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2.7. In vivo gene delivery study

For measuring the knockdown efficiency of Tie2 or FVII gene
expression by YSKO5-MEND modified with different mol% of
KLGR-PEG or STR-KLGR or STR-R8, the male ICR mice were injected
intravenously with either Tie2 siRNA or FVII siRNA encapsulated
modified or unmodified YSKO5-MEND at a siRNA dose of 1 mg/kg
of body weight. After 24 h of incubation, the mice were sacrificed
and livers, lung or kidneys were collected.

2.8. RNA extraction and PCR analysis

RNA was extracted from mouse tissue (liver, lung and kidney)
using TRIzol reagent (Invitrogen Inc.). According to the manufac-
turer's instructions, complementary DNA (cDNA) was prepared from
1 g of RNA samples using the high capacity RNA-to-cDNA Kit (ABI).
The resulting cDNA was diluted, and a 5 pl of solutions was used in a
20 ] PCR reaction (SYBR Green; TOYOBO) containing the specific
primers. Duplicate PCR reactions were run for each samples and
quantification of each samples were performed using the Mx3005P
Real-time QPCR system (Agilent). Cycle threshold (Ct) values were
normalized to beta-actin expression, and results were expressed as
the fold change in mRNA compared with control mice.

2.9. Confocal microscopy experiment

ICR mice were given an intravenous injection of rhodamine
labeled STR-KLGR modified MEND and the mice were killed 25 min
after the treatment. The portal vein was cut and a needle was
introduced into the vena cava and 10-15 ml of heparin containing a
PBS (40 units/ml) solution was used to remove the remaining blood
and cell surface bound MEND in the liver. The liver was then
excised and washed with saline and sliced into 10-15 mm-sized
blocks with scissors. Liver sections were then incubated with a 20
fold volume of a diluted solution of Hoechst 33342 (1 mg/ml) and
Isolectin B4 in HEPES buffer for 1 h. The specimens were placed on
a 35mm glass base dish (IWAK], Osaka, Japan) and observed by
confocal laser scanning microscopy (A1Confocal Laser Microscope
System, Nikon Instruments Inc., Tokyo, Japan).

2.10. In vitro quantitative cellular uptake study

The quantitative measurementof cellular uptake of the STR-KLGR
modified MEND was determined by flow cytometry. Empty MENDs
modified with or without STR-KLGR at different mol% were prepared
as described in Section 2.5. The MENDs were labeled with NBD-
DOPE. Primary LSECs were seeded at a density of 200,000 cells per
well in a 6-well plate with medium. After 24 h of seeding period, the
cells were incubated with MENDs in serum free medium for 1 h. The
cells were then washed with PBS () supplemented with a heparin
solution (20 unit/ml). Trypsin was then added to each well and each
sample was collected in a different eppendorf tube by centrifugation
(3000 rpm, 4°C, for 3 min). Cell pellets were resuspended in 1 ml of
PBS(~) supplemented with 0.5% BSA and 0.1% NaNj; (FACS buffer). To
remove aggregated cell and debries, the cells were filtered through a
nylon mesh. Then the filtered cells were analyzed by flow cytometry
(FACScan, Becton Dickinson). The cellular uptake of NBD-DOPE
labeled MEND was expressed as the mean fluorescence intensity,
calculated using the CellQuest software (Becton Dickinson).

2.11. Endosomal escape efficiency of STR-KLGR modified MEND

100,000 LSECs were seeded on a 35 mm glass-base dish (IWAKI,
Osaka, Japan) in 2ml of EBM-2 medium containing serum and
other essential factors. At 24h after the seeding, the culture
medium was removed and the cells were washed with 1ml of

serum-free medium. Then the cells were incubated with
cy3 labeled siRNA loaded MEND either modified or unmodified
with STR-KLGR. Then after 30min of incubation at 37°C,
Lysotracker green was added to the cell dish to stain
endosomal/lysosomal compartment. Then after 45 min of incuba-
tion, Hoechst 33342 was added to stain the cell nucleus. Then after

~a total of 1h, the incubation medium was washed with PBS

supplemented with heparin (20 units/ml) for 3 times. The cells
were then suspended in Kreb’s buffer and confocal images were
obtained by confocal laser scanning microscopy (A1Confocal Laser
Microscope System, Nikon Instruments Inc, Tokyo, Japan).
Minimum 6-8 pictures were taken where there were minimum
2-3 cells in each image with CFI Apochromat TIRF 60x oil,
NA149 lens. Then each image was transferred to Scope-Pro
7.0 configuration software to quantify the pixel areas in each cell
separately. For every sample, total 10 cells were analyzed.

2.12. Uptake mechanism study

For the investigation of mechanism of cellular uptake of the
STR-KLGR  modified MEND, 200,000 primary LSECs or
Hepal-6 cells were seeded on a 35mm glass-base dish (IWAK]I,
Osaka, Japan) in 2 ml of EBM-2medium supplemented with serum
and other essential factors for 24 h. At the day of the experiment,
the cells were washed with 1ml PBS. Then the dishes were
pre-incubated with serum-free medium in the absence or presence
of inhibitor. The following inhibitors were added separately in
separate dishes and incubated for different time schedule:
amiloride (5 mM) for 30 min, filipin (150 pg/ml) for 45 min and
sucrose (0.5M) for 30 min. Then after the mentioned incubation
time 50 nM of STR-KLGR modified or unmodified MEND encapsu-
lating cy3 labeled Tie2 siRNA was added and the cells were
incubated with or without inhibitor for another 1h. Nuclei were
stained with Hoechst 33342 for 10 min before washing. The cells
were then washed with 1ml of ice-cold PBS supplemented with
heparin (20 units/ml) for 3 times to completely wash the surface
bound MEND. The cells were then kept on ice in 2 ml of Kreb's
buffer and images were taken by confocal microscopy. A brief
result of this experiment has been summarized in Table 2.

2.13. Toxicological study

For toxicological studies, 4-week-old male ICR mice were
injected intravenously with the STR-KLGR modified YSKO5-MEND
encapsulating Tie2 siRNA at a siRNA dose of 1 mg/kg body weight.
After 24 h, blood samples were collected by cutting the tail vein
and serum levels of AST and ALT were then measured using a
colorimetric diagnostic kit (Wako Pure Chemical Industries Ltd.)
according to the manufacturers guidelines.

2.14. Statistical analysis

Comparisons between multiple treatments were made using
one-way analysis of variance (ANOVA), followed by the ‘Dunnett
test’. Pair-wise comparisons of subgroups were made using the
Student’s t-test. Differences among the means were considered to
be statistically significant at a p-value of <0.05 and <0.01.

3. Results

3.1. The characteristics of KLGR-PEG or STR-KLGR modified YSKO05-
MEND

The YSKO5-MEND was modified with different mol% of KLGR-
PEG or STR-KLGR. The physical properties of the prepared MENDs
are shown in Table 1. Particle size of the MEND and zeta-potentials
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Table 1
Physical characteristics of YSKO5-MEND.

A. Akhter et al./International Journal of Pharmaceutics 475 (2014) 227-237

Sample KLGR-PEG000-YSKO5-MEND STR-KLGR-YSKO5-MEND

Size (nm) Zeta potential (mV) Size (nm) Zeta potential (mV)
YSKO5-MENDpgircr 84+3 6.1+04 - -
YSKO5-MEND 1xx1Gr 86+2 122406 90+1 81+09
YSKO5-MENDsgk1cr 84:+3 181+04 81x2 191+15
YSKO5-MENDsgkicr 118+3 21928 103+2 25.7+0.5

were measured by a Malvern Zetasizer. Average diameter of the
YSKO05-MEND was within the range of 80-120 nm. The addition of
a ligand at the MEND surface did not significantly affect particle
size until the concentration of STR-KLGR or KLGR-PEG at the
surface of MEND reached to 5mol%. The surface charge of the
unmodified YSKO5-MEND was nearly neutral (6 mV), while the
addition of the KLGR-PEG or STR-KLGR increased the surface
charge with the increasing ligand density at the MEND surface. The
surface charge of the modified YSKO5-MEND was within the range
of 8-25 mV. The percentage of siRNA encapsulation was measured
by means of a RiboGreen assay which showed that the siRNA
encapsulation efficiency ranged from 75 to 90%.

3.2. In vivo gene silencing activity of KLGR-PEG or STR-KLGR modified
YSKO5-MEND

An in vivo gene expression knockdown experiment was
performed to evaluate the capacity for delivering the siRNA
contained by our developed carrier to LSEC. For the measurement
of knockdown efficiency of Tie2 gene expression, an endothelial
cell specific marker, Tie2 siRNA was delivered through a KLGR-PEG
or STR-KLGR modified YSKO5-MEND. As shown in Fig. 1, the KLGR-
PEG modified YSKO5-MEND failed to show a significant knock-
down of gene expression while, in the case of STR-KLGR, the
maximum knockdown of the Tie2 gene was observed when the
ligand density at the MEND surface was 1 mol%. In addition the
gene expression was increased with increasing mol% of STR-KLGR
at the MEND surface. From these data, it is clear that although the
ligand density at the surface of MEND was increased, the
knockdown of gene expression was decreased.

[[] KLGR-PEG-YSKO5-MEND
[ str-K1GR-YSKO5-MEND

-

Tie2 gene expression
o o
o oo

1
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0 mol% 1mol% 3 mol% 5 mol%

Fig. 1. In vivo Tie2 gene expression by the YSKO5-MEND modified with different
mol% of KLGR-PEG or STR-KLGR. Male ICR mice were intravenously injected with
YSK05-MEND modified with different mol% of KLGR-PEG or STR-KLGR encapsulat-
ing Tie2 siRNA in the core. Liver samples were collected after 24 h of incubation.
After collecting mRNA from liver samples, Tie2 gene expression level was measured
by RT-PCR. Number of mouse in each sample group = 6. Statistical analysis within
each groups was done by unpaired t-test, where **P<0.01 and *P < 0.05.
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3.3. In vivo accumulation of STR-KLGR modified YSKO5-MEND in the
liver

As in Section 3.2, the knockdown of gene expression was not
increased with an increase in the mol% of ligand at the surface of
YSKO05-MEND. Therefore, we were prompted to perform an in vivo
accumulation study of the developed nanocarrier in the liver by
confocal microscopy. The pattern of accumulation of the STR-KLGR
modified YSKO5-MEND showed that the uptake of the modified
MEND increased with increasing ligand density at the surface of
the MEND (Fig. 2). The rhodamin-DOPE labeled YSKO5-MEND
merges with isolectin B4 stained blood vessels, which indicates
that the MEND accumulated through the blood vessels.

3.4. Cellular uptake by flow cytometry

To support the in vivo uptake results for the YSKO5-MEND
modified with different mol% of STR-KLGR, we measured an in vitro
uptake by flow cytometry. In this experiment (Fig. 3), the cellular
uptake of STR-KLGR modified YSKO5-MEND in LSEC increased with
anincrease in the amount of STR-KLGR at on the YSKO5-MEND. There
is complete shift in fluorescence intensity with an increase in the
modification rate of the MEND (Fig. 3A). When cellular uptake was
plotted as a function of mean fluorescence, the plot showed a gradual
increase in the cellular uptake with an increase in ligand at the
surface of MEND (Fig. 3B). These data completely supports the in vivo
results. Comparing the cellular accumulation and gene expression
data(Figs.1 and 2)it appears that the knockdown of gene expression
is at a maximum when the surface modification of YSKO5-MEND by
STR-KLGR s at a minimum, for example 1 mol%. We then checked the
knockdown efficiency of the YSKO5-MEND when the ligand density
at the MEND surface is lower than 1 mol%, for example 0.1 mol% or
0.5 mol%.

3.5. Effect of low density of STR-KLGR at YSKO5-MEND in in vivo gene
expression

We performed this study to compare the effect of low amounts
of STR-KLGR with high amounts of STR-KLGR at the YSK05-MEND
surface. In this study, we considered 1mol% of STR-KLGR to
represent a high density of ligand as it showed the maximum
knockdown effect of Tie2 gene expression (Fig. 4). As a low density
of ligand, we compared 0.1 mol% and 0.5 mol% of STR-KLGR. As
KLGR is a highly cationic peptide, we also compared a STR-KLGR
modified YSKO5-MEND with STR-R8 modified YSKO5-MEND. The
data showed that 0.5 mol% of STR-KLGR modified YSKO5-MEND
showed a better knocking down of the Tie2 gene expression than
1 mol% STR-KLGR modified YSKO5-MEND (Fig. 4). It also showed a
better knockdown efficiency than that of the STR-R8 modified
YSKO5-MEND.

3.6. Selectivity of the STR-KLGR modified YSKO5-MEND for LSEC
This purpose of this experiment was to evaluate the selectivity

of our developed carrier for either LSEC or hepatocytes. For this
purpose, we observed the knockdown of Tie2 gene expression in
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Fig. 2. In vivo accumulation of YSKO5-MEND modified with 0 mol% (A and B), 1 mol% (C and D), 3 mol% (E and F) and 5 mol% (G and H) of STR-KLGR. Green and red color
represents blood vessels stained with Isolectin B4 and rhodamine-DOPE labeled MEND, respectively. Scale bars correspond to 50 pum in all images. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article,)
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Fig. 3. In vitro cellular uptake study by flow cytometry. (A) Fluorescence intensity of NBD-DOPE labeled YSKO5-MEND modified with different mol% of STR-KLGR and (B)
mean fluorescence intensity (MFI) of STR-KLGR modified NBD-DOPE labeled YSKO5-MEND by LSECs, where n=3,
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Fig. 4. In vivo Tie2 gene expression by YSKO5-MEND modified with low density of
STR-KLGR or STR-R8 at the MEND surface. Male ICR mice were intravenously
injected with YSKO5-MEND modified with different mol% of STR-KLGR or STR-
R8 encapsulating Tie2 siRNA in the core. Liver samples were collected after 24 h of
incubation. After collecting mRNA from the liver samples, Tie2 gene expression
level was measured by RT-PCR. Number of mouse in each sample group=>5.
Statistical analysis within each groups was done by unpaired t-test, where
**P<0.01 and *P < 0.05.

LSEC and FVII expression in hepatocytes. Tie2 was already
identified as a receptor tyrosine kinase that is expressed
principally on the vascular endothelium (Peters et al., 2004). It
has been alsoreported that all the coagulation factors are produced
by the liver and among these coagulation factors, hepatocytes
produce the FVII factor (Cronin et al, 2012). We delivered
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Fig.5. InvivoTie2 and FVII gene expression by YSKO5-MEND modified with 0.5 mol
% of STR-KLGR or STR-R8 at the MEND surface. Male ICR mice were intravenously
injected with YSKO5-MEND modified with different mol% of STR-KLGR or STR-
R8 encapsulating either Tie2 siRNA or FVII siRNA. After 24 h of incubation, liver
samples were collected. After collecting mRNA from the liver samples, Tie2 or FVIl
gene expression levels were measured by RT-PCR. Number of mice in each sample
group =4, Statistical analysis within each groups was done by unpaired t-test, where
**P<0.01 and *P < 0.05.
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Fig. 6. Endosomal escape efficiency of YSK05-MEND modified with (A) 0 mol%, (B) 0.5 mol%, (C) 1 mol% and (D) 5 mol%. MEND encapsulating cy3-labeled Tie 2 siRNA were
transfected into LSECs. The endosomes/lysosomes (green) were stained with Lysotracker green to differentiate between siRNA in endosomes/lysosomes (yellow) and the
cytosol (red). 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 Section 2.11. (E)
Quantitative comparison of endosome escape efficiency between each group where endosome escape efficiency in 10 individual cells was plotted. Red bars represent the
average values. Statistical differences between groups were evaluated by ANOVA followed by SNK test where **P < 0.01, n.s. = not significant. Scale bars correspond to 50 pm
in all images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Tie2 siRNA or FVII siRNA using either the modified or unmodified
YSKO5-MEND to lower the gene expression of endothelial cell
specific marker Tie2 gene or hepatocyte specific FVII factor
respectively. The result showed that the YSKO5-MEND modified
with 0.5 mol% STR-KLGR successfully lowered Tie2 gene expression
than FVII gene expression and the difference was statistically
significant (Fig. 5). We also compared the result with the
knockdown efficiency of the STR-R8 modified YSKO5-MEND. It
shows that the STR-R8 modified YSKO5-MEND caused a similar
lowering of gene expression in both genes.

3.7. Endosomal escape efficiency of STR-KLGR modified YSKO5-MEND
in LSEC

To evaluate the effect of different modification rates for STR-
KLGR on the YSKO5-MEND on intracellular trafficking efficiency, in
vitro endosomal escape efficiency was measured by evaluating
confocal microscopic images (Fig. 6A-D). When we plotted the
pixel count of 10 different cells in each group, the results indicated
that the endosomal escape efficiency was at a maximum when the
amount of ligand at the MEND surface was at a minimum (Fig. 6E).
Endosomal escape efficiency is highest for a 0.5mol% of
modification with STR-KLGR at the nano carrier surface while at
a concentration of 1 mol% or 5 mol% of STR-KLGR, the endosomal
escape efficiency of cy3 labeled Tie2 siRNA was decreased and the
difference was statistically significant (Fig. 6E).

3.8. Uptake mechanism study by confocal microscope

An in vitro cellular uptake mechanism study was performed to
determine the intracellular fate of both modified and unmodified
YSKO5-MEND used for siRNA delivery in both LSEC and a Hepal-6
line. In this experiment, different inhibitors were used to inhibit
different uptake pathways. It has been reported that Amiloride
inhibits macropinocytosis by inhibiting the Na"/H" exchange
required for macropinocytosis (Hewlett et al.,, 1994), a hypertonic
sucrose solution inhibits clathrin-mediated endocytosis via dissoci-
ation of the clathrin lattice (Heuser and Anderson, 1989) and Filipin
1II inhibits caveolar uptake through cholesterol depletion (Lamaze
and Schmid, 1995). The results of this experiment are summarized in
Table 2. As shown in figure, the unmodified YSKO5-MEND follows
both macropinocytosis and clathrin-mediated endocytosis in LSEC

(Fig.7a)aswell asinthe Hepa 1-6 cell line (Fig. 7b).Itis interesting to
" notethatFillipinlll increased the cellular uptake of the MEND in LSEC
to a significant extent (Fig. 7a C,G and K).

A possible explanation for this may be morphological changes
caused by the Filipin III treatment. A previous report also indicated
such a phenomenon in urothelial cells when they were incubated
with Filipin III (Berry et al, 2009). Some data are presented here
which indicates that in some cells, filipin may have increased
intracellular trafficking by modifying cell morphology. When the

YSKO5-MEND is modified with 0.5 mol% of STR-KLGR then in LSEC, it
is following macropinocytosis or clathrin-mediated endocytosis in
LSEC but in Hepal-6 cell line it is following only clathrin-mediated
endocytosis. The YSKO5-MEND follows only clathrin-mediated
endocytosis regardless of cell type when the surface of the MEND
is modified with a higher density of ligand which is 5 mol%,

4. Discussion

The goal of this study was to develop a new LSEC targeted
nanocarrier for delivering siRNA to LSEC in a manner that can
successfully avoid lysosomal degradation and can achieve
successful down regulation of an endothelial cell specific gene.
Though there are several approaches for gene delivery to the
liver, a very few of them can be utilized to target LSEC.
Moreover, although some carriers can target LSEC specifically
but ultimately fails to deliver a gene to the cell cytosol (Bartsch
et al., 2004),

In this experiment, an attempt was made to prepare a
nanocarrier that is selective for LSEC. Here, YSKO5-MEND was
used as a carrier for siRNA delivery. YSKO5-MEND was previously
reported from our lab, This MEND is made from a cationic lipid
YSKO5 which has fusogenic properties. The YSKO5-MEND was
reported to have a higher ability for endosomal escape than other
MENDs containing conventional cationic lipids (Sato et al,, 2012).
For modifying the surface of the MEND with an LSEC specific ligand
we used the KLGR peptide, which has been previously reported by
our group (Akhter et al., 2013). The KLGR-PEG modified liposomal
system showed a high selectivity for LSEC (Akhter et al., 2013).
Because of this, in this study, the surface of the YSKO5-MEND was
modified with KLGR-PEG. But PEG,00-DSPE was used as a PEG
linker in this study. This type of PEG linker has some drawbacks in
terms of endosomal escape efficiency. The major criteria for better
endosomal escape efficiency is the fusion of the lipid bilayer of a
liposome or MEND with the endosomal lipid bilayer which will
ultimately release the core material of the MEND into the cytosol
(Hatakeyama et al,, 2011). However, some PEG-linkers can inhibit
the fusogenic property of the MEND. For successful fusion, first, the
PEG should be shed from the lipid bilayer of MEND (Hatakeyama
et al., 2011). But in case of PEG;000-DSPE, the double hydrocarbon
chain of DSPE is attached to the lipid bilayer so tightly that it
becomes impossible to shed the PEG. This phenomenon was
referred to as the PEG-dilemma in a previous study (Hatakeyama
et al.,, 2011). One previous report showed that the introduction of
stearylated octaarginine (STR-R8) into the lipid envelope (R8-
MEND) enhanced the cellular uptake of the MEND (Kogure et al.,
2007). As an advance remedy for the PEG dilemma, we planned to
introduce STR-KLGR as a modifier for the YSKO5-MEND.

The in vivo gene knockdown experiment showed that KLGR-
PEG modified MEND could not achieve the desired suppression of
gene expression and we attribute this to the effect of the PEG-

Table 2
Summary of the uptake pathway.
MEND Uptake pathway
LSEC Hepatocyte

Unmodified 1. Macropinocytosis
2. Clathrin mediated endocytosis

0.5 mol% 1. Macropinocytosis
KLGR 2. Clathrin mediated endocytosis

5 mol%
KLGR

1. Clathrin mediated endocytosis

1. Macropinocytosis
2. Clathrin mediated endocytosis

1. Clathrin mediated endocytosis

1. Clathrin mediated endocytosis
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Fig. 7. (a) In vitro uptake mechanism of rhodamin-DOPE labeled YSK0O5-MEND modified with (A-D) 0 mol%, (E-H) 0.5 mol%, and (I-L) 5 mol% in LSECs in presence or absence
of three inhibitor amiloride, Filipin lIf and hypertonic sucrose in LSEC. Here, red denotes the rhodamin-DOPE labeled MEND and blue represents the nucleus stained with
Hoechst 33342, Scale bars correspond to 50 pum in all images. (b) In vitro uptake mechanism of rhodamin-DOPE labeled YSKO5-MEND meodified with (A-D) 0 mol%, (E~H)
0.5 mol%, and (I-L) 5 mol% in Hepa1-6 cell line in presence or absence of three inhibitor amiloride, Filipin Ill and hypertonic sucrose in Hepa1-6 cell line. Here, red denotes the
rhodamin-DOPE labeled MEND and blue represents the nucleus stained with Hoechst 33342. Scale bars correspond to 50 m in all images. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

dilemma. However, the STR-KLGR modified MEND achieved an 80%
knockdown of Tie2 gene expression (Fig. 1). It is notable that gene
expression silencing activity increased with decreasing amounts of
STR-KLGR at the surface of the YSKO5-MEND. To verify the uptake
of the developed carrier, we decided to carry out an in vivo

accumulation study by confocal microscopy. The in vivo confocal
study showed that the uptake of modified MEND increased with
increasing amounts of surface ligand (Fig. 2). Here, the YSKO5-MEND
modified with 0 mol’% of STR-KLGR showed the least accumulation through
the blood vessel (Fig. 2A and B) and modification with 5 mol% STR-KLGR
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Fig. 8. Graphical representation of the mechanism responsible for the uptake of the YSKO5-MEND. (A) Macropinocytosis and clathrin-mediated endocytosis lead to an
effective silencing and lysomal degradation, respectively. (B) YSKO5-MEND and the ligand-modified YSKO5-MEND would be taken up by each uptake pathway via hepatocytes

and LSECs.

showed the most (Fig. 2G and H). An uptake study with flow cytometry also
supported these findings (Fig. 3A and B). Further, gene silencing experiment
with YSKO5-MEND medified with lower amounts of STR-KLGR such as
0.5 mol% or 0.1 mol% showed that 0.5 mol% STR-KLGR modified YSKO05-
MEND resulted in the maximum knockdown efficiency (Fig. 4). These data
indicates that for better siRNA delivery to LSEC, the first criterion is to
optimize the amount of ligand used to modify the carrier.

For describing these reverse relationships between accumulation and
gene silencing activity, we attempted to observe the endosomal escape
efficiency of the STR-KLGR modified YSKO5-MEND. This result showed that
the YSKO5-MEND modified with a lower amount of STR-KLGR, i.e,, 0.5 mol%

permits a more efficient escape from endosomes than a 1 mol% or 5 mol%
modifications. This result can explain the reverse relationship between
cellular uptake and gene silencing activity. As can be seen in the confocal
image of the endosomal escape efficiency experiment, a 5 mol% modifica-
tion shows a more merged signal of cy3 labeled siRNA with the acidic
endosomal compartment in the cytosol than a 0.5mol% modification
suggesting that endosomal entrapment for the 5 mol% STR-KLGR modified
YSKO5-MEND is greater than other modifications (Fig. 6A-D). Graphical
presentation of the pixel count of red and yellow areas in the confocal
microscopic image showed that endosomal escape is highest for 0.5 mol%
ICGR-PEG than 1mol% or 5mol% STR-KLGR modified YSKO5-MEND
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(Fig.BE). This result explains the reason behind the lower knockdown of gene
expression at higher modification of ligand. Probably the low endosomal
escape capacity of 5 mol% STR-KLGR modified YSKO5-MEND reduces the
ability of the MEND to release siRNA into the cell cytoplasm. Therefore,
0.5 mol% STR-KLGR-modified YSKO5-MEND was able to allow the successful
delivery of siRNA to LSEC. This carrier was more selective to LSECrather than
hepatocytes, since 0.5 mol% STR-KLGR-modified YSKO5-MEND showed a
better gene expression knockdown efficiency in LSEC than hepatocytes and
the difference was statistically significant, while the 05mol% STR-
R8 modified YSKO5-MEND showed a similar gene expression knockdown
efficiency in both LSEC and hepatocytes (Fig. 5). Evaluation of the uptake
mechanism would be expected to reveal the reason for this selective siRNA
delivery of 0.5 mol% STR-KLGR modified YSKO5-MEND to LSEC.

The uptake mechanism study shows that unmodified YSKO5-
MEND is internalized into the cell via macropinocytosis and
clathrin-mediated endocytosis, in both LSEC (Fig. 7a A-D) and a
Hepa1l-6 cell line (Fig. 7b A-D). When the surface ligand density
is low (0.5 mol%), the carrier is then internalized into LSEC by both
macropinocytosis and clathrin-mediated endocytosis (Fig. 7a E~
H) but only clathrin-mediated endocytosis is operative in the case
of Hepal-6 (Fig. 7b E-H). However, when the ligand density is
higher, clathrin-mediated endocytosis occurs (Fig. 7al-L and b [-
L). As clathrin-mediated endocytosis is susceptible to lysosomal
degradation (McMahon and Boucrot, 2011) (Fig. 8, right) so the
YSKO5-MEND containing a high density of ligand at its surface
fails to deliver siRNA regardless of cell type. At a low density of
ligand, the modified YSKO5-MEND follows macropinocytosis in
LSEC which is less susceptible to lysosomal degradation (Yu et al.,
2012) (Fig. 8A left) and was previously reported to be involved in
the delivery of siRNA to the cell cytosol (Gilleron et al., 2013) but
in hepatocytes it is taken up via clathrin-mediated endocytosis
(Fig. 8B). This is a possible cause for the successful knockdown of
gene expression in LSEC, compared to hepatocytes (Fig. 5) by the
YSKO5-MEND that was modified with 0.5 mol% STR-KLGR. While
the unmodified YSKO5-MEND follows macropinocytosis in both
types of cells, no specificity for any of the cells was observed
(Fig. 5). Above all, 0.5mol% STR-KLGR modified YSKO5-MEND
successfully targets LSEC and can deliver siRNA to the cell cytosol,
thus, avoiding lysosomal degradation, which results in an
acceptable knockdown efficiency of endothelial cell specific
Tie2 gene expression. However, further experiments to observe
the cell selectivity of our developed MEND showed moderate
selectivity for liver endothelilal cells rather than endothelial cells
in lungs or the kidney (Supplementary Fig. 1). The safety of this
system was comparable to non treated mice (Supplementary
Fig. 2). Considering all these data, it can be assumed that the
developed STR-KLGR modified YSKO5-MEND has the potential for
serving as an effective tool for gene therapy targeting LSEC.

5. Conclusion

For developing a successful targeted gene carrier for targeting
LSEC for siRNA therapy, three basic parameters should be
considered, namely ligand density at the nanocarrier surface,
endosomal escape efficiency and the mechanism responsible for
the uptake of the carrier by the targeted cells. Considering these
three points, STR-KLGR modified YSKO5-MEND successfully met all
the three of these criteria, allowing us to conclude that this
delivery system is deserving of further study, to suppress disease
related genes in LSECs.
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The objective of this study was to construct our recently developed aptamer-modified targeted liposome
nano-carrier (Apt-PEG-LPs) system to target primary cultured mouse tumor endothelial cells (mTEC),
both in vitro and in vivo. We first synthesized an aptamer-polyethylene glycol 2000-distearoyl phos-
phoethanolamine (Apt-PEGy000-DSPE). The conjugation of the Apt-PEGg00-DSPE was confirmed by
MALDI-TOF mass spectroscopy. A lipid hydration method was used to prepare Apt-PEG-LPs, in which the

Keyworgsij i outer surface of the PEG-spacer was decorated with the aptamer. Apt-PEG-LPs were significantly taken
;a’éiir_ﬁe;‘;zges up by mTECs. Cellular uptake capacity was observed both quantitatively and qualitatively using spec-
Eg docytosig trofluorometry, and confocal laser scanning microscopy (CLSM), respectively. In examining the extent of

localization of aptamer-modified liposomes that entered the cells, approximately 39% of the Apt-PEG-LPs
were not co-localized with lysotracker, indicating that they had escaped from endosomes. The uptake
route involved a receptor mediated pathway, followed by clathrin mediated endocytosis. This Apt-PEG-
LP was also applied for in vivo research whether this system could target tumor endothelial cells. Apt-
PEG-LP and PEGsp00-DSPE modified Apt-PEG-LP {Apt/PEGsgpo-LP) were investigated by human renal
cell carcinoma (OS-RC-2 cells) inoculating mice using CLSM. Apt-PEG-LP and Apt/PEGsgg0-LP showed
higher accumulation on tumor vasculature compared to PEG-LP and the co-localization efficacy of Apt-
PEG-LP and Apt/PEGsog0-LP on TEC were quantified 16% and 25% respectively, which was also better than
PEG-LP (3%). The findings suggest that this system is considerable promise for targeting tumor endo-
theiial cells to deliver drugs or genes in vitro and in vivo.

Intracellular uptake
Tumor endothelial cells

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction as peptides, as well as antibodies have been widely used target-

ing agents, and has enjoyed some (but not sufficient) success,

A continuous affordable, but still greater challenge remains in
nano-medicine in terms of cancer diagnosis, and therapy
designed to deliver imaging agents or chemotherapeutic drugs to
cells in a specific and selective manner {1]. The successful de-
livery of cytotoxic drugs via passive or active targeting is an
important issue in the design and construction of new and
improved targeting drug delivery systems. Small molecules such
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when incorporated with nano-materials. The resulting constructs
are often dictated more by the materials used rather than the
targeting agents. Researchers are currently attempting to develop
more and more new types of therapy {2—5]. To meet these
challenges, nucleic acid aptamers are now of great interest as
new targeting small molecules. Aptamers are single stranded
oligonucleotides, ssDNA or ssRNA molecules produced by SELEX
{6,71. Cell-SELEX is a modified selection method against live cells
{8]. Aptamers are very easy to reproduce, are low in cost,
generally nontoxic, and have a low molecular weight (8—15 kDa).
This single stranded DNA or RNA oligonucleotide can fold into
well-defined 3D structures and bind to their target with a high
affinity (um to pm range) and specificity {9,10].
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