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Abstract

Short-interfering RNAs (siRNAs) offer a potential tool for the treatment of skin disorders.
However, applications of siRNA for dermatological conditions are limited by their poor
permeation across the stratum corneum of the skin and low penetration into skin’s viable cells. In
this study, we report the use of SPACE-peptide in combination with a DOTAP-based ethosomal
carrier system to enhance skin delivery of sSiRNA. A DOTAP-based SPACE Ethosomal System
significantly enhanced siRNA penetration into porcine skin in vitro by 6.3+1.7-fold (p<0.01) with
an approximately 10-fold (p<0.01) increase in epidermis accumulation of SiRNA compared to that
from an aqueous solution. Penetration of sSiRNA was also enhanced at the cellular level.
Internalization of SPACE-peptide occurred in a concentration dependent manner marked by a shift
in intracellular distribution from punctate spots to diffused cytoplasmic staining at a peptide
concentration of 10 mg/mL. Invitro delivery of GAPDH siRNA by SPACE peptide led to
83.3+3.0% knockdown relative to the control. In vivo experiments performed using female
BALB/C mice also confirmed the efficacy of DOTAP-SES in delivering GAPDH-siRNA into
skin. Topical application of DOTAP-SES on mice skin resulted in 63.2%+7.7% of GAPDH
knockdown, which was significantly higher than that from GAPDH-siRNA PBS (p<0.05).
DOTAP-SES formulation reported here may open new opportunities for cutaneous siRNA
delivery.
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Introduction

Since the ability of double-stranded RNA to silence gene expression was discovered in 1998
[1], RNA interference (RNAI) has gained increasing attention as a therapeutic approach for
gene-related diseases. The use of short-interfering RNAs (siRNAs) for sequence-specific
knockdown of disease-causing genes has led to promising preclinical and clinical studies for
a variety of diseases, including cancers, genetic disorders, viral infections and macular
degeneration [2-5]. For gene suppression in skin, topical delivery of siRNA offers several
benefits including direct access to the target site, reduced adverse effects typically associated
with systemic administration, possibility of visual monitoring of the affected region and the
possibility of surgical removal of aberrant tissue if unwanted side effects occur [3, 6, 7].

Topical application of siRNA to treat skin disorders is of particular interest; however, skin is
a highly effective defensive barrier designed to protect organisms from the external
environment. Generally, only small lipophilic molecules (< 500 Da) can penetrate into skin
at therapeutically adequate rates [8]. Consequently, delivery of siRNA into skin is very
challenging since siRNA is negatively charged, hydrophilic and relatively large (~ 13 kDa),
all of these characteristics lead to poor skin penetration and low absorption into skin’s viable
cells. As a result, penetration-enhancing technologies are required to improve skin
absorption of siRNA so as to reach its therapeutic concentration in the skin, as well as to
enhance internalization into the cytoplasm of viable cells. Physical delivery techniques, such
as gene gun [9-11], ultrasound [12], intradermal injection [13] and microneedles [14-17],
despite their relatively high efficacy, can be applied only to small areas of skin. In addition,
some of these methods are invasive and have limited potential for self-administration. In
contrast, formulation-based methods offer non-invasive and painless methods and are
suitable for large body area application. The nanoparticle systems have shown possibility
and efficacy as topical delivery systems for siRNA [18-20]. On the other hand, skin
penetrating peptides provide a potential means to improve delivery of siRNA into skin. A
variety of peptides such as TAT, polyarginine, meganin, penetratin, TD-1, and SPACE-
peptide have been identified enhancing skin delivery of drugs [21-27].

SPACE-Peptide, discovered through phage display, has been shown to deliver siRNA into
skin after direct chemical conjugation [25]. Here, in order to further improve the skin
absorption of siRNA, we use SPACE-peptide to prepare carriers based on 1, 2-dioleoyl-3-
trimethylammonium-propane (DOTAP) as a building block [18, 28], referred to as DOTAP-
SES (DOTAP-based SPACE Ethosomal System) which uses SPACE peptide to enhance the
penetration of SiRNA into skin in combination with DOTAP-based carriers. We demonstrate
the ability of DOTAP-SES to enhance siRNA penetration into skin using GAPDH-siRNA as
a model molecule in vitro and in vivo. GAPDH-siRNA was chosen as a model siRNA in this
study since GAPDH is a common housekeeping protein and provides an example of a
common siRNA target [25, 29].
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Materials and Methods

Chemicals

DOTAP (1, 2-dioleoyl-3-trimethylammonium-propane (chloride salt)) was purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Phospholipon 90G (Phosphatidylcholine
94.4%, Lysophophatidylcholine 2.5%, Non-polar lipids 1.5%, tocopherol 0.2%, ethanol
0.1%, water 0.4%) was a gift from Lipoid LLC (Newark, NJ, USA). POPE-NHS
(COATSOME® FE-6081SU5, N-(Succinimidyloxyglutaryl)- L-a-
phosphatidylethanolamine, 1-Palmitoyl-2-oleoyl) was purchased from NOF America
Corporation (White Plains, NY, USA). SPACE peptide (AC-TGSTQHQ-CG, Disulfide
Bridge 2-10) was purchased from Ambiopharm (North Augusta, SC, USA) and Bachem
(Torrance, CA, USA). Fluorescein labeled SPACE-peptide (FITC-AC-TGSTQHQ-CG,
Disulfide Bridge 2-10) was purchased from RS Synthesis, LLC (Louisville, KY, USA).
FAM-Labeled GAPDH-siRNA (5’-FAM-GAC GUA AAC GGC CAC AAG UUC-3’) was
purchased from Ambion®L.ife Technologies (Grand Island, NY, USA). Modified FAM-
GAPDH-siRNA (5’-FAM-GAC GUA AAC GGC CAC AAG UUC N6-3") was purchased
from Dharmacon, Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Human adult
epidermal keratinocytes and all cell culture materials were acquired from Life Technologies
(Grand Island, NY, USA). All other chemicals used in this study were of analytical grade
and were purchased from Sigma (St. Louis, MO, USA) or Fisher Scientific (Pittsburgh, PA.
USA).

Conjugation of SPACE-Peptide with lipid

A solution of SPACE peptide (4 mg/) in PBS (pH 8.0) was incubated with a solution of
POPE-NHS (4 mg/mL) in ethanol (PBS: ethanol, 1:1, V/V) at room temperature for 2 hrs.
The efficiency of conjugation of SPACE peptide with POPE-NHS was determined by TNBS
(2,4,6-trinitrobenzene sulfonic acid) method [30]. TNBS interacts with primary amino group
of peptide to generate a highly chromogenic product, which can be readily measured at 335
nm.

Conjugation of GAPDH-siRNA and SPACE-peptide

A 10 mM SPACE-peptide solution was incubated with a 10 mM solution of N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDAC, Sigma, St. Louis, MO,
USA) and a 9.5 mM solution of N-Hydroxysulfosuccinimide sodium salt (NHS, Sigma, St.
Louis, MO, USA) in equal parts in MES buffer (pH 5.5) (2-(N-morpholino) ethanesulfonic
acid, Sigma, St. Louis, MO, USA) for 15 min. The amine modified GAPDH-siRNA (5’-
FAM-GAC GUA AAC GGC CAC AAG UUC N6-3’ (with FAM labeled) or 5’-GAC GUA
AAC GGC CAC AAG UUC N6-3’ (without FAM labeled)) was then added to the mixture
to conjugate the peptide to siRNA and allowed to mix overnight.

Preparation of ethosomal formulations

All ethosomal systems were prepared by a conventional rotary evaporation method [31].
Briefly, DOTAP (10 mg/mL) and cholesterol (2 mg/mL) in the case of DOTAP-SES or
Phospholipon 90G (40 mg/mL) in the case of normal ethosomes was dissolved in ethanol.
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The lipid solution was added to SPACE-Peptide-POPE conjugation solution. The solvent
was removed using a rotary evaporator at room temperature. Resultant dry lipid films on the
inside wall of round bottom flask were hydrated and dispersed with the hydration system
(Ethanol/MES buffer, 25 mM, pH 4.0, 45%, v/v) containing free SPACE-peptide (50
mg/mL) and GAPDH-siRNA-SPACE conjugate (25 nmol/mL) or fluorescent probes,
including FAM-GAPDH-siRNA (25 nmol/mL) or FAM-GAPDH-siRNA-SPACE
conjugation (25 nmol/mL), at room temperature. The resultant ethosomal solution was
extruded 21 times through a 100 nm polycarbonate membrane (AVESTIN, Inc., Ottawa,
ON, Canada) using a mini-extruder (LiposoFast, AVESTIN, Inc, Ottawa, ON, Canada) at
room temperature.

Characterization of ethosomal formulations

The particle size, polydispersity index (PDI) and {-potential of the ethosomal systems were
determined by photon correlation spectroscopy (Zetasizer Nano series, Malvern Instruments
Ltd., Worcestershire, UK). Before the size and {-potential measurements, different
ethosomes samples were diluted 100-fold with distilled de-ionized water (EMD Millipore,
Billerica, MA, USA). Measurements were made at 25 °C with a fixed angle of 173°. Sizes
quoted here are the z-average means for the ethosomal hydrodynamic diameter. Calculation
of {-potential (mV) was performed by the instrument from electrophoretic mobility [32].

Skin penetration study in vitro

Full thickness pig skin (Lampire Biological Laboratories, Pipersville, PA, USA) was used in
this study. All skin samples were stored at —80 °C and defrosted immediately prior to use.
Briefly, the skin was allowed to thaw with the stratum corneum (SC) side up for at least 30
minutes at room temperature. Skin disks of 3.6 cm diameter were punched out. The
subcutaneous fatty tissue was carefully removed from the dermis. The hair shaft was cut off
to no more than 4 mm. The skin pieces were cleaned with PBS (pH 7.4) and the integrity of
these pieces was determined by measuring the skin conductivity [33] to ensure the samples
were free from surface defects. In vitro skin penetration and deposition experiments of
different test formulations containing fluorescent probes (FAM-GAPDH-siRNA or FAM-
GAPDH-siRNA-SPACE conjugation) were performed in Franz diffusion cells (FDCs) under
occlusive condition at 37+1 °C. The effective penetration area and receptor cell volume
were 1.77 cm? and 12.0 mL, respectively. The receptor compartment was filled with PBS at
pH 7.4. Each test formulation was assessed in triplicate. Skin was mounted with the SC side
up and the donor compartment was left dry and open to atmosphere for 30 minutes before
applying the test formulation. Caution was taken to remove all air bubbles between the
underside of the skin (dermis) and the receptor solution. In addition, the skin was stretched
in all directions to minimize the presence of furrows. After 30 minutes, 200 pL of the test
formulation was applied to skin surface using a pipette in the donor compartment. All skin
samples on FDCs were incubated for 24 hours at 37 °C with moderate stirring. At the end of
the experiment, a 1 mL sample was withdrawn from the receptor compartment, and the
concentration of fluorescent probe was determined using a micro-plate reader (SAFIRE,
XFLUOR4, V4.50, Tecan Group Ltd, Morrisville, NY, USA). The formulations were
removed from the skin by washing five times with PBS (pH 7.4). The skin was transferred
onto a device for tape-stripping the SC.
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Extraction of Fluorescent probes from skin layers

The SC was removed by stripping with an adhesive tape (Scotch® Transparent Tape, 3M
Corporate, St. Paul, MN, USA). In order to avoid impact of furrows, the skin was stretched
and mounted on cork discs. The skin was covered with a Teflon mask with a central hole of
15 mm in diameter. Each tape was put onto the skin and a weight of 2 kg was placed on the
tape for 10 seconds. The tape was quickly removed with forceps and transferred into a glass
vial of suitable size. Ten stripping procedures were performed consecutively. The stripped
tapes were collected in glass vials according to the following scheme: vial 1 = 15t strip, vial
2 = 2nd_5t strips and vial 3 = 61-10™ strips. After tape-stripping, the epidermis sheet was
separated from the dermis with a surgical sterile scalpel and cut into small pieces and
collected into a glass vial. The dermis was cut into small pieces and transferred into a glass
vial. For extraction of fluorescent probes from the separated skin layers, 4 mL of methanol
and PBS pH 7.4 (1:1, v/v) mixture was added to each glass vial, and the vials were shaken
overnight at room temperature. Afterwards the dispersions were centrifuged (10 minutes,
10000 rpm) to pellet skin tissue pieces at the bottom. The supernatants were withdrawn,
diluted if necessary, and concentrations of fluorescent probes were determined by
fluorescence spectroscopy. Fluorescence detection was performed at an excitation of 485 nm
and an emission of 520 nm. The method was validated for linearity, accuracy and precision.
The linear range during the measurements was from 0.25 pmol/mL to 25 pmol/mL
(r?=0.9999) in the both cases of FAM-GAPDH-siRNA and FAM-GAPDH-siRNA-SPACE-
Peptide.

Cell culturing conditions

Human adult epidermal keratinocytes were cultured in EpiLife Medium supplemented with
Human Keratinocyte Growth Supplement, 50 U/mL penicillin, 50 pg/mL streptomycin, and
100 pg/mL neomycin. Cultures were grown at 37 °C with 5% CO,.

Cell internalization in vitro

10,000 cells were seeded on poly-d-lysine-coated glass bottom culture dishes (MatTek
Corporation, Ashland, MA, USA) and were allowed to attach and proliferate for 24 hrs
under standard culture conditions (37 °C with 5% CO»). After incubation at 37 °C for 24
hrs, the media was removed and 50 pL of fluorescent peptide solution in culture media was
added to the cell culture dish. Alternatively, fluorescent peptide solution co-incubated with
non-fluorescent peptide was used to study the effect of free SPACE peptide. As a control, an
equivalent amount of media was added in place of a peptide solution. Cell cultures were
incubated for 120 min or 30 min for internalization studies and 15 min for free SPACE
studies, after which the fluorescent solution was removed and cells were prepared for
confocal microscopy.

Confocal Microscopy

After incubation with fluorescent peptide solution, cells were incubated with 5 pg/mL
Hoechst 33342 (Life Technologies, Grand Island, NY, USA) for 5 minutes at room
temperature and then washed with supplemented Hank’s Balanced Salt Solution (HBSS,
Lonza Group Ltd., Basel, Switzerland). HBSS was supplemented with 200 uM Trolox
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(Sigma, St. Louis, MO, USA) to limit phototoxicity and photobleaching during imaging.
Cells were washed with supplemented HBSS 3 times for 5 minutes each. The cell culture
dishes were then filled with 90 uM Ethidium Bromide in supplemented HBSS and imaged
using a confocal laser scanning microscope (Olympus Fluoview 1000S, Olympus, Center
Valley, PA). 90 uM Ethidium Bromide was sufficient to quench any significant fluorescence
from externally-bound FITC-SPACE peptide. Image analysis was performed using ImageJ
(NIH, Bethesda, MD, USA) to determine the overall fluorescence intensity for each cell. All
instrument settings were kept constant for any comparisons between experimental
conditions and a 30X silicon immersion objective was used to capture the entire thickness of
the cell. Dead cells indicated by Ethidium Bromide staining of the nucleus were ignored
during analysis.

Cytotoxicity of SPACE peptide

The cytotoxicity of SPACE peptide was determined using the MTT Cell Proliferation Assay
(ATCC, Manassas, VA, USA). Cells were incubated with 1 mg/mL or 10 mg/mL
unconjugated SPACE peptide in media for 30 min, 60 min, or 120 min. Cells incubated with
media only was used as a control. Viability was determined according to the manufacturer’s
recommended protocol using a SAFIRE, XFLUOR4, VV4.50 micro-plate reader (Tecan
Group Ltd, Morrisville, NY, USA).

GAPDH knockdown in vitro

10,000 cells/well were seeded in 96-well microplates (Corning Inc., Corning, NY, USA) and
allowed to attach overnight. The cells were then incubated with 50 pL of 1 pyM GAPDH
SiRNA, 10 mg/mL SPACE peptide, or 1 yM GAPDH-SPACE peptide co-incubated with 10
mg/mL unconjugated SPACE peptide. All test conditions were prepared in supplemented
media and knockdown was normalized to a control condition of media alone. All test
solutions were applied for 30 min every 12 hrs. After 72 hrs, the total protein concentration
in each well was determined using the Bicinchoninic Acid Protein Assay Kit (Thermo
Scientific, Rockford, IL, USA) and GAPDH levels were measured using the KDalert
GAPDH Assay Kit (Life Technologies, Grand Island, NY, USA).

Skin penetration in vivo

The efficacy of DOTAP-SES in inducing knockdown of GAPDH protein in female BALB/c
mice (Charles River Laboratories, 8 weeks old) was tested according to protocols approved
by the Institutional Animal Care and Use Committee (IACUC). Briefly, the animals were
anesthetized using isoflurane inhalation (2-3%), the back skin of animals was shaved, and a
cylinder with an exposed skin area of 1.8 cm? was attached to the back of anesthetized
animals using minimal Vetbond® tissue glue (3M Corporation, St Paul, MN, USA). 200 uL
of the test solution was topically applied in the attached cylinder, and was manually spread
over the entire exposure area. Applied test solutions were allowed to incubate with the
exposed skin for 6 hours while keeping animals under minimal anesthesia. After 6 hours, the
cylinder was carefully removed, and the entire exposure area was covered with sterile gauze
and a breathable bandage. During the entire duration of experiments, animals were closely
monitored for vital parameters. After 72 hrs, animals were sacrificed with CO,
overexposure, and skin biopsies (5 mm diameter) were collected from treated area of the
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animal’s skin. Total protein concentration in the skin biopsy tissue was determined using the
Micro BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA) and GAPDH levels
were measured using the KDalert GAPDH Assay Kit (Life Technologies, Grand Island, N,
USA)

Data analysis

Results

Data reported for skin and cell penetration in vitro are meanSD. Data reported for GAPDH
knockdown both invitro and in vivo are mean+SE. Statistical significance was confirmed by
the two-tailed and unpaired Student’s t-test in Microsoft Excel. The level of significance
was set at p<0.05, unless otherwise indicated.

In vitro penetration of siRNA into porcine skin

The key formulation described here is a suspension of SPACE-peptide-decorated cationic
ethosomes (i.e., DOTAP-SPACE Ethosomal System or DOTAP-SES). The formulation
contains SPACE-conjugated siRNA encapsulated in a carrier made up of a cationic lipid
(DOTAP), a lipid membrane stabilizer (cholesterol), SPACE-conjugated lipids (SPACE-
peptide-POPE), free SPACE-peptide (50 mg/mL), all suspended in an ethanolic buffer (45%
v/Iv). SPACE peptide is present at three places: direct conjugation to siRNA, direct
conjugation to ethosomal particle surface and free form. The efficiency of conjugation
between SPACE-peptide and POPE-NHS was more than 90%. Unconjugated SPACE-
peptide was kept in the DOTAP-SES formulations.

DOTAP-SES possessed a mean particle diameter of 108.4+3.4 nm with a low polydispersity
index (PDI) of 0.095+0.003, and a positive surface charge of 49.1+0.6 mV. DOTAP-SES
significantly enhanced skin penetration of GAPDH-siRNA compared to agueous solutions
of the same siRNA (p<0.01) (Fig. 2a). DOTAP-SES led to dermal penetration of 18.5%
+3.3% of topically applied siRNA, which was 6.3+1.7-fold (p<0.01) higher than siRNA
penetration from an aqueous solution (p<0.01). DOTAP-SES also increased the
accumulation of siRNA in viable epidermis; 4.7%+0.2% of the applied dose penetrated into
the epidermis, which is approximately 10-fold (p<0.01) higher than that from the water
solution (Fig. 2a). Detailed penetration profile of SIRNA from DOTAP-SES and water can
be seen in Fig. 2b.

The role of various components of DOTAP-SES in skin penetration was studied (Fig. 3).
Removal of SPACE peptide from the siRNA-SPACE conjugate, while keeping SPACE
peptide on lipids and in the free form (DOTAP-SES with unconjugated siRNA formulation),
led to significant reduction of skin penetration compared to DOTAP-SES formulation, thus
confirming that direct conjugation to siRNA brings benefits in enhancing skin penetration
(bars 1 vs. 2, Fig 3). Note, however, that sSiRNA penetration from this formulation was still
significantly higher than that from a simple aqueous solution. Charge on the lipids also had a
significant impact on efficacy. Replacement of DOTAP (zeta potential 49.1+0.6 mV) with
POPE (zeta potential: —=47.7 mV + 0.8 mV and diameter: 92.9 nm + 2.7 nm) dramatically
reduced skin penetration (bars 1 vs. 3, Fig 3). DOTAP-SES without SPACE peptide, in free
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or conjugated form, also exhibited lower penetration compared to DOTAP-SES (bars 1 vs.
4, Fig 3). This formulation (bar 4, Fig 3), however, did exhibit higher penetration into skin
compared to aqueous solution of siRNA indicating the benefit of cationic lipids in enhancing
siRNA skin penetration. The penetration induced by this formulation, however, was
superficial and minimal penetration into epidermis was seen. SPACE-conjugated siRNA
without ethosomes also exhibited significant penetration and increased epidermal
penetration was seen (bar 5, Fig. 3) indicating the benefits of SPACE peptide in enhancing
skin permeability.

Penetration and Localization of SPACE peptide in Cells

The ability of SPACE peptide to enter cells and enhance penetration of siRNA into
keratinocytes in vitro was assessed. These experiments were performed using free SPACE
peptide and SPACE-siRNA conjugates since ethanol in SES formulations precludes their
direct placement on cells in culture. Cells incubated with FITC-labeled SPACE peptide
exhibited a concentration-dependent cell entry (Fig. 4a,b). Cell entry was observed at short
times (30 minutes, Fig. 4a) and depended on the concentration (120 minutes, Fig. 4b). A
clear transition in cell entry was observed at a concentration between 4 mg/mL and 10
mg/mL. Internalization of SPACE peptide at 10 mg/mL was approximately 4-fold higher
compared to that at 4 mg/mL (3.7+1.0 and 5.7+1.5 for 30 min and 120 min incubations,
respectively) (Figs. 4a,b). There was a clear transition in the distribution pattern of SPACE
peptide within the cells at the same concentration. After incubation at concentrations of 1-4
mg/mL, FITC-SPACE peptide localized likely in endosomal structures as suggested by the
presence of punctate fluorescent spots (Fig. 4c,i,ii). At higher concentrations, however a
significant portion of the fluorescence was diffused throughout the cytoplasm (Fig. 4ciii, iv),
suggesting endosomal escape or cell entry without endocytosis at higher concentrations.

No significant toxicity associated with SPACE peptide was observed in this concentration
range for 30 min and 60 min incubations (Fig. 5). Slight toxicity was noted for longer
incubation times; however, there is no significant difference in toxicity between 1 mg/mL
and 10 mg/mL SPACE peptide (Fig. 5).

To clearly assess the effect of free SPACE peptide on its internalization and/or endosomal
escape, cells were incubated with trace amount of FITC-SPACE peptide (0.1 mg/mL) with
or without 10 mg/mL unlabeled SPACE peptide. Addition of free SPACE peptide increased
uptake of FITC-SPACE peptide by about 4-fold (3.9£1.5, p<0.05) (Fig. 6a). Presence of free
SPACE peptide also impacted localization of FITC-SPACE peptide. In the absence of
excess free SPACE peptide, FITC-SPACE peptide localized primarily in punctate spots
(Fig. 6b) whereas addition of 10 mg/mL SPACE peptide induced cytoplasmic localization
(Fig. 6c).

Delivery of siRNA into keratinocytes using SPACE peptide

The ability of SPACE-peptide to facilitate internalization of GAPDH siRNA was verified
(Fig. 7). GAPDH siRNA conjugated to SPACE peptide and co-incubated with 10 mg/mL
free SPACE peptide resulted in 83.3+3.0% knockdown relative to the control. Moreover,
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knockdown for the test group was significantly higher (p<0.01) compared to siRNA alone
(15.6£6.8%) and 10 mg/mL SPACE peptide alone (28.5+14.1%).

In vivo verification of GAPDH siRNA delivery

The ability of DOTAP-SES to deliver GAPDH siRNA into skin was assessed using female
BALB/C mice in vivo. Topical application of DOTAP-SES on mice skin for 72 hrs resulted
in 63.2%=7.7% of GAPDH knockdown, which is significantly higher than that from
GAPDH-siRNA PBS (pH 8.0) (20.2%+12.3%, p<0.05) or that from blank DOTAP-SES
formulation (21.0%5.8%, p<0.05) (Fig 8). CD44 siRNA was used as a negative siRNA
control and no significant effect of CD44 siRNA on skin GAPDH concentrations was
observed (p>0.2), indicating that GAPDH knockdown from the test formulations containing
GAPDH-siRNA is GAPDH-gene specific.

Stability of DOTAP-SES

Physical stability of the DOTAP-SES formulation was investigated at 4 °C in one week in
terms of particle size distribution (Fig. 9a,b) and (-potential (Fig. 9¢). The particle size
distribution and {-potential of the system changed slightly in one week (from 111.0+1.8 nm
to 121.7+0.5 nm and from 53.6+0.8 mV to 55.9+0.6 mV, respectively). Moreover, the
formulation exhibited low polydispersity index (PDI) values (PDI ~ 0.2), indicating that it
was a homogeneous suspension.

Discussion

The peptide penetration enhancer used in this study, SPACE-peptide, has been reported to
overcome the skin barrier posed by the stratum corneum and to deliver siRNA deep into skin
layers, when conjugated with its cargo [25] and also in the form of ethosomal system [34].

SPACE-peptide also exhibited increased penetration into various cell-lines including
keratinocytes, fibroblasts, and Human Umbilical Vein endothelial cells. In this study, the
skin absorption of GAPDH-siRNA, when conjugated with SPACE-peptide, was
significantly increased in vitro (5.1%0.7%, p<0.05) compared to those from the naked
GAPDH-siRNA in water solution or in MES buffer (pH 5.5) solution. These results
confirmed the ability of SPACE peptide to enhance siRNA penetration into skin. Skin
penetration of SiRNA was further improved by incorporation of DOTAP ethosomes and free
excess SPACE peptide in the formulation.

Lipid-based nanoparticles have been used to deliver nucleic acids into skin for around two
decades [35-38]. Major advantages of using liposomes include their ability to protect
siRNAs from degradation and the possibility of receptor-mediated targeting [39]. In this
study, anionic SPACE-ethosomal system, which consists primarily of phospholipon 90G
(40mg/mL) and used for Hyaluronic acid skin delivery [34], with containing free SPACE
was not found to be capable of enhancing the skin absorption of GAPDH-siRNA in vitro
(1.8%=0.1%) compared to its water solution or MES buffer solution (p>0.05). In contrast,
cationic SPACE-DOTAP-ethosomal system containing free SPACE-peptide (DOTAP-SES)
significantly increased the skin accumulation of GAPDH-siRNA in vitro (18.5%+3.3%,
p<0.01). This suggested that the mechanism by which SES formulation increased the
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penetration of HA is quite different from the mechanism by which DOTAP-SES formulation
enhanced the absorption of siRNA. Due to its positive electrical charge on the head group,
DOTAP is often used for formulating lipid vesicles [18, 20, 40-44] to complex with
negatively charged nucleic acids, protecting the genetic material from degradation and
enhancing the transfection efficiency [45]. Consequently, GAPDH-siRNA can bind to or
interact with DOTAP ethosomal particles to form complexes by electrostatic interactions
while DOTAP ethosomal vesicles can penetrate into skin deep layers with bringing bound,
encapsulated and associated sSiRNA. Previous studies with DOTAP-based ethosomes have
indicated that the majority of the SiIRNA molecules were not just bound to the outer surface
of the vesicles but rather “sandwiched” in between cationic lipid multilamellar layers so that
the siRNA could be protected from shear forces and enzyme degradation during its skin
penetration [8]. Studies reported in Fig. 3 indicate that the overall penetration of SIRNA
from DOTAP-SES is a result of synergistic effect of various contributions including
SPACE-siRNA conjugation, SPACE-DOTAP ethosomes and free SPACE peptide.

DOTAP-SES formulation (containing 45% ethanol, v/v, pH 4.0) showed acceptable
stability. Based on the previous literature reports [46-51], 45% v/v ethanol was often chosen
as an optimal ethanol concentration in ethosomes and then used to prepare DOTAP-SES
formulations. High concentration of ethanol in the formulation can provide flexible
characteristics to the vesicles and it also effectively disrupts lipid bilayers structure of the
skin with resulting in an increase in the membrane permeability. The long term stability of
DOTAP-SES formulation needs further investigation. Further, detailed studies on the role of
ethanol in formulation and its effect of lipid bilayers and SPACE-peptide are interesting and
need to be performed in future. The pH value of DOTAP-SES formulation was chosen to be
4 since the formulation was found to be more stable against aggregation at this pH. The
precise reasons for this observation are not clear and need further investigation. However,
the pH value of solvent does not affect the skin penetration of siRNA itself since there is no
significant difference between skin penetrations of siRNA from its water solution or MES
buffer (pH 5.5) (p>0.05, Figure 1).

Once inside the skin, the sSIRNA must be able to enter into cells, primarily keratinocytes.
Similar to the stratum corneum, the cell membrane poses a significant barrier to the delivery
of siRNA [46]. Several strategies have been employed in the literature to overcome this
limitation including the use of electroporation [47], heat-shock [48], and chemical methods
[49-52]. Alternatively, cell-penetrating peptides (CPPs) represent an appealing delivery
system due to their simplicity and diversity. CPPs have been successfully applied for the
delivery of a variety of molecules including methotrexate, Survivin, and gold nanoparticles
[53]. However, CPPs are generally internalized predominantly via endocytotic pathways
[54-56] which results in their sequestration in endosomal and lysosomal compartments. For
CPPs where macropinocytosis is the dominant internalization pathway (e.g. TAT and
polyarginine) [57-59], leakage from macropinosomes into the cytoplasm and avoidance of
lysosomal degradation is possible [60, 61]; however, the likelihood of macropinosomal
escape is inefficient at best for large macromolecules like siRNA. High concentration of
CPPs are often required to achieve sufficient cytoplasmic concentrations, however, high
concentrations of cationic and amphipathic CPPs are often toxic to cells [62, 63].
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Owing to its neutral charge, SPACE peptide, is non-toxic at concentrations studied here. For
longer incubation times, SPACE peptide is only slightly toxic and no significant difference
was observed in toxicity between 1 mg/mL and 10 mg/mL (p>0.50). SPACE peptide
exhibited a concentration-dependent internalization and intracellular localization. Higher
concentrations exhibited a shift in intracellular distribution from predominantly endocytotic
vesicles to diffused cytoplasmic. Free SPACE peptide also enhanced internalization of
SPACE-conjugated siRNA and led to higher knockdown (83.3+3.0%) relative to the control.
This knockdown for the test group was significantly higher (p<0.01) compared to sSiRNA
alone (15.6+6.8%) and 10 mg/mL SPACE peptide alone (28.5£14.1%).

Together, the data confirm the ability of SPACE peptide to enhance the internalization and
cytoplasmic localization. Additionally, the results suggest that SPACE peptide may signal a
change from predominantly internalized via macropinocytosis at high concentrations [25].
This shift in localization may be a result of increased endosomal escape, or SPACE peptide
may be internalized by an alternative pathway at high concentrations. Therefore, a local
SPACE peptide concentration above 4 mg/mL in diseased tissue would be ideal for
maximizing the delivery of siRNA into the cytoplasm and minimizing loss to intracellular
sequestration and lysozomal degradation. While the distribution of free SPACE peptide in
skin layers is not clear at this time, it is expected to be equal or better for the free peptide
compared to that for the peptide attached to cargo. The results presented here as well as
previously [34], combined with the ease of applying high concentration doses topically,
suggest achieving concentrations upwards of 4 mg/mL in the skin is feasible.

In vivo results confirmed efficacy of DOTAP-SES in siRNA delivery. The ability of SPACE
peptide to enhance siRNA delivery into skin may open new opportunities for the treatment
of dermatological diseases. RNA interference applies particularly to monogenic dominant
negative skin diseases where the silencing of a specific disease-causing gene is expected to
have a clinical effect [3] . Further, since it can be designed to target any given gene
mutation, SiRNA therapeutics are promising for personalized medicine. In addition, A
variety of skin disorders are potential targets for SIRNA delivery. These include (i) hyper-
proliferating states such as psoriasis, epidermal hyperplasia and hyperkeratosis, (ii)skin
cancer including basal cell carcinoma and melanoma, and (iii) inflammatory diseases
including atopic dermatitis and alopecia, among others. Moreover, more than 80 distinct
genes have been found to be involved in more than 100 heritable skin disease phenotypes
[64], many of which are currently without effective treatment options. These dermatological
diseases represent an exciting target for sSiRNA delivery owing to the localized nature of the
disease and the ability to place the formulation in close proximity to target cells. However,
the use of siRNA therapeutics for dermatological diseases is limited by delivery challenges.
The studies reported here offer a new tool to address this challenge and may open new
opportunities for sSiRNA delivery to skin.

Conclusion

The study demonstrates improved penetration of SiRNA into skin and enhanced
internalization into epidermal keratinocytes due to a SPACE-peptide-decorated cationic
ethosomal system, DOTAP-SES. The inclusion of SPACE peptide at each of the three

J Control Release. Author manuscript; available in PMC 2015 May 09.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 12

places in the system (direct conjugation to siRNA, direct conjugation to ethosomal particle
surface, and free form) all contributed to the enhanced skin delivery of siRNA. Additionally,
direct conjugation to siRNA together with free form SPACE-peptide resulted in enhanced
delivery into the cytoplasm of epidermal keratinocytes and effective gene silencing in vitro.
The efficacy of DOTAP-SES to deliver siRNA into skin and elicit gene silencing was also
confirmed by in vivo experiments. In addition, DOTAP-SES formulation was found to be
stable for at least one week. This novel formulation has the potential to be developed further
as a non-invasive siRNA topical delivery system.
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Figure 1.
Schematic of SPACE-peptide decorated cationic ethosomes (DOTAP-SES) used for topical

delivery of siRNA. SPACE peptide is present at three places: direct conjugation to SiRNA,
direct conjugation to ethosomal particle surface and free form.
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Figure 2.

DOTAP-SES enhances penetration of GAPDH-siRNA into porcine skin in vitro. (a) Percent
penetration of topically applied dose into skin. Black solid bar: Percent penetration of
topically applied dose into total skin. Crosshatch bar: Percent penetration of topically
applied dose into epidermis. DOTAP-SES formulation demonstrated significantly greater
total skin (18.5%=3.3%, p<0.01 versus all other groups) and epidermal penetration of
GAPDH-siRNA (4.8%=0.8%, p<0.01 versus all other groups). Water: GAPDH-siRNA (25
M) in water solution; MES: GAPDH-siRNA (25 uM) in MES buffer (pH 5.5). Values
represent mean = SD (n=3); DOTAP-SES: Cationic SPACE-DOTAP-Ethosomal System
with SPACE peptide conjugated phospholipids (2 mg/mL) containing GAPDH-SiRNA-
SPACE conjugation (25 uM) and free SPACE-peptide (50 mg/mL) (Ethanol/MES buffer,
pH 4.0, 45%, v/v); (b) Skin penetration and distribution profile of GAPDH-siRNA from
DOTAP-SES formulation. Forward slash bar: GAPDH-siRNA from water solution; Solid
black bar: GAPDH-siRNA from DOTAP-SES formulation. SC-1 corresponds to 1st strip,
SC-2 corresponds to collection of 2nd -5th strips and SC-3 corresponds to collection of 6th
-10th strips. DOTAP-SES formulation demonstrated significantly enhanced accumulation in
SC layers (12.8%=3.4%, p<0.01 versus water control) and in viable epidermis (4.7%=0.2%,
p<0.01 versus water control).Values represent mean + SD (n=3) **Statistically very
different from PBS groups (p< 0.01).
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Figure 3.

The role of various components of DOTAP-SES formulation on skin penetration of
GAPDH-siRNA. Black solid bar: Percent penetration of topically applied dose into total
skin. Crosshatch bar: Percent penetration of topically applied dose into epidermis. DOTAP
lipid and SPACE peptide (present at all three places: direct conjugation to siRNA, direct
conjugation to ethosomal particle surface and free form) contribute to the enhanced skin
absorption of GAPDH-siRNA from DOTAP-SES formulation. DOTAP-SES: Cationic
SPACE-DOTAP-Ethosomal System with SPACE peptide conjugated phospholipids (2
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mg/mL) containing GAPDH-siRNA-SPACE conjugation (25 uM) and free SPACE-peptide
(50 mg/mL) (Ethanol/MES buffer, pH 4.0, 45%, v/v); DOTAP-SES w unconjugated siRNA:
Cationic SPACE-DOTAP-Ethosomal System with SPACE peptide conjugated
phospholipids (2 mg/mL) containing GAPDH-siRNA (25 uM) and free SPACE-peptide (50
mg/mL) (Ethanol/MES buffer, pH 4.0, 45%, v/v); POPE-SES w unconjugated siRNA:
Anionic SPACE-Ethosomal system formulation with SPACE peptide conjugated
phospholipids (2 mg/mL) containing GAPDH-siRNA (25 uM) and free SPACE-peptide (50
mg/mL); DOTAP-SES w/o SPACE: Cationic DOTAP-Ethosomes alone containing
GAPDH-siRNA (25 pM) (Ethanol/PBS buffer, pH 4.0, 45%, v/v); Conjugated siRNA w/o
SES: GAPDH-siRNA-SPACE conjugation (25 uM) in MES buffer (pH 5.5). Values
represent mean = SD (n=3). ** Statistically very different from all other groups (p< 0.01).
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Figure 4.
SPACE peptide facilitates the internalization of a model drug, FITC, in a concentration

dependent manner. Internalization of FITC-SPACE peptide measured for (a) 30 min or (b)
120 min incubation times. Representative images (c) showing FITC internalization after 120
min incubation at (i) 1 mg/mL, (ii) 4 mg/mL, (iii) 7 mg/mL, or (iv) 10 mg/mL FITC-SPACE
peptide. Nuclei were stained with Hoechst 33342 (blue) and dead cells indicated by
Ethidium Bromide staining (red) were ignored during analysis. Values represent mean + SD
(n=3).
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Figure 5.
Toxicity of 1 mg/mL (open bars) and 10 mg/mL (closed bars) SPACE peptide incubated

with human adult epidermal keratinocytes for 30 min, 60 min, and 180 min. Values
represent mean = SD (n=3). ** Significantly very different from control (p<0.01).
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Figure 6.
Free SPACE peptide increases internalization of a model drug, FITC, and shifts the

intracellular distribution from endocytotic structures into the cytoplasm. (a) Internalization
of FITC into human adult epidermal keratinocytes when incubated for 15 min with 0.1
mg/mL FITC-SPACE peptide with or without 10 mg/mL free SPACE peptide.
Representative images of internalization and intracellular localization when incubated with
(b) 0 mg/mL free SPACE peptide or (c) 10 mg/mL free SPACE peptide. VValues represent
mean £ SD (n=3). *Significant difference between 10 mg/mL free SPACE peptide and 0
mg/mL free SPACE peptide conditions (p<0.05).
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Figure 7.
Conjugation to SPACE peptide and co-incubation with free SPACE peptide induced

knockdown of GAPDH protein in human adult epidermal keratinocytes. siRNA Only: 1 uM
GAPDH siRNA in media; SPACE Only: 10 mg/mL free SPACE peptide in media; 10
mg/mL Free SPACE: 1 uM GAPDH siRNA-SPACE peptide co-incubated with 10 mg/mL
Free SPACE peptide in media. Control was media alone. Values represent mean + SE (n=6).
*Significantly different from the control (p<0.05). **Significantly different from all other
formulations (p<0.01).
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Figure 8.
DOTAP-SES induced the knockdown of GAPDH protein in Balb/C mice skin after 72 hrs

treatment in vivo. All formulations contain 25 uM of GAPDH-siRNA. Control: 0.9% Saline;
GAPDH: GAPDH-siRNA (25 pM) in PBS (pH 8.0); DOTAP-SES: Cationic SPACE-
DOTAP-Ethosomal System with SPACE peptide conjugated phospholipids (2 mg/mL)
containing GAPDH-siRNA-SPACE conjugation (25 pM) and free SPACE-peptide (50
mg/mL) (Ethanol/MES buffer, pH 4.0, 45%, v/v); CD44: CD44-siRNA in PBS (pH 8.0);
Blank DOTAP-SES: DOTAP-SES formulation without GAPDH-siRNA. Values represent
mean + SE (n=6) * Statistically different from all other groups (p< 0.05).
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DOTAP-SES formulation is stable for one week. (a,b) Particle size distribution of DOTAP-

SES formulation as a function of time (stored at 4 °C); (c) {-potential of DOTAP-SES

formulation as a function of time (stored at 4 °C).
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