity was then determined as 

described previously [30]. Tissue accumulation of MENDs is represented as 

the %ID per g of tissue. 



 

2.9 In vivo silencing activity of PEGylated MEND in tumor tissue 

PEGylated MENDs were injected into tumor-bearing mice via the tail vein at a 

dose of 80 g siRNA. As 24 hr post-injection, the tumors were excised and 

homogenized in reporter lysis buffer (1 ml) using a POLYTRON homogenizer 

(KINEMATICA). The resulting tumor homogenate was centrifuged at 15000 rpm 

for 10 min at 4 °C to obtain the supernatant. The luciferase activity of the 

supernatant (20 l) was assayed using the Luciferase Assay System and the 

results are expressed as relative light units (RLU) per g of tumor. 

 

2.10 Histological observation 

PEG2k-MEND and PPD/PEG5k-MEND labeled with Rho-DOPE at a dose of 80 g 

siRNA were injected via the tail vein into tumor bearing mice with tumor sizes of 

300-500 mm3. At 6 hr post-injection, the tumors were excised, and embedded in 

OCT compound (Sakura Fine Technical, Tokyo, Japan) and snap-frozen in liquid 

nitrogen. Frozen samples were cut in 10 μm-thick sections (LEICA CM3000, Leica 

Microsystems, Wetzlar, Germany). Epidermal growth factor receptor (EGFR) was 

immunolabeled with an anti-EGFR antibody (1:500 dilution; Abcam, Tokyo, 



Japan) overnight at 4 °C, followed by the treatment with a Alexa488-labeled 

anti-rat IgG antibody (1:1000; Invitrogen, Carlsbad, CA, USA) for 1 hr at room 

temperature. The samples were observed using a LSM 510 META microscope 

equipped with an objective lens (Plan-Apochromat 20×/NA =1.4). 

 

2.11 Determination of serum level of ALT and cytokines 

MENDs at a dose of 80 g of siRNA were injected via the tail vein into male ICR 

mice, and blood was collected at the indicated times. Hepes-buffered glucose 

(HBG) treatment was used as a control. A hydrodynamics-based injection was 

performed according to the method of Liu et al [31]. Briefly, 2 ml of saline was 

injected via the tail vain within 5 s. Poly IC at a dose of 80 g in HBG was injected 

via tail vein. Blood samples were stored overnight at 4°C, followed by 

centrifugation (10000 rpm, 4 °C, 10 min) to obtain serum. ALT levels in serum 

were measured with test kits, and IL-6 and TNF- levels in serum were 

determined with ELISA kits according to the manufacturer’s instructions. 

 

2.12 DNA microarray analysis 

Either PEG-unmodified MEND or PPD/PEG5k-MEND was administered to male 



ICR mice via the tail vein, at a dose of 80 g of siRNA. HBG treatment was used 

as a control. At 2 hr after injection, liver and spleen tissues were collected, and 

stored in RNAlater solution at -20 °C to avoid RNA degradation. Liver and spleen 

samples were homogenized and total cellular RNA was purified using an RNeasy 

mini kit, as described above. Total RNA extracted from four mice spleens (125 ng 

each) were pooled into one sample (total 500 ng) for normalizing individual 

differences. The integrity of the pooled total RNA samples was evaluated using an 

Agilent 2100 Bioanalyzer (Agilent, Foster City, CA, USA). The pooled RNA was 

labeled with Cy3  or Cy5 using the Low RNA Input Fluorescent Linear 

Amplification Kit (Product No. 5184-3568), followed by purification using an 

RNeasy mini kit to eliminate unlabeled RNA. Cy3-labeled HBG and Cy5-labeled 

MEND (or PPD/PEG5k-MEND) cRNA sample was then hybridized to Agilent 

Whole Mouse Genome Microarray (Product No. G4122A) according to 

manufacturer’s hybridization instruction. These experimemts were carried out in 

duplicate using exchanged dye-labeled cRNA probes (i.e., Cy3 and Cy5 

dye-swapping experiments). The microarray slides were analyzed using an 

Agilent Microarray scanner (Product No. G2565AA). Microarray expression data 

were obtained using the Agilent Feature Extraction software (Version A.6.1.1). 



 

2.13 Statistical analysis 

Comparisons between multiple treatments were made using one-way analysis of 

variance (ANOVA), followed by the Dunnett test. Pair-wise comparisons between 

treatments were made using a student’s t-test. A P-value of < 0.05 was considered 

significant.



3. Results 

3.1 Characteristics of the prepared MENDs 

The average diameter and -potential of siRNA complexed with STR-R8 were 

approximately 70 nm and -20 mV, respectively. The average diameters and 

-potentials of the prepared MENDs that were used in the in vitro and in vivo 

experiments are summarized in Table 1 and Table 2, respectively. The 

PEG-unmodified MEND (MEND) had a diameter of 180 nm, and was positively 

charged due to the presence of the cationic lipid. The inversion of -potential 

indicates that the siRNA complex was encapsulated by the lipid envelope. Five 

mol% of PEG2k-DSPE or PPD-modification reduced the diameter and the positive 

charge was decreased compared to the MEND because the surface of the lipid 

envelope was masked by the aqueous layer of the PEG moiety (Table 1). The sizes 

and -potentials of the PEG-MEND and PPD-MEND were comparable, suggesting 

that particles with a similar morphology had been prepared. For in vivo 

experiments, the MEND was modified with 15 mol% of PEG-lipid, which resulted 

in particles with a diameter of 80~110 nm and a -potential of -5 ~ -12 mV, 

respectively (Table2). Quantification of siRNA complex in the lipid envelope was 

performed using RiboGreen as described previously [25]. The result of this test 



suggested that approximately 70% of the total siRNA complex was confined 

within the lipid envelope. As shown in Fig. 2, the electron micrograph of a MEND 

modified with 15 mol% PEG2k-DSPE (PEG2k-MEND) and a MEND modified with 

11.25 mol% PPD and 3.75 mol% PEG5k-DSPE (PPD/PEG5k-MEND) revealed the 

PEGylated MEND particles were spherical, with a diameter of approximately 100 

nm, which is consistent with the diameters measured by a Zetasizer (Table 2). 

 

3.2 Effect of PPD modification on in vitro silencing activity, uptake and endosomal 

escape 

To evaluate the utility of PPD, we initially performed in vitro experiments using 

MENDs modified with PEG2k-DSPE (PEG-MEND) or PPD (PPD-MEND) at 5 

mol% of the total lipid in HT1080-luc cells. The peptide sequence in PPD is 

sensitive to MMP-2 and MMP-9 [32]. The MMP-2 concentration in the culture 

medium of HT1080 was sufficient to cleave the 5 mol% of PPD on the surface of 

the MEND, as demonstrated previously [17,33]. Findings related to the silencing 

activity of MENDs are shown in Fig. 3A. In contrast to the high silencing activity 

observed for the PEG-unmodified MEND (MEND), the PEG-MEND showed no 

silencing activity. However, when the PEG2k-DSPE was replaced with PPD, the 



silencing activity of the MEND was enhanced. To determine whether the 

enhanced silencing activity of PPD-MEND was the result of improved 

intracellular trafficking, we investigated the cellular uptake and subsequent 

endosomal escape of MENDs using flow cytometory and confocal laser scanning 

microscopy. While the amount of PEG-MEND taken up was decreased to around 

20% compared to MEND, the use of the PPD-MEND resulted in a recovery of up 

to around 60% (Fig.3 B). 

We also quantitatively compared endosomal escape between PEG-MEND and 

PPD-MEND using the CIDIQ method [28]. Cells were treated with PEGylated 

MENDs loaded with Alexa-546 labeled siRNA, and the endosomes/lysosomes 

fraction was then stained with Lysotracker Green at 2.5 hr post-transfection. A 

Z-series of images were then captured by confocal laser scanning microscopy 

(Fig.4A and B for PEG-MEND and PPD-MEND, respectively). siRNA signals 

colocalized with Lysotracker Green (yellow clusters) are denoted as siRNAs in 

endosomes/lysosomes. The siRNA signals that were not colocalized with 

Lysotracker Green (red clusters) are denoted as those that escaped from 

endosomes/lysosomes. For quantification, the pixel areas of the siRNA clusters 

detected in the cytosol (red clusters) and in endosomes/lysosomes (yellow clusters) 



were separately integrated through all of the Z-series of images. The calculation 

for PEG-MEND in 24 individual cells indicated an average endosomal escape 

efficiency of 33.6%. On the other hand, that obtained from PPD-MEND in 24 

individual cells indicated an escape efficiency of 70.5%. These results suggest that 

the enhanced silencing activity of the PPD-MEND was achieved through an 

enhanced cellular uptake and accelerated endosomal escape compared to the 

PEG-MEND. 

 

3.3 in vivo optimization of PEG-DSPE and PPD on the systemic circulation 

For in vivo applications of MENDs in tumor delivery, sufficient systemic stability 

is required to result in the efficient tumor accumulation of MENDs via the EPR 

effect. As demonstrated previously, the long blood circulation of MEND in which 

the lipid envelope was composed of DOTAP, DOPE and cholesterol, was achieved 

by modification with 15 mol% PEG2k-DSPE [17]. In contrast to PEG2k-DSPE, the 

half life in the blood of the 15 mol% PPD modified MEND was inadequate after i.v. 

injection, presumably because the PEG moiety of PPD was displayed as an 

inappropriate form in circulating blood. We demonstrated that a combination of 

PPD and either PEG2k-DSPE or PEG5k-DSPE is needed to fulfill both long 



circulation and in vivo activity. The MEND was modified with various proportions 

of PPD and PEG-DSPE, in which total PEG-lipid was fixed at 15 mol% of the total 

lipid, and the blood concentration was evaluated at 6 hr after i.v. injection into 

mice. In the combination of PPD and PEG2k-DSPE, the PEGylated MEND 

retained systemic stability up to a ratio of 50% of PPD (7.5 mol% of PPD and 7.5 

mol% PEG2k-DSPE) as shown in Fig.5. On the other hand, a high systemic 

stability was found for the PEGylated MEND with a 75% of PPD ratio in 

combination with PEG5k-DSPE (11.25 mol% of PPD and 3.75 mol% of 

PEG5k-DSPE). The following in vivo studies were performed using a MEND 

modified with 11.25 mol% PPD and 3.75 mol% PEG5k-DSPE as 

PPD/PEG5k-MEND. 

 

3.4 Biodistribution analysis of MENDs in tumor bearing mice 

We next evaluated the biodistribution of a PEG-unmodified MEND (MEND), a 

MEND modified with PEG2k-DSPE (PEG2k-MEND) and a PPD/PEG5k-MEND in 

tumor bearing mice. As shown in Fig. 6, the MEND disappeared from the blood by 

6hr after i.v. injection, due to clearance by the liver and spleen, which resulted in 

poor tumor accumulation. In contrast to the MEND, the PEG2k-MEND and the 



PPD/PEG5k-MEND showed a longer blood circulation time, due to less clearance 

by the liver and spleen, leading to tumor accumulation via the EPR effect. These 

results suggest that a PPD modified MEND could reach in vivo tumor tissue after 

systemic administration. 

 

3.4 In vivo silencing activity of PEGylated MENDs in tumor bearing mice 

The in vivo silencing activity of PEGylated MENDs was evaluated in 

tumor-bearing mice after i.v. injection. Because the PEG-unmodified MEND did 

not accumulate, it was excluded from the in vivo silencing test. While the 

PEG2k-MEND showed no silencing activity, sufficient knockdown of luciferase 

activity (approximately 70% v.s. NT) was observed in tumor tissues that had been 

treated with the PPD/PEG5k-MEND (Fig. 7). We additionally determined the 

silencing activity of a MEND modified with 7.5 mol% of PPD and PEG2k-DSPE 

(PPD/PEG2k-MEND). The silencing activity of the PPD/PEG2k-MEND was 

determined to be approximately 35%.  

 

3.5 Histological observation of PEGylated MENDs in tumor 

We determined the distribution of PEGylated MENDs labeled with rhodamine in 



tumor tissue in the following experiments. After preparing 10 μm-thick sections of 

tumor tissue in which human EGF receptor was immunestained with green 

fluorescence as a tumor marker, samples were observed by confocal laser 

scanning microscopy. Red signals, denoting PEG2k-MEND or PPD/PEG5k-MEND 

were broadly detected inside tumor cells as shown in Fig. 8. These results 

suggested that, because tumor accumulation and the cellular uptake of the 

PEG2k-MEND and the PPD/PEG5k-MEND appeared to be nearly comparable, the 

in vivo enhanced silencing activity of the PPD/PEG5k-MEND can be attributed to 

an efficient endosomal escape. 

 

3.6 Safety evaluation of MENDs in vivo 

As shown in Fig. 6, the major organs for clearing the systemically administered 

MENDs are reticuloendothelial systems (RES), such as the liver and spleen [34]. 

We therefore observed the hepatotoxicity of MENDs. At 24 hr after i.v. 

administration, neither the MEND, the PEG2k-MEND nor the PPD/PEG5k-MEND 

had an influence on serum ALT levels comparable to HBG treatment, as shown in 

Fig. 9A. On the other hand, the significant increase in serum ALT level caused by 

a hydrodynamics-based injection as positive control, indicates that MENDs have 



no hepatotoxicity after systemic administration. We then investigated the innate 

immune stimulation of MENDs over 24 hr. As previous reports, serum levels of 

IL-6 and TNF- are frequently employed as an index of an innate immune 

response and systemic inflammation after i.v. injections of lipoplexes and 

polyplexes [35-38]. As shown in Fig. 9B, C, treatment with poly IC resulted in the 

production of IL-6 and TNF-, and the MEND stimulated the innate immune 

system to a sight degree. On the other hand, after the administration of the 

PEG2k-MEND and the PPD/PEG5k-MEND, these cytokine levels were equal to 

that observed as the result of an HBG treatment. Based on these results, PPD and 

PEG-DSPE modified MENDs containing siRNA do not appear to have any effect 

on the innate immune response. 

 

3.7 Microarray analysis of MEND  

However, biochemical tests such as ALT and certain cytokine analyses (Fig. 9) 

provide only limited information regarding biological reactions after the systemic 

administration of a gene carrier. To understand what occurs in a host following 

the systemic administration of MENDs, hepatic and splenic gene expression 

profiles in mice that had been treated with the PEG-unmodified MEND (MEND) 



and the PEGylated MEND (PPD/PEG5k-MEND) were generated using whole 

genome oligonucleotide microarrays. The liver and spleen are the main clearance 

organs, and the spleen is the largest secondary lymphoid organ associated with an 

immune response [39]. Mice were injected via the tail vein with HBG, the MEND 

or the PPD/PEG5k-MEND. After 2 hr, the livers and spleens were collected and 

RNA was prepared. Microarrays were then hybridized as described in Materials 

and Methods. Using a 2-fold change relative to the HBG treatment as a criterion 

for differential expression, 7 and 21 genes were extracted from the administration 

of MEND, which are shown in order of magnitude of altered expression levels by 

the MEND treatment compared with HBG for the liver and spleen, respectively 

(Fig. 10 and Table 3). The up-regulated genes are classified as interferon related 

genes (4 genes in the liver and 12 genes in the spleen), oligoadenylated 

synthetases (1 and 6 genes) and heat shock proteins (2 and 3 genes). As shown in 

Table 3, the ratios of PEGylated MEND/MEND indicate values of less than 1, 

indicating that PEGylation reduced biological reactions to the systemically 

administered MENDs containing siRNA.



Discussion 

The findings reported herein demonstrate the utility of tumor specific 

cleavable PEG for the systemic delivery of siRNA to tumor by means of a MEND. 

As a proof-of-concept experiment, we analyzed the intracellular trafficking of a 

PPD modified MEND in cultured cells. In an in vitro experiment, the MEND was 

modified with either 5 mol% PEG2K-DSPE (PEG-MEND) or PPD (PPD-MEND). 

As shown in Table 1, PPD modification shielded the surface positive charge as 

well as the PEG-MEND. In contrast to the PEG-unmodified MEND, the 

PEG-MEND showed no silencing effect due to the inhibition of cellular uptake 

(Fig. 3) or endosomal escape (Fig. 4). These are recognized as main processes to be 

considered in the “PEG dilemma” [9]. Modification of the MEND with PPD 

improved these steps. The concentration of MMP-2 in the HT1080 medium was 

sufficient to digest the peptide in PPD at 5 mol% on the surface of the MEND as 

demonstrated previously [17,33]. The removal of the PEG moiety from the surface 

of the MEND allowed the MEND to associate with the cell surface via electrostatic 

interactions, followed by endocytosis mediated cellular uptake. The endosomal 

escape of a lipid based nanoparticle is mediated by membrane fusion with an 

endosomal membrane [40]. PEGylation solidly stabilizes the lipid lamellae 



structure of nanoparticles, which inhibits the disruption of the lamellae structure, 

thus allowing fusion with the endosomal membrane [40,41]. Therefore, PPD 

cleavage also contributes to an enhanced endosomal escape by promoting the 

disruption of the lipid envelope and membrane fusion with endosomes. Based on 

these results, it appears that a PPD cleavable system is a potential strategy for 

the efficient delivery of siRNA to the cytosol in tumor cells. 

For the in vivo delivery of a MEND to tumors via the EPR effect, a long 

systemic circulation time is required. Unexpectedly, the modification of PPD alone 

was not sufficient to enhance the systemic stability of the MEND, as shown in Fig. 

5. One possible reason is that the peptide in PPD is digested by serum enzymes 

during circulation in the blood. The other is that, since the peptide sequence in 

PPD has hydrophobic properties (hydropathy index; 3.3, [42]), the peptide might 

associate with the lipid membrane, which would decrease the flexibility of PEG, 

resulting in an inappropriate form of PEG, such as a pancake form, leading to less 

blood circulation [4,43]. To improve the systemic stability of the PPD modified 

MEND, we partially replaced PPD with PEG-DSPE at various ratios where the 

amount of PEG-lipid was fixed at 15 mol% of the total lipid. It was reported that 

the combination of different lengths of PEG chains prolonged the blood circulation 



time of PEGylated liposomes [44]. Therefore, we also examined the effect of a 

longer PEG chain with a molecular weight of 5000 (PEG5k-DSPE) on the systemic 

stability of a PPD modified MEND. In the case of the combination of PEG2K-DSPE, 

the stability of the PPD modified MEND, up to a PPD ratio of 50%, was 

comparable to that for a MEND modified only with PEG2K-DSPE. The PPD 

modified MEND with PEG5K-DSPE exhibited a high systemic stability up to a 

ratio of 75 % PPD. These results suggest that the combination of PPD with 

PEG5K-DSPE achieved a cleavable area accounting for 75% on the surface of 

MEND. It is likely that the presence of PEG-DSPE blocks the association of the 

peptide in PPD with the lipid envelope, which results in a PEG moiety with a 

more flexible form in PPD, such as a mushroom or brush structure, thus 

extending the circulation time. These findings point to a possibly reason for why 

the stability of PPD is inferior to PEG-DSPE. It is possible that PPD is not 

digested by enzymes in the serum, but represents an inappropriate form of PEG 

due to the hydrophobic property in the peptide. 

The in vivo silencing activity of the PEGylated MEND was reflected in the 

fraction of PPD (Fig. 7), which would result from the cleavage of PPD in response 

to MMP in a tumor. The concentration of MMP-2 was determined to be 



approximately 4 and 0.4 ng/mg protein in vitro HT1080-luc cells and in vivo tumor 

tissue, respectively, as determined by enzyme-linked immunosorbent assay 

(ELISA). Typically, 4×104 cells are cultured in 500 l of medium. On the other 

hand, in the in vivo tumor tissue, 1 g of tissue contains approximately 1×108 cells, 

which are surrounded by 200 l of extracellular space [45]. Therefore, the in vivo 

extracellular space per cell is 6.25×103 times higher than in vitro culture medium 

per cell. Calculations indicate that the extracellular concentration of MMP-2 in 

the in vivo tumor is 6.25×102 times higher than that of the in vitro culture 

medium. Unlike culture medium, MMP is assumed to be highly concentrated in 

the lean extracellular space. As a result, its concentration is sufficient to catalyze 

the cleavage of PPD even when PPD is modified at 11.25 mol% in in vivo tumor 

tissue [17]. Further histological observations revealed that the magnitude of 

intracellular signals seem to be equivalent in both the conventional PEG-MEND 

and the cleavable PPD-MEND in tumor tissue (Fig. 8). These findings suggest 

that the amount of cellular uptake for these MENDs is comparable and that 

endosomal escape constitutes the more likely step for explaining the PEG 

dilemma in in vivo tumors. As demonstrated above, for the successful delivery of 

siRNA to a tumor, a delicate balance between stability in the systemic circulation 



and the silencing activity of the delivery system is needed. 

On the other hand, the application of siRNA in clinical use requires not only 

effective but also safe delivery systems. We assessed the hepatotoxicity and innate 

immune stimulation of the MENDs. Both PEG-unmodified and PEGylated 

MENDs showed no or negligible hepatotoxicity and innate immune stimulation 

(Fig. 9). However, examining the production of certain types of cytokines is not 

sufficient to guarantee the safety of a systemic siRNA delivery system. To address 

this issue, gene expression profiling represents a promising approache to 

understanding the underlying mechanism of host responses by delivery systems, 

in the form of toxicogenomics studies [46-49]. However, the response of a host to a 

systemically administrated non-viral gene vector has not been examined using 

this approach. We recently conducted a DNA microarray based analysis of the 

host response to a systemically administered MEND encapsulating pDNA core 

[24]. In this study, we performed a DNA microarray-based analysis for the 

systemically administrated PEG-unmodified MEND and PPD/PEG5K-MEND in 

the liver and spleen. The liver and spleen are main clearance organs for 

systemically administrated lipid nanoparticles, and the spleen is the largest 

secondary lymphoid organ and contains tissue macrophages that are associated 



with an immune response after an intravenous injection of a lipoplex [39]. The 

microarray study revealed that 7 and 21 genes were up-regulated in the liver and 

spleen after an i.v. injection of the PEG-unmodified MEND (Fig. 10 and Table 3). 

It is known that an immune response to siRNA is mediated by the Toll-like 

receptors 3 and 7 in endosomes, and depends on the base sequence in the siRNA, 

followed by the production of inflammatory cytokines and type I IFN [50-52]. The 

up-regulation of interferon associated genes is consistent with an siRNA mediated 

innate immune response. The family of 2’-5’ oligoadenylated synthetases (OAS) 

and 2’-5’ OAS like proteins are induced by interferon [53]. Heat shock proteins 

(HSP) also involve with double stranded RNA-dependent protein kinase (PKR) 

[54]. While further studies will clearly be required to completely understand the 

mechanisms and pathways for the immune response, a microarray study 

elucidates the host response to MENDs that contain siRNA. The results also 

indicate that PPD and PEG-DSPE modification reduced the host response to the 

MEND in the liver and spleen due to a lowered level of accumulation. 



5. Conclusion 

The findings reported herein show that a tumor specific cleavable PEG (PPD) 

modified MEND can be used to successfully deliver siRNA to a tumor. The in vitro 

studies demonstrated that the enhanced silencing activity of the PPD-MEND is 

the result of an improved intracellular trafficking in uptake and endosomal 

escape compared to the PEG-MEND. In the in vivo study, an optimization was 

performed through combining PEG-DSPE to satisfy a balance between a long 

circulation time and silencing activity. As a result, the PPD modified MEND 

accumulated in tumors via the EPR effect and exhibited efficient silencing activity. 

Safety evaluations by means of not only a cytokine study but also a microarray 

suggest that MENDs are not hepatotoxic and do not stimulate the innate immune 

system, and that PPD modification provided biocompatibility. The PPD modified 

MEND represents a promising system for use in the in vivo delivery of siRNA to 

tumors. 
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Figure Captions 

Figure 1 A schematic diagram of the strategy for the systemic delivery of siRNA to tumors by the 

PPD modified MEND 

PPD modified MEND accumulates in tumor via the EPR effect. MMP is abundantly secreted from tumor 

cells, which digests the peptide in the PPD. The PEG is then detached from the surface of the MEND, which 

allows MEND to associate with the tumor cell surface, followed by cellular uptake by endocytosis. The 

MEND escapes from endosome via membrane fusion, and finally the siRNA complex is delivered into the 

cytosol. 

 

Figure 2 Electron micrograph of PEGylated MEND.  

(A), (B) represent electron micrograph of PEG2k-MEND and PPD/PEG5k-MEND, respectively. Bars indicate 

100 nm. 

 

Figure 3 Silencing activity and cellular uptake of MENDs in vitro 

(A) HT1080-luc cells were transfected with MEND, PEG-MEND or PPD-MEND. Luciferase activity was 

measured 24 hr after transfection. The RNAi effect was calculated by normalization to cells treated with 

non-specific (anti-GFP) siRNA. The RNAi effect is expressed as the mean ± SD (n=3). (B) HT1080-luc cells 

were incubated with MEND, PEG-MEND or PPD-MEND labeled with NBD-DOPE for 2 hr. Then, the cellular 



uptake amount of MENDs was determined by flow cytometric analysis. In the bar graph, the relative mean 

fluorescent intensity was shown as the mean± SD (n=3). 

 

Figure 4 Endosomal escape efficiency of PEGylated MENDs 

PEG-MEND and PPD-MEND prepared with Alexa546-labeled siRNA were transfected into HT1080-luc 

cells. The endosomes/lysosomes were stained with Lysotracker green to discriminate between siRNA in 

endosomes/lysosomes and the cytosol. The fraction of siRNA in endosomes and the cytosol was quantified 

based on the pixel area of clusters in each region of interest, as described in Methods. (A)(B) Typical 

confocal images of intracellular trafficking of PEG-MEND (A) or PPD-MEND (B). Green, red and yellow 

represents endosomes/lysosomes, siRNA in the cytoplasm and siRNA in endosomes/lysosomes, 

respectively. Bars represent 10 m. (C) Quantitative comparison of endosome escape efficiency between 

PEG-MEND and PPD-MEND. Endosome escape efficiency in 24 individual cells was plotted. Bars 

represent the average values. 

 

Figure 5 Blood concentration of MENDs modified with PPD and PEG-DSPE. 

Open triangles and closed squares indicate the blood concentration of MENDs modified with PPD and 

either PEG2k-DSPE or PEG5k-DSPE at 6 hr after systemic administration to mice. Total amount of PEG-lipid 

was fixed at 15 mol% of total lipid. % of PPD means the proportion of PPD in PEG-lipid (e.c.; 50% of PPD 



means that MEND modified with 7.5 mol% PPD and 7.5 mol% PEG-DSPE). The blood concentration is 

represented as %ID/ml of blood. Data are represented by the mean ± SD (n=3). **P<0.01 vs. MEND 

modified with PEG-DSPE (0% of PPD) determined by one-way ANOVA followed by Dunnett test. 

 

Figure 6 Biodistribution of MENDs in tumor-bearing mice 

The biodistribution of PEG-unmodified MEND (MEND), MEND modified with 15 mol% PEG2k-DSPE 

(PEG2k-MEND) and MEND modified with 11.25 mol% of PPD and 3.75 mol% of PEG5k-DSPE 

(PPD/PEG5k-MEND). Blood concentration at 6 and 24 hr, and tissue distribution at 24 hr after systemic 

administration of MENDs to tumor-bearing mice are represented by %ID/ml and %ID/g tissue (the mean ± 

SD, n=3), respectively. **P<0.01 vs. PEG-unmodified MEND (MEND) determined by one-way ANOVA 

followed by Dunnett test. 

 

Figure 7 Silencing activity of PEGylated MENDs in tumor tissue 

Luciferase activity in tumor tissue at 24 hr after the systemic administration of either MEND modified with 15 

mol% PEG2k-DSPE (PEG2k-MEND), MEND modified with 7.5 mol% PPD and 7.5 mol% of PEG2k-DSPE 

(PPD/PEG2k-MEND) or MEND modified with 11.25 mol% of PPD and 3.75 mol% of PEG5k-DSPE 

(PPD/PEG5k-MEND) is shown as RLU/g tumor. Data are represented as the mean ± SD (n=6). *P<0.05 and 

**P<0.01 vs. non-treated tumors (NT), as determined by one-way ANOVA followed by Dunnett test. 



 

Figure 8 Histological observation of PEGylated MENDs in a tumor 

Histological observations were performed using 10 m-thick tumor sections (A) non-treated or treated with 

either (B) MEND modified with 15 mol% PEG2k-DSPE (PEG2k-MEND) or (C) MEND modified with 11.25 

mol% of PPD and 3.75 mol% of PEG5k-DSPE (PPD/PEG5k-MEND). PEGylated MENDs labeled with 

rhodamine were detected as red signals. Epidermal growth factor receptor (EGFR) was immunolabeled 

with an anti-EGFR antibody, followed by a Alexa488-labeled secondary antibody. The bars indicate 100 m. 

 

Figure 9 Safety evaluation of MENDs 

(A) Hepatotoxicity was evaluated by measuring serum ALT values at 24 hr after the systemic administration 

of either the PEG-unmodified MEND (MEND), the MEND modified with 15 mol% PEG2k-DSPE 

(PEG2k-MEND) or the MEND modified with 11.25 mol% of PPD and 3.75 mol% of PEG5k-DSPE 

(PPD/PEG5k-DSPE). A h hydrodynamic injection was performed by the i.v. injection of 2 ml of saline within 5 

s. (B)(C) The innate immune response to the MENDs and polyIC was evaluated by determining serum IL-6 

and TNF- values at the indicated times after the systemic administration of MENDs and polyIC. Data are 

represented as the mean ± SD (n=3). 

 

Figure 10 Relative gene expression in response to MEND and PPD/PEG5k-MEND in the liver and 



spleen, as determined by a DNA microarray 

Bars represent relative transcriptional levels in (A) liver and (B) spleen from the microarray analysis after 

MEND and PPD/PEG5k-MEND treatment. Numbers in x-axis represent individual gene corresponds to the 

numbers in Table 3. 

 























Table 1 Characteristics of PEG-unmodified MEND and 5 mol% PEGylated MENDs for use in in vitro 

experiments 

Diameter -potential

(nm) (mV)

MEND 190 37.8

PEG-MEND 117 1.8

PPD-MEND 134 3.2

Fromulation

 

MEND, PEG-MEND and PPD-MEND represents PEG-unmodified MEND, MEND modified with 5 mol% 

PEG2k-DSPE and MEDN modified with 5 mol% PPD, respectively. 

 

 



Table 2 Characteristics of MENDs modified with 15 mol% PEG-lipid for use in in vivo experiments 

Diameter -potential

(nm) (mV)

PEG2k-DSPE PPD

100 0 94 -9.8
75 25 91 -9.3
50 50 89 -11.2
25 75 107 -8.8
0 100 115 -11.6

PEG5k-DSPE PPD

100 0 81 -8.8
75 25 94 -7.4
50 50 102 -5.1
25 75 111 -6.5

18.75 81.25 106 -7.0
12.5 87.5 106 -7.4

Proportion of PEG-lipid (%)

 

 

 



Table 3 Genes that are differentially expressed in response to MEND and PPD/PEG5k-MEND 

treatment in liver and spleen by a DNA microarray 

 


