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Abstract
The barrier properties of the skin pose a significant but not insurmountable obstacle for
development of new effective anti-inflammatory therapies. The objective of this study was to
design and evaluate therapeutic efficacy of anti-nociception agent Capsaicin (Cap) and anti-TNFα
siRNA (siTNFα) encapsulated cyclic cationic head Lipid-Polymer hybrid Nanocarriers (CyLiPns)
against chronic skin inflammatory diseases. Physico-chemical characterizations including
hydrodynamic size, surface potential and entrapment efficacies of CyLiPns were found to be 163
± 9 nm, 35.14 ± 8.23 mV and 92% for Cap, respectively. In vitro skin distribution studies revealed
that CyLiPns could effectively deliver FITC-siRNA upto 360 µm skin depth. Further, enhanced
(p<0.001) Cap permeation from CyLiPns was observed compared to Capsaicin-Solution and
Capzasin-HP. Therapeutic efficacies of CyLiPns were assessed using imiquamod induced
psoriatic plaque like model. CyLiPns carrying both Cap and siTNFα showed significant reduced
expression of TNFα, NF-κB, IL-17, IL-23 and Ki-67 genes compare to either drugs alone
(p<0.05) and was in close comparison with Topgraf®;. Collectively these findings support our
notion that novel cationic lipid-polymer hybrid nanoparticles can efficiently carry siTNFα and
Cap into deeper dermal milieu and Cap with combination of siTNFα show synergism in treating
skin inflammation.
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1. Introduction
The recent development of antibody based therapeutics that target components of signaling
pathways has revolutionized the treatment of chronic inflammatory skin diseases such as
psoriasis, atopic dermatitis, eczema [1–3]. However, there are few limiting factors with this
therapy are higher cost and limited targeting ability [4–5]. Small interfering RNA (siRNA)-
mediated knockdown of pro-inflammatory cytokines at the messenger RNA (mRNA) level
(termed RNA interference), offers an alternative therapeutic strategy to overcome chronic
inflammatory conditions. In this process, double-stranded RNAs are cleaved by the cellular
nuclease Dicer into short 21 – 22 mer fragments referred to as siRNA, which enter a
ribonuclear protein complex termed the RNA-induced silencing complex. Guided by the
antisense strand of the siRNA, this complex mediates a specific degradation of the
corresponding mRNA [6]. In fact, targeted gene suppression by antisense DNA and siRNA
has shown promising preclinical results and therefore it is currently in the clinical trials for a
variety of diseases, including many forms of cancer (e.g., melanoma, neuroblastoma, and
pancreatic adenocarcinoma), genetic disorders and macular degeneration [7].

Transdermal application is very attractive method of delivering therapeutic agents for
treating skin disorders given the easy accessibility of skin and the reduced risk of systemic
side effects [8]. However, transdermal permeation of macromolecules such as
oligonucleotides or proteins has remained a major technological challenge as the primary
barrier of skin, stratum corneum (SC), which limits the delivery of most therapeutic
payloads into the deeper layers [9–10] due to its complex barrier properties. Several
attempts including use of permeation enhancers, ionotophoresis, electroporation and
acoustic methods [11–14] have been developed to deliver sufficient amount of therapeutic
agent into the deeper dermal milieu. However, their use is restricted due to local tolerance
concerns and difficulties in therapeutic feasibility. Use of nanoparticle has shown great
potential as novel drug delivery systems. [15–16]. Moreover, it offers the advantage of
delivering multi therapeutic agents simultaneously [17–19].

Nanoparticulate delivery systems such as liposomes, polymeric nanoparticles, solid lipid
nanoparticles, are well studied for the percutaneous delivery [20]. However, their
application is restricted in delivering hydrophilic macromolecules such as nucleic acids,
proteins and hydrophobic drugs simultaneously. To overcome this limitation, in the present
study we have designed and developed a novel biodegradable Lipid-Polymer hybrid
Nanoparticle system (CyLiPn) containing cationic amphiphiles with cyclic pyrrolidinium
head group [21], and poly(D,L-lactic-co-glycolic acid) (PLGA) [22]. The distinct
advantages associated with the use of cationic transfection lipids include their: (a) ease in
handling and preparation techniques; (b) ability to inject large lipid:nucleic acid complexes;
and (c) low immunogenic response [23]. Further, cyclic pyrrolidinium based cationic lipids
are efficient in delivering nucleic acids under systemic settings [24]. Structural resemblance
of the lipid with a well known skin permeating agent azone and its analogs 6-
aminohexanoates prompted us to use it for topical application. CyLiPn can be easily formed
with a negatively charged hydrophobic PLGA core and a positively charged cationic lipid
shell in an aqueous solution by self assembly process (Figure 1). Hydrophobic drugs can be
incorporated into the core during the self-assembly process. The cationic shell of the
resulting drug-loaded nanoparticles can be used to incorporate siRNA.

Co-delivery of nucleic acids and drugs has been proposed to achieve the synergistic effect of
drug and gene therapies [25–27]. Further, inflammation is a common characteristic of the
most prevalent skin disorders in dermatology including psoriasis and dermatitis. Therefore
in the present study, co-delivery of drug and siRNA based therapy for inflammation was
selected. Capsaicin (Cap) exhibits an anti-inflammatory property by the inhibiting PGE2 and
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nitric oxide production in peritoneal macrophages [28]. Further, Cap stimulates the release
of vasoactive neuropeptides such as Substance P and calcitonin gene related peptide
(CGRP). Tumor necrosis factor-α (TNFα), a pro-inflammatory cytokine, is one of the major
contributors in complex biology of inflammation. There has been a tremendous interest in
neutralizing TNF for therapeutic application in a variety of autoimmune diseases including
psoriasis, rheumatoid arthritis, inflammatory bowel disease and psoriatic arthritis [29–31].

The main objective of the study was to formulate therapeutically effective CyLiPn
comprising of an anti-inflammatory drug Cap and siRNA against TNF-α (siTNFα) to treat
difficult skin inflammatory conditions in vivo. Hence to achieve this primary goal, the
specific aims of this study were: (i) to prepare and characterize CyLiPn formulations
containing Cap and/or siRNA (siTNFα), (ii) to examine the cellular uptake and skin
distribution of FITC labeled siRNA (siFITC) incorporated into CyLiPn in vitro, (iii) to
evaluate the in vitro skin retention and permeation of C-CyLiPn, (iv) to therapeutically
assess the efficacy of CyLiPn to treat inflammation in imiquimod (IMQ) induced psoriatic
plaque like mouse model using scoring, histological examination, Immunohistochemistry
(IHC) – TNFα, NF-κ; Western Blotting –TNFα, Ki-67, NF-κ, IL-17, IL-23; and Real time-
PCR (RT-PCR) – TNFα, NF-κB.

2. Materials and Methods
2.1 Materials

Polyoxyethylene-20 oleyl ether (Volpo-20) was a kind gift from Croda Inc. (Edison, NJ,
USA). Phosphate buffer saline sachets (PBS, pH 7.4), DEPC (diethylpyrocarbonate)-treated
and sterile filtered water, Tris Acetate-EDTA (TAE) buffer, ethidium bromide, PEG400 and
trifluoroacetic acid were purchased from Sigma-Aldrich Co (St. Louis, MO, USA). HPLC
grade of acetonitrile, water and ethanol were purchased from Sigma-Aldrich Co (St. Louis,
MO, USA). Capsaicin was purchased from EMD Millipore (Billerica, MA, USA). PLGA
was purchased from PURAC biomaterials (Lincolnshire, IL, USA). 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(poly-ethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000) were purchased
from Avanti Polar lipids (Alabaster, AL, USA). Imiquimod (IMQ) was purchased from
Enzo Life Sciences, Inc. (Farmingdale, NY, USA). Topgraf® was purchased from
GlaxoSmithKline Pharmaceuticals Limited (Thane, MH, India). Lipofectamine™
RNAiMAX transfection reagent was purchased from Life Technologies (Grand Island, NY,
USA). BCA Protein Assay Reagent Kit was procured from Pierce (Rockford, IL, USA).
RIPA lysis and extraction buffer was purchased from G-Biosciences (Maryland Heights,
MO, USA). RNeasy Kit, RT2 First Strand Kit and RT2 SYBR Green ROX qPCR Mastermix
were purchased from QIAGEN Inc. (Valencia, CA, USA). siRNA against TNFα (siTNFα),
FITC labeled siRNA (siFITC), antibodies against TNFα, NF-κB, Ki-67, IL-17, IL-23, β-
actin, secondary HRP antibody, ABC staining immunohistochemistry (IHC) kit and primers
against TNFα, NF-κB and β-actin were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). HEK-293 cells were grown in DMEM (Dulbecco's modified
Eagle's medium) medium (Sigma, St. Louis, MO, USA) supplemented with 10% FBS (fetal
bovine serum) and antibiotic antimycotic solution of penicillin (5000 U/ml), streptomycin
(0.1 mg/ml) and neomycin (0.2 mg/ml). The cells were maintained at 37°C under 5% CO2.
All other chemicals used in this research were either of analytical grade or tissue culture
grade.

2.2 Animals
CD® (SD) hrBi hairless rats (350–400 g; male; Charles River Laboratories, Wilmington,
MA, USA) and C57BL/6 mice (6 weeks old; male; Charles River Laboratories, Wilmington,
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MA, USA) were grouped and housed (n=6 per cage) in cages with bedding. The animals
were kept under controlled conditions of 12:12 h light:dark cycle, 22 ± 2°C and 50 ± 15%
RH. The mice were fed (Harlan Teklad) and could drink water ad libitum. The animals were
housed at Florida A&M University in accordance with the standards of the Guide for the
Care and Use of Laboratory Animals and the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). The animals were acclimatized to laboratory
conditions for one week prior to experiments. All the animal protocols followed were
approved by the Animal Care and Use Committee, Florida A&M University, FL, USA.

2.3 Preparation of formulations
2.3.1 Preparation of Lipid-Polymer Nanocarriers (CyLiPn)—The cationic lipid with
cyclic 3,4-dihydroxy-pyrrolidinium head-group was synthesized by dehydrative coupling of
the octadecylamine to L(+)-tartaric acid in refluxing xylene so that water formed during the
reaction could be separated by azeotropic distillation in a Dean-Stark apparatus. The
resulting N-n-alkyl-3,4-dihydroxy-2,5-dioxo pyrrolidine (cyclic imide interemedite I), upon
reduction with sodium borohydride/iodine, afforded the corresponding tertiary amine
intermediate II the immediate precursor of the target lipids. Intermediate II, upon
quaternization with hydrophobic octadecyl bromide in 3:1 (v/v) ethylacetate/acetonitrile
followed by chloride ion exchange on Amberlyst-A26 resin, afforded the target lipid [24].
Then nanoparticles were prepared by a previously reported double emulsion solvent
evaporation method [32] with few minor changes. CyLiPns were prepared via self-assembly
of PLGA; DOPC, cyclic cationic lipid and DSPE−PEG2000 through a single-step nano-
precipitation method. Briefly, inner polymeric core was prepared by dissolving 5 mg of
PLGA in acetonitrile. Cyclic head cationic lipid/DOPC/DSPE−PEG2000 (4.0/4.5/1.5, molar
ratio) with a weight ratio of 15% to the PLGA polymer was dissolved in 4% ethanol
aqueous solution. The lipidic solution was heated to 65°C under gentle stirring to ensure that
all the lipids were in the liquid phase. Once the temperature was decreased to 30 – 35°C, 300
µl of 10 µM siRNA solution was added drop-wise with gentle stirring. This solution was
stirred for 10 min. The PLGA solution was then added into the preheated lipid solution
drop-wise under gentle stirring. After the addition, organic solvent was allowed to evaporate
for 4 – 12 h under stirring leading to nano-precipitation [33]. Finally, the remaining organic
solvent was removed by rotary evaporation.

The Blank-CyLiPn was prepared using same procedure as explained above without addition
of drug or siRNA. To prepare Cap encapsulated nanoparticles (C-CyLiPn), 2.5 mg of Cap
was dissolved in organic phase containing PLGA and remaining procedure remained same,
however siRNA was not added. While FITC-conjugated siRNA (siFITC) incorporated
nanoparticles (siFITC-CyLiPn) were prepared by adding only siFITC in the lipidic aqueous
solution. In similar way, siTNFα incorporated CyLiPn (S-CyLiPn) was also prepared by
adding siTNFα into the lipidic aqueous solution. Finally, combination of Cap and siTNFα
encapsulated CyLiPn (CS-CyLiPn) was prepared by adding Cap in an organic phase and
siTNFα in an aqueous phase.

2.3.2 Preparation of solutions—The siFITC-Solution was prepared by simply
dissolving fluorescently labeled siRNA (siFITC) into DEPC treated water. In similar way
siTNFα-Solution was prepared by adding siTNFα in DEPC treated water. Further, Cap
containing solution (C-Solution) was prepared by dissolving known amount of Cap in 10%
v/v ethanol in polyethylene glycol (PEG400). In addition to CyLiPn formulations, Cap +
siTNFα solution (CS-Solution) was formed in 10% v/v ethanol and in polyethylene glycol
(PEG400).
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2.4 Physicochemical characterization of nanoparticles
The particle size and zeta potential of Blank-CyLiPn, C-CyLiPn, S-CyLiPn and CS-CyLiPn
were measured using Nicomp 380 ZLS as explained previously [16–19]. The assay was
performed by dissolving 100 µl of CyLiPn in 900 µl of ethanol. The samples were then
centrifuged at 13,000 rpm for 15 min and 100 µl of supernatant were tested to determine the
total amount (bound and unbound) of the Cap and siTNFα present in C-CyLiPn, S-CyLiPn
and CS-CyLiPn formulations [17]. The Cap content was determined by high-performance
liquid chromatography (HPLC). While the siTNFα content was measured by the Quant-iT™
RiboGreen® RNA Kit (Molecular Probes, Inc., Eugene, OR, USA) according to the
manufacturer’s instructions and the fluorescence was measured using Tecan® 200 PRO
microplate reader (Männedorf, Switzerland). The entrapment efficiency of Cap in the C-
CyLiPn and CS-CyLiPn was determined by using vivaspin columns as explained earlier
[16]. Each sample was analyzed in triplicate.

2.5 Gel retardation and siRNA integrity assay
The incorporation of siTNFα in S-CyLiPn and CS-CyLiPn was determined by 2% agarose
(low melting point) gel electrophoresis. For comparison, siTNFα solution was used. The
siRNA was extracted from the CyLiPn as described in section 2.4 in assay method and
loaded with the other test samples to test the integrity. 20 µl of the sample containing 1:6
dilution of loading dye (Pierce, Rockford, IL, USA) was added to each well and
electrophoresis was carried out at a constant voltage of 100 V, for 30 min in TAE buffer
containing 0.5 µg/ml ethidium bromide. The siRNA bands were then visualized under UV
transilluminator (Gel Doc™ XR+ System, BioRad, Hercules, CA, USA) at a wavelength of
365 nm [34].

2.6 Cytotoxicity of nanoparticles
The cell viability in the different treatment groups and control group was evaluated by MTT
method. HEK-293 cells were seeded into 24-well plates at a density of 1 × 105 cells/well in
0.5 ml of DMEM complete growth medium and incubated for 24 h to allow for cell
adherence. The growth media was not changed prior to addition of the test formulas in order
to get least variation in the results. The cells were then treated with different volumes of
Blank-CyLiPn and CS-CyLiPn formulation starting from 1 µl to 40 µl. After 24, 48 and 72
h, 20 µl of 5 mg/ml MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
(EMD Millipore, Billerica, MA, USA) solution was added to each well and cells were
incubated for 4 h at 37°C [34]. Then, the MTT containing medium was aspirated and the
formazan crystals formed by the living cells were dissolved in 150 µl DMSO. The
absorbance was measured spectrophotometrically in Tecan® 200 PRO microplate reader at
570 nm. Untreated cells were taken as control with 100% viability and cells without the
addition of MTT were used as blank to calibrate the spectrophotometer to zero absorbance.
The relative cell viability (%) compared to control cells was calculated by [abs]sample/
[abs]control × 100.

2.7 Cellular uptake of CyLiPn
HEK-293 cells were seeded in 24-well plate at a density of 105 cells/well and incubated in
0.5 ml of complete growth medium for 24 h to allow cell adherence. The medium was
removed and the cells were washed twice with Dulbecco phosphate buffered saline
(Cellgro®, Corning Manassas, VA, USA) and replaced with 0.5 ml of Opti-MEM® Reduced
Serum Medium (Gibco®, Life Technologies, Grand Island, NY, USA). Then, siFITC-
Solution, LF-siFITC (Lipofectamine™ RNAiMAX) complexes and 10 µl (optimized
volume) of siFITC-CyLiPn were added to 24-well plates. After 12 h of culture, the
transfection medium was removed and cells were washed. Then the intercellular siFITC
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uptake and localization was imaged using inverted microscope Olympus BX40 microscope
equipped with computer-controlled digital camera (DP71, Olympus Center Valley, PA,
USA). Further, the intercellular fluorescence was determined using fluorescence-activated
cells sorter (FACS) Calibur flow cytometer (BD, Franklin Lakes, NJ, USA).

2.8 In vitro percutaneous permeation
2.8.1 Preparation of skin—For skin collection, CD® (SD) hrBi hairless rats were
sacrificed by an overdose of halothane anesthesia. The hairs were clipped off by using hair
clippers. Extra precautions were taken while performing this procedure in order to avoid any
damage to the skin. The skin from the dorsal surface was excised, and then adherent
subcutaneous fat and connective tissues were removed carefully. The storage conditions
were previously optimized by our laboratory where the effect of different storage conditions
on the permeation of melatonin and nimesulide by using cryoprotecting agent (CPA) were
studied. We have observed that the incubation of skin in aqueous glycerol (a well-known
CPA) followed by freezing at −22°C can maintain the viability for longer periods [35]. In
addition, the report on guidelines on processing and clinical use of skin allografts showed
that skin storage at −80°C can provide long term storage with the use of CPA [36].
Therefore, in the present study the skin was stored in 10% w/w glycerol in saline at −80°C
and used within 1 week. Prior to use, the skin was rinsed in PBS (pH 7.4) for 30 min to
remove excess of glycerol. Further, the integrity of the skin was evaluated by comparing a
resistance of fresh skin and thawed skin before starting the skin permeation experiment. If
any difference between the resistance of fresh skin and thawed skin was measured then the
skin was discarded.

2.8.2 In vitro permeation of formulations—The skin was mounted on vertical Franz
diffusion cells (Permegear Inc., Riegelsville, PA, USA) with epidermis facing the donor
compartment. 100 µl of the test formulations were applied on the diffusion surface of the
skin in the donor compartment. The receiver compartment (Recv Comp) was filled with 5 ±
0.5 ml PBS (pH 7.4) containing 0.1% volpo-20, stirred at 300 rpm and maintained at 32 ±
0.5°C using a circulating water bath. Skin permeation studies were performed for 24 h under
unocclusive conditions. To perform the skin collection after 24 h, the donor cell was
removed and the excess formulation was removed from the surface of the skin using a cotton
swab. The skin was then washed with 50% v/v ethanol and blotted dry with lint-free
absorbent wipes. The entire dosing area (0.636 cm2) was collected with a biopsy punch. The
collected skin was then used for further studies.

2.9 Skin imaging studies
The imaging was performed using confocal laser scanning microscopy (CLSM) to study the
skin distribution of the FITC labeled siRNA incorporated CyLiPn and siFITC-Solution. The
amount of siFITC applied was maintained same for both the applications. In this study, rat
skin was selected as a model skin and the in vitro permeation study was performed as
explained in the 2.8.2 section. The skin imaging was performed as described by Shah et al.
[17]. Briefly, to visualize skin associated fluorescence, the full thickness skin sections and
lateral skin sections were collected upto 360 µm using cryotome (Shandon, England). The
skin sections were visualized with CLSM (Leica Microsystems Inc, Buffalo Grove, IL,
USA) using 10× objective and throughout the study period instrument settings were kept
constant. Finally, the collected images were analyzed using Digital image software
(Museum of Science, Boston, MA, USA) for the skin associated fluorescence.
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2.10 Skin permeation and retention of capsaicin
The in vitro rat skin permeation was performed for C-Solution, marketed Capzasin-HP
Cream (Capsaicin Cream 0.1%, Chattem, Chattanooga, TN, USA) and C-CyLiPn [15]. After
24 h of skin permeation, the receiver fluid was collected and centrifuged at 13,000 rpm for
15 min and analyzed for drug content using HPLC.

2.10.1 Capsaicin skin extraction—Cap formulation exposed skin was collected after 24
h. Epidermis containing SC (SC + Epi) was then separated from the dermis using sharp
forceps. Then collected layers were cut into small pieces. 250 µl of PBS (pH 7.4) was then
added to all the collected skin layers and heated on boiling water bath. After 10 min, all the
samples were cooled down to room temperature and then 250 µl of acetonitrile was added.
The vials were sonicated in a bath sonicator for 30 sec and then vortexed for 2 min. Finally,
all the tissue samples were centrifuged at 13,000 rpm for 15 min. The supernatant was
collected and the extracts were analyzed for Cap content using HPLC.

2.10.2 HPLC analysis—The HPLC analysis of Cap was performed with minor
modifications from a reported method [37]. Briefly, Waters HPLC system was comprised of
an auto sampler (model 717 plus), binary pump (model 1525), UV photodiode array detector
(model 996). The mobile phase consisting of acetonitrile (70% v/v), water (30% v/v),
trifluoroacetic acid (0.1% v/v) was pumped through the Symmetry C18 column (5 µm,
4.6×250 mm) at a flow rate of 1.0 ml/min and the eluent was monitored at 280 nm. The Cap
stock solution was prepared in acetonitrile and the serial working standard solutions were
prepared in mobile phase. All injections were performed at room temperature.

2.11 In vivo imiquimod induced psoriatic plaque like model
The psoriatic plaque like model was developed as described earlier [18]. Briefly, IMQ
suspension was applied topically on the shaved back of C57BL/6 mice. To the inflamed skin
area, test formulations were applied topically every day for 5 days. CyLiPn formulations of
Cap and siTNFα alone and in combination were tested in comparison with CS-Solution.
Topgraf® was used as a positive control.

2.11.1 Scoring severity of skin inflammation—The objective scoring system was
developed based on the clinical Psoriasis Area and Severity Index (PASI) to score the
severity of inflammation [38]. Erythema, scaling and thickening was scored independently
on a scale from 0 to 4: 0, none; 1, slight; 2, moderate; 3, marked; 4, very marked. The
scoring was performed every 24 h for 5 days.

2.11.2 Histological analysis—The inflamed skin was collected at the end of experiment
and stored in 10% neutral phosphate buffered formalin. Following fixation, samples were
dehydrated and embedded in paraffin. 5 µm microtome sections of the inflamed skin were
then stained with hematoxylin and eosin. The Olympus BX40 light microscope equipped
with computer-controlled digital camera was used to visualize the images on the slides.

2.11.3 Immunohistochemistry—IHC study was performed for TNFα and NF-κB [18].
In brief, formalin-fixed, paraffin-embedded skin sections were used for IHC studies
according to the protocol specified in the ImmunoCruz™ mouse ABC staining kit. The
section slides were washed in xylene and hydrated in different concentrations of alcohol.
The slides were incubated with the primary antibody against TNFα and NF-κB separately
overnight at 4°C. Horseradish peroxidase-conjugated secondary antibody was applied to
locate the primary antibody. The specimens were stained with DAB chromogen and
counterstained with hematoxylin. The presence of brown staining was considered a positive
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identification for activated TNFα and NF-κB. The inverted microscope Olympus BX40
microscope was used to visualize the images on the slides.

2.11.4 Western blot analysis—The skin tissues were harvested from normal and treated
(IMQ, S-CyLiPn, C-CyLiPn, CS-CyLiPn, CS-Solution and Topgraf®) mice and minced into
small pieces and homogenized in PBS. The homogenate was centrifuged at 13,000 rpm
speed for 10 min to sediment the tissue fragments. The proteins were extracted using RIPA
lysis and extraction buffer with protease inhibitor (500 mM phenylmethylsulfonyl fluoride).
Protein content was measured using BCA Protein Assay Reagent Kit according to
manufacturer’s protocol. The protein samples (50 µg) were loaded and subjected to SDS-
polycrylamide gel electrophoresis (SDS-PAGE) as previously described [39–40]. The blots
were then probed with primary antibodies targeting TNFα, Ki-67, NF-κB, IL-17, IL-23 and
β-actin. HRP-conjugated secondary antibodies were then used to label the bound primary
antibodies. Chemiluminescent detection of antibody-labeled proteins was done using a
SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA) and
exposed to Kodak XOMAT AR autoradiography film (Eastman Kodak, Rochester, NY,
USA). The densitometric analysis of the bands was performed using the program Image J
v1.33u.

2.11.5 Real-time PCR analysis—Total RNA was extracted from biopsies of the mouse
back skin using RNeasy Kit and converted to complementary DNA using RT2 First Strand
Kit and RT2 SYBR Green ROX qPCR Mastermix as per manufacturer`s instructions.
Amplification was performed on an ABI 7300 RT-PCR (Applied Biosystems, Carlsbad, CA,
USA) and data analysis was done with a PCR Array Data Analysis Software (SA
Biosciences, Valencia, CA, USA). The mRNA levels of TNFα, NF-κB and β-actin were
then calculated. The β-actin was used as a normalization control for gene expression.

2.12 Statistical analysis
Data were expressed as the means and standard deviation (mean ± SD). One-way ANOVA
followed by Tukey's Multiple Comparison Test was performed to determine the significance
of differences among groups using GraphPad PRISM version 5.0 software (La Jolla, CA,
USA). Differences were considered significant at p<0.001 or p<0.05.

3. Results
3.1 Physicochemical characterization of nanoparticles

Blank-CyLiPn had particle size in the range of 150 – 180 nm with mean particle size of 163
± 9 nm. The CyLiPn showed a narrow size distribution with PI of 0.054 ± 0.02. The zeta
potential of the Blank-CyLiPn in double distilled water (pH 6.4) was found to be 35.14 ±
8.23 mV. The encapsulation of the Cap or siTNFα in CyLiPn (C-CyLiPn, S-CyLiPn and
CS-CyLiPn) showed less effect on particle size or zeta potential. The detailed summary of
the physicochemical properties are summarized in Table 1. The total Cap present in C-
CyLiPn and CS-CyLiPn dispersion was found to be 0.82 ± 0.09 mg/ml and 0.79 ± 0.19 mg/
ml, respectively. This assay value was used to calculate the percent entrapment and percent
dose permeation

3.2 Gel retardation and siRNA integrity assay
The incorporation of siTNFα into CyLiPn formulations (S-CyLiPn and CS-CyLiPn) lead to
complex formation between cationic lipid and anionic siRNA. This can results in the
electro-neutralization of the negative charge of the siTNFα and therefore siTNFα might be
unable to migrate under the influence of the electric field during the gel electrophoresis. To
confirm the incorporation of the siTNFα into CyLiPn formulations, a gel retardation assay
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was performed. As shown in Figure 2, complete incorporation of the siTNFα (without
presence of a free siRNA band) was observed for S-CyLiPn (lane ii) and CS-CyLiPn (lane
iv). Further, when siTNFα was loaded in the form of simple aqueous solution, a clear band
was observed (lane i).The extracted siTNFα from S-CyLiPn (lane ii) and CS-CyLiPn (lane
v), formulations was intact and was able to migrate in the electric field.

3.3 Cytotoxicity of nanoparticles
To estimate the extent of toxicity caused by CyLiPn formulations, MTT colorimetric assay
was performed after 24, 48 and 72 h (Figure 3). The results showed that the toxicity on
HEK-293 cells was enhancing with the increasing volume of CyLiPn. The treatment of the
cells with Blank-CyLiPn upto 10 µl volumes did not induce obvious cell toxicity even after
72 h. However, cell viability was decreased to 75.85 ± 2.96%, 72.69 ± 2.84% and 63.53 ±
3.52% after addition of 40 µl of Blank-CyLiPn at 24, 48 and 72 h, respectively. The toxicity
of the formulations was not increased significantly by incorporating Cap and siTNFα into
CyLiPn. The trend of the toxicity from CS-CyLiPn was observed to be the same. The
toxicity from the CS-CyLiPn was increased with increasing volume of the CS-CyLiPn and
time of exposure. However in any case, the cell viability after 72 h was not significantly
different than those from 24 and 48 h indicating that, the high cell toxicity was due to the
higher volume of CyLiPn. These results suggest that the inclusion of the cyclic head cationic
lipid can affect the relative cell viability at the higher concentration. For the cellular uptake
study, 10 µl was selected as an optimum volume of the CyLiPn. As at this concentration the
cell viability was more than 92% even after 72 h. With this toxicity profile, it can be also
propose that the CyLiPn formulation would be safe to use for in vivo experiments.

3.4 Cellular uptake study of CyLiPn
The cellular uptake efficiency of siFITC-Solution, LF-siFITC complexes and siFITC-
CyLiPn was compared using fluorescence microscopy and FACS. The examination of
cultured HEK-293 cells after 12 h of incubation under fluorescent microscope showed that
siFITC-CyLiPn had increased intercellular siFITC delivery efficiencies than siFITC-
Solution and LF-siFITC (Figure 4). HEK-293 cells showed very high uptake of the siFITC
from CyLiPn, that is, ~95% of the cells were siFITC positive. Quantitative cellular uptake of
siFITC was estimated using a FACS Calibur flow cytometer, which further confirmed the
results observed by fluorescent microscopy (Figure 5 A and B). The maximal siFITC uptake
efficiency was obtained in the CyLiPn group, which was significantly higher (p<0.05) than
that of the LF-siFITC group (92.28 ± 2.46% vs. 74.43 ± 3.51%). However, there was only
small amount of uptake detected in the cells when treated with siFITC-Solution.

3.5 Skin imaging studies
The results from CLSM are summarized in Figure 6. These results clearly showed that
incorporation of siFITC into CyLiPn can enhance the skin permeation of siFITC. Figure 6A
displays the images of the skin sections observed under CLSM after the permeation of the
siFITC. CLSM studies demonstrated that the fluorescence from the siFITC-Solution
decreased with increase in skin depth. Intense fluorescence for siFITC-Solution was
observed upto 40 µm which was decreased at 80 µm and then diminished at 120 µm. On the
other hand, fluorescent signal from CyLiPn formulation was observed deep into dermal
region at a depth of 320 µm with higher intensity. The percent fluorescence intensity,
calculated from confocal microscopic images, was found in the range between 0 and 18
(Figure 6B). First two sections 0– 20 and 21–40 µm are both superficial, i.e. both correspond
to the skin surface, as concluded from presence of corneocytes undergoing desquamation.
The fluorescence intensity of siFITC from CyLiPn is significantly higher (p<0.001) than that
from solution upto depth of 280 µm. These results suggest that CyLiPn can deliver siRNA
into the skin by breaching the SC barrier.
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3.6 Skin permeation and retention of capsaicin
The detection of Cap levels in skin layers and in Recv Comp was determined using HPLC.
Figure 7 shows the effect of CyLiPn formulation on the skin permeation of Cap. The percent
of Cap permeated in the SC + Epi, dermis and Recv Comp from C-CyLiPn was 2.43 ± 0.13,
5.21 ± 0.42 and 14.38 ± 0.83%, respectively. The skin permeation of Cap from C-Solution
was significantly low compared to C-CyLiPn. Interestingly, the permeated amount of the
Cap form CyLiPn was significantly higher than marketed formulation (Capzasin-HP
Cream). C-CyLiPn can deliver 5.8, 2.9 and 4.2 folds more drug than C-Solution and 3.5, 2.6
and 2.5 folds higher amount of drug than Capzasin-HP Cream in epidermis, dermis and
Recv Comp, respectively.

3.7 In vivo imiquimod induced psoriatic plaque like model
Induction of psoriatic like plaques was performed by topical application of IMQ for 5
consecutive days. After 2 or 3 days of IMQ application, the skin started showing signs of
erythema and thickening which lead to the observation of the inflammation.

3.7.1 Scoring severity of skin inflammation—The scaling of the mice back skin, a
phenomenon typical for psoriatic skin lesions, were observed after topical applications of
CyLiPn formulations (C-CyLiPn, S-CyLiPn and CS-CyLiPn); CS-Solution; and Topgraf®

(Table 1). The scores of individual mice in every group were consistently very similar
within the group resulting in the typically minimal standard deviation. The PASI score for
IMQ-control was 4 at the end of 5 day. However, the PASI score for CS-CyLiPn was
decreased to 0 after 5 days of treatment. Overall, compared to individual drug or siRNA
treatment, combination treatment (Cap + siTNFα) showed faster and complete heading at
the end of treatment. On the other hand, solution containing naked Cap and siTNFα was
unable to show the healing at end of the treatment (5 Day). For Topgraf®, PASI score was
zero from the 2 days of treatment.

3.7.2 Histological analysis—The images from H&E staining of skin tissues from
different treatment groups are summarized in Figure 8. Analysis of H&E stained sections
from the IMQ-treated skin showed increased epidermal thickening with elongation of
epidermal rete ridges, a disturbed epidermal differentiation and infiltration of leukocytes
into both, dermis and epidermis compared to normal skin (Figure 8, i and ii). Further, the
skin from the CS-CyLiPn treatment has very similar characteristics to that of the normal
skin (Figure 8, i and vi). In addition, these results demonstrate that from all tested
formulations, CS-CyLiPn formulation can best treat the inflammation caused by IMQ
application.

3.7.3 Immunohistochemistry—IHC for TNFα and NF-κB markers was performed on
the collected skin sections and the results are represented in Figure 9. The presence of brown
staining was considered a positive identification for activated TNFα (Figure 9A) or NF-κB
(Figure 9B). The positive stained cells were quantified and were found in the order of:
Normal<CS-CyLiPn<Topgraf®<SCyLiPn< C-CyLiPn<CS-Solution<IMQ. The results
indicate that, application of siTNFα in a form of CyLiPn (S-CyLiPn and CS-CyLiPn) can
knockdown the TNFα gene and as a result of that, less expressions of TNFα and
subsequently NF-κB was observed.

3.7.4 Western blot analysis—The expression of several inflammatory proteins
including TNFα in normal skin tissue lysates was examined. The skin lysates from IMQ and
treated mice (CyLiPn formulations – C-CyLiPn, S-CyLiPn and CS-CyLiPn; CS-Solution;
and Topgraf®) were analyzed by Western blot using β-actin as a loading control (Figure 10).
The TNFα knockdown was observed for siTNFα treated skin (S-CyLiPn and CS-CyLiPn).
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Further, for tested proteins (TNFα, Ki-67, NF-κB, IL-17 and IL-23), the increased
expression was observed for IMQ treated skin compared to normal skin. The treatment with
positive control (Topgraf®) showed decreased expression of inflammatory proteins (TNFα,
Ki-67, NF-κB, IL-17 and IL-23). Results in Figure 10 further showed that the relative
expression of TNFα, Ki-67, NF-κB, IL-17 and IL-23 proteins were decreased in skin tissues
from CS-Solution, S-CyLiPn, C-CyLiPn and CS-CyLiPn compared to IMQ treated skin
tissues. Also, a decreased expression of TNFα to 1.77 fold, Ki-67 to 1.53 fold, NF-κB to
1.88 fold, IL-17 to 4.51 folds and IL-23 to 1.06 fold, was observed for CS-CyLiPn
compared to CS-Solution. Overall, CS-CyLiPn showed significantly (p<0.05) less
expression of inflammatory markers compared to C-CyLiPn, S-CyLiPn and CS-Solution.

3.7.5 Real-time PCR analysis—The relative mRNA levels for TNFα and NF-κB from
CyLiPn formulations (C-CyLiPn, S-CyLiPn and CS-CyLiPn); CS-Solution; and Topgraf®

are illustrated in Figure 11. The expression trend for the inflammatory markers was same as
observed for the western blot analysis. The TNFα and NF-κB mRNA expression was
increased for IMQ treated mouse skin compared to normal mouse skin. However, decreased
mRNA levels were observed for the treatments for both the proteins. Further, siTNFα in the
form of CyLiPn can deliver biologically active siTNFα to knockdown the TNFα gene but
when applied in the form of naked siTNFα-Solution, then the biological activity was
decreased. Topgraf® and CS-CyLiPn treated skin tissues showed minimum mRNA
expressions of both TNFα and NF-κB compared to other treatments. The combination
therapy in form of CyLiPn (CS-CyLiPn) showed significantly (p<0.05) decreased levels
compared to C-CyLiPn, S-CyLiPn and CS-Solution. The relative mRNA levels for TNFα
and NF-κB were decreased by 1.74-and 1.86-folds in CS-CyLiPn compared to CS-Solution.

4. Discussion
The topical use of siRNA has been increasingly studied as a novel therapy for allergic skin
diseases, which is attributed to its target-specific silencing effects [41]. RNAi offers
potential for treating a wide variety of disorders through selective silencing of disease-
relevant RNAs. Although direct injection of naked nucleic acids has been suggested as a
possible delivery method [42], a large number of injections may be needed to achieve a
therapeutic outcome. Among the numerous vehicles developed for siRNA delivery, cationic
lipids and polymers can efficiently self-assemble with siRNA to form nano-complexes and
have potential for delivering siRNA [43–44]. The ideal siRNA delivery system for the skin
should have several characteristics: one to help siRNA to transverse the SC, second to
protect siRNA during penetration process and third to facilitate siRNA uptake and efficient
utilization by inflammatory cells. Several reports state that the siRNA can be used for anti-
inflammatory therapy [41, 45–47]. Our approach of targeting multiple factors such as
simultaneous inhibition of neuropeptides while suppressing immune-response could be an
efficient strategy to combat chronic inflammations. To fulfill these requirements in this
study, we have developed a novel therapeutic approach for treating chronic inflammatory
skin condition by utilizing siTNFα and Cap containing CyLiPns.

Use of cationic lipid in PLGA matrix has reported earlier for enhancing transfection
properties of the resulting hybrid systems [32, 48–51]. Here we have designed differentially
charged core/shell lipid–polymer hybrid nanostructures (Figure 1) that comprise of three
distinct components: (i) a negatively charged PLGA layer forming the inner core, where
poorly water-soluble drug (Cap) was encapsulated; (ii) a lipid layer consisting of a novel,
self penetrating, safe and cationic lipid synthesized with pyrrolidinium (cyclic) polar head
group, which acts as a molecular fence to promote drug retention inside the polymeric core,
thereby enhancing drug encapsulation efficiency and controlling drug release; and (iii)
DSPE-PEG2000 forming outer layer. In CyLiPns, PLGA represents a model hydrophobic
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polymeric core to entrap Cap molecules; DSPE-PEG2000 was used as a hydrophilic polymer
to form the stealth shell of nanoparticles and lipid monolayer consisting of a cationic lipid
with cyclic pyrrolidinium head-group at the interface of the hydrophobic core and
hydrophilic shell for delivering siRNA into deeper layers of the skin. CyLiPns showed a
narrow size distribution (around 160 nm), as estimated by their low polydispersity index
(PDI = 0.004). Zeta-potential measurements showed a positive surface charge of around 30
mV. This is due to the positive (+1) electrical charge on the quarternary ammonium in (N+)
pyrrolidinium head group of cationic lipid and is ideal for interaction with negatively
charged nucleic acids, protecting the genetic material from degradation and enhancing the
transfection efficiency.

The most important aspect of the transdermal delivery is skin permeation. Heterocyclic
compounds such as 6-aminohexanoates, azone and pyrrolidone derivatives such as (1-
methyl-2-pyrrolidone, 1-ethyl-2-pyrrolidone, 1, 5-dimethyl-2-pyrrolidone, 5-methyl-2-
pyrrolidone) are well studied chemical penetration enhancers. [52]. However, their
application is restricted due to higher toxicity profiles. In this study, we used a previously
reported [24] cationic amphiphile with 3,4-dihydroxypyrrolidinium as its hydrophilic polar
head-group and two stearyl fatty acyl chains in its hydrophobic tail region. The findings of
Chong-Kook Kim et al., suggested that the pyrrolidone derivatives incorporated into the
lipid layer of the liposome increased the fluidity of the lipid layer in the liposome and such
activity might have some correlation with the transdermal absorption-enhancing activity of
therapeutics [53].

The present findings demonstrate that the nanoparticle containing cyclic-head lipid is
capable to deliver siRNA and drug across deeper skin layers at levels required to produce a
therapeutic effect. Although several important siRNA therapeutic targets in skin have been
identified, the delivery of siRNA into skin has proved challenging. This limitation is
potentially addressed through the studies reported here. Since both PLGA and DSPE-PEG
polymers have been approved by the Food and Drug Administration (FDA) for medical
applications and cationic lipid used in this study has been found to be safe in pre-clinical
studies [54]. Hence, we expect CyLiPns should be biocompatible, biodegradable and
potentially safe as a drug carrier for clinical use. MTT-based cell viability assays in
representative HEK293 cells revealed that CyLiPns are potentially non-cytotoxic. Percent
cell viabilities were found to be remarkably high (>80%) when cells were treated with 20 µl
of nanoparticles. The microscopic findings (Figure 4) clearly demonstrate that the
nanoparticle system is superior to commercially available siRNA transfection reagent
Lipofectamine™ RNAiMAX. These findings were further confirmed with fluorescent
assisted cell sorting (FACS) analysis. 20 percent more fluorescently labeled cells were
detected for CyLiPns treatment than Lipofectamine™ RNAiMAX (Figure 5). The depth
profiling of CyLiPn skin permeation showed that after 24 h, distinct fluorescence was
observed upto a depth of 320 µm, which represents the deeper layers of dermis. Further, in
the lateral skin sections treated with naked siFITC solution, fluorescence was visible only in
the appendages upto a depth of 40 µm. This is in agreement with previous reports where
enhanced carboxyflourescein labeled siRNA delivery in rat skin was observed when coupled
with cell penetrating peptide (TD-1) compared to naked siRNA [55]. Similarly, when the
skin permeation experiment was performed using hairless rat skin, C-CyLiPn delivered 5.8,
2.9 and 4.2 folds more drug than C-Solution and 3.5, 2.6 and 2.5 folds higher amount of
drug than marketed Capzasin-HP Cream in SC + Epi, dermis and receiver compartment,
respectively. The enhanced permeation of Cap from CyLiPn may be the result of the
combined effects of nanocarrier mediated sustained release and cationic surface of the
nanoparticles. Shah et al. [17] have also reported that when Ketoprofen and Spantide II were
encapsulated in the PLGA-Chitosan hybrid nanoparticles, skin retention of the drugs was

Desai et al. Page 12

J Control Release. Author manuscript; available in PMC 2014 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increased significantly compared to when applied in a solution form due to strong affinity of
positively charged amine groups (of chitosan) to the skin surface [17].

Psoriasis represents chronic inflammatory condition of the skin and during the inflammation
various factors such as cytokines, chemokines and neuropeptides are altered. IMQ has been
reported to induce skin inflammation in mice along with the features of human psoriasis
where cytokines like IL-23 and IL-17 levels are elevated with typical phenotypic and
histological characteristics [18, 38]. Herein, we evaluated the efficacies of CyLiPns in
psoriatic plaque like inflammatory model. The enhanced anti-inflammatory responses of the
combination treatment (CS-CyLiPn) in psoriatic plaque like mouse model could be
explained by the enhanced skin permeation of Cap with siTNFα. Cap is known to stimulate
the release of vasoactive neuropeptides such as substance P and calcitonin gene related
peptide from C-fiber nerve terminal in the skin [56]. Park et al. demonstrated that Cap
significantly inhibited the production of pro-inflammatory cytokine TNFα and also inhibited
pro-inflammatory mediators through NF-κB, inactivation [57]. This suggests that Cap has a
direct relation in altering the levels of TNFα and NF-κB. TNFα is a central regulator of
inflammation, and it is well documented that TNFα is a potential therapeutic target in
inflammatory diseases. Since elevated levels of TNFα plays a vital role in influencing
several cytokines in the complex biology of inflammation, several TNFα antagonists such as
infliximab, golimumab, adalimumab are in the market for treating inflammatory diseases
[58–59]. The major concern of long-term treatment with these agents is the potential
increase of infectious diseases or malignancy [60–61]. In addition, the cost of these
biological agents is $20,000 to $30,000 per year per patient, which is a big hurdle for their
extensive use in clinic. We anticipate that knock down of TNFα would circumvent the
disease condition with minimal side effects. Schiffers et al. demonstrated that direct intra-
articular injection of TNF-α-specific siRNA to reduce joint inflammation in murine
collagen-induced arthritis (CIA) and supported the use of siRNA-based therapies [29].
Furthermore, systemic delivery of TNFα specific siRNA using cationic lipid-based
nanoparticles shows effective anti-inflammatory effects in arthritic mice [30]. Importantly,
both Cap and TNFα have independent mechanistic action, yet they have common
connection. Till date, no attempt has been made to target immune and neuro-cutaneous
targets together to achieve therapeutic efficacy in treating inflammatory diseases and this is
the most distinguishing aspect of the present study.

The calculated combination index value suggested moderate synergism for CyLiPns over the
entire study period which might be because of two different mechanisms of Cap and
siTNFα working together in reducing the cutaneous inflammation. The epidermal
thickening, elongation of epidermal rete ridges, infiltration of leukocytes, IL-23 and IL-17
levels were significantly less (p<0.05) in CS-CyLiPn compared to C-CyLiPn, S-CyLiPn and
control, signifying the effectiveness of CS-CyLiPn. Tacrollimus is a topically applied
immunosuppressant, to reduce psoriatic plaque inflammations [19, 20]. Previous studies
including our own, demonstrated that commercially available formulation of tacrolimus,
Topgraf® exhibited superior activity than several other formulations [19, 20]. Interestingly,
CS-CyLiPn nanoparticle system was equally comparable with Topgraf®. The levels of
inflammatory protein, TNFα, Ki-67, NF-κB, IL-17 and IL-23 were significantly less
(p<0.05) in CS-CyLiPn compared with either of drugs alone and more interestingly the
levels of these proteins were slightly lesser than Topgraf®. Collectively, our results suggest
that topical Cap + siTNFα treatment down regulates the TNFα and NF-κB functions
quantitatively and qualitatively in vivo. From the current study it can be assumed that the
enhanced penetration of both intact nanoparticles and the released siTNFα and/or Cap
molecules is a result of active interaction between SC components (corneocytes and lipids)
and novel cyclic lipid of CyLiPn. On application of CyLiPn on the skin surface, the
following sequence of events may take place: (i) ionic interaction between positively
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charged outer lipid layer of CyLiPn with negatively charged residues of the proteins and
lipids of SC; (ii) beyond a threshold concentration of CyLiPn, a transitional destabilization
of the membrane may occur; (iii) hybrid nanoparticles form a film over the skin surface
leading to higher hydrating effects resulting in SC swelling and opening which allows
subsequent higher penetration of permeant; (iv) finally, CyLiPn and encapsulated substances
may penetrate through hair follicles and furrows where they can act as a drug reservoirs.

5. Conclusion
Toward treating chronic skin inflammations, we have designed a novel carrier system for
delivering anti-inflammatory agents siTNFα and Cap into deep dermal milieu. Our studies
demonstrate that nanoparticle system coated with cationic lipid with cyclic pyrrolidinium
head group enhanced skin permeation of fluorescently labeled siRNA containing
nanoparticles. Efficacies of these nanoparticles were evaluated in psoriatic plaque like
mouse model which represents chronic skin inflammations. Findings in PASI index, western
blot analysis of various inflammatory markers and quantification of mRNA levels of TNFα
and NF-κB upon the treatment of nanoparticles with their control groups, taken together,
support the notion that siTNFα and Cap show synergism in treating inflammatory skin
disorders like psoriasis. In summary, the present findings demonstrate for the first time that
cationic lipid-polymer hybrid nanoparticles can efficiently carry siTNFα and Cap into the
deeper dermal milieu.
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Abbreviations

Cap Capsaicin

C-CyLiPn Cap encapsulated CyLiPn

CGRP Calcitonin Gene Related Peptide

CLSM Confocal laser scanning microscopy

CS-CyLiPn Cap + siTNFα incorporated CyLiPn

CyLiPn Lipid-Polymer Nanocarriers

FACS Fluorescence-activated cells sorter

IHC Immunohistochemistry

IMQ Imiquimod

LF Lipofectamine™ RNAiMAX

PASI Psoriasis Area and Severity Index

PLGA Poly (lactic-co-glycolic acid)

Recv Comp Receiver Compartment
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RT-PCR Real time-PCR

SC + Epi Stratum Corneum + Epidermis

SC Stratum Corneum

S-CyLiPn siTNFα incorporated CyLiPn

siFITC FITC-conjugated siRNA

siFITC-CyLiPn siFITC incorporated CyLiPn

siRNA Small Interfering RNA

siTNFα siRNA against TNFα
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Figure 1.
Schematic illustration shows the formulation of CyLiPn. The CyLiPn comprises a
hydrophobic PLGA core, a hydrophilic PEG shell and a lipid monolayer consisting of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and a new cationic cyclic-head lipid at the
interface of the hydrophobic core and hydrophilic shell.
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Figure 2.
Gel retardation and siTNFα integrity assay of siTNFα-CyLiPn: lane (i), siTNFα-Solution;
lane (ii), S-CyLiPn; lane (iii), extracted siTNFα from S-CyLiPn; lane (iv), CS-CyLiPn;
lane (v) extracted siTNFα from CS-CyLiPn.
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Figure 3.
Relative cell viability of HEK-293 cells on incubation with different volumes of the Blank-
CyLiPn and CS-CyLiPn formulations after 24, 48 and 72 h. Data represent mean ± SD
(n=6).
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Figure 4.
Cellular uptake of siFITC in HEK-293 cells – Microscopic Images: Fluorescent images of
(i) no treatment (control) and cellular uptake of siFITC from (ii) siFITC-Solution, (iii) LF-
siFITC Complexes, (iv) siFITC-CyLiPn. Scale bars represent 500 µm. Here LF =
Lipofectamine™ RNAiMAX.
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Figure 5.
Cellular uptake of siFITC in HEK-293 cells – FACS analysis: (A) Quantitative analysis of
cellular uptake of siFITC using FACS Calibur. Data represent mean ± SD (n=6);
significance siFITC-CyLiPn against siFITC-Solution and LF-siFITC complexes, *p<0.05.
(B) The flow cytometric picture of (i) non-treated (control) cells; and cells treated with (ii)
siFITC-Solution, (iii) LF-siFITC complexes, (IV) siFITC-CyLiPn. Here LF =
Lipofectamine™ RNAiMAX.
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Figure 6.
CLSM images of lateral sections of siFITC permeated skin: After 24 h of in vitro rat skin
permeation, skin was collected and lateral skin sections were observed under CLSM. (A)
Lateral skin sections of different depths from 0 to 360 µm were observed for skin associated
fluorescence. CyLiPn can deliver siFITC (bottom panel) upto 320 µm (white arrows). While,
the siFITC-Solution (naked siFITC, Top panel) can penetrate only up to a skin depth of 80
µM (white arrows). The nuclei were stained by Hoechst (blue). (B) The percent fluorescence
intensity of the siFITC-Solution and siFITC-CyLiPn permeated skin sections were
calculated from confocal images using digital image software. The percent intensity of the
images was plotted against the skin depth for different CPPs. Data represent mean ± SD
(n=6); significance CyLiPn against solution, **p < 0.001.
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Figure 7.
In vitro skin permeation and distribution of Cap: The study was performed in vitro using
Franz diffusion cells on rat skin for 24 h. The data represents %Dose permeated from
different formulations of Cap. Data represent mean ± SD, n=6; significance Cap-CyLiPn
against C-Solution and Capzasin-HP Cream, **p < 0.001.
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Figure 8.
H&E histological staining of: (i) normal skin, (ii) inflammation induced by topical
application of IMQ suspension, and inflamed skin after 5 days of treatment with (iii) a
positive control, Topgraf®, (iv) S-CyLiPn, (v) C-CyLiPn, (vi) CS-CyLiPn and (vii) CS-
Solution. The decreased epidermal thickening with less infiltration of leukocytes was
observed for CS-CyLiPn compare to C-CyLiPn, S-CyLiPn and CS-Solution. Scale bars
represent 500 µm.
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Figure 9.
Immunohistochemistry of (A) TNFα and (B) NF-κB for (i) normal skin, (ii) inflammed skin
induced by topical application of IMQ suspension, and inflamed skin after 5 days of
treatment with (iii) S-CyLiPn, 9iv) C-CyLiPn, (v) CS-CyLiPn, (vi) a positive control,
Topgraf® and (vii) CS-Solution. The presence of brown staining was considered a positive
identification for activated TNFα or NF-κB. Scale bars represent 500 µm.
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Figure 10.
Western blotting of skin lysates to determine (A) expression of inflammatory proteins in the
skin and (B) quantification of inflammatory protein expressions (TNFα, Ki-67, NF-κB,
IL-17 and IL-23) normalized by β-actin were investigated for (i) normal skin, (ii)
inflammation induced by topical application of IMQ suspension, and inflamed skin after 5
days of treatment with (iii) a positive control, Topgraf®, (iv) S-CyLiPn, (v) C-CyLiPn, (vi)
CS-CyLiPn and (vii) CS-Solution. Data represent mean ± SD, n=6; significance CS-CyLiPn
against C-CyLiPn, S-CyLiPn, and CS-Solution, *p<0.05.
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Figure 11.
Relative mRNA expression levels by RT-PCR: Real-time PCR was performed and the
mRNA expression levels of TNFα and NF-κB normalized by β-actin were investigated for
(i) normal skin, (ii) inflammation induced by topical application of IMQ suspension, and
inflamed skin after 5 days of treatment with (iii) a positive control, Topgraf®, (iv) S-
CyLiPn, (v) C-CyLiPn, (vi) CS-CyLiPn and (vii) CS-Solution. Data represent mean ± SD,
n=6; significance CS-CyLiPn against C-CyLiPn, S-CyLiPn, and CS-Solution, *p<0.05.
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