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Abstract
The objective of this study is to develop an effective siRNA delivery system for successful
delivery to the liver for the treatment of HCV. Nanosize liposomes (nanosomes) have been
prepared using a mixture of cholesterol and DOTAP. A functional siRNA was encapsulated into
nanosomes following condensation with protamine sulfate. The delivery of siRNA was optimized
in an in vitro cell culture system. The efficacy of the formulations was evaluated by measuring
functional gene silencing and cytotoxicity. Encapsulation of siRNA ≥ 7.4 nM resulted in
successful delivery of siRNA to nearly 100% of cells. The formulations containing lipids to
siRNA ratio ≥ 10.56:1 instantly cleared approximately 85% of HCV while maintaining cell
viability at about 90%. The formulations were sonicated to further reduce the particle size. The
size of these formulations was decreased up to 100 nm. However, there were no significant
changes observed in zeta potential, or in siRNA encapsulation and integrity following sonication.
The sonicated formulations also showed higher liver hepatocytes deposition and gene silencing
properties. This study therefore provides a novel approach of siRNA delivery to liver hepatocytes
which can also be applied to treat HCV in chronic liver diseases.
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1. Introduction
Sequence specific gene silencing based on RNA interference (RNAi) is one of the newly
evolving fields in biomedical science, and holds great promise for molecular-targeted
treatment of various diseases, including genetic disorders, cancer and viral infection [1–3]. It
has been shown that a RNA-Induced Silencing Complex (RISC) is formed with cytoplasmic
double stranded RNA, following which RNAi initiates the cleavage of complementary
messenger RNA (mRNA) which in turn results in the silencing of the corresponding gene
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[4]. Since its initial discovery by Fire et al. in nematodes [5], and subsequent reports of
functional gene silencing in a variety of organisms [6], RNAi has provided promising
treatment options for a variety of inflammatory and neoplastic conditions. Given that many
diseases are fundamentally gene-based, specific targeting of RNA or an RNA virus, such as
HCV by RNAi offers great therapeutic potential for the treatment of genetic and viral
diseases [7,8]. But the delivery of siRNA specifically to the target cells or tissues is a major
hurdle because functional gene silencing requires that siRNA be delivered to the RNAi
machinery which is housed in the cell cytoplasm. Delivery of siRNA into the cell cytoplasm
is hindered by their rapid degradation by nucleases in the serum, unless they are somehow
protected from this nuclease digestion. To overcome this potential problem of siRNA
delivery, a number of techniques have been attempted, such as hydrodynamic injection
[9,10], viral genomes [11], electroporation, liposomal and polymeric nanoparticles [12,13].
Viral vectors were reported to provide efficient gene delivery, but they are associated with
significant drawbacks, such as high toxicity [14] and immunogenicity [15]. Among various
non-viral delivery methods, lipid and polymer based delivery vehicles have been widely
used for siRNA delivery. In the area of polymeric delivery, a variety of polymers such as
poly-ethyleneimine (PEI), poly-L-lysine (PLL), poly-lactide-co-glycolide (PLGA), chitosan,
gelatin, etc. have been used to prepare nucleic acid condensed polyplexes or other polymeric
carriers (i.e. micelles, nanoplexes, nanogels etc.) [16,17]. In the case of lipid based carrier
systems, cationic lipids such as DOTAP (1,2-dioleoyl-3-trimethylammonium-propane), DC-
cholesterol, etc. have been used extensively due to their ability to enhance transfection
efficiency [18]. Neutral lipids such as DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)
and other surface modified lipids have also been investigated [19]. Among different delivery
techniques, liposomal delivery has long been preferred due to its safety, non-
immunogenicity, comparative ease of assembly, as well as the diverse range of
morphologies, sizes, tissue targeting and controlled release characteristics.

Delivery of siRNA presents a special challenge due to its large molecular weight (~13kDa)
and polyanionic nature (~40 phosphate negative charges) [20], making it highly
impermeable to the cell membrane. A cationic lipid such as DOTAP is suitable in this
context due to the fact that its net positive charge enhances complex formation with
polyanionic nucleic acids such as siRNAs, as well as facilitates interaction with negatively
charged cell membranes resulting in the engulfment of the particles [21]. In this study,
cationic lipid (DOTAP) based nanosomal formulations, defined as ‘nanosomes’ due to their
nanometer size range, were developed to deliver siRNAs in the in vitro and in vivo studies.
The siRNA amount was successfully optimized for efficient delivery to liver cells in vitro.
Several siRNA nanosomal formulations were prepared by changing the siRNA to nanosome
ratio to obtain an effective formulation for optimal HCV clearance. Efficient intracellular
delivery of siRNA to the target organ or tissues in the body is the primary obstacle for
widespread use of siRNAs in the clinics [22,23]. Our study was focused on developing and
optimizing cationic nanosomal formulations capable of silencing HCV in an in vitro cell
based study. A second goal of the study was to achieve efficient in vivo delivery of the
formulations to the liver hepatocytes.

Since the HCV is located primarily in the liver hepatocytes, siRNA nanosomes need to be
delivered specifically to the liver. Successful siRNA therapy for HCV in the liver warrants
that these siRNA nanosome particles be small enough to prevent clogging of capillaries, and
be able to pass the endothelial cell barrier to reach the hepatocytes [24,25]. The nanosomes
should also maintain siRNA’s functional integrity during formulation processing, as well as
in the tissue environment during their passage to the target site. In this study, siRNA
nanosomes were initially optimized for efficient knock-down of HCV in an in vitro cell
study. Subsequently, in order to facilitate siRNA delivery to the liver hepatocytes in an in
vivo mouse model, the siRNA nanosomes were sonicated for 2–5 minutes to further reduce
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their particle size. The optimum sonication time was determined by an assessment of the
correlation of the physiochemical characteristics of the sonicated nanosomes and their in
vivo delivery to the liver hepatocytes, as well as their functional gene silencing capabilities
for the in vitro and in vivo studies.

2. Materials and Methods
2.1. Materials

DOTAP and cholesterol were purchased from Avanti Polar-lipids Inc. (Birmingham, AL,
USA). Protamine sulfate salt Grade X (PS), trehalose dihydrate and HPLC grade chloroform
were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Functional siRNA (5′-CCU
CAA AGA AAA ACC AAA ATT -3′) and control siRNA (5′-GCG CCU AGC CAU GGC
GUU ATT -3′) and silencer cy3-lebeled GAPDH siRNA were designed and purchased from
Applied Biosystems (Austin, TX). Silencer GAPDH siRNA (Cat. No. AM4631), fetal
bovine serum albumin (BSA), Dulbecco’s modified Eagle’s medium (DMEM), penicillin/
streptomycin and lipofectamine 2000 were purchased from Invitrogen Corp. (Carlsbad, CA,
USA). The Ribogreen assay kit was supplied by Molecular Probes (Eugene, OR, USA). The
anti-Rabbit GAPDH antibody, anti-Rabbit β-actin antibody and anti-Rabbit IgG HRP
labeled secondary antibody were purchased from Cell Signaling Technology (Danver, MA).
IFN-1 (Interferon-1) was purchased from Schering Corporation (New Jersey, NJ, USA). All
other reagents were of analytical grade and were supplied by Sigma Chemical Co. (St.
Louis, MO, USA).

2.2. Preparation of nanosomes
The nanosomes were prepared by an EmulsiFlex-B3 high pressure homogenizer (HPH)
(Avestin Inc., Ottawa, Canada) [26,27]. In brief, the nanosomes were prepared from a
mixture of two lipids; cholesterol and DOTAP, at the molar ratio of 1:1. The lipids
(containing 50 mg DOTAP and 26.7 mg cholesterol) were dissolved in 15 ml HPLC-grade
chloroform in a round bottom flask and then dried under nitrogen gas and overnight vacuum.
The resulting films of the lipids were hydrated in de-ionized water to give a final
concentration of 20 mM. The lipid dispersions were warmed and mixed at 50°C for 45
minutes by rotation, followed by warming again at 35°C for another 10 minutes. The
resultant dispersion was stored at room temperature for 3 hours before it was transferred into
a scintillation vial and warmed again at 50°C for 10 minutes. The final lipid dispersion was
homogenized by using HPH at 20,000 PSI for 5 cycles. Each time, 2.5 ml of lipid dispersion
was subjected to homogenization and the resultant nanosomes were collected in another
scintillation vial. The nanosomes were kept at room temperature for 1 hour prior to
overnight storage at 4°C.

2.3. Preparation of siRNA loaded nanosomes
Five different siRNA loaded nanosome formulations (F1, F2, F3, F4, and F5) were prepared
by using homogenized nanosomes, protamine sulfate, trehalose and siRNA. The
composition of the different formulations and siRNA amounts used for the experiments is
listed in Table 1. In brief, freshly prepared protamine sulfate solution in DEPC-treated water
was added drop-wise to an aqueous solution of siRNA (10 pmol/μl) while vortexing the
solution at a moderate speed. siRNA and protamine sulfate condensation was performed at
room temperature by incubation of the mixture for 40 minutes. Following the siRNA-
protamine sulfate condensation, the pre-warmed nanosomes (20 mM) were added to the
mixture. The final preparations were mixed rapidly by pipeting up and down thirty times.
Finally, freshly prepared trehalose solution in DEPC-treated water (0.0301 nM) was added
to the nanosome formulations, followed by vortexing four times to allow thorough mixing of
the siRNA nanosomes with trehalose.
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To study the effect of sonication on the siRNA nanosome formulations, a modified F4
containing cy3-GAPDH siRNA was used instead of the functional siRNA. In this
experiment, after preparing a bulk amount of modified F4, it was aliquoted into a set of
Eppendorf tubes (B1-B9), each containing 20 μg siRNA encapsulated nanosomes in 60 μl
total volume (Table 3). These preparations were subsequently diluted to 1 ml by adding
DEPC-treated water. Each formulation was sonicated in ice cold water in a water bath for a
specific time period (Table 3). The sonicated formulations were always freshly prepared for
different experiments.

2.4. Measurement of particle size, particle morphology and zeta potential
The mean particle size of the siRNA nanosomes (B1-B9) was determined by dynamic laser
light scattering method at room temperature by using a Delsa Nano C Particle Analyzer
(Beckman Coulter Inc., Fullerton, CA, USA). The particle size was reported as the mean ±
standard deviation (n=4).

The morphology of different sonicated nanosomal particles was examined by a cryo-
Transmission Electron Microscope (cryo-TEM; JEOL 2010, Peabody, MA, USA). A 6 μl
drop of each formulation (B1, B4, B6 and B8) was placed on a holey carbon grid and rapidly
vitrified in liquid ethane. The sample was then transferred under the protection of liquid
nitrogen to the cryo-TEM sample holder and inserted into the cryo-TEM. The temperature
of the sample grids was maintained at −175°C during the course of imaging.

Analysis of the charge density on the sonicated siRNA loaded nanosomes was performed by
examining their zeta potential with a Malvern Zetasizer 2000 (Malvern Instruments,
Malvern, UK). The system was initially calibrated with standards. All experimental samples
were prepared in 1mM KCl and five measurements times.

2.5. Measurement of siRNA encapsulation efficiency in different sonicated formulations
The amount of siRNA, either complexed or encapsulated, was determined for different
sonicated formulations. The efficiency of encapsulation was calculated by comparing the
total amount of siRNA measured in the sample with the actual amount of siRNA added to
the sample. Briefly, after preparation, the samples (B1-B9) were centrifuged at 14,000 rpm
(Allegra Centrifuge, Beckman Coulter Inc., Fullerton, CA) for 15 minutes at 4°C.
Supernatants containing the free siRNA were separated from the pellets. 500 μl of a 1%
sodium dodecyl sulfate (SDS) solution was added to the pellets, and to the supernatants.
Samples were then incubated at 37°C for 18 hours with gentle agitation (50 rpm). The
siRNA amount from both supernatants and pellets was measured by using Ribogreen assay,
following the manufacturer’s protocol. The results were reported as the mean ± standard
deviation (n=4).

2.6. Agarose gel electrophoresis
The structural integrity of encapsulated siRNA in different sonicated formulations was
assessed by agarose gel electrophoresis. In brief, after extracting siRNA by using 500 μl of
1% SDS, the solution was mixed with an equal volume of phenol and chloroform (1:1) and
then vortexed for 1 minute using the Vortex Genie Mixer (Scientific Industries Inc.,
Bohemia, NY) and stored at room temperature for 5 minutes. The resultant mixture was
centrifuged at 11,000 rpm for 15 minutes and the aqueous layer was collected. The siRNA
present in the aqueous layer was mixed with 1 ml isopropanol and kept at −80°C overnight.
The mixture was again centrifuged at 11,000 rpm for 30 minutes at 4°C and the pellets were
collected. Finally, the siRNA was precipitated and purified by adding 20 μl 2M sodium
acetate and absolute ethanol (100%v/v), centrifuging at 11000 rpm for 30 minutes at 4°C,
and subsequently run on a 3% agarose gel.
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2.7. Measurement of intracellular localization of siRNA by confocal microscope
For measuring intracellular localization of siRNA, Huh-7 cells were cultured in 8-well
chamber slides (Electron Microcopy Sciences, Hatfield, PA) for 24 hours and transfected
with B6 encapsulating cy3-GAPDH siRNA for different time periods (i.e. 30 minutes, 2
hours and 12 hours, respectively). The endosomes and lysosomes were stained by incubating
those B6 transfected cells with LysoTraker Green DND-26 (Molecular Probes) and the cells
were fixed with 4% paraformaldehyde solution after several washings with phosphate
buffered saline. Nuclei were also stained with To-Pro3 nuclear marker (Eugene, OR, USA)
and observed with Leica TCS SP2 confocal microscope equipped with three lasers (Leica
Microsystems, Exton, PA).

2.8. Cell culture and cell lines
The Huh-7 cells and R4GFP HCV (+) replicon cells [28] were used. The cells were
routinely cultured and expanded at 37°C in DMEM, supplemented with 2 mM l-glutamine,
nonessential amino acids, 100 U/ml of penicillin, 100 μg/ml of streptomycin and 5% fetal
bovine serum in an atmosphere of 5% CO2.

2.9. In vitro functional assessment of HCV inhibition by different siRNA nanosomes (F1-F5)
GFP expression—In vitro transfection efficiency and inhibition of HCV by different
formulations (F1-F5) were monitored for three consecutive doses by qualitative (GFP
expression) and quantitative (FACS) analysis. Briefly, 2x105 R4GFP cells were cultured in
6-well tissue culture plates (TCPs) for 24 hours. The media was replenished by 1 ml fresh
media and the cells were transfected with lipofectamine, or with siRNA nanosomes
encapsulating 100 pmol siRNA (i.e. 100 nM siRNA based on 1 ml cell culture media). After
4 hours, an additional 1 ml of fresh media was added and cell culture was continued for 48
hours. The cells were then scraped by using trypsin-EDTA and re-suspended into 1 ml of
media. The cell number of control experiments (i.e. mock) was counted, and the suspension
media containing 2x105 R4GFP cells in the control experiment was measured. This amount
(i.e. volume) of cell suspension media was then taken in order to re-plate cells for each
experimental condition and cultured again for 48 hours. After this time period, the cells were
again transfected a second time with the same nanosome formulations, or with lipofectamine
entrapping the same amount of siRNA for another 48 hours. This procedure was followed
again to re-plate cells for a third dose of transfection. Simultaneously, in another well, cells
were treated with 1000 IU/ml IFN for all three dose points. Following the third dose, the
GFP expression was monitored by using a fluorescence microscope (Olympus America,
Inc., NY, USA) and photographs were captured at 10X magnification.

FACS analysis—After capturing GFP images by fluorescent microscope, flow cytometric
analysis (FACS) (BD Biosciences, San Hose, CA, USA) was performed to quantify the GFP
positive cells post treatment.

2.10. Ribonuclease Protection Assay (RPA)
A positive strand of human GAPDH mRNA level was detected by RPA. Briefly, Huh-7
cells were transfected with different formulations for two consecutive doses as stated above.
Subsequently, total RNA was isolated from the transfected cells by the GITC method and
subjected to RPA using a probe targeted to human GAPDH mRNA. A linearized plasmid
pTRI-GAPDH-human antisense control template was used to prepare the probe to detect
GAPDH mRNA by using Sp6 RNA polymerase (Ambion Inc., Austin, TX).
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2.11. Measurement of cell viability
The toxicity of different siRNA nanosomes (F1-F5) and lipofectamine transfection was
determined on R4GFP replicon cells by the MTT assay according to the manufacturer’s
protocol (Sigma Chemical Co., MO, USA). The cells (2x104) were cultured on 24-well
TCPs for 24 hours followed by transfection with different siRNA nanosomes (10 nM), or
with lipofectamine for another 48 hours. Simultaneously, 2×105 R4GFP cells were cultured
in a 6-well plate and transfected with 100 nM siRNA formulations, or with lipofectamine for
48 hours. The cells from 6-well plates were then scraped by trypsin-EDTA and re-suspended
into 1 ml media. The suspension media of control experiments (i.e. mock) that contained
2×104 and 2×105 R4GFP cells was measured and this volume of suspension media was
taken to re-plate cells for each experimental condition in 24- and 6-well plates, respectively.
After a 48 hour incubation period, the cells in the 24- and 6-well plates were transfected a
second time with various formulations or with lipofectamine entrapping the same amount of
siRNA (i.e. 10 nM for 24-well plates and 100 nM for 6-well plates) for another 48 hours.
For the experiment with the third dose transfection, the same procedure was followed for the
cell scraping and counting from 6-well plates to replate them in 24-well plates. Finally, the
MTT assay was performed after completion of 1st, 2nd and 3rd dose in 24-well plates by
incubating MTT solution at 37°C for 3 hours and the cell viability was measured by reading
the absorbance at 570 nm.

2.12. Delivery of cy3-GAPDH siRNA
For optimizing siRNA amount, another set of formulations was also prepared by adding
different amount of siRNA (cy3-GAPDH siRNA) into the siRNA nanosomes while keeping
the amount of liposomes, protamine sulphate and trehalose unchanged (i.e. liposome: PS:
trehalose = 13.36:2:10). This set of formulations was prepared by following the same
procedure already stated above. The formulations were used to transfect Huh-7 cells in 12-
well TCPs for 24 hours and the transfection was observed at 10X magnification by using a
fluorescence microscope and quantitatively measured by FACS analysis.

2.13. Experimental Animals
Female Balb/c mice (8–10 weeks old) were obtained from Charles River Laboratories
(Wilmington, MA, USA). The mice were housed at the Tulane Vivarium facility. This
facility complies with the recommendations of the Guide for Care and Use of Laboratory
Animals with respect to restraint, husbandry, surgical procedures, feed and fluid regulation,
and veterinary care. All experiments performed on the animals were in accordance with, and
approved by the Tulane University Animal Care and Use Committee (IACUC).

2.14. In vivo delivery of siRNA nanosomes in mice
The Cy3-GAPDH siRNA encapsulated nanosomes were administered via the intraperitoneal
route (IP), whereas the functional GAPDH siRNA nanosomes were administered via both IP
and intravenous routes (IV) to Balb/c mice. For cy3-GAPDH siRNA delivery, 50 μg siRNA
(at 2.5 mg/kg body weight) was used to prepare nanosomes (B1 and B6), and for GAPDH
siRNA delivery, 100 μg siRNA (at 5.0 mg/kg body weight) was used to prepare nanosomes
(B1 and B6). Another blank nanosome formulation (B0) was also prepared without the
siRNAs. The B0 and B6 formulations were exposed to 4 minutes sonication in ice cold
water, whereas the B1 formulation was kept non-sonicated. After 6 hours of cy3-GAPDH
siRNA delivery, the mice were sacrificed by euthanization and the organs (liver, lung, heart,
kidney and spleen) were collected immediately and embedded in Tissue-Tek OCT
embedding compound (American Master Tek Scientific, Lodi, CA, USA) and stored in dry
ice. The tissue sections cut at 12 μm thickness were analyzed for cy3-GAPDH siRNA
deposition in different organs by using a fluorescence microscope at 10X magnification. For
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the functional GAPDH siRNA delivery group, the siRNA nanosomes were injected for three
consecutive doses over a period of three days. Finally, the mice were sacrificed by
euthanization and the liver was collected and stored at −80°C.

2.15. Western Blot analysis
A small portion of each lobe of the liver tissue was separated, weighed and lysed by the
RIPA lysis buffer with proteinase and phosphatase inhibitors (1x PBS, 1% NP-40, 0.5%
Deoxycholate, 0.1% SDS, 50 ug/ml PMSF, 5 μg/ml aprotinin, 5 μg/ml leupeptin, 1 μg/ml
pepstatin). The tissue lysates were cleared by centrifugation at 14000 rpm for 20 minutes,
the supernatant was collected and an equal amount of proteins (7 μg) was run for Western
blotting to detect GAPDH (1:2000 dilution) and β-actin (1:2000 dilution).

2.16. Histology and Immunocytochemistry
The histological features of the frozen section of liver tissue of Balb/C mice which were
treated with control (B0), sonicated (B6) or non-sonicated (B1) formulations were examined
by hematoxylin and eosin staining (H&E). Briefly, five-micrometer sections were cut from
each tissue block and were examined by a routine H&E staining procedure. In order to
demonstrate the knock down of GAPDH in the liver hepatocytes, the tissue sections were
immunostained with an antibody against mouse GAPDH (1:100 dilution) (Cell Signaling
Technology, Danver, MA). The immunereactivity of the GAPDH antibody was detected
using the ABC detection kit (Vector Lab, Burlingame, CA) using a standard laboratory
protocol. The counterstaining of the nucleus was done by CAT hematoxylin. The
cytoplasmic expression of GAPDH (brown staining) of mouse hepatocytes in the liver
sections was subsequently captured via microscope (Olympus IX 60, Germany) at 20X
magnification.

2.17. Statistical analysis
The results were expressed as mean ± standard deviation. Statistical significance between
groups (i.e. F4 and lipofectamine transfection) during FACS analysis of HCV inhibition and
MTT assay of cell viability was compared by the Student-Newman-Keul’s nonparametric
test, using the GraphPad Prism 5 software. A p value of <0.05 was considered as evidence of
a significant difference.

3. Results
3.1. Endosomal escape and siRNA release in the cell cytoplasm

Huh-7 cells were transfected with increasing concentrations of cy3-GAPDH siRNA
nanosomes. Fig. 1A and Table 2 demonstrate the efficiency of delivery and indicate that the
delivery of siRNA into the cell cytoplasm was observed by using as little as 0.74 nM
siRNA. The FACS analysis data of the deposited particles further indicates that nearly all
cells took up the particles at ≥ 7.4 nM of siRNA and the mean intensity of deposited siRNA
into the cells gradually increased with the increase of siRNA addition to the nanosomes
(Table 2). However, truly significant clearance of HCV from R4GFP HCV (+) cells by
siRNA nanosomes was attained at 100 nM siRNA (i.e. functional siRNA), a concentration
which was associated with minimal or no cytotoxicity (data to be published elsewhere). This
observation was the rationale for using this specific amount of siRNA (100 nM) for
encapsulation into the nanosomes. In order to gain further insight into siRNA delivery into
the cytoplasm, the current study tracked siRNA localization, as well as endosome formation
within the cells at different time periods. The siRNA nanosomes need to cross the cell
plasma membrane and reach into the cytoplasm to initiate gene silencing activities. The
siRNA should subsequently be released from the endosome/lysosome compartments
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[29,30]. The experimental results shown in Fig. 1B indicate that within 30 minutes of
transfection, the siRNA nanosomes (red; *) were associated with the plasma membrane, a
few of them were engulfed into the endosomes (yellow; marked with arrow) while the
remaining particles were sitting on the plasma membrane. After 2 hours of cell transfection,
a high percentage of cy3-lebeled siRNA nanosomes (red) was found to be located in the cell
cytoplasm. The Lysotraker also tracked endosomes (green; #) in both the cytoplasmic and
peripheral regions of the cells. When these two images were merged, it was noticed that
most of the siRNA nanosomes were confined within the endosomes in the cell cytoplasm.
The siRNA particles were yet to release from the endosome vesicles. After 12 hours of
transfection, the particles (siRNA nanosomes) were observed to break into small pieces
allowing release of siRNA, as evidenced by the presence of red colored smears throughout
the cytoplasm. The endosomes (green, marked by # in the merged image) did not appear to
be holding any siRNA nanosomes after this 12 hour time period. This study therefore clearly
demonstrates that the siRNA nanosomes are taken up by the endosomes and then carried
into the cell cytoplasm within 2 hours of transfection. Later, the siRNA is released from the
endosomes within 12 hours of transfection and become available for functional gene
silencing.

3.2. Inhibition of HCV replication in cell culture model
The inhibition of HCV replication in the in vitro cell culture study was monitored for three
consecutive doses of siRNA nanosomes and compared with lipofectamine transfection. Of
the formulations F1 to F4, significantly high HCV inhibition was observed in both F3 and
F4 (Fig. 2A). F1 and F2 were not as effective as F3 and F4, as several GFP positive cells
were evident in these two siRNA nanosomes treated cells (Fig. 2A). The results were also
confirmed from the quantitative FACS analysis of GFP expression (Fig. 2B). The inhibition
of HCV replicon by these siRNA nanosomes was ranked as follows: F4>F3>F2>F1. The
clearance of HCV by either F3 or F4 was significantly higher than by F1 or F2 at different
dose points (Fig. 2B), though the inhibition of HCV replication from 2nd to 3rd dose for F3
and F4 was not as significant as observed with F1 and F2. On the other hand, when the
knock-down efficiency of F4 was compared with lipofectamine, a more significant
inhibition of HCV replication was observed for F4 compared to lipofectamine at different
dose points (i.e. ~87% vs. ~57% for 1st dose, ~91% vs. ~64% for 2nd dose and ~91% vs.
~80% for 3rd dose) (p< 0.0001). This study thus indicates that a lipid to siRNA ratio ≥
10.56:1 is more effective in its ability to inhibit HCV replication, than the corresponding
ratios ≤ 3.25:1. No inhibition of virus replication was observed in the control siRNA
nanosomes (F5) or with IFN-1.

3.3. Cell viability
The viability of R4GFP cells during the process of clearing HCV replication by different
siRNA nanosomes was also monitored for 3 consecutive doses and the results were again
compared with lipofectamine transfection (Fig. 3). The results indicate that F1 and F2 were
able to maintain cell viability ~100% during the 1st and 2nd dose, following which a slight
decline of cell viability was observed after the 3rd dose. When the lipid amount was
comparatively higher, as in F3 and F4, the cell viability was determined to be ~90%, ~86%,
~86% for F3 and ~89%, ~81%, ~79% for F4 after 1st, 2nd and 3rd doses, respectively. In the
case of lipofectamine transfection, the cell viability was shown to be ~83%, ~70% and
~68% after 1st, 2nd and 3rd doses, respectively. By comparison, a significantly higher
viability of R4GFP cells was observed for F4 transfection compared to lipofectamine after
the 2nd and 3rd doses (p< 0.001), but not after the 1st dose. With regard to toxicity, IFN did
not show any toxic effects, whereas the F5 formulation entrapping control siRNA showed
slight toxicity to the cells (i.e. viability was ≥ 90% at different dose points). This was
assumed to be due to the presence of lipid components, rather than siRNA itself in F5.
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3.4. Characterization of sonicated siRNA nanosomes (B1-B9) - particle size, morphology,
and zeta potential

The particle size data shown in Table 3 and Fig. 4 indicate that when the siRNA nanosomes
were sonicated for a brief time period (30 seconds; B2), their size (122±26 nm; 70%
confidence) was significantly reduced compared to the non-sonicated formulation (B1)
(211±19; 70% confidence). The particle size was observed to gradually decrease with
increasing sonication time periods. The smallest particles were observed in B5 (3 minute
sonication), B6 (4 minute sonication) and B7 (5 minute sonication) which had average sizes
of 103±14, 101±18 and 99±17 nm (70% confidence). The particles were found to be slightly
larger when the sonication time period exceeded 5 minutes (i.e. B8 and B9 formulations).
The zeta potential of all these formulations was also measured (Table 3). The data indicates
that the zeta potential of different sonicated formulations did not change significantly
compared to their respective non-sonicated counterparts. The average zeta potential of the
sonicated formulations ranged from +11 to +14 mV and was comparable to that of the non-
sonicated formulation (B1; ~ 13.6±3.8 mV).

3.5. siRNA encapsulation and integrity in the various sonicated formulations
Since the nanosomes (B1-B9) were exposed to different degrees of sonication, it was
considered important to determine whether sonication had any deleterious effects on the
integrity and encapsulation efficiency of siRNA within the nanosomes. This was assessed by
measuring the siRNA level in both the encapsulated and free states using the Ribogreen
assay (Fig. 5A) and agarose gel electrophoresis (Fig. 5B). The non-sonicated formulation B1
was observed to entrap high levels of siRNA (76±3%), while leaving a small quantity of free
unbound siRNA (6.3±0.5%) in the solution. When the formulations were sonicated, some of
the formulations seemed to lose some of the siRNA, though none of them differed
significantly (p>0.05) from the non-sonicated formulation (B1). The siRNA encapsulation
efficiency (see Fig. 5A) was found to be 77±2% for B2, 76±6% for B3, 73±4% for B4,
72±3% for B5, 73±2% for B6, 72±4% for B7, 70±4% for B8 and 68±3% for B9. In contrast,
the level of free siRNA in the sonicated formulations increased slightly compared to the
non-sonicated formulation (B1). The free siRNA level was determined to be 7.8±0.2% for
B2, 9.0±1.4% for B3, 9.8±0.5% for B4, 9.4±1.0% for B5, 9.2±1.2% for B6, 10.3±1.8% for
B7, 9.9±0.7% for B8 and 10.2±0.8% for B9. The presence of protamine sulphate and
trehalose in the nanosomes, and the decomplexing agent (i.e. SDS) likely influenced the
fluorescence reading that resulted in the reduction of total siRNA amounts measured from
both encapsulated and free state in each formulation. This study clearly indicates that
sonication has no significant detrimental effect on the encapsulation efficiency of siRNA
within the nanosomes. The integrity of the encapsulated siRNA during this prolonged
sonication time period was also assessed by subjecting the siRNA isolated from different
samples (B1-B9) to agarose gel electrophoresis. The results shown in Fig. 5B indicate that
all the siRNAs were released from the particles by 1% SDS treatment and there were no
smearing of bands or any broken bands observed in any of those formulations. This study
also confirms that extended sonication has no deleterious effects on the integrity of
encapsulated siRNA in the nanosomes.

3.6. Tissue distribution of siRNA nanosomes following IP delivery
In order to assess the impact of particle size on the in vivo delivery, B1 (non-sonicated) and
B6 (sonicated) were delivered via the IP route. Blank nanosomes containing no siRNA were
also injected for comparison. The results shown in Fig. 6 indicate that most of the particles
in the B6 formulation were deposited in the liver. A small percentage was also found in the
spleen. However, there was nearly no deposition observed in the kidney, lung or heart. In
contrast, when B1 was administered via the IP route, a significant reduction of particle
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deposition was observed in the liver. There was some deposition in the spleen, but none in
the heart, kidney or lung.

3.7. In vitro and in vivo functional inhibition of GAPDH by siRNA nanosomes
In vitro and in vivo GAPDH inhibition studies were performed to examine the ability of the
siRNA nanosomes to effectively silence GAPDH, and also to compare functional inhibition
by sonicated versus non-sonicated formulations. The results from the in vitro study shown in
Fig. 7A indicate that both the B1 and the B6 formulations inhibited GAPDH at 100 nM
siRNA. Furthermore, at the higher level of siRNA (i.e. 150 nM), a near complete inhibition
of GAPDH was observed. It was also observed that the inhibition of GAPDH by the
sonicated formulation (B6) was comparatively higher than that by the non-sonicated
formulation (B1) (Fig. 7A). Similarly, when this experiment was conducted in vivo, the
reduction of GAPDH was observed to be significantly higher with the sonicated formulation
(B6) compared to the non-sonicated formulation (B1) (Fig. 7B). These findings were
consistent for both routes of delivery, i.e. the IP as well as the IV routes. The actual
percentage inhibition of GAPDH by B6 via the IP and IV routes was 45±10% and 65±4%,
respectively, whereas the inhibition by B1 via the IP and IV routes was 24±11% and 33±6%,
respectively. In this study, the inhibition of GAPDH by B6 was significantly higher by IV
delivery compared to the IP delivery. The results of the H&E staining of frozen sections of
liver tissue and immunostaining of GAPDH in the same tissue sections clearly indicate that
the knock-down of GAPDH occurred mostly in the liver hepatocytes (marked by arrow)
(Fig. 7C). Similar to the WB results, the knock-down efficiency of GAPDH in the liver
hepatocytes was also observed to be higher for B6 compared to B1 when assessed by
immunocytochemical analysis.

4. Discussion
RNAi offers great clinical potential as a therapeutic modality for a variety of viral diseases,
especially HCV [3,31,32]. For HCV clearance, a novel gene delivery vehicle is required,
which can deliver highly specific siRNA sequences to the virally infected liver hepatocytes.
The current study has focused on the development of siRNA delivery vehicles which can
specifically inhibit HCV replication and were tested in an in vitro cell culture model. Since
HCV is unable to replicate in mice and other small animals, there is no suitable in vivo small
animal model available for the assessment of our formulations to treat HCV. We therefore
could not test our formulations in actual in vivo settings. As a proof of principle, we have
assessed and optimized our siRNA nanosomes for the delivery and knock-down of GAPDH
specifically in the liver hepatocytes (Fig. 7C) in an in vivo mouse model.

In the in vitro study, the cell viability is unaltered or barely affected when the cells are
transfected with siRNA alone or with siRNA encapsulated nanosomes at lower lipid-to-
siRNA ratios (i.e. ≤ 5.34:1) for single or multiple treatment. But when the lipid amount was
increased, the viability of the cells was reduced. However, at lipid-to-siRNA ratios ≤ 5.34:1,
the inhibition of HCV was significantly lower than that observed with a lipid-to-siRNA ratio
≥ 10.56:1. These findings led to the conclusion that a relatively higher lipid-to-siRNA ratio
13.36:1 (F4) was considered to be the most ideal formulation showing approximately 87%
viral inhibition with a moderate level of cytotoxicity (~11%) after treatment with the first
dose. We further attempted to determine whether the long term treatment with siRNA
formulations could eradicate HCV completely, given that a single treatment could not clear
all the HCV from the cells. We observed that even after three consecutive treatments with
our formulations, complete clearance of HCV from the cells was not achieved. This
observation suggests that a new approach of either treating cells initially with a higher
amount of siRNAs, or delivering multiple siRNAs simultaneously could be more successful
in accomplishing knock-down all the viruses (HCV) from the cells. However, compared to
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lipofectamine, the significantly higher cell viability of our formulations could offer a
potential option for long term delivery of siRNA in the treatment of HCV.

Several articles published recently have suggested that the particle size of a delivery system
should not exceed 150 nm for successful targeting to the liver hepatic cells [24,25]. This is
because the endothelial fenestrae have an approximate diameter of 150–175 nm [33]. In the
non-sonicated formulation B1, approximately 52% of particles are ≥ 150 nm. If this
formulation is selected for in vivo delivery, this amount of particles (~ 52%) would not
theoretically be able to enter into the liver hepatocytes, representing a significant clinical
drawback. In the current study, rather than changing the composition, the formulation (F4)
was sonicated to create smaller particles. Our study demonstrates that with as little as 30
seconds of sonication, the particles in B2 became significantly smaller (70% ~ 122±26 nm)
than the non-sonicated formulation B1 (70% ~ 211±19 nm). We observed that only 30% of
particles have a similar size distribution across the different batches (Table 3). Differences
in particle size became clearly apparent when majority of the particles were counted (i.e.
90%). The results demonstrate that a relatively lower percentage of small particles are
produced spontaneously during HPH and siRNA nanosome preparation. After the initial
preparation step, the siRNA nanosomes may collide with each other with differing degrees
of force and fuse together to form larger particles. The subsequent sonication (of the
formulation) helps to separate these fused particles leading to a homogeneous distribution of
smaller particles. Our study clearly shows that a brief sonication of the formulation for a
period of 2 to 5 minutes results in the formation of a homogeneous siRNA nanosome with
smaller particles. However, it was also observed that sonication in excess of 5 minutes leads
to increase the particle size. The localized elevated temperature generated by prolonged
sonication may be responsible for disrupting the thermodynamic environment of the
saturated particles [34] leading to the formation of larger particles. In a separate note, our
study conclusively demonstrates that neither the siRNA’s encapsulation efficiency, nor the
encapsulated siRNA’s integrity was significantly affected by prolonged sonication due to
presumed protection by protamine sulfate [35–37].

The functional aspects of siRNA nanosomes require not only their successful entry into the
cell cytoplasm, but also their escape from the endosomal compartments and their ability to
subsequently reach the RISC factors. Our comprehensive study has conclusively shown that
the siRNA nanosomes are initially engulfed by the endosomes and then carried into the cell
cytoplasm by endosomes within 2 hours of transfection. Though we have not examined the
release of siRNA nanosomes from the endosomes and the subsequent break down of the
particles to free siRNA, this process could be explained by the ion pair model proposed by
Xu and Szoka [38]. The model states that the interaction of cationic lipids with anionic
lipids in the endosomes may be responsible for the quick entry and release of siRNA
nanosomes from the endosomes. Also, as suggested by Tseng et al. [39], the near complete
release of siRNA from the siRNA nanosomes into the cytoplasm within 12 hours of
transfection is largely due to the presence of the cationic peptide (i.e. PS) within the
nanosomes which helped in de-assembling siRNA from the complex and increasing the ion
pair effects for quick endosomal escape. The release of siRNA from the siRNA nanosomes
was also confirmed in this study by the functional gene silencing activities of siRNA
nanosomes in inhibiting HCV replication in vitro and GAPDH reduction both in vitro and in
vivo.

Delivery of siRNA encapsulated nanoparticles in vivo largely depends on the delivery
technique. In this context, Larson et al. [40] conducted a comparative study of siRNA
delivery by different routes, and concluded that the deposition of siRNA encapsulated
nanoparticles within different organs (liver, kidney, lung, spleen, bone and heart) differ
based on the delivery route. Their results indicate that there is high siRNA uptake by the
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spleen and weak uptake by the liver when siRNA nanoparticles are administrated via the IP
route [40]. Our results contradict these findings. We observed high siRNA deposition in the
liver and weak uptake by the spleen following IP delivery (Fig. 6). In this context, another
study has recently shown that if the particles are larger than 141 nm, they will be unable to
enter into the liver hepatocytes [24,25]. Since our non-sonicated siRNA nanosomal particles
(B1) are comparatively larger (70% ~ 211±19); they were only minimally taken up by the
liver hepatocytes. In contrast, as the majority of the particles in our sonicated siRNA
nanosomes (B6) are smaller (70% ~ 101±18 nm); they were deposited in significant
amounts in the liver hepatocytes. Since Larson et al. [40] have not indicated the optimal
particle size of their siRNA nanoparticles, we offer the hypothesis that the weak deposition
of siRNA in the liver by IP delivery was possibly due to the larger particle size of siRNA
complexes (> 150 nm). Our findings clearly indicate that if the particle size is maintained <
150 nm, they will be deposited in the liver hepatocytes following both IP and IV delivery.
These findings were also confirmed by the significant reduction of GAPDH in the liver
hepatocytes by the sonicated nanosomes (B6), compared to their non-sonicated counterpart
(B1) (Fig. 7B & Fig. 7C).

Immunogenicity or non-specific side effects of gene delivery vehicles are major issues
confronting clinical applications. In general, the type or composition of lipids, overall
surface charge and the ratio of lipid to siRNA used in the formulation influences the overall
toxicity. siRNA containing DOTAP lipoplex [41] as well as siRNA containing PEI or PLL
polycations [42] have been reported to induce IFN response and cytokine release. Recently,
Semple et al. have reported that rationally designed ionizable cationic lipids of stable nucleic
acid lipid particles (SNALP) can maintain significant siRNA knock-down efficiency, while
rendering well tolerance of high doses by small animals (i.e. rats) and non-human primates
(i.e. monkeys) with no obvious treatment-related changes in animal appearance or behavior
[43]. Similarly, in our in vivo delivery of siRNA nanosomes to mice, no abnormal physical
behavior, or depression of the mice was noticed, nor were there any abnormal clinical
changes in the liver tissue as determined by histochemical analysis (H&E). However, an
assessment of abnormal features, such as unusual cytokine release or enhanced enzymatic
activity for a prolonged period of time, is required for the potential use of this delivery
system in clinical applications.

The delivery of nanoparticles to the liver hepatocytes can be enhanced by conjugating the
particles with liver specific antibodies which can specifically recognize and bind to the
ligands on the hepatocyte cell surface, such as asyloglycoprotein receptors (ASGP-R)
[24,44]. However, Fumoto et al. [24] have reported that the delivery of ASGP-R
recognizable nanoparticles to the liver hepatic cells will be diminished if the particles are
larger than 150 nm. If the particles are smaller than 150 nm and if they can be conjugated
with ASGP-R recognizable antibodies, the overall delivery of the siRNA encapsulated
nanosomes to the liver hepatocytes will be significantly improved and this may be an
important requirement for the strategic designing of complete clearance of HCV. Further
modification of the siRNA encapsulated nanosomes for targeted delivery to the liver for
complete clearance of HCV in animal model is under investigation.

5. Conclusion
This study was focused on the development of an effective siRNA delivery system for the
treatment of HCV. A lipid based nanosomal formulation was developed for siRNA delivery
by optimizing the lipid to siRNA ratio. The efficacy of the formulation to clear HCV was
tested in an in vitro cell culture model. The formulation with a higher lipid to siRNA ratio
(13.36:1) was preferred for its combined effect of significant virus clearance while
maintaining minimal cytotoxicity. The formulation was further optimized without disrupting
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siRNA integrity or siRNA encapsulation to get a favorable particle size (~100 nm) which
resulted in a significant deposition of siRNA into the liver hepatocytes. This study thus in
general sets the stage for further evaluation of the formulation in the treatment of HCV.
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Fig. 1.
Assessment of siRNA delivery and endosomal escape following endocytosis by siRNA
nanosomes. A. Optimization of siRNA delivery by using different amounts of siRNA.
Huh-7 cells were transfected with increasing amounts of cy3-GAPDH siRNA nanosomes for
24 hours and the delivery of siRNA into the cells was imaged by using a fluorescence
microscope at 10X magnification. B. Assessment of endosomal escape of siRNA
nanosomes. Huh-7 cells were transfected with B6 for different time periods and then stained
with Lysotraker Green DND-26 and To-Pro3 nuclear dye. The siRNA nanosomes (red) and
endosomes (green) was imaged by Leica TCS SP2 confocal microscope. Scale bar
represents 20 μm.

Kundu et al. Page 16

Eur J Pharm Biopharm. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Qualitative and quantitative assessment of the inhibition of HCV replication by different
siRNA nanosomes. R4GFP cells were transfected with different formulations (F1-F5), or
with lipofectamine and IFN for three consecutive doses during 12 days. A. Fluorescence
photographs of GFP expression after siRNA treatment using a fluorescence microscope at
10X magnification and B. Quantitative measurement of GFP expression by FACS analysis.
The results represent mean ± standard deviation (n=3). (***, $$$ and ### indicates
p<0.0001 of HCV inhibition of F4 with respect to lipofectamine after 1st, 2nd and 3rd dose,
respectively).

Kundu et al. Page 17

Eur J Pharm Biopharm. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Cell viability of R4GFP cells transfected with different siRNA nanosomes (F1-F5), versus
with lipofectamine and with IFN. The cells were cultured in 24-well plates and they were
treated with different siRNA nanosomes, lipofectamine or with IFN-1 for three consecutive
doses for a period of 12 days. The percentage of viable cells compared to the untreated cells
during transfection was measured by MTT assay. The results represent mean ± standard
deviation (n=5). (** and ## indicates p<0.001 of cell viability of R4GFP cells by F4
transfection compared to lipofectamine after 2nd and 3rd dose, respectively).
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Fig. 4.
Cryo-TEM pictures of different post-sonicated siRNA nanosomes. Scale bar represents 100
nm.
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Fig. 5.
Determination of siRNA’s encapsulation efficiency and integrity during prolonged
sonication of the formulation. A. The free and encapsulated siRNA in different sonicated
formulations (B1-B9) were decomplexed by exposure to 1% SDS and then measured by
Ribogreen assay. The results represent mean ± standard deviation (n=4). B. The integrity of
encapsulated siRNA isolated from the nanosomes was measured by agarose gel
electrophoresis.
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Fig. 6.
Comparison of tissue uptake of non-sonicated and sonicated siRNA nanosomes via IP route.
B1 and B6 formulations containing cy3-GAPDH siRNAs at the dose of 2.5 mg/kg body
weight, and blank nanosomes without siRNAs were injected intraperitoneally. Different
organs were collected after 6 hours, embedded and sectioned for fluorescence imaging of
cy3-GAPDH siRNA at 10X magnification by using a fluorescence microscope.
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Fig. 7.
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In vitro and in vivo inhibition of GAPDH by sonicated vs. non-sonicated nanosomes. A.
Huh-7 cells were transfected with B1 and B6 formulations at two different siRNA
concentrations (i.e. 100 nM and 150 nM) for 2 consecutive doses for a period of 8 days and
GAPDH inhibition was measured by RPA. B. B1 and B6 formulations entrapping GAPDH
siRNA were injected via either IP or IV route to Balb/c mice at a dose of 5.0 mg/kg body
weight for 3 consecutive doses over 3 days. The liver was collected and the GAPDH
inhibition was compared between sonicated (B6) and non-sonicated (B1) nanosomes by
Western Blot analysis. Three mice were used for each experimental condition. C.
Histological and immunocytochemical analysis of GAPDH inhibition in the liver
hepatocytes (marked with arrow) of the frozen tissue sections of liver in Balb/c mice.
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Table 2

Measurement of siRNA accumulation into Huh-7 cells by entrapping different amount of siRNA into siRNA
nanosomes.

siRNA concentration
siRNA accumulation into Huh-7 cells

Percentage of cells Mean intensity (×1000)

0 nM 0.0 0.0

0.74 nM 24.4±6.0 0.44±0.008

3.7 nM 93.8±4.0 0.94±0.07

7.4 nM 99.4±0.05 1.96±0.10

37.0 nM 100.0±0.0 5.87±0.24

74.0 nM 100.0±0.0 11.82±0.13

148.0 nM 100.0±0.0 17.94±0.36

222.0 nM 99.86±0.15 20.73±1.20
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