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a  b  s  t  r  a  c  t

Overexpression  of  signal  transducer  and  activator  of  transcription  3  (STAT3)  protein  prevents  apoptosis
and  enhances  proliferation  of  melanocytes.  The  aim  of this  study  was  to  investigate  the  feasibility  of  using
layer-by-layer  assembled  gold  nanoparticles  (LbL-AuNP)  as  a carrier  for iontophoretic  delivery of  STAT3
siRNA  to  treat  melanoma.  Chitosan  coated  AuNP  (AuNP-CS)  were  prepared  by direct  reduction  of  HAuCl4
in  the  presence  of chitosan.  The  AuNP-CS  were  then  sequentially  layered  with  siRNA  and  chitosan  to
form  AuNP-CS/siRNA/CS.  STAT3  siRNA  replaced  with  scrambled  siRNA  or sodium  alginate  were used  as
controls.  The  average  particle  size  and zeta-potential  of  the prepared  LbL-AuNP  were  150  ±  10  nm  (PDI:
0.41  ± 0.06)  and  35  ± 6  mV,  respectively.  In vitro  studies  in B16F10  murine  melanoma  cells  showed  that
AuNP-CS/siRNA/CS  inhibited  the  cell  growth  by 49.0  ±  0.6%  and  66.0 ± 0.2%  at 0.25  nM  and  0.5  nM  STAT3
siRNA  concentration,  respectively.  Fluorescence  microscopy  and  flow  cytometry  studies  showed  a time
dependent  cell  uptake  of  the  LbL-AuNP  up  to 120 min.  Clathrin  mediated  endocytosis  was  found  to be  the
predominant  cell  uptake  mechanism  for LbL-AuNP.  STAT3  siRNA  loaded  LbL-AuNP  reduced  the  STAT3

protein  expression  by  47.3%  in  B16F10  cells.  Similarly,  apoptosis  assay  showed  29%  and  44% of  early  and
late apoptotic  events,  respectively  after  treatment  with  STAT3  siRNA  loaded  LbL-AuNP.  Confocal  micro-
scope  and  skin  cryosections  showed  that  application  of  0.47  mA/cm2 of anodal  iontophoresis  enhanced
the  skin  penetration  of  LbL-AuNP  to  reach  viable  epidermis.  In conclusion,  layer-by-layer  chitosan  coated
AuNP  can  be  developed  as  a  carrier  for  iontophoretic  delivery  of  STAT3  siRNA  to treat  melanoma.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Melanoma is a malignant skin cancer associated with the
elanocytes in epidermis. A worldwide melanoma incidence in

012 included 232,000 new cases and 55,000 deaths [1]. The cur-
ent treatment options available against melanoma include surgical
esection of the tumor, followed by radiation or chemother-
py. Small molecule chemotherapeutic agents clinically available
gainst melanoma include dacarbazine, cisplatin, and more
ecently approved dabrafenib [2]. Furthermore, monoclonal anti-
odies and immunomodulators are being investigated in various

linical trials [3]. A serine-threonine protein kinase, BRAF has been
ne of the key targets investigated to control melanoma progres-
ion [4]. Multiple chemotherapeutic agents including vemurafenib

∗ Corresponding author at: Department of Pharmacy, BITS Pilani, Hyderabad Cam-
us, Shameerpet, Hyderabad 500078, Telangana, India.

E-mail addresses: vamsi@hyderabad.bits-pilani.ac.in,
amsi.venuganti@gmail.com (V.V.K. Venuganti).
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927-7765/© 2016 Elsevier B.V. All rights reserved.
and dabrafenib target a mutated form of BRAF (BRAFV600E) [5,6].
However, it has been identified that inhibition of BRAF did not com-
pletely regress the tumor and the cancer cells developed resistance
towards the BRAF inhibitors [7]. Meanwhile, signal transducer and
activator of transcription 3 (STAT3) is an intracellular signaling
molecule implicated in the survival, proliferation, angiogenesis,
metastasis and immune evasion of cancer cells [8]. STAT3 has been
reported to be overexpressed in multiple cancer types including
melanoma [8,9]. It has been shown that inhibition of STAT3 down
regulates genes involved in angiogenesis and metastasis and pro-
motes apoptosis of cancer cells [10]. However, there have been
no small molecule inhibitors of STAT3 protein reported. To that
end, STAT3 protein suppression using RNA interference mecha-
nism holds promise [10]. Here, we report the growth inhibition
of melanoma using anti-STAT3 small interfering RNA (siRNA).

siRNA suppresses unwanted protein production by binding to

target mRNA in a sequence specific manner and preventing the
mRNA translation to protein [11]. However, the clinical application
of therapeutic siRNA is limited by its poor deliverability. siRNA is
highly prone to degradation by nucleases resulting in short half-

dx.doi.org/10.1016/j.colsurfb.2016.05.076
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.05.076&domain=pdf
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ife [12]. Furthermore, siRNA shows poor penetration across the
iological barriers including epithelial, endosomal, and cell mem-
rane barrier [12]. To overcome the siRNA delivery challenges,
on-viral nucleic acid carriers have been developed [13]. These

nclude liposomes and polymeric nanoparticles among others. In
eneral, cationic polymers or lipidic systems are complexed to neg-
tively charged siRNA through electrostatic interactions [13]. The
verall positive charge and nanoscale particle size of the carrier-
iRNA complex helps in its translocation across biomembranes to
each intracellular compartments [14,15].

Recently, metal-based nanoparticles such as gold nanoparticles
ave shown potential in biomedical applications including imaging,
rug delivery and photothermal therapy [16,17]. This is attributed
o their biocompatibility, chemically inert property, nanosize, pos-
ibility to attach various ligands for targeting and longer plasma
irculation [18,19]. In our earlier report, we have presented that
ayer-by-layer polymer coated gold nanoparticles were stable in
arious ionic media including cell culture medium [20]. These blank
ayer-by-layer gold nanoparticles prepared by alternative adsorp-
ion of polyethylenimine and polystyrene sulfonate were found to
how cytotoxicity in B16F10 murine melanoma cells. The cytotox-
city was attributed to the outer layer of polyethylenimine [21].
n this study, we replaced the polyethylenimine with low molec-
lar weight chitosan to reduce the toxicity of blank layer-by-layer
old nanoparticles. Chitosan is a naturally occurring biodegradable
olysaccharide obtained through deacetylation of chitin [22]. The

ow molecular weight chitosan has been reported to show mini-
al  cytotoxicity compared to high molecular weight chitosan [23].
ere, we have constructed layer-by-layer gold nanoparticle as a
arrier for siRNA by sequential adsorption of chitosan and siRNA.

To deliver the STAT3 siRNA against melanoma in a non-invasive
ashion, the siRNA loaded gold nanoparticles were topically
pplied. To improve the skin penetration of gold nanoparticles, a
hysical penetration enhancement technique, iontophoresis was
mployed. We  hypothesized that iontophoresis would enhance the
kin penetration of siRNA entrapped nanoparticles, and cationic
anoparticles themselves would be rapidly taken up by the cancer
ells through endocytosis mechanisms. The cell uptake mechanism
as studied by inhibiting clathrin and caveolea mediated endocy-

osis pathways.

. Materials and methods

.1. Materials

Tetrachloroaurate trihydrate (HAuCl4 3H2O), sodium alginate
SA, MW:  40 kDa), poly(N-vinyl pyrrolidone) (PVP K-30, MW:
0 kDa), fluorescein isothiocyanate (FITC), Triton X-100, DAPI,
nd nitrocellulose membrane were purchased from Sigma Aldrich
hemical Company (Bengaluru, India). Chitosan (CS, MW:  15 kDa,
egree of deacetylation: 85%) was purchased from Polysciences

nc., USA. STAT3 siRNA (sense: 5′-AAAUGAAGGUGGUGGAGAAUU-
′; anti-sense: 5′-UUCUCCACCACCUUCAUUUUU-3′) was purchased
rom Dharmacon Inc., USA. Scrambled sequence siRNA, STAT3

onoclonal antibody, �-actin primary antibody and horseradish
eroxidase-conjugated secondary antibodies were purchased from
anta Cruz Biotechnology Inc., USA. Silencer® CyTM3 labeled siRNA
as purchased from Life Technologies Inc., USA. Dulbecco’s mod-

fied Eagle’s medium (DMEM), Dulbecco’s phosphate buffered
aline, fetal bovine serum (FBS) and thiazolyl blue tetrazolium bro-

ide (MTT) were purchased from Himedia Laboratories (Mumbai,

ndia). All the chemicals were used without further purifica-
ion. Milli-Q (Millipore Corporation, USA) water with resistivity of
8.2 M� cm−1 was used for all the experiments.
Biointerfaces 146 (2016) 188–197 189

2.2. Preparation of chitosan capped gold nanoparticles (AuNP-CS)

Chitosan capped gold nanoparticles (AuNP-CS) were prepared
by direct reduction of HAuCl4 using chitosan. HAuCl4 (0.25 mM)
was mixed with chitosan solution and heated at 100 ◦C. This reac-
tion mixture was allowed to boil under continuous agitation until
the color turns deep red indicating formation of AuNP [24,25]. To
optimize the HAuCl4 reduction, different concentrations of chi-
tosan (0.1–0.5% w/w) were studied. Later, PVP was  added as a
stabilizing agent at 60:1 molar ratio (PVP monomer/HAuCl4). For
this, aqueous solution of PVP was added drop wise to AuNP-CS solu-
tion and the reaction mixture was  stirred at 1200 rpm for 24 h. The
AuNP-CS particles were further used for adsorption of siRNA.

2.3. Layer-by-layer adsorption of siRNA and CS on AuNP-CS

The optimal nitrogen to a phosphate (N/P) ratio of AuNP-CS
and siRNA for complexation was  determined by gel retardation
assay. siRNA (1 nM)  in HEPES buffer (10 mM)  was mixed with
AuNP-CS at 5:1 and 10:1 w/w  ratio and incubated for 2 h. Later,
the sample was  centrifuged at 15,000 rpm for 30 min  to remove
unadsorbed siRNA. The supernatant (10 �l) was mixed with 2 �l of
6X loading buffer (10 mM Tris-HCl, 0.03% bromophenol blue, 0.03%
xylene cyanol FF, 60% glycerol, 60 mM EDTA). Electrophoresis was
performed using 2% agarose gel in a horizontal gel electrophore-
sis unit (Bio-Rad Laboratories, USA) ran at 50 V for 2 h. Then the
bands were stained with 0.5 �g/ml ethidium bromide for 10 min
and visualized using a gel documentation system (Gel Doc XR+

Imaging system, Bio-Rad Laboratories, USA). The gel retardation
assay showed that 10:1 (AuNP/siRNA) ratio resulted in greater
complexation. Then the AuNP-CS/siRNA particles were coated with
CS. For this, the AuNP-CS/siRNA particles were incubated with
chitosan solution (1 mg/ml) for 1 h under continuous stirring at
1200 rpm to form AuNP-CS/siRNA/CS nanoparticles. The encap-
sulation efficiency (EE) of siRNA was  determined by measuring
the absorbance of the supernatant collected during deposition
and washing steps at 260 nm wavelength using biospectrometer®

(Eppendorf, Germany). The EE of siRNA was calculated using Eq. (1)

Encapsulation efficiency (%)

= Total amount of siRNA − amount of siRNA in supernatant
Total amount of siRNA

× 100 (1)

As control nanoparticle formulations, LbL-AuNP were prepared
by replacing STAT3 siRNA with scrambled siRNA or sodium alginate
(SA). LbL-AuNP prepared by replacing siRNA with SA was  used to
study the effect of blank LbL-AuNP on cell viability and apoptosis
potential.

2.4. Effect of STAT3 siRNA on melanocyte cell viability

B16F10 murine melanoma cells were cultured in a growth
medium containing Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin solution. Cells were incubated at 37 ◦C and 5%
CO2. For cell viability study, cells (1 × 104) were seeded in a 96-well
plate 24 h before incubation with formulations. Cell viability was
studied at different concentrations of AuNP-CS and AuNP-CS/STAT3
siRNA/CS. Nanoparticles loaded with scrambled siRNA or SA were
used as negative control and particle size control, respectively.

Formulations were prepared in DMEM at siRNA concentration
of 0.25 nM and 0.5 nM.  Free STAT3 siRNA was  used at 0.5 nM

concentration. AuNP-CS and AuNP-CS/SA/CS were studied at Au
concentration of 338 �M and 675 �M.  The cells were incubated
with formulations for 8 h at 37 ◦C. Later, the culture medium was
replaced with fresh medium and cells were further incubated for
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8 h. Then the cell viability was determined using MTT  assay, where
he absorbance of DMSO solubilized formazan crystals was  mea-
ured at 572 nm wavelength [20].

.5. Cell uptake studies

Cell uptake studies were performed using AuNP-CS/SA/CS in
16F10 cells. To visualize nanoparticles using fluorescence micro-
cope, CS was labeled with FITC as described in the Supplementary
aterial. B16F10 cells (1 × 105) were seeded in a 12-well plate and

ncubated at 37 ◦C. After 24 h, cells were treated with FITC labeled
uNP-CS/SA/CS for 15, 30, 60 and 120 min. Later, cells were washed
ith ice cold PBS and fixed using 4% paraformaldehyde. Cells were
ermeabilized using 0.1% Triton X-100 and incubated with DAPI
1 �g/ml) for 5 min. Fluorescence images were acquired after exci-
ation of FITC and DAPI at 488 and 358 nm wavelength, respectively
sing 20X objective lens (Olympus IX53, Olympus Corporation,

apan). Image analyses were performed using Image J software
version 1.47 V, National Institutes of Health, USA).

.6. In vitro gene silencing

In vitro gene silencing of STAT3 siRNA delivered using LbL-AuNP
as performed by Western blot analysis. B16F10 cells (2 × 105)
ere seeded in a 6-well plate and treated for 8 h with AuNP-

S/STAT3 siRNA/CS, AuNP-CS/scrambled siRNA/CS containing 0.25
r 0.5 nM siRNA. AuNP-CS/SA/CS was used as size control at Au
oncentration of 338 �M and 675 �M.  After incubation, the unen-
rapped formulation was removed and replaced with cell culture

ig. 1. Characterization of chitosan functionalized gold nanoparticles. (a) Representative n
hitosan on AuNP-CS; (b) zeta-potential measured after sequential adsorption of siRNA an
f  chitosan, siRNA and chitosan up on AuNP; (d) optimization of the CS-AuNP and siRNA com
f  LbL-AuNP-CS/siRNA/CS prepared at 5:1 and 10:1 (N/P) ratios; (f) cumulative percentag
ean  (n = 3) ± standard deviation.
Biointerfaces 146 (2016) 188–197

medium containing DMEM supplemented with 10% FBS and fur-
ther incubated for 48 h at 37 ◦C. Later, the Western blot analysis
was performed as described in the Supplementary information.

2.7. Apoptosis assay

The induction of apoptosis by siRNA loaded AuNP was studied
using FITC-Annexin V/PI apoptosis assay (Molecular Probes, Inc,
USA). B16F10 cells (2 × 105) were seeded in a 6-well plate and
treated for 8 h with AuNP-CS/STAT3 siRNA/CS, AuNP-CS/scrambled
siRNA/CS at 0.25 and 0.5 nM siRNA concentration.

For flow cytometric analysis, the cells were harvested using
trypsin and suspended in ice cold PBS. The cell count was deter-
mined by trypan blue exclusion assay. The cells were centrifuged
at 1200 rpm for 5 min  and the cell pellet was resuspended in 1X
annexin binding buffer (5 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2,
pH 7.4). FITC-Annexin V (5 �l) and 1 �l of 100 �g/ml propidium
iodide solutions were added to each of 100 �l cell suspension
and incubated for 15 min  at room temperature. After the incu-
bation period, 400 �l of 1X annexin binding buffer was added.
The fluorescence intensity of FITC and PI were measured at
530 nm and 575 nm emission wavelength, respectively. The cell
population (%) was  separated into four groups; live cells (no fluores-

cence, Annexin V−/PI−); early apoptotic cells (green fluorescence,
Annexin V+/PI−); late apoptotic cells (both green and red fluores-
cence, Annexin V+/PI+) and dead cells (red fluorescence, Annexin
V−/PI+).

umber weighted particle size distribution after sequential adsorption of siRNA and
d chitosan on AuNP-CS; (c) surface plasmon resonance upon sequential adsorption
plex weight ratio (w/w) using agarose gel retardation assay; (e) digital photograph

e of siRNA released from LbL-AuNP with time. Data in (b) and (f) was presented as
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.8. Skin penetration of siRNA loaded lbL-AuNP

Skin penetration of Cy3 labeled siRNA was performed using
xcised porcine ear skin. The skin sample preparation method was
escribed in Supplementary material.

Excised skin sample was mounted between receptor and donor
ompartments of a Franz diffusion cell (Permegear Inc., USA) with
tratum corneum (SC) facing the donor compartment. The effec-
ive diffusional area was 0.637 cm2 and the volume of receptor
ompartment was 5 ml.  PBS (pH 7.4) was used as receptor medium
nd maintained at 37 ± 0.5 ◦C. Cy3 labeled siRNA and FITC labeled
S were used to construct AuNP-CS/siRNA/CS. The donor compart-
ent was charged with AuNP-CS/siRNA/CS dispersed in 0.2 ml  of

BS (pH 7.4). For anodal iontophoresis application, a current den-
ity of 0.47 mA/cm2 was applied for 4 h using silver electrode placed
n the donor and silver chloride electrode placed in the receptor
ompartment. A salt bridge (1% agarose containing 2 mM NaCl) was
sed to avoid direct contact of silver wire with formulation. After 4 h
assive or iontophoretic treatment, the skin samples were analyzed
sing confocal laser scanning microscope and skin cryosections as
escribed in Supplementary material.

.9. Statistical analysis

All the results were presented as mean ± standard deviation.
he results were compared by performing analysis of variance
GraphPad Prism V6, USA), and the results were considered to be
ignificant at p < 0.05.

. Results

.1. Characterization of the layer-by-layer AuNP

The methodology for characterization studies was presented
n Supplementary material. Fig. 1ashows that the particle size
ncreased from 62.5 ± 3.4 nm (PDI: 0.27 ± 0.04) to 83.1 ± 7.4 nm
PDI: 0.27 ± 0.08) and 150.4 ± 10.1 nm (PDI: 0.41 ± 0.06) after LbL
dsorption of STAT3 siRNA and CS, respectively. The zeta-potential
as found to be (−)32.7 ± 3.1 mV and +35.1 ± 5.8 mV  after adsorp-

ion of STAT3 siRNA and CS, respectively (Fig. 1b). LbL adsorption
f STAT3 siRNA and CS onto CS-AuNP showed bathochromic shift
n plasmonic peak wavelength at 524 nm and 530 nm,  respec-
ively from the initial 521 nm wavelength (Fig. 1c). Table 1 shows
he average particle size, zeta-potential and plasmonic peak after
equential adsorption of CS and siRNA. There was no significant

ifference in the particle size, zeta-potential and plasmonic peak
avelength among the nanoparticles prepared using STAT3 siRNA

r scrambled siRNA (Table 1). On the other hand, when siRNA is
eplaced with SA, the particle size increased to 162.6 ± 3.6 nm (PDI:

able 1
article size, zeta-potential and plasmon resonance wavelength of siRNA loaded LbL-AuN

Nanoparticle Particle size (nm)a

STAT3 siRNA
AuNP-CS 62.5 ± 3.4 (0.27 ± 0.04) 

AuNP-CS/STAT3 siRNA 83.1 ± 7.4 (0.27 ± 0.08) 

AuNP-CS/STAT3 siRNA/CS 150.4 ± 10.1 (0.41 ± 0.06) 

Scrambled siRNA
AuNP-CS 62.5 ± 3.4 (0.27 ± 0.04) 

AuNP-CS/Scrambled siRNA 79.7 ± 8.5 (0.35 ± 0.12) 

AuNP-CS/Scrambled siRNA/CS 157.3 ± 19.1 (0.28 ± 0.04) 

Sodium  alginate (SA)
AuNP-CS 62.5 ± 3.4 (0.27 ± 0.04)
AuNP-CS/SA 162.6 ± 3.6 (0.28 ± 0.02) 

AuNP-CS/SA/CS 172.7 ± 8.8 (0.35 ± 0.03) 

ata are presented as mean ± standard deviation (n = 3).
a Values in parentheses represent polydispersity index (PDI) ± standard deviation.
Biointerfaces 146 (2016) 188–197 191

0.28 ± 0.02) and after adsorption of CS, the particle size increased to
172.7 ± 8.8 nm (PDI: 0.35 ± 0.03). Similarly, the zeta-potential was
found to be (−)76.6 ± 3.3 mV  and +41.1 ± 1.1 mV after adsorption
of SA and CS on AuNP-CS. Fig. 1e shows the digital photograph
of AuNP-CS/siRNA/CS prepared at 5:1 and 10:1 (N/P) ratio. Fig. 1f
shows the in vitro release of siRNA from LbL-AuNP dispersed in
phosphate buffer (7.4). The complete release of siRNA from LbL-
AuNP was achieved after 6 h incubation.

Table S1 (Supplementary) shows the stability of AuNP-CS
after incubation in PBS and cell culture medium at differ-
ent time points. The particle size of AuNP-CS increased from
62.5 ± 3.4 nm (PDI: 0.27 ± 0.04) to 162.0 ± 4.8 nm (PDI: 0.20 ± 0.02)
and 228.8 ± 11.8 nm (PDI: 0.23 ± 0.02) after incubation in PBS and
DMEM for 48 h, respectively. The zeta-potential was neutralized
and no significant increase in plasmonic peak wavelength was
observed.

Table S2 (Supplementary) shows the stability of AuNP-
CS/siRNA/CS incubated in PBS or DMEM up to 72 h. The
AuNP-CS/siRNA/CS particles were stable without significant change
in particle size, zeta-potential and plasmonic peak wavelength for
up to 48 h. Further incubation up to 72 h increased the particle size
to 203.6 ± 16.3 nm (PDI: 0.38 ± 0.01), decreased the zeta-potential
to −2.9 ± 1.0 mV.

UV-spectrophotometer analysis showed that the encapsulation
efficiency of siRNA was  21.6 ± 5.7% and 58.3 ± 7.5% at AuNP-CS to
siRNA ratio of 5:1 and 10:1, respectively. This translates to approx-
imately 3 × 103 and 8 × 103 molecules of siRNA adsorbed to one
AuNP-CS nanoparticle at 5:1 and 10:1 w/w  ratio, respectively.

3.2. Cell uptake studies

Cell uptake studies were performed using FITC labeled AuNP-
CS/SA/CS. FITC labeling of chitosan was confirmed by thin layer
chromatography. FITC conjugation of chitosan resulted in a shift
in absorption maxima of FITC from 491 nm to 495 nm wavelength.
Spectrofluorimetry showed peak emission wavelength at 519 nm
and 522 nm for free FITC and FITC-chitosan, respectively. Supple-
mentary Fig. S2 shows FTIR spectra of free FITC and FITC-chitosan
conjugate. UV–vis spectroscopic analysis showed 0.28 mol  of FITC
conjugated to one mole of chitosan.

Fig. 2ashows the fluorescence images of B16F10 cells after
incubation with FITC labeled AuNP-CS/SA/CS for 15, 30, 60 and
120 min. After 15 min  of incubation, fluorescence images suggest
that the LbL-AuNP were taken up in B16F10 cells. Background cor-
rected fluorescence image analysis showed a gradual increase in

cell associated fluorescence with the increase in incubation time
from 15 min  to 120 min  (Fig. 2b). After 60 min  incubation, FITC
labeled LbL-AuNP were completely associated with B16F10 cells
as observed from merged images.

P.

Zeta-potential (mV) Plasmonic peak (nm)

52.1 ± 1.7 520
−32.7 ± 3.1 524
35.1 ± 5.8 530

52.1 ± 1.7 520
−28.5 ± 0.6 524
31.9 ± 0.5 530

52.1 ± 1.7 520
−76.6 ± 3.3 526
41.1 ± 1.1 532
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Fig. 2. (a) Cell uptake of FITC labeled AuNP-CS/SA/CS in B16F10 cancer cells after incubation for 15, 30, 60 and 120 min. Micrographs were presented in bright field, FITC
filter,  DAPI filter, merge of FITC and DAPI filter images. Images were representative of at least three experiments. (b) Corrected total cell fluorescence calculated through
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mage analysis using Image J software. (c) Flow cytometry analysis of time dependen
btained using Ideas software. Data represents mean ± standard deviation (n = 3). S
t  p < 0.001 and p < 0.01, respectively.

Flow cytometric analysis showed an increase in fluorescence
ntensity of B16F10 cells after incubation with FITC labeled LbL-
uNP (Fig. 2c). The geometrical mean fluorescence intensity
ignificantly (p < 0.05) increased with the increase in incubation
ime from 15 min  to 120 min  (Fig. 2d).

.3. Cell uptake mechanism

To understand the LbL-AuNP cell uptake mechanism, specific
ndocytosis inhibitors for clathrin and caveolae mediated path-
ays were utilized as described in Supplementary material. There
as a reduced cell uptake of FITC labeled LbL-AuNP after pre-

reatment with chlorpromazine rather than methyl-�-cyclodextrin
ompared with control cells (without inhibitor pretreatment)
Fig. 3a). The background corrected fluorescence image analysis
howed a significant (p < 0.05) decrease in cell associated fluores-
ence compared to control cells (Fig. 3b). It was observed that
he morphology of B16F10 cells was slightly altered after pre-
reatment with inhibitors. Similarly, flow cytometry showed 43%
nd 2% reduction in cell associated fluorescence intensity after
retreatment with chlorpromazine and methyl-�-cyclodextrin,
espectively (Fig. 3c and d).

.4. In vitro gene silencing
Results from Western blot analysis showed that the STAT3
xpression decreased by 44.7% and 47.3% after treatment with
uNP-CS/STAT3 siRNA/CS containing 0.25 nM and 0.5 nM siRNA,
espectively (Fig. 4). There was no suppression of STAT3 protein
F10 cell uptake of AuNP-CS/SA/CS. (d) The geometric mean of fluorescence intensity
r represents 20 �m. *** and ** represents that the values are significantly different

after treatment with 0.25 nM and 0.5 nM of AuNP-CS/scrambled
siRNA/CS. Similarly, there was  no inhibition of STAT3 protein after
treatment with AuNP-CS/SA/CS containing Au concentration of
338 �M and 675 �M.

3.5. Effect of STAT3 siRNA on cell viability

Fig. 5 shows the B16F10 cell growth inhibition after treat-
ment with free and AuNP loaded siRNA. The free siRNA at
0.5 nM did not show significant growth inhibition (2.1 ± 0.1%).
The AuNP-CS/STAT3 siRNA/CS treatment resulted in 49.4 ± 0.6%
and 66.2 ± 0.2% growth inhibition at 0.25 nM and 0.5 nM STAT3
siRNA concentration, respectively. The control treatment of AuNP-
CS/scrambled siRNA/CS showed an inhibition of 33.0 ± 0.4% and
46.0 ± 0.1% at 0.25 nM and 0.5 nM concentration, respectively. The
size control particles of AuNP-CS/SA/CS showed growth inhibition
of 29.9 ± 0.9% and 37.2 ± 0.4% at 338 �M and 675 �M of Au concen-
tration, respectively. Blank AuNP-CS showed growth inhibition of
27.8 ± 0.2 and 39.3 ± 0.6% at 338 �M and 675 �M of Au, respectively
(Fig. S1).

3.6. Apoptosis assay

Fig. 6 shows percentage of cells at different stages of cell death
after treatment with free and AuNP loaded siRNA. The gated cell

population (10,000 cells) was divided into four quadrants as live
cells, early apoptotic cells, late apoptotic cells and dead cells. A
significant (p < 0.05) increase in the percentage of early and late
apoptotic events was found after treatment with formulations con-
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Fig. 3. (a) B16F10 cell uptake of AuNP after treatment with endocytosis inhibitors. Images were representative of at least three experiments. (b) Corrected total cell fluorescence
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alculated through image analysis using Image J software. (c) Flow cytometry ana
f  fluorescence obtained using Ideas software. Data represents mean ± standard 

ignificantly different at p < 0.001 and p < 0.01, respectively.

aining STAT3 siRNA compared with scrambled siRNA treatment
nd untreated cells. Late apoptotic events of 41.90 ± 2.12% and
3.95 ± 0.21% (annexin V+/PI+) were observed after treatment with
uNP-CS/STAT3 siRNA/CS containing 0.25 nM and 0.5 nM of STAT3
iRNA. Whereas, treatment with 0.25 nM and 0.5 nM of AuNP-
S/scrambled siRNA/CS showed 1.87 ± 0.06% and 2.87 ± 0.08% late
poptotic events, respectively. Free siRNA at 0.5 nM did not show
ny apoptotic events. Supplementary Fig. S3 shows representative
mages of apoptotic cells captured using imaging flow cytometer.

.7. Skin penetration of the LbL-AuNP

Skin penetration of the AuNP-CS/siRNA/CS was studied on
xcised porcine ear skin having a thickness of 0.96 ± 0.50 mm
nd electrical resistance of 4.34 ± 0.15 k�. After 4 h passive and
ontophoresis application of LbL-AuNP, skin resistance decreased
o 3.29 ± 0.21 k� and 2.03 ± 0.5 k�, respectively. The stability of

uNP-CS/siRNA/CS in PBS was determined for the experimental
uration of 4 h using dynamic light scattering measurements. The
verage particle size increased to 157.5 ± 14.1 (PDI: 0.44 ± 0.08)

ig. 4. Expression of STAT3 protein in B16F10 cells after treatment with STAT3
iRNA. �-actin was used as loading control.
f time dependent B16F10 cell uptake of AuNP-CS/SA/CS. (d) The geometric mean
ion (n = 3). Scale bar represents 20 �m.  *** and ** represents that the values are

and 229.1 ± 6.4 (PDI: 0.36 ± 0.04) from 151.8 ± 4.9 nm (PDI;
0.43 ± 0.01) after passive and anodal iontophoresis application,
respectively. Whereas, zeta-potential decreased to 28.1 ± 1.2 mV
and 24.7 ± 0.3 mV  from 48.1 ± 1.4 mV  after passive and anodal
iontophoresis application. Fig. 7ashows the skin penetration of
AuNP-CS/siRNA/CS after passive and iontophoresis application.
Passive application of AuNP-CS/siRNA/CS did not penetrate the skin
and nanoparticles were retained within the stratum corneum. It is
evident that AuNP-CS/siRNA/CS was  able to penetrate the stratum
corneum (SC) and viable epidermis (VE) after anodal iontophoresis
(Fig. 7a). Iontophoretic application promoted the skin penetration
of AuNP-CS/siRNA/CS mainly through intercellular and follicular
pathways (Fig. S4).

Similarly, Fig. 7b shows the confocal images of skin after pas-
sive and iontophoresis application of LbL-AuNP. Iontophoresis
enhanced the skin penetration of LbL-AuNP up to 70 �m depth
compared to 30 �m after passive application. Supplementary Fig.
S5 shows a greater average fluorescence intensity within the skin
after iontophoresis application compared with passive delivery.

4. Discussion

Localized delivery is expected to provide greater concentration
of chemotherapeutic agents at the tumor site and avoid unwanted
adverse effects [26]. Non-invasive topical delivery of anti-cancer
agents shows potential to treat easily accessible skin malignancies
including melanoma [27,28]. However, skin is a formidable barrier

which limits the transport of active molecules. Especially, macro-
molecules such as siRNA with high molecular weight (13 kDa)
and greater negative charge density show poor skin penetration
[29]. Furthermore, naked siRNA is prone to rapid degradation in
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Fig. 5. Inhibition of B16F10 cancer cell growth after treatment with different concentrations of free siRNA and siRNA loaded AuNP. Data represents mean ± standard deviation
(n  = 3). *** represents that the value is significantly different compared with all other values at p < 0.001.
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ig. 6. Apoptosis events observed in B16F10 cells after treatment with formulatio
nd  675 �M of AuNP; (e & f) AuNP-CS/scrambled-siRNA/CS at 0.25 nM and 0.5 nM
epresentative of three independent experiments.

iological systems. Therefore, to improve the stability and cell
ptake, siRNA was entrapped in LbL-AuNP; and iontophoresis was
mployed to promote the localized skin penetration.

Confocal laser scanning microscope has been utilized to opti-
ally section the skin and determine the depth of penetration of

uorescent dye tagged LbL-AuNP. Similar to the earlier reports,
he depth of skin penetration of nanoparticles was  found to be
etween 50 and 100 �m in the presence of iontophoresis [27]. In
ther words, LbL-AuNP reached the target site of viable epidermis
 Untreated cells; (b) free STAT3 siRNA; (c & d) AuNP-CS/SA/CS containing 338 �M
 h) AuNP-CS/STAT3-siRNA/CS at 0.25 nM and 0.5 nM,  respectively. Dot plots are

where melanocytes are located. The optical sectioning using confo-
cal microscope is supported by the depth of penetration shown in
skin cryosections. It was  observed from the images that the primary
mechanism of skin penetration is through intercellular pathways
within the stratum corneum [30]. Furthermore, greater fluores-

cence intensity was  also observed near the hair follicles (Fig. S4).
Nanoparticles of particle size range between 50 and 200 nm have
been shown to penetrate skin through follicular pathways [31]. In
our earlier report, we  have also showed that iontophoretic applica-
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Fig. 7. (a) Skin penetration of AuNP-CS/siRNA/CS after passive and anodal iontophoresis application. Cy3 labeled siRNA and FITC labeled CS were used to construct AuNP-
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S/siRNA/CS. Micrographs were presented in bright field after hematoxylin staining
mages of skin samples after treatment with AuNP-CS/siRNA/CS for 2 h. Images w
epresentative of at least three experiments.

ion of LbL-AuNP significantly improved the deposition of imatinib
esylate in viable epidermis [20]. The LbL-AuNP and siRNA did not

ermeate across the skin to reach the receptor medium. Therefore,
he nanoparticles were found to be localized within the skin tissue.

The ability of siRNA to silence target gene depends on its effi-
ient cell uptake and cytoplasmic translocation [32]. In general,
anoparticles are taken-up by cells through endocytosis pathways
33]. Clathrin, caveolea and non-clathrin and non-caveolea depen-
ent cell uptake are the predominant endocytosis mechanisms
34]. To the best knowledge of the authors, there have been no
eports on the mechanism of cell-uptake of LbL-AuNP. However,
he metallic AuNP have been shown to taken up by cells using
lathrin-mediated endocytosis [35]. In general, the nanoparticles
f size <200 nm are expected to be endocytosed through clathrin-
ediated pathways, while the nanoparticles >200 nm particle size

re endocytosed through caveolea-mediated pathways [36]. Fur-
hermore, upon endocytosis, the cargo has to be released within
he cytoplasm to bind to target mRNA and escape the lysosomal
egradation [37]. Polyethyleneimine (PEI) has been the widely used
on-viral carrier for nucleic acid delivery [38]. One of the advan-
ages of nucleic acid complexation with PEI is rapid endosomolysis
pon cell uptake attributed to proton-sponge effect. However, PEI

s known to be cytotoxic [21]. In our earlier report, blank LbL-
uNP made of PEI, decreased the cell viability by 60% compared

o control at 250 �M Au concentration [20]. On the other hand, chi-
osan is a natural polysaccharide synthesized by deacetalyzation of

hitin and found to be biocompatible and biodegradable [39]. Mul-
iple studies have compared the transfection efficiency of chitosan
ith that of PEI. It can be said that, while the buffering capacity

nd endosomolysis are weaker for chitosan based nanoparticles,
 filter, Cy3 filter, and merge of FITC and Cy3 filter images. (b) Confocal microscopic
own from surface to 70 �m depth inside skin in XYZ and XZ. All the images were

the transfection efficiency is not significantly different to that of
PEI [40,41]. Chitosan-plasmid DNA complexes have been shown to
release from endosomes due to swelling of chitosan and endosomal
rupture [42]. However, it should be noted that most of the studies
where chitosan is used to deliver siRNA, chitosan is electrostati-
cally complexed to nucleic acids through ionic gelation method.
Therefore, the physical and chemical characteristics could be dif-
ferent from siRNA entrapped LbL-AuNP. In this study, treatment of
B16F10 cells with chitosan coated AuNP resulted in 48% STAT3 pro-
tein suppression, and 44% and 29% of late and early apoptotic cells,
respectively. Chitosan coated blank LbL-AuNP showed significantly
lower cytotoxicity compared to PEI surfaced LbL-AuNP shown in
our earlier report [20]. However, the chitosan coated blank LbL-
AuNP still showed higher growth inhibition of 29.9% in B16F10 cells.
The cytotoxicity of these blank nanoparticles need to be further
reduced and is the subject of our ongoing research work.

Many of the oncogenic signaling pathways including receptor
and non-receptor tyrosine kinases converge and transmit through
STAT3 mediated pathway [43,44]. STAT3 has been identified to be
activated in multiple cancer types including melanoma [43]. This
activated STAT3 would enhance the cell growth and proliferation
through regulation of anti-apoptotic genes Bcl-XL, c-Myc and cyclin
D1 [8]. The B16 murine melanoma cells and in vivo tumor specimens
were reported to show enhanced STAT3 expression [10]. Melanoma
cells have been shown to undergo cell death through apoptosis
upon inhibition of STAT3 signaling pathway [45]. Specifically, sup-

pression of STAT3 expression resulted in significant increase in
IL-6 and caspase 3 expression, and significant decrease in VEGF
level causing cell death [45]. The STAT3 protein inhibition has been
shown using non-specific small molecules such as curcumin [46].
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o that end, siRNA mediated STAT3 gene silencing is more specific
nd effective. To the best of our knowledge, this is the first time
bL-AuNP have been utilized to deliver siRNA through skin with
he application of iontophoresis.

. Conclusions

AuNP can be prepared by direct reduction of HAuCl4 using chi-
osan. The LbL-AuNP are stable in PBS and cell culture medium for
p to 48 h. siRNA can be layered on chitosan coated AuNP. Murine
elanoma cells take up the siRNA loaded LbL-AuNP within 1 h pre-

ominantly through clathrin mediated pathway. The STAT3 siRNA
oaded LbL-AuNP decrease the cancer cell viability through apopto-
is mechanism. Furthermore, iontophoresis application enhances
he skin penetration of siRNA loaded LbL-AuNP to reach viable
pidermis. The LbL-AuNP penetrates the skin mainly through inter-
ellular and follicular pathways.
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