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Topical delivery of nucleic acids to skin has huge prospects in
developing therapeutic interventions for cutaneous disorders.
In spite of initial success, clinical translation is vastly impeded
by the constraints of bioavailability as well as stability in meta-
bolically active environment of skin. Various physical and
chemical methods used to overcome these limitations involve
invasive procedures or compounds that compromise skin
integrity. Hence, there is an increasing demand for developing
safe skin penetration enhancers for efficient nucleic acid
delivery to skin. Here, we demonstrate that pretreatment of
skin with silicone oil can increase the transfection efficiency
of non-covalently associated peptide-plasmid DNA nanocom-
plexes in skin ex vivo and in vivo. The method does not
compromise skin integrity, as indicated by microscopic evalu-
ation of cellular differentiation, tissue architecture, enzyme ac-
tivity assessment, dye penetration tests using Franz assay, and
cytotoxicity and immunogenicity analyses. Stability of nano-
complexes is not hampered on pretreatment, thereby avoiding
nuclease-mediated degradation. The mechanistic insights
through Fourier transform infrared (FTIR) spectroscopy reveal
some alterations in the skin hydration status owing to possible
occlusion effects of the enhancer. Overall, we describe a topical,
non-invasive, efficient, and safe method that can be used to
increase the penetration and delivery of plasmid DNA to skin
for possible therapeutic applications.
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INTRODUCTION
Recent developments in topical and transdermal delivery across skin
highlight its immense potential for administration of therapeutics as
well as cosmeceutics.1–3 In addition to the advantages of large surface
area and easy access, therapeutic delivery through skin can also
bypass the hepatic metabolism of oral delivery.4,5 Although a wide
repertoire of cargo has been delivered in skin, the clinical benefits
achieved are still limited.6,7 This limitation is largely attributed to
the poor percutaneous permeability of administered cargo molecules
owing to the significant barrier properties of skin. Themajor barrier is
imposed by its superficial layer, the stratum corneum, whose unique
lipid-rich composition along with richness of desmosomes effectively
impedes the entry of hydrophilic macromolecules.5,8 Moreover the
delivered molecules should also enter skin in therapeutically sufficient
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amounts in order to efficaciously alleviate the condition without
disturbing the skin integrity. In order to achieve this, researchers
have focused on different strategies based on physical interven-
tions or chemical and carrier-based methods.9–15 However, many of
these methods suffer from an invasive nature, cumbersome appli-
cation, and toxic effects, which render them noncompliant for
practical use.11,16

Synthetic and essential oils constitute a category of enhancers being
explored for improved delivery to skin in a nontoxic manner. Polysi-
loxane or silicone oil (polymerized siloxane with organic side chains)
is used as a component in many of these enhancers. Silicone oil has
many applications determined by its structure, viscosity, volatile na-
ture, and thermal stability. In skin care, silicones (oil or variants) have
been used to prepare sunscreen formulations, non-sticky moistur-
izers, and body perspirants. It also has therapeutic applications,
such as facilitating collagen production in hypertropic scars and
providing sealant properties in wound-healing applications to avoid
subsequent invasion by pathogens.17–20 In spite of large-scale applica-
tions in skin with limited or no safety concerns, it has still not been
explored much as a skin penetration enhancer for increased delivery
of macromolecules.

Recently, skin-penetrating peptides (SPPs) have also emerged as rela-
tively safe and non-invasive agents that assist efficient entry of both
small and macromolecules across skin either through co-administra-
tion or non-covalent association.21–29 Therefore, it is interesting to
explore whether they can serve as potential alternatives to the existing
chemical penetration enhancers. Insights will help us not only design
better penetration enhancers with minimal side effects but also realize
its therapeutic benefit in clinical settings. Most of these methods
mentioned above are able to mediate increased entry of molecules
in skin by means of interaction with skin lipids or proteins, leading
to reversible alterations in skin permeability.11,16
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In the present work, we used silicone oil, a chemical enhancer, and a
peptide enhancer and analyzed if they were able to improve plasmid
DNA delivery efficiency to skin ex vivo and in vivo in a synergistic
manner. We applied these chemicals as pretreatments before deliv-
ering plasmid DNA as a nanocomplex with a SPP, Mgpe9, which
was developed earlier in our laboratory.30 We evaluated the safety po-
tential of these enhancers at both the tissue and cellular levels using
fluorescence microscopy, skin integrity assessment, and cytotoxicity
and immunogenicity analyses. We propose that silicone oil is an effi-
cient penetration enhancer for improved plasmid DNA delivery to
skin with minimal side effects. For a better understanding of its inter-
action with skin, we also tried to elucidate the mechanism by which
silicone oil achieves its desired action on skin. Overall, we report an
effective and safe strategy for enhancing bioavailability of peptide-
plasmid DNA nanocomplexes in skin using silicone oil.

RESULTS
We planned our study using two chemical enhancers (sodium laureth
sulfate-phenyl piperazine [SLA-PP] and silicone oil) and a SPP
enhancer (TD-1) that have been previously used for enhancing deliv-
ery of small molecules, but not nanocomplexes.9,23,31 Initially, we
studied the effects of their pre-application on transfection efficiency
and skin integrity followed by possible mechanisms of action.

Silicone Oil Enhanced EGFP Expression in Skin Ex Vivo, In Vivo,

and In Vitro without Altering Nanocomplex Stability

We first explored the effect of different enhancers on stability of the
nanocomplexes. The complexes were prepared at charge ratio 10 to
ensure small particle size, positive surface charge, and little or no ag-
gregation through charge-charge repulsion, thereby maintaining
colloidal stability. This has already been standardized and reported
by us in a previous study.30 To check the stability of these nanocom-
plexes, we first estimated their size in the presence of enhancers using
dynamic light scattering and then performed a DNA condensation
assay in which the integrity of the nanocomplex could be determined.
Although we observed an overall increase in the size of the nanocom-
plexes in the presence of all the enhancers (Figure 1A), the complex
integrity remained unaffected in the presence of silicone oil and
TD-1 as seen by absence of free plasmid DNA in the gel image (Fig-
ure 1B), unlike in the case of SLA-PP, where plasmid DNA release
along with some degradation was evident.

We then tested the ability of these enhancers to improve the entry of
Mgpe9-pDNA nanocomplexes in skin. To study this, human skin tis-
sue was topically pretreated with each of these enhancers ex vivo, fol-
lowed by administration of nanocomplex using an application
regimen standardized and described in our previous study (see Mate-
rials and Methods for further details).30 The enhancement effect was
monitored by checking for increase in transfection efficiency of
Mgpe9 nanocomplexes. Both qualitative (Figure 1C) and quantitative
(Figures 1D and S1) estimation of EGFP-C1 fluorescence in skin
showed that silicone oil achieved maximum increase in EGFP expres-
sion. While the basal level of �30% fluorescence-positive cells was
obtained using only the Mgpe9-pDNA nanocomplexes, >45% fluo-
rescence-positive cells and high mean intensity were observed in
the presence of silicone oil. The transfection efficiency with applica-
tion of SLA-PP was slightly less (i.e.,�40% fluorescence-positive cells
with low mean intensity) than that observed with silicone oil. More-
over, the microscopic investigation shown in Figure 1C indicated
some loss of skin architecture upon treatment with SLA-PP, which
we explore and discuss later in the text. TD-1 did not seem to produce
any obvious changes in skin architecture but gave negligible fluores-
cence upon qualitative estimation and fewer fluorescence-positive
cells with very low mean intensity.

Owing to its maximum enhancement efficiency ex vivo, we went on to
explore the utility of silicone oil as an enhancer under in vivo condi-
tions using hairless mouse SKH-1 as a model organism. It was
observed that pretreatment with silicone oil increased the percentage
of EGFP-positive cells obtained by �10% in comparison to the con-
dition when only Mgpe9 nanocomplexes were applied (Figures 1E
and S2A). Moreover, luciferase transfection efficiency in the SKH-1
mouse also exhibited one order increase in expression upon silicone
oil pretreatment (Figure S2B). Thus, irrespective of the different
nature of two skin types (ex vivo and in vivo), silicone oil increased
the efficiency of delivery in both. Moreover, a similar trend of expres-
sion was observed in human primary keratinocytes in vitro (Fig-
ure S3). However, SLA-PP was unable to give similar expression
owing to its toxic effect on cells (Figure S3). Since these chemical en-
hancers and SPP also have the propensity to enter skin by themselves,
we next analyzed whether their application caused any adverse effects
on skin.

Silicone Oil Did Not Show Any Toxic Effects on Ex Vivo, In Vivo,

and In Vitro Administration in Human Skin or SKH-1

One of the major concerns about use of enhancer molecules in skin is
their safety potential. So we next carried out a detailed toxicity assess-
ment of silicone oil and SLA-PP, at both tissue and cellular levels.
Since TD-1 was not efficient in enhancing the EGFP signal, it was
excluded from further experiments. Any possible change in tissue ar-
chitecture on enhancer treatment was studied using confocal micro-
scopy. In particular, cellular differentiation and disruption of the
barrier layer of stratum corneum was monitored by checking the
presence or absence of keratin 10, loricrin, and keratin 14 markers
in the different layers of skin. It was observed visually that the stratum
corneum did not become dissociated upon silicone oil pretreatment
followed by topical administration of Mgpe9 nanocomplexes, unlike
with SLA-PP, where it was completely dismantled (Figure 2A). More-
over, the presence of keratin 10, loricrin, and keratin 14 marker pro-
teins in the different layers of skin was clearly evident with bare sili-
cone oil treatment contrary to bare SLA-PP treatment, where the
keratin 14 signal was completely lost from the skin tissue and loricrin
or keratin 10 layers were completely distorted (Figures 2B and S4).

Further, we also performed a skin integrity assessment using a dye
penetration test (using low-molecular-weight fluorescein isothiocya-
nate [FITC] and high-molecular-weight dextran) across skin in order
to assess the adverse effect, if any, at the tissue level (Figures 2C and
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Figure 1. Effect of Skin Penetration Enhancers on Biophysical Characteristics and Ex Vivo and In Vivo Transfection Efficiency of Mgpe9 Nanocomplexes

(A) Size estimation of Mgpe9 nanocomplexes, native or in the presence of enhancers (i.e., silicone oil, SLA-PP, and TD-1), where hydrodynamic diameter was measured

using dynamic light scattering. Data are presented as size ± SD. PDI, poly-dispersity index. (B) DNA condensation assay was performed to check the stability of Mgpe9

nanocomplexes, either native or in the presence of different enhancers asmentioned in Figure 1A. Stability was assessed visually on 1% agarose gel as the amount of plasmid

DNA released upon electrophoresis in comparison to the control plasmid DNA loaded in lane 1. Ethidium bromide was used to impart fluorescence and detect presence of

free plasmid DNA in gel. (C) Visualization of increase in EGFP expression in human skin tissue (ex vivo) using confocal microscopy upon enhancer pretreatment. Skin tissue

was topically pretreated with enhancers, followed by subsequent administration of Mgpe9 nanocomplexes (one application per day with 4 mg plasmid DNA per application)

for three consecutive days (as detailed in Materials and Methods). Immunostaining was carried out using the protocol detailed in Materials and Methods (to avoid auto-

fluorescence artifact), and confocal imaging was performed at 40� magnification. TRITC (red) indicates EGFP expression, and DAPI (blue) was used as a nuclear stain to

show epidermal cell viability. Scale bar, 20 mm. (D) Quantitative analysis of EGFP expression in human skin tissue (ex vivo) was carried out using flow cytometry. The

percentage of EGFP-positive cells (bar graph) and themean fluorescence intensity (line graph) were recorded. The data are shown asmean ± SD; p < 0.001 was observed for

silicone oil, where n = 6 (triplicates). The red bar indicates Mgpe9 nanocomplex, the blue bar indicates enhancers + Mgpe9 nanocomplex, and the gray bar indicates control

(no treatment). (E) In vivo enhancement of transfection efficiency for Mgpe9 nanocomplexes in SKH-1 mice was assessed using confocal microscopy as detailed in Materials

and Methods. EGFP expression was assessed through immunostaining, and imaging was done at 20� magnification. TRITC (red) indicates EGFP expression, and DAPI

(blue) was used as a nuclear stain to show epidermal cell viability. Scale bar, 10 mm. See also Figures S1–S3.
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S5A). Any recordable presence of these dyes in the receptor solution
of Franz apparatus on co-administration with enhancer and Mgpe9
nanocomplexes would indicate compromised skin tissue integrity.
We observed that silicone oil did not allow dye penetration, indicating
uncompromised skin integrity and the absence of tissue damage,
unlike what was observed with SLA-PP. However, we also did not
detect the presence of FITC fluorescence in the skin tissue upon
microscopic examination, indicating no permeation of dye (Fig-
ure S5B); the possible reason for this has been elaborated in the
Discussion.
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We next monitored the change in protease activity in skin to see if
there was any effect on the active metabolic environment as a result
of these treatments. We observed that silicone oil along with treat-
ment with Mgpe9 nanocomplexes did not show any major change
in protease activity, unlike with SLA-PP, where significant loss of
protease activity (>60% loss) was recorded (Figure 2D). Further, we
wanted to explore whether silicone oil had any adverse effects on
the viable cells in epidermis under similar conditions, for which we
used propidium iodide staining and checked for cell death in skin
tissue (Figure 2E). Silicone oil did not exhibit any toxic effects, as



Figure 2. Safety Evaluation of Silicone Oil as an Enhancer in Skin in the Presence of Mgpe9 Nanocomplexes

(A) The synergistic effect of silicone oil enhancer andMgpe9 nanocomplexes on stratum corneum barrier of skin was observed using confocal microscopy. Imaging of human

skin cryosections (6 mm) was performed at 40� magnification to visually locate detachment or complete abolishment of the stratum corneum upon topical treatment

administration. SLA-PP was used for comparison. Scale bar, 20 mm. (B) The effect of bare silicone oil and SLA-PP applications on skin tissue architecture was studied using

immunostaining to highlight the presence of keratin 14 protein, which is a known biochemical marker for the basal layer of skin. The green signal of Alexa 488 indicates the

basal layer of skin; DAPI dye (blue) was used to stain the nuclei of viable epidermal cells. Untreated skin tissue was used as an experimental control. Complete absence of

green fluorescence indicates damage to the basal layer of skin. Scale bar, 20 mm. (C) Skin integrity on application of silicone oil/SLA-PP and Mgpe9 nanocomplexes was

assessed by a dye-penetration test using the Franz diffusion assay. SLA-PP was used as a positive control for this study. Penetration of the low-molecular-weight dye FITC

was studied. Data are shown as mean ± SD. (D) Non-specific protease activity in human skin tissue (pretreated with enhancers and nanocomplexes) was estimated by

standard BCA using casein as the substrate. Tyrosine (1 mg/mL) was used to plot the standard curve. Enzymatic activity obtained from untreated skin tissue was taken as

100%, and relative percentage of enzyme activity was plotted for treatments. The red bar indicates Mgpe9 nanocomplex, the blue bar indicates enhancers + Mgpe9

nanocomplex, and the gray bar indicates control (no treatment). (E) Fluorescence microscopy analysis was performed on treated human skin on application of silicone

oil/SLA-PP and Mgpe9 nanocomplexes to check for necrotic cell death in viable epidermis using the propidium iodide dye staining method. Dead cells were identified by

presence of red fluorescence. Images were obtained at 20� magnification. Scale bar, 20 mm. (F) Cell viability in presence of enhancers and Mgpe9 nanocomplexes was

assessed using CellTiter Glo Luminescent Cell Viability assay for 4 hr and 24 hr in HaCaT cells. Bare nanocomplex treatment was performed for comparative analysis.

Untreated cells were considered as 100% viable. Values were plotted as relative percentage of cell viability for all the treatments. Data are shown as mean ± SD. The red bar

indicates Mgpe9 nanocomplex, the blue bar indicates enhancers + Mgpe9 nanocomplex, and the gray bar indicates control (no treatment). See also Figures S4–S7.

www.moleculartherapy.org
evidenced by the absence of red fluorescence in the skin tissue,
whereas SLA-PP seemed to be highly toxic. To confirm our observa-
tion, we also performed a cytotoxicity assessment on HaCaT (human
adult keratinocyte) cells as well as human primary keratinocytes
under in vitro conditions (to mimic transfection application) and
observed a similar trend (Figures 2F and S6). More than 80% cell
viability was maintained in the presence of silicone oil, as compared
to SLA-PP, where merely 10% cells survived upon exposure to the
enhancer at 24 hr in both the cell lines. We further checked the serum
for the presence of inflammatory cytokines such as interleukin
2 (IL-2), IL-6, IL-12, and tumor necrosis factor alpha (TNF-a) on
application of enhancers as well as nanocomplexes on SKH-1 mice
in vivo. However, we did not observe a significant upregulation of
any of these inflammatory cytokines in the presence of silicone oil,
unlike SLA-PP (Figure S7). All of these observations cumulatively
indicated that silicone oil was the best enhancer for plasmid DNA de-
livery among the ones we studied. Therefore, we next attempted to
understand its mechanism of action on skin.
Molecular Therapy Vol. 25 No 6 June 2017 1345

http://www.moleculartherapy.org


Figure 3. Mechanistic Insights into Enhancement Effects of Silicone Oil upon Topical Treatment in Skin

(A) FTIR spectroscopy was carried out on the stratum corneum of human skin treated with silicone oil and Mgpe9 nanocomplexes (as a single topical application) for 24 hr (ii)

to predict interaction with skin components. Untreated stratum corneum (i) was used as an experimental control. Critical peaks are indicated in red circles. SL, skin lipids;

SP, skin proteins; SH, skin hydration; LF/LE, lipid fluidization/lipid extraction; PI, protein interaction. (B) Tissue uptake of labeled Mgpe9 nanocomplexes (formed using FITC-

labeled plasmid DNA and unlabeled peptide) in the presence and absence of silicone oil enhancer was studied using confocal microscopy. Cells were imaged at

40� magnification to demonstrate the entry of nanocomplexes across stratum corneum and into the viable epidermal cells of skin. Scale bar, 20 mm. (C) Quantitative

estimation of tissue uptake of labeled Mgpe9 nanocomplexes in the presence and absence of silicone oil enhancer was carried out using flow cytometry. The percentage of

FITC-positive cells (bar graph) and the mean fluorescence intensity (line graph) were recorded. Data are shown as mean ± SD. The red bar indicates Mgpe9 nanocomplex,

and the blue bar indicates enhancers +Mgpe9 nanocomplex. (D) To check silicone oil entry in skin, FTIR spectroscopy was performed on a chloroform/acetone elute solution

obtained from viable epidermis of tape-stripped human skin tissue pretreated with (i) bare silicone oil or (ii) silicone oil andMgpe9 nanocomplexes as three consecutive topical

administrations. All peaks are indicated in red. See also Figure S8.
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Silicone Oil Enhanced the Entry of Nanocomplexes, Possibly

through Occlusive Effects

Silicone oil is well known for its occlusive effects as well as capturing
of nanoparticles on skin. Hence, we wanted to explore if, in this case,
it allowed longer retention of the nanocomplexes in skin, directed the
higher entry in skin through increasing the skin hydration pressure,
or induced major structural alterations of the skin. Fourier transform
infrared (FTIR) spectroscopy was carried out on the stratum corneum
of human skin10,16,32–35 treated with silicone oil and Mgpe9 nano-
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complexes for 24 hr (to mimic an actual one-time application) (Fig-
ure 3A). Untreated skin was considered as the experimental control.
In the case of the untreated stratum corneum, we observed a peak at
3,442 cm�1, which could be attributed to the C-H asymmetric and
symmetric stretching of the skin lipids, whose peaks are usually attrib-
uted from 2,800 to 2,950 cm�1 but are often merged with the broad
peaks coming from the -OH stretching of water. Additionally, the
presence of a 1,642 cm�1 peak in untreated tissue in our experiment
indicated the presence of an amide I region of the skin proteins.10,34
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In case of the treated stratum corneum, the strongest peak was
observed at 3,438 cm�1 and was much broader than that in the un-
treated sample, indicating either some mild structural alterations
due to lipid extraction or fluidization or alteration in hydration status
of skin (as inferred from the assignments described above). Moreover,
the fluidity of the lipid and the changes in the nature of lipid packing
can also be assessed by the bands in the region 1,000–1,400 cm�1,
where we observed slight merging of the 1,094 cm�1 and
1,000 cm�1 peaks in 24-hr-treated sample. Another overlapping
peak at 1,396 cm�1 seemed to be more evident in the treated sample,
which could again be due to OH bending, indicating the probable
presence of water molecules.

We also observed broadening of peak at 1,631 cm�1 in the treated
sample, indicating alteration in protein structure. However, observa-
tion of tissue sample treated with only silicone oil (Figure S8A) did
not show such a change, indicating that silicone oil is not responsible
for this alteration of protein structure. The additional presence of
nanocomplexes in the treated sample (Figure 3A) might suggest an
interaction with skin proteins (as shown by us in our earlier report),30

leading to alteration in this spectral region. Overall, no major alter-
ations of skin structure seemed to be evident; however, mild lipid
reorganization and changes in hydration status of skin seemed to
be the primary observed changes and could be contributing to the
enhancement of nanocomplex delivery instead of increased retention
for mediating entry of nanocomplexes in skin.

In order to confirm this, we next checked the tissue uptake of FITC-
labeled nanocomplexes in skin. We could observe an increase in FITC
fluorescence across skin in the presence of silicone oil both qualita-
tively (Figure 3B) and quantitatively (Figure 3C) with an approxi-
mately >10% increase in the percentage of positive cells in the pres-
ence of the enhancer. This also helped us to rule out the possibility
of longer retention of nanocomplexes on skin by silicone oil, where
we would have expected less entry of complexes into the viable
epidermis with higher localization on stratum corneum, unlike the
observation in Figure 3B.

We next explored if silicone oil by itself entered skin by trying to
retrieve it from viable epidermis of treated skin tissue (for a complete
description of the application, see Materials and Methods). Stratum
corneum was removed by tape-stripping, and silicone oil was eluted
using a chloroform/acetone (1:1 v/v) mixture from viable epidermis.
We compared the FTIR spectra of bare silicone oil and eluted
fractions. Silicone oil is known to exhibit signature peaks at
1,260 cm�1 and 1,080 cm�1 denoting Si-CH3 vibration and peak at
�1,000 cm�1 or �700 cm�1 denoting Si-O vibration, respectively.
We could observe presence of these peaks in the control sample
(i.e., bare silicone oil) (Figure S8B), where peaks at 1,260 cm�1 and
753 cm�1 were present but peaks at 1,080 cm�1 and 1,000 cm�1

seemed to be merged to show a broad peak at 1,028 cm�1.32,33 How-
ever, the FTIR spectra of eluted fractions (Figure 3D) exhibited no
traces of silicone oil peaks either in bare treatment or with nanocom-
plexes, indicating its absence from viable epidermis. Overall, this indi-
cated that silicone oil did not penetrate into deeper layers of skin and
that its action is surface mediated. This would also rule out the risk of
immunogenic effects upon its permeation beyond epidermis during
in vivo delivery, as was also observed in previous section (Figure S7).
However, this could also be attributed to solubility constraints of this
enhancer and needs further validation.
DISCUSSION
The stratum corneum forms an effective barrier against movement of
large hydrophilic molecules across skin, thereby allowing only small
(<500 Da) lipophilic molecules to go through. Recent technological
developments report many carriers that have the ability to penetrate
stratum corneum but are unable to reach their designated sites in
therapeutically sufficient amounts. Hence, their functional utility
for both therapeutics and cosmeceuticals is vastly impeded by the
unique architecture of the tissue. Many strategies have been devised
to overcome this limitation and enhance the overall penetration of
hydrophilic molecules, particularly macromolecules like plasmid
DNA across skin, either by removing the stratum corneum through
tape-stripping or use of physical methods. However, owing to their
invasive and cumbersome nature, expensive setups, and patient
non-compliance, attention has now shifted to the use of a non-inva-
sive class of molecules (i.e., chemical or peptide-based penetration
enhancers). Additionally, the careful design of nanocarriers has also
been crucial in achieving this task.

We rationalized that for efficient penetration of small or macromol-
ecules across skin using enhancers, the enhancers should possess
certain essential properties (e.g., safe to administer, nontoxic, highly
efficient, should not compromise the stratum corneum in an irrevers-
ible manner, and should be compatible with the other ingredients of
formulation). Additionally, to enhance the delivery of plasmid DNA
as nanocomplexes, where a cationic agent and plasmid DNA are
electrostatically bound together, it is important that the enhancer
used should not hamper complexation and stability.

We have previously reported a secondary amphipathic peptide,
Mgpe9, as a skin-tissue- and cell-penetrating peptide that can effi-
ciently deliver plasmid DNA to skin in the form of nanocomplexes
following non-invasive topical administration.30 However, further
enhancement of the bioavailability of these nanocomplexes in skin
is desirable to eventually attain improved therapeutic effects. In this
study, we focused on the use of enhancers to improve nanocom-
plex-mediated delivery of plasmid DNA.

Recent reports emphasizing the feasibility of using penetration en-
hancers for improved cargo delivery to skin predict SLA-PP mixture
as a safe and potent chemical enhancer to be applied on skin.9 More-
over, SPPs such as SPACE, TD-1, AT1002, and polyarginines, to
name few, are now being largely explored for the enhancement effects
owing to their safe and non-immunological nature. Another chemical
penetration enhancer, silicone oil, although less explored in this re-
gard, finds wide utility as a constituent of cosmeceutical formulations.
Molecular Therapy Vol. 25 No 6 June 2017 1347
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However, all of these enhancers have only been used to impart
increased delivery of small molecules in skin.

Hence, we wanted to check if these enhancers can also maintain this
efficient activity in synergy with naturally penetrating nanocomplexes
and further improve plasmid DNA delivery in skin. From our results,
we could infer that overall, chemical enhancers were more efficient in
attaining this effect than the SPP class of enhancers. One probable
explanation for this could be that chemical enhancers primarily
interact with the more abundant lipid component of the skin and
thereby allow entry of large number of nanocomplexes through this
route only, whereas SPPs are known to primarily interact with the
keratin protein of corneocytes and might lead to continuous phase
alteration of nanocomplexes for entry into skin.16 This in turn can
reduce their rate of migration, and hence, desired effects are not at-
tained in same time period, leading to low transfection efficiency.
Another possibility could be that the various physicochemical prop-
erties of these SPPs, such as charge and hydrophobicity, might inter-
fere with the stability of the nanocomplexes, causing disruption of
electrostatic interactions between peptide and plasmid DNA and
reduction in expression. Moreover, we observed strong expression
in primary keratinocytes (as shown in Figure S3) both in presence
and absence of silicone oil using higher doses of plasmid DNA.

These enhancers are capable of interacting with either the lipid or
protein component of skin to mediate their activity. Hence, it is
possible that they enter skin and affect its metabolic milieu. Therefore,
we analyzed their effect on the activity of most abundant protease en-
zymes in skin. It was seen that SPPs and silicone oil did not hamper
enzymatic activity in skin, unlike SLA-PP, which is a surfactant and
has protein-denaturing tendency and exhibited decreased protease
activity in skin. Since silicone oil was found to be both efficient and
safe to use, we further analyzed possible toxicity to skin cells and
tissue on application of silicone oil.

It was observed that use of this enhancer did not alter the cellular dif-
ferentiation or skin tissue architecture or hamper cell viability in vitro
or ex vivo. No necrosis of cells was observed in human skin tissue
treated with this enhancer, and >80% cell viability was maintained
in HaCaT cells and primary human keratinocytes, unlike SLA-PP,
where significant cell death was recorded. Negligible permeation of
skin-impermeable dyes on co-administration with silicone oil indi-
cated that whatever changes in skin permeability take place are
mild and transient. This is an advantage, as it reduces the risk of
skin getting exposed to harmful allergens as well as pathogens subse-
quently. However, when we tried to locate the presence of FITC in
skin tissue itself, we observed that in the case of silicone oil, no fluo-
rescence was present, even in the skin section. This was an interesting
observation, as it is expected that silicone oil, which is an enhancer,
should improve the entry of FITC molecules. One possible reason
could be that because it is hydrophobic in nature, the FITC molecule
gets trapped in the silicone oil and is unable to go through. Alterna-
tively, it may undergo rapid exocytosis across the skin, thus leading to
the absence of any detectable signal. Therefore, the compatibility of
1348 Molecular Therapy Vol. 25 No 6 June 2017
the physicochemical properties of enhancer and molecules delivered
plays a crucial role in determining the enhancement efficiency. This
also raises the question of whether the silicone oil itself is moving
into the deeper layers of skin. This issue is discussed later.

After evaluating the safety potential of silicone oil, we then tried to
understand the underlying mechanism by which it mediated its ac-
tion in skin. Skin has three major pathways for the entry of molecules:
(1) an intercellular pathway through the lipids, (2) a trans-cellular
pathway through the cells, and (3) follicular or shunt pathways, which
are minor contributors. We used the hairless mouse model for our
in vivo studies. It is a well-established mouse model that lacks follic-
ular opening and is thereby a better mimic of human skin than other
known mouse models.36,37 The entry of nanocomplexes is primarily
through non-follicular pathways in this model that are otherwise
difficult to breach. Since we observed similar enhancement effect of
silicone oil in the ex vivo study of human skin and the in vivo study
of the SKH-1 mouse, this indicates that the presence or absence of
follicles and other shunt pathways in skin does not influence the effi-
ciency of this enhancer. Moreover, synergistic application of enhancer
and nanocomplexes did not cause any immunogenic reaction.

Further, we used FTIR spectroscopy to understand the mechanism of
action of silicone oil. We tried to address two questions: (1) whether
treatment with silicone oil and nanocomplexes causes any major
changes in the skin structure on topical application and (2) whether
silicone oil is also directly entering skin. Our data indicate a possible
alteration of skin hydration status that could be a contributing factor
for the enhancement observed. Such changes in skin hydration can
possibly disrupt the microstructure of skin, leading to swelling of cor-
neocytes and creating intercorneocyte gaps and opening of porous
aqueous pathways of skin by breaking desmosome junctions. We
also observe mild fluidization of skin lipids from the FTIR spectrum,
which indicates transient disturbance in the lipid assembly.38–40

Hence, overall permeability across skin is enhanced. Still, overall
spectra of treated skin resembled that of the control skin, with no ma-
jor distortions or shifting of peaks, indicating that silicone oil is safe to
use as an enhancer. Moreover, the absence of silicone oil peaks in
eluted fraction of solvent from viable epidermis seems to indicate
the impermeability of the enhancer itself to enter skin in spite of its
ability to mildly disturb skin lipids, making it a safe topical agent
that remains on skin surface while the cargo gets into the epidermis
efficiently. While the absence of penetration of silicone oil itself indi-
cates its possible occlusive effects, this needs to be further supple-
mented with validations from other techniques.

In conclusion, our study reports silicone oil as a safe and efficient
enhancer for effective increase of the bioavailability of nanocom-
plexes in skin. Mechanistic insights reveal occlusion effect of silicone
oil on skin, which in turn alters the hydration status leading to
possible opening of many porous channels that can mediate efficient
movement of hydrophilic molecules into skin. Additionally high pos-
itive charge of the nanocomplexes further aids in their efficient entry
across the skin. Thus it can assist these nanocomplexes in overcoming
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the stratum corneum barrier of skin without compromising the tissue
architecture and integrity aspects. The strategy paves an efficient way
to realize the clinical translational potential of nucleic acid delivery in
skin with improved bio-availability characteristics.

MATERIALS AND METHODS
Chemicals and Cell Lines

The peptides used in this study (Mgpe9 and TD-1) were custom
synthesized (>98% purity) by Beijing SBS Genetech. Silicone oil lab-
oratory reagents (LR) used was purchased from SD-Fine Chemicals
Limited, with the specifications weight per milliliter at 20�C of
�0.970 g, kinetic viscosity �300 cS, and recommended temperature
stability 250�C. Chemical enhancer mixture (i.e., SLA-PP) were ob-
tained from Sigma-Aldrich. Nanocomplexes were prepared using
plasmid pEGFP-C1 (4.7 kb) or pMIR (6.4 kb) (Clontech Labora-
tories) that was amplified in Escherichia coliDH5a strain and isolated
using GenElute HP Endotoxin-Free Plasmid MaxiPrep kit (Sigma).
All the chemicals and culture media used were also obtained from
Sigma unless mentioned otherwise. A CellTiter Glo viability assay
kit was purchased from Promega. HaCaT, which is an adult keratino-
cyte cell line, was a gift fromDr. Sudhir Krishna (The National Center
for Biological Sciences [NCBS], Bangalore, India). Primary human
keratinocytes were obtained from Lonza.

Preparation of Nanocomplexes

Nanocomplexes were prepared at N/P ratios (Z (+/�)) of 10, where
N/P is defined as the ratio between total number of amines of a pep-
tide and the total number of phosphates of a plasmid DNA. The prep-
aration was carried out by gradual addition of 10 mL plasmid DNA
(20 ng/mL) for gel-based and cytotoxicity studies, 500 mL plasmid
DNA (40 ng/mL) for dynamic light scattering study, and 40 mL
plasmid DNA (100 ng/mL) for ex vivo and in vivo studies to 10 mL,
500 mL, or 40 mL Mgpe9 peptide solution of appropriate concentra-
tion, respectively, in a drop-wise manner accompanied by constant
vortexing. These nanocomplexes were then allowed to stabilize for
1 hr at room temperature before performing any experiment.

Dynamic Light Scattering

Briefly, 1 mL Mgpe9 nanocomplexes was prepared at Z = 10. The
nanocomplexes were pretreated with enhancers (i.e., silicone oil,
TD-1, and SLA-PP) for 30 min in independent setups, followed by
estimation of mean hydrodynamic diameter using Zetasizer Nano
ZS90 (Malvern Instruments) at 25�C. A minimum of three readings
with replicates were recorded per sample. The untreated nanocom-
plexes were taken as experimental control.

DNA Condensation Assay

The electrophoretic mobility of the Mgpe9 nanocomplexes prepared
at Z = 10 and pretreated with respective enhancers for 30 min (as
mentioned before) was studied using agarose gel electrophoresis.
20 mL nanocomplexes with 200 ng total DNA was loaded in each
case onto 1% agarose gel containing ethidium bromide. Electropho-
resis was carried out at 150 V in 1� TAE buffer (pH 7.4) for
45 min. The presence of free plasmid DNA was detected using
ethidium bromide fluorescence as seen through transilluminator
(Bio-Rad ChemiDoc XRS+). Bare plasmid DNA was taken as exper-
imental control.

Human Skin Tissue Pre-processing for Ex Vivo Studies

Human foreskin tissue (discarded sample collected in studies
approved by the institutional human ethics committee [approval
number IGIB/HEC/09/13]) obtained in transportation media
(Hank’s balanced salt solution [HBSS], Invitrogen) was washed three
times alternatively with 1� PBS and 70% alcohol solution to clear
contamination, if any. It was then processed into 0.5 cm � 0.5 cm
pieces using sterile scalpel and plated in small inserts (to cover the
base area completely and avoid contamination from the edges owing
to movement during treatment) in a 24-trans-well plate with 300 mL
keratinocyte-serum-free medium (K-SFM; Invitrogen) in the outer
well such that only the dermis remained submerged in media whereas
epidermis was exposed for the topical treatment. The plated tissue
pieces were incubated at 37�C and monitored over a period of
24 hr to check for tissue quality and contaminations before proceed-
ing with the experiments.

Plasmid DNADelivery in Human Foreskin Tissue in the Presence

of Enhancers

80 mL Mgpe9 nanocomplexes was prepared at Z = 10 using EGFP-C1
plasmid (100 ng/mL) as described above. After 24 hr of skin tissue pre-
processing, the tissue was pretreated for 30 min with SPP (TD-1) or
chemical-based enhancers (SLA-PP or silicone oil) followed by
topical administration of nanocomplexes in each well in independent
experiments. The treatment with nanocomplexes in absence of any
enhancer was considered as experimental control. This treatment
was repeated for 3 days consecutively with a single such application
per day (4 mg plasmid DNA per application) along with intermittent
washing of the tissue using 1� PBS before each of the fresh applica-
tions. 24 hr after the final application, the tissue was again washed in
similar manner, fixed using 4% paraformaldehyde for 30 min at room
temperature, transferred to 20% sucrose solution containing 0.01%
sodium azide, and stored at 4�C until further processing. For cryosec-
tioning (24 hr post-fixation), the tissue was embedded in an OCT
compound, and sections of 6 mm thickness were obtained and visual-
ized for the presence of EGFP using immunostaining (as explained
later). Untreated skin tissue was taken as technical control to avoid
spurious results due to auto-fluorescence artifact.

Immunostaining Study to Locate the Presence of EGFP

Full-thickness human foreskin tissue was processed, plated, and
treated topically as described above. Post-treatment tissue cryosec-
tions were obtained in a manner similar to that mentioned before
and rehydrated using wash buffer (1� PBS with 0.1% Triton
X-100) for 15 min, followed by 1 hr of blocking in 5% BSA at room
temperature. Primary antibody (anti-EGFP) was applied to the tissues
at dilution of 1:200 and incubated overnight at 2�C–8�C. The tissues
were then given three washes of 15 min each in wash buffer before
addition of tetramethyl rhodamine iso thio cyanate (TRITC)-labeled
secondary antibody, anti-rabbit immunoglobulin G (IgG) against
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EGFP at dilution of 1:250 for 1 hr at room temperature. The washing
was repeated along with the final rinse using 1� PBS. The mounting
of tissues was done with DAPI-antifade reagent (Invitrogen), and re-
sults were recorded using confocal microscopy (TCS SP8 confocal mi-
croscope, Leica Microsystems).

Flow Cytometry to Quantify EGFP in Skin

For quantification of EGFP fluorescence in the epidermis, the
epidermis was removed from full-thickness skin tissue using over-
night Dispase (0.25%) treatment at 4�C followed by incubation of
the epidermis with 200 mL trypsin (0.25%) solution for 20 min at
37�C to allow cell separation to occur. The dissociated cells obtained
were suspended in ice-cold 1� PBS and centrifuged at a speed of
2,000 rpm for 5 min at 4�C. After centrifugation, the pellet obtained
was again washed using 500 mL ice-cold 1� PBS in similar manner
followed by its resuspension in 200 mL 1� PBS for further analysis.
The flow cytometry measurements were then performed using
FACS Caliber (Becton Dickinson) to quantify the cellular fluores-
cence and mean fluorescence intensity. Statistical significance for
quantitative data obtained was calculated using a two-tailed Student’s
t test (unpaired) in GraphPad Prism.

Plasmid DNA Delivery in Human Primary Keratinocytes and

Cytotoxicity Analysis

Human primary keratinocytes were seeded at density of 50,000 cells/
well in a six-well plate format using specific culture medium pre-
scribed by Lonza. After 24 hr of plate preparation, 200 mL nanocom-
plexes, formed using Mgpe9 and 10 mg plasmid DNA encoding for
EGFP, was added to each well (in the presence and absence of en-
hancers), after which the plate was incubated at 37�C. EGFP expres-
sion was then visualized 48 hr post-transfection, after removal of
medium and washing the cells twice with 1�HBSS, using an inverted
DMI6000B fluorescence microscope (Biomedical Research, Leica
Microsystems). DAPI was used for nuclear staining of viable cells.
Cell viability was also performed under similar conditions using
CellTiter GLO method according to manufacturer’s protocol.

Assessment of Skin Tissue Architecture

Full-thickness human foreskin tissue was processed, plated, and pre-
treated with silicone oil; SLA-PP for 30 min in independent experi-
ments followed by topical treatment with nanocomplexes as
mentioned before. Tissue treated with nanocomplexes in the absence
of chemical enhancer and untreated skin tissue was used as experi-
mental controls. The cryosections obtained after treatment were
then examined in the microscope at 40� to identify possible detach-
ment of stratum corneum from viable epidermis or complete loss of
stratum corneum. Moreover, cellular differentiation and identifica-
tion of the skin layers was carried out in the cryosections by observing
the presence of keratin 10 (Alexa-488-tagged anti-rabbit secondary
antibody), loricrin (Alexa-Fluor-647-tagged anti-rabbit secondary
antibody), and keratin 14 (Alexa-88-tagged anti-mouse secondary
antibody) protein (a biochemical marker for this layer) using the im-
munostaining method as described in previous sections. Untreated
skin tissue was taken as control for the latter study.
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Skin Integrity Test

To check the effect of chemical enhancer and nanocomplexes on skin
integrity, a skin permeability test was performed using equilibrated
full-thickness human foreskin tissue pre-soaked for 24 hr in
1� PBS solution before conducting the study. 80 mL Mgpe9 nano-
complexes following pre-treatment of skin with silicone oil or SLA-
PP as described before was added to the donor compartment along
with 100 mL 2 mg/mL FITC (389 Da) solution and 100 mL 1 mM
dextran (3,000 Da) in independent experiments in all the setups.
The system was kept under constant agitation at 250 rpm at room
temperature, and 1 mL sample volume was collected at different
time intervals (i.e., 0 hr or time of application, 1 hr, 2 hr, 3 hr, 4 hr,
5 hr, 18 hr, and 24 hr). The volume of receptor compartment was
maintained constant by re-addition of 1 mL 1X PBS as a replacement.
Untreated skin tissue was considered as experimental control. FITC
fluorescence was recorded in the collected samples at emission wave-
length of 525 nm using a microplate reader (Infinite 200 Pro, Tecan).
Dextran was assessed by anthrone test for carbohydrates.

Protease Activity Assay

Briefly, skin tissue was treated with chemical penetration enhancers
(silicone oil and SLA-PP) before application of Mgpe9 nanocom-
plexes, after which it was homogenized in liquid nitrogen using a
mortar and pestle, and the powder tissue obtained was lysed using
500 mL RIPA buffer. Enzyme activity was assessed in the obtained tis-
sue lysate using casein as substrate according to the standard bicin-
choninic acid assay (BCA) protocol (Pierce). Tyrosine (1 mg/mL)
was used to plot the standard curve. Protease activity obtained from
untreated skin tissue was plotted as 100%, and relative activity was
assessed.

Tissue Toxicity Assessment for Necrosis

Skin tissue was plated, treated, and processed in similar manner as
mentioned before. Cryosections were washed three times using
500 mL PBS (1�) and 0.1% Triton X-100. Following this, it was
stained using 10 mL propidium iodide solution (0.1 mg/mL) in
100 mL 1� PBS for 10min at room temperature. After which the three
washings were repeated using 500 mL PBS (1�) and red fluorescence
was visualized using TCS SP8 confocal microscope (Leica). Untreated
tissue and treatment without enhancers were taken as experimental
controls.

Cell Viability Assay

HaCaT cells were seeded in a 96-well plate at density of 5,000 cells per
well. After 24 hr, when 70% confluency was attained, complete media
was replaced with 80 mL Opti-MEM (Invitrogen) in each well.
Following this, 20 mL nanocomplexes (with final DNA concentration
of 200 ng/well) in the presence and absence of the chemical enhancers
silicone oil and SLA-PP was added to the cells. Cells were pre-exposed
to enhancers for 30min before the addition of Opti-MEM to each well
followed by nanocomplex treatments. Cell viability was analyzed after
4 hr and 24 hr of incubation at 37�C (in the latter case, media was re-
placed with complete media after 4 hr) according to the manufac-
turer’s protocol. Measurements were recorded in triplicate with three
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measurements in each case using a microplate reader (Infinite 200
Pro, Tecan) and plotted as percentage cell viability.

Mechanism of Penetration Enhancement in Skin Using FTIR

In skin, stratum corneum was obtained by standard heat separation
method. Stratum corneum membrane samples were cut into 0.5 cm
� 0.5 cm pieces, and FTIR spectra was recorded on the skin tissue
sample after pretreatment with silicone oil with Mgpe9 nanocom-
plexes for 24 hr. Untreated skin tissue was taken as experimental
control. Spectra was obtained using the Thermo Scientific model
NICOLET 380 FTIR operating in the range of 400–4,000 cm�1

with a resolution of 4 cm�1 and averaged over 400 scans.

In elute solution, skin tissue was treated with silicone oil only and
silicone oil with Mgpe9 nanocomplexes to mimic three consecutive
applications in independent experiments. Following this, stratum
corneum was tape-stripped 20 times and silicone oil eluted from
the viable epidermis tissue using a chloroform/acetone (1:1 v/v)
mixture. The mixture obtained was scanned for FTIR spectra using
the Thermo Scientific model NICOLET 380 FTIR operating in the
range of 400–4,000 cm�1 with a resolution of 4 cm�1. Spectra for
bare silicone oil (taken as control for the study) were also recorded
to identify signature peaks.

FITC Labeling of Plasmid DNA

pDNA (pEGFP-C1) was labeled with FITC using the Label IT Tracker
Fluorescein kit (Mirus Bio) at a ratio of 0.75:1 (v/w) (i.e., 0.75 mL
labeling reagent per microgram pDNA) according to the manufac-
turer’s protocol.

Tissue Uptake of FITC-Labeled Complexes

Nanocomplexes were formed using FITC-labeled plasmid DNA, and
skin tissue was topically treated with Mgpe9 nanocomplexes in the
presence and absence of silicone oil as described in previous sections.
Treatments were performed in a manner similar to that explained
before, followed by washing, fixation, and cryosectioning of treated
tissues. Presence of FITC-labeled nanocomplexes in skin was detected
using confocal microscopy (TCS SP8, Leica Microsystems), and
quantification of complexes in epidermis was done using flow cytom-
etry analysis (BD FACS).

In Vivo Transfection Study

Entire animal studies were performed using 2- to 4-week-old hairless
mice SKH-1 (irrespective of gender), and animal usage was in line
with the approval by the institutional animal ethics committee
(approval number IITR/IAEC/47/13). Each study was done in two
groups, where each group comprised three mice (n = 6). In one of
the groups, mice were pretreated topically with the chemical enhancer
(silicone oil), whereas in other group, mice were kept untreated to
serve as experimental controls. This was followed by topical adminis-
tration of 80 mLMgpe9 nanocomplexes prepared at charge ratio 10 in
both groups. Treatment was continued for three consecutive days
with a single application per day, where 4 mg plasmid DNA was
administered per application on the dorsal surface of mice. This
was added into a circular plastic well (diameter = 1 cm) pre-adhered
to skin and covering area of 3.14 cm2, and intermittent washing of
skin surface was performed before each fresh application using
1� PBS. The mice were sacrificed 24 hr after the final application,
and skin tissue was obtained. Following this, the tissue was washed,
fixed, cryosectioned, and processed for immunostaining in a manner
similar to that explained previously for the ex vivo study.

Flow Cytometry to Quantify EGFP in SKH-1

SKH-1 was treated with 80 mL nanocomplexes as explained above, af-
ter which mice were sacrificed and skin tissue from the treated area
was excised. For quantification of EGFP fluorescence in the skin, a
single-cell suspension in 1� PBS was obtained using a GentleMacs
dissociator. The dissociated cells obtained were suspended in ice-
cold 1� PBS and centrifuged at a speed of 2,000 rpm for 5 min at
4�C. After centrifugation, the pellet obtained was again washed using
500 mL ice-cold 1� PBS in a similar manner, followed by resuspen-
sion in 200 mL 1� PBS for further analysis. Flow cytometry measure-
ments were then performed using FACS Caliber (Becton Dickinson)
to quantify cellular fluorescence and mean fluorescence intensity.

Luciferase Activity Estimation in SKH-1

SKH-1 was topically treated with 80 mL nanocomplexes formed using
Mgpe9 peptide and pMIR luciferase plasmid as explained before at
different sites within the same animal. 24 hr after the third application,
mice were sacrificed and skin tissue from treated areas was excised.
The skin tissue obtained was snap-frozen using liquid nitrogen in a
mortar and lysed by the addition of cell culture lysis reagent (CCLR)
using a pestle. The lysate obtained was then assessed for luciferase ac-
tivity using the standard protocol fromPromega and normalized, with
total protein concentration estimated using the BCA method. Values
were obtained and plotted as relative light units (RLU) ± SD.

In Vivo Estimation of Inflammatory Cytokines

SKH-1 was topically treated with nanocomplexes and enhancers in
similar manner as explained before, after which mice were sacrificed
and 1.5 mL blood was collected in vacutainers. The samples were then
allowed to stand at room temperature for 1 hr for serum separation. Af-
ter 1 hr, samples were centrifuged at 1,500 rpm for 15min for better sep-
aration. Serum samples collected were then analyzed for the presence of
inflammatory cytokines, IL-2, IL-6, IL-12, and TNF-a using standard
ELISA kits (eBioscience). SLA-PP was taken as positive control for
the study. The concentrations were obtained and plotted as mean± SD.
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