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Nucleic acids carried by non-viral nanovectors have demonstrated high potential as a therapeutic strategy for
gene-related diseases. The dermal or transdermal gene delivery allow to target local skin diseases or to reach the
blood stream. However, the skin is the first defense barrier of the body and must be overcome to distribute
nucleic acids. Many intracellular barriers as cellular uptake, endosomal escape or cytosolic gene trafficking have
to be crossed for the gene to achieve its therapeutic action. All hurdles to skin nucleic acid therapy are precisely
described. Physical, active or passive methods have been proposed to improve the penetration through the

stratum corneum. Lipidic-nanocarriers represent one of the most attractive methods because any skin disruption
technique is requested. We give an overview of deformable lipidic-nanocarriers that have been developed to
promote the skin penetration of nucleic acids. Moreover, this review describes the potential of deformable li-
posomes for cutaneous disorders.

1. Introduction

The use of nucleic acids as treatment options has been widely stu-
died owing to advantages offered by gene therapy in restoring or re-
placing a specific or missing gene [1,2]. While the development of gene
therapy is booming, some limitations still remains which make its
clinical applicability uncommon nowadays [3]. These limitations in-
clude (1) the immune response activation which leads to a neutraliza-
tion and destruction of the gene, (2) general low membrane perme-
ability of nucleic acids (due to their negative charge, hydrophilic nature

efficiency and (3) the short lived nature due to problems of gene in-
tegration into the genome [2,5,7]. The whole scientific community
joins forces to face these limitations. Three different classes of genetic
materials are mainly studied for disease treatment by gene therapy,
which allow to knock-in or knock-down a specific gene depending on
the genetic cargo transfected: plasmid DNA (pDNA), RNA interference
(RNAi) molecules and antisense oligonucleotides (AON) [8].

Gene therapy is considered for many administration routes (such as
oral, transdermal as well as mucosal routes (i.e. vaginal, buccal, ocular,
etc.)). However, multiple biological barriers are encountered like the

and high molecular weight) [3-6] resulting in low transfection first-pass metabolism, high systemic side effects or mucus hindrance
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which consequently decrease patient’s compliance [9,10]. Hence, the
cutaneous gene delivery gained much interest recently since this route
allows an easy topical application for dermatological pathologies but
also for the transdermal delivery. Indeed, the skin is the largest organ of
the human body, representing an alternative route of administration by
providing an easy and pain-free drug delivery option. Cutaneous drug
delivery is not associated with a significant drug loss compared to
systemic administration due to low enzymatic degradation and a neg-
ligible clearance. Moreover, systemic toxicity resulting from cutaneous
application is limited, side effects are easy to observe and to handle
[3,9-11].

The first duty of the skin is to protect the body from external attacks.
In this regard, the outer skin layer, the stratum corneum (SC), is im-
permeable to gene penetration and represents the major extracellular
barrier to effective topical gene application [12,13]. To overcome this
barrier, different active penetration enhancement techniques for nu-
cleic acids delivery, such as microporation or electroporation, have
been proposed to improve the penetration of genes in underlying skin
layers containing the viable cells implicated in dermatological pathol-
ogies [6,14-17]. However, passive methods and more specifically li-
pidic non-viral nanocarriers are now favored since these methods are
painless, inexpensive and easily applicable [13,18-20]. Moreover, they
can be combined to physical enhancement methods like microneedles
(MN) and offer great benefits for topic or systemic targeting [21-24].

The present review summarizes the potentialities of different ge-
netic cargos and the corresponding extracellular and intracellular bar-
riers that need to be overcome to deliver the gene to target cells fol-
lowing dermal application. An exhaustive section is dedicated to
enhancement penetration methods with a thorough attention dedicated
to improved lipidic-vesicles. Finally, the various therapeutic applica-
tions of non-viral nanocarriers complexed to nucleic acids are ex-
plained. Among others, the topical application of pDNA for vaccination,
the treatment of psoriasis or skin cancers and the usefulness in wound
healing are emphasized. Within this paper a critical and exhaustive
review of the feasibility of applying genes on the skin using lipidic non-
viral nanocarriers is provided.

2. Classification of gene therapies

Two different approaches are considered for therapeutic gene de-
livery through the skin. The first is the ex vivo delivery which consists of
isolating human cells, treating them by gene delivery and re-grafting
those treated cells to the patient. The second approach is the in vivo
technique during which the genetic cargo is directly transferred to the
skin. Although the direct cutaneous application of genes still remains
challenging, the ex vivo method seems impracticable because of the
related pain, costs and the time required for routine applications [25].

Considering the in vivo alternative of skin gene therapy, we will
discuss in this review the different types of genetic cargos used, which
are classified in three sections: pDNA, Antisense Oligonucleotides
(AON) or RNAi (small interfering RNA (siRNA), short hairpin RNA
(shRNA) and micro RNA (miRNA)) (Table 1). The characteristics of
each gene types are related to their mechanisms of action and their
intracellular activities.

2.1. Plasmid DNA

Plasmid DNA (pDNA) is a double stranded DNA with a size ranging
from hundreds to thousands bases assembled in a circular shape [26].
PDNA vectors carry a transgene which is replicated independently from
host chromosomal DNA and segregated to each daughter cell resulting
from cell division. In their simplest form, in addition to the transgene,
PDNA vectors are composed of a promoter, an enhancer as well as
splicing and polyadenylation sites, transcription terminal signals and
antibiotic resistance genes [27]. As already stated by Williams et al., we
also emphasize the importance of plasmid composition and size since
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all plasmid elements affect its effectiveness in eukaryotic cells or in-
fluence host immune responses after in vivo administration in patients.
New vectors have been proposed to enhance transgene expression or to
reduce adverse effects mainly by reducing bacterial elements which
compose the vector [28]. Hence, an optimal pDNA vector design is
mandatory to obtain an optimal gene expression [29].

PDNA vectors are widely used since there represent the only way to
knock-in a gene permanently. Indeed, once into the cytoplasm, vectors
are imported into the cell nucleus and the transcription of the specific
encoding mRNA occurs thanks to the promoter sequence. Following
post-transcriptional modifications, mRNA is exported into the cyto-
plasm where it is translated into proteins. Regarding these information,
PDNA vectors are classically used to re-express an endogenous gene or
to correct a non-functional gene in order to treat a genetic disorder
[30]. For instance, the team of Heller has intensely investigated the
delivery of pDNA encoding interleukin-12 (IL-12) to treat melanoma
[31,32]. The utilization of pDNA in vaccination is also widespread.
Applications of plasmids in skin disorders are discussed in Section 5.

2.2. Antisense oligonucleotides

An antisense oligonucleotide (AON) is a single-stranded deoxyr-
ibonucleotide composed of 18-21 nucleotides which are com-
plementary to a specific mRNA. By binding to this mRNA the ANO
represses the synthesis of the correspondent protein. AON are not
classified as a RNAi due to their mechanisms and their sites of action
[33]: once in the cytoplasm, the complexation of an AON and its
complementary mRNA induces (i) the activation of RNase leading to
selective mRNA degradation or (ii) the steric interference of ribosomal
assembly. Moreover, when AON enter into the nucleus, they can reg-
ulate the maturation of mRNA by (iii) inhibiting the 5’ cap formation,
(iv) inhibiting mRNA splicing or (v) activating the RNase H protein.

One major drawback of single-stranded AON is their rapid de-
gradation by nucleases in biological fluids [34,35]. Another incon-
venient of AON is the induction of toxicity through the activation of the
complement cascade [36,37]. Multiple chemical modifications like the
alkylation of the ribose (2’-O-Methyl or 2’-O-Methoxyethyl) were de-
veloped to increase their resistance to nucleases or their binding affinity
with a specific mRNA [38].

2.3. RNA interference

The RNAi mechanism was first discovered in 1998 in the
Caenorhabditis elegans nematode. Indeed, Fire et al. reported that a
double-stranded fragment of nucleic acids specific to a certain mRNA
sequence is able to induce its degradation. In addition, they were the
first to already highlight the greater therapeutic potential of a double-
stranded fragment compared to a single-stranded fragment [39]. Based
on these promising results, RNAi were first used in vivo in an experi-
mental mouse model in 2002 and in 2006, the first trial based on a
systemic siRNA delivery in primates was achieved [40,41].

The action of RNA interference is mediated through two different
types of molecules: siRNA and shRNA. Although both molecules have
similar functions, they are different molecules in terms of chemical
structure, mechanisms of action, RNAi pathway and off-target effects
[42]. Indeed, the double-stranded siRNA (composed of 36-44 bases)
crosses the plasma membrane and once into the cytoplasm, is in-
tegrated into the RNA-induced silencing complex (RISC) [43,44]. The
endonuclease Argonaute 2 (Ago-2) of this complex separates the two
siRNA strands and only the antisense strand remains attached to the
RISC while the sense strand is released into the cytoplasm. The RISC
complex then orientates the antisense strand to its complementary
mRNA which is cleaved by RNAse and accordingly, the translation of
this mRNA into protein is repressed.

The initiation of shRNA activity is different. The vector bearing the
shRNA sequence is transported into the cell nucleus in order to allow its
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Table 1
Characteristics of genetic cargo.
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Characteristics PDNA AON

RNA interference

siRNA shRNA miRNA

Schematic representation

Final activity Expression of protein

LA

Number of bases (b) 500-8000b 18-21b
Single (S) or double (D) D S
strand
Translocation Nucleus Nucleus and cytoplasm

Mechanism of action Synthetize the encoded protein

using DNA transcription machinery

-Activation of RNase
-Steric hindrance with ribosomes

T ) A~

Repression of protein expression

36-44b Stem 50-58b 21-24b
Loop 4-23b

D Stem D S
Loop S

Cytoplasm Nucleus Cytoplasm

RISC with antisense strand specifically cleaves target mRNA

-Interfering with synthesis of

mRNA or pre-mRNA

Duration of action in vivo ~ Continuous Transient
Ease of engineering No Yes
Direct off-target effects / /
Indirect off-target effects ++ +

Ease of chemical No Yes

modification

Transient Continuous Transient
Yes No Yes

++ + /

+ ++ +

Yes No No

transcription by polymerases and then processed by Drosha to produce
a stem-loop structure. The primary transcript (pre-shRNA) is exported
by Exportin 5 (Exp 5) into the cytoplasm where it interacts with DICER
to be cleaved in short fragments, equivalent to siRNA. Once shRNA and
siRNA are loaded to the RISC, they are supposed to act similarly [45].

Practically, siRNA and shRNA have both advantages and dis-
advantages. Whereas shRNA can be continuously transcripted by host
cells, the action of siRNA is transient [46]. However, chemical synthesis
of siRNA is easier than the development of plasmid or vector delivering
shRNA, able to cross the cellular and the nuclear membranes. Finally, it
is well known that siRNA and shRNA induce a lot of specific and non-
specific off-target effects. Specific off-target effects are due to the pre-
sence of the sense strand in the cytoplasm which can induce off-target
gene suppression mainly through their “seed region” [47-49]. Non-
specific off-target effects are concerned by cellular toxicities induced by
si/shRNA via immune response (Toll-like receptor activation) [50] or
because of the cationic drug delivery system [51]. Off-target effects
represent a major concern and consequently delay the use of RNAi
molecules in therapeutic strategies. To prevent these effects, some
chemical modifications have been proposed although there are less
easily achievable on shRNA compared to siRNA [52]. In the context of
skin diseases and according to the literature (Source Science Direct
citations), it seems that siRNA are privileged to shRNA probably be-
cause of the ease of synthesis and the transient action leading to less
side effects.

Finally, miRNA are also classified as endogenous RNAi molecules.
Mature miRNA are small non-coding RNA molecules, synthetized
within the cells, which also regulate endogenous genes via the RNAi
pathway [53]. Compared to siRNA which bind perfectly to the corre-
sponding mRNA target, miRNA only pair imperfectly with the mRNA,
allowing them to mediate the repression of multiple mRNA. Dysregu-
lation of miRNA has been recently correlated to different pathologies
(i.e cancer) [54]. Hence, administering synthetic miRNA could now be
used to restore its endogenous amounts to overcome its deficiency. On
the other hand, the over-expression of a miRNA represents an attractive
therapeutic target or biomarker for diagnosis [55,56]. The discovery of
this therapeutic potential is quite novel and nowadays, only one
miRNA-based therapeutic is in Phase-II clinical trials for the treatment
of hepatitis C disease [57]. In terms of skin diseases, it has been found
that some miRNA are implicated in psoriasis [58] or melanoma [59]
and therefore could represent interesting targets (see Section 5).
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3. Hurdles to skin nucleic acid therapy
3.1. Extracellular barriers

Administration of genetic materials remains a significant challenge
because of their sensitive physico-chemical properties. Hence, many
advantages of cutaneous drug delivery make the skin an attractive route
to deliver drugs. The skin acts as an envelope protecting the body from
the environment (such as chemical and physical attacks, UV lights,
exogenous molecules and microorganisms). The skin also plays an im-
portant role to maintain homeostasis by regulating loss of water or the
temperature [9,10,60]. The skin has three main layers, namely the
epidermis, the dermis and the hypodermis which differ from each other
by their properties and structures (Fig. 1).

The outermost layer of the skin is the epidermis which is divided
into two distinct parts: the stratum corneum (SC) and the viable epi-
dermis. The SC is the major hurdle to transdermal gene delivery be-
cause of its structure. Indeed, the SC is a 10-20 pm thick layer com-
posed of dead and anucleated cells (corneocytes connected by
corneodesmosomes [13]), which are embedded in a lipid-matrix com-
posed of cholesterol, ceramides, free fatty acids and triglycerides [12].
The structure of the horny layer has been described by Elias et al., in
1983 [61] as the ‘bricks and mortar’ model where corneocytes represent
bricks and the lipid matrix is referred to as mortar. This particular ar-
chitecture makes the SC very hydrophobic and represents the more
important barrier to cross for drugs and foreign compounds. Under-
neath the SC lies the viable epidermis. This layer is 50-100 pm thick
and bears several living cells such as keratinocytes, melanocytes, Lan-
gerhans cells and Merkel cells [62]. These cells are linked together by
tight junctions and are actively involved in the skin barrier, regulation
of epidermal homeostasis and in the establishment of epithelial polarity
[60]. The diffusion of genes in the viable epidermis is described to be
similar to the diffusion through an aqueous medium. However, the
polarity of this layer as well as the presence of proteins and cellular
junctions can hinder gene diffusion [11]. Keratinocytes are the main
component of the viable epidermis and are persistently produced by the
deeper epidermis. To renew corneocytes from the SC, every 14 days
keratinocytes enter in a maturation step which consists of moving up-
ward to the surface layer, where they undergo keratinization [12]. This
process in which the corneocytes are constantly renewed is called
desquamation.
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Fig. 1. Schematic overview of the skin layers, appendages, blood and lymphatic vessels. Adapted with permission from [11].

The epidermis is bound to the dermis by the dermal-epidermal
junction known as the basement membrane, which provides a re-
sistance to external strengths [12]. The 1-4 mm thick dermis is the most
living part of the skin, composed of various cell types (such as fibro-
blasts, dermal dendritic cells, macrophages, mast cells, inflammatory
cells) and of an extracellular matrix composed of collagen and elastin
fibers which are responsible for skin elasticity and skin structural sup-
port. The dermis bears many neurovascular plexuses, which provide
cutaneous sensation, circulation and nutrition [11,62,63]. Accordingly,
the dermis is the targeted layer if nanocarriers or drugs have to reach
the systemic circulation. The dermis can be altered in case of cutaneous
pathologies [64-67].

The deepest layer of the skin is the hypodermis mainly composed of
a fat cell network which serves to cushion and protect internal organs
from external shocks. Adipose tissue acts also as a store of energy and
insulates the body from external temperatures [12,62].

Regarding the skin structure, the epidermis is the most challenging
layer to overcome because of its amphiphilic nature. Indeed, a hydro-
phobic drug could cross the SC but could not easily penetrate the hy-
drophilic viable epidermis. Moreover, during the diffusion through the
SC, when the drug partition coefficient is high, a phenomenon called
‘reservoir effect’ occurs, meaning that the drug remains in the lipophilic
part of the epidermis (SC) [11,68]. Contrariwise, while a hydrophilic
drug will not penetrate the hydrophobic SC, it could easily diffuse into
the viable epidermis. The penetration of a drug through the epidermis is
therefore dramatically influenced by its hydro- or lipo-philicity.

Drug delivery through the epidermis is rendered possible by two
main passive pathways: intracellular or intercellular. A third pathway
through cutaneous appendages is the transfollicular pathway, less at-
tended (Fig. 2). Which pathway is used by drugs to pass cutaneous
barriers depends on their affinity with the lipid matrix or with the in-
ternal environment of corneocytes and on their ability to cross cell
membranes [3,9,11]. There are four parameters inherent to each drug
that can influence its passage through skin layers: (1) molar mass (M,,),
(2) the number of hydrogen-bond donors (NHD), (3) the number of
hydrogen-bond acceptors (NHA) that control interactions with the
corneocyte membrane and (4) the octanol-water partition coefficient
(logP) that represents the SC-water partition [9]. Similarly, Lipinski
proposed “the rule of five” which states that penetration will be weak
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when M,, > 500, NHD > 5, NHA > 10 and LogP > 5 [69]. “The
rule of five” thus predicts a poor passage through lipid matrix for large
and hydrophilic molecules such as nucleic acids (M,,> 10,000 Da,
LogP < 0) [3].

The intercellular route involves a pathway only through the lipid
matrix that allows the diffusion of lipophilic or non-polar compounds.
The intracellular route requires a drug diffusion through corneocytes
which is more favorable to the diffusion of hydrophilic and polar so-
lutes due to hydrogen bonds between polar molecules and corneocytes
(NHA/NHD) [70].

Other important characteristics of the skin involved in cutaneous
drug administration are the appendages including nails, hair, apocrine
glands, eccrine sweat glands and sebaceous glands. In the past, trans-
dermal absorption by skin appendages has been considered insignif-
icant since they represent only 0.1% of the surface of the skin area.
However, many studies have shown that follicular absorption re-
presents a significant transdermal penetration pathway [71] and acts as
a major reservoir for hydrophilic drugs [72-74]. Moreover, even if the
intercellular route is the most commonly used way for lipophilic mo-
lecules, penetration through skin appendages related to the presence of
sebum in the follicular canal could be demonstrated for hydrophobic
drugs [72,75-77].

To sum up, the SC and epidermis layers are first obstacles en-
countered by a topically applied genetic cargo, which must thus first
overcome these barriers in order to diffuse into underlying targeted
cells and induce its therapeutic activity.

3.2. Intracellular barriers

When genes have faced and overcome extracellular barriers, their
final outcome is to be internalized into target cells in order to induce
their genetic modifications. However, many hurdles have been de-
scribed as preventing the final intracellular activity of nucleic acids.
Many methods have been investigated to improve the intracellular
delivery of nucleic acids and as explained in Section 4, one of the most
promising strategies is the complexation of the genetic materials with a
drug delivery system (DDS). In this section, all steps which must be
overcome by DDS containing nucleic acids are described and shown in
Fig. 3.
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The following fourth first steps necessary for an intracellular de-
livery are common for each type of genetic cargo (pDNA, AON and
RNAIi). The first step involves a contact of the DDS with the cellular
membrane (Step 1). Nanocarriers are too large to diffuse passively into
cells and are thus internalized by the endocytic pathway [78]. The cell
surface is covered by a high density of negative charges due to the
presence of diverse anionic proteoglycans that are considered as the
major site of interaction with cationic nanoparticles [79-82]. After
attachment to the cell membrane, DDS have been found to be inter-
nalized into cells via several endocytic mechanisms like the clathrin-
dependent or caveola-dependent pathways (Step 2), depending on the

nature and the physicochemical properties of the nanovectors. Hence,
their surface charge, size, polydispersity and composition are essential
factors conditioning their transfectability [83]. In addition, the inter-
nalization capacity may vary depending on the cell type. In this context,
Douglas et al., showed that the internalization of polymeric particles
made of alginate and chitosan was different in three different cell lines
[84]. In the context of skin delivery, it is clearly assume by the scientific
community that the transfection efficiency is completely different be-
tween keratinocytes, macrophages, dendritic cells or fibroblasts. To the
best of our knowledge, there is no study comparing transfection capa-
city in different skin cell types. Moreover, any studies have analyzed the
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will be translated into proteins in the cytoplasm.
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Fig. 4. Intracellular distribution of pDNA visualized by confocal microscopy. A
mixture of FITC-labeled 70-kDa dextran (green) and Cy3-labeled kB-DNA (red)
was microinjected into the cytoplasm of HeLa cells in the presence of p50 (A) or
alone (B). Cells were fixed and the DNA was visualized by confocal microscopy
after 8 h. Adapted with permission from [105]. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

endocytosis pathway in function of cell type. Vercauteren et al., de-
scribed all tools necessary to study endocytic mechanisms like exclusion
studies using chemical inhibitors as well as fluorescence colocalization
studies [85]. Although these experiments are valuable, they still remain
tricky since multiple pathways are generally used to cross the cell
membrane. Moreover, our group has recently pointed out the im-
portance of performing transfection assays in the proper biological
environment. Indeed, Frere et al., developed PEGylated polymeric na-
noparticles and showed that their transfection rates into cells were
dramatically reduced in the presence of serum [86,87].

The most critical step for nucleic acid activity is the “endosomal
escape” (Step 3) [78,88]. Following cellular uptake, endocytosis vesicles
fuse with early endosomes, which have an internal pH of about 6, and
then mature in more acidic late endosomes. To prevent acidic and en-
zymatic degradations, the gene cargo has to escape before the merge
with lysosomes [89]. Different strategies have been investigated to
promote intracellular delivery: for cationic liposomes, the incorpora-
tion of a lipid helper such as 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine (DOPE) is frequent and involves the reorganization of lipids
between the membranes of liposomes and endosomes [90-95]. As de-
scribed for the first time by Koltover et al., the DOPE lipid promotes the
transition of the lamellar L, phase to the columnar inverted hexagonal
Hy in acidic pH which facilitates the release of nucleic acids [96]. For
polymer-based nanoparticles, the most recurrent approach is the
“proton sponge effect”. Here the buffer capacity of the polymers de-
termines how protons (H™) enter into the endosomes followed by
chlorine ions (Cl ™) and water, important to keep the neutral charge and
the osmotic balance. This water content of the endosome will induce
the burst release of the nanocarriers into the cytoplasm [97].

Once well located in the cytoplasm, the complex formed between
the DDS and the nucleic acid needs to disassemble in order to release
the gene of interest (Step 4). This step is still controversial when lipo-
somes are used to carry nucleic acids. The pDNA (or siRNA) can be
directly released into the cytoplasm. Another hypothesis raised by
Vercauteren et al. is that the entire complex is directly released from the
endosome and has to be further dissociated into the cytoplasm as it has
been described for polymer-based nanoparticles. This process has also
been highlighted by our group when using PEGylated lipoplexes com-
posed of DOTAP, DOPE, cholesterol, polyethylene glycol (PEG) and
siRNA and developed for mucosal applications in the context of cervical
cancer [98]. In this work, we demonstrated using flow cytometry assays
and fluorescence inhibitors that the amounts of siRNA blocked in the
endosomal compartment were equal between all tested formulations.
However, gene knockdown efficiency was different when the lowest
amount of PEG was used, which provides evidence that complex dis-
sociation is the major barrier for siRNA or pDNA release [99]. The use
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of biodegradable lipids or bioreducible polymers may solve these lim-
iting hurdles [85,100].

The complexation of siRNA with the RISC will induce mRNA de-
gradation and consequently, gene knockdown (Step 5.a). On the other
hand, shRNA and pDNA must get through the cytosol to enter the nu-
cleus prior to transcription, regardless the method of transfection (Step
5.b). Two basic methods allow plasmids to reach the nucleus: diffusion
or active transport [101]. Lykacs et al. stated that the diffusion coeffi-
cient of pDNA is inversely proportional to the number of base-pairs (bp)
composing the pDNA [102]. In this manner, while the progression of
pDNA of more than 250 bp was slowed by > 17 folds after micro-
injection in cells compared to its diffusion in water, pDNA with >
2000 bp were unable to diffuse. Moreover, the diffusion of free pDNA
may be blocked by cytosolic nucleases [103]. Yet, by using experi-
mental settings which disrupt the microtubule network, Vaughan et al.
could demonstrate that pDNA make use of the microtubule networks to
reach the nucleus [104]. Briefly, after pDNA (pCMV-GFP-DTS) micro-
injection into the cytoplasm of TC7 cells pretreated with DMSO or
nocodazole, only cells treated with DMSO showed a precise localization
of the pDNA in the nucleus or directly around it. Interestingly, pDNA
injected in cells treated with nocodazole did not demonstrate any
specific pattern of localization. The addition of nuclear localization
sequence (NLS) like p50 into the plasmid improved its transfection ef-
ficiency. Mesika et al., showed by confocal microscopy that the injec-
tion of Cy3-labeled pDNA in the presence of p50 induced its localization
around the nucleus or inside (Fig. 4.A) whereas without p50, the pDNA
remained mostly at the site of injection (Fig. 4.B) [105].

Finally, the last and a substantial intracellular barrier for an effi-
cient pDNA transfection is the crossing of the nuclear envelope (Step 6).
Indeed, the amount of pDNA that reaches the nuclear compartment is
very low when cells are not in mitosis since the membrane is not broken
[106,107]. The only way to enter into the nucleus in non-dividing cells
is through the nuclear pore complex (NPC) which is an aqueous
channel. The transport of pDNA through NPC is promoted when the
pDNA contains a sequence recognized by transcription factors [108].
These sequences are named DNA targeting sequence (DTS) and the
most known is the SV40 enhancer which can bind different transcrip-
tion factors [109]. Other techniques have been described to enhance
the nuclear entrance and are reviewed by Dean et al. [108].

The last step concerning the nuclear entry of pDNA is not clearly
explained in the literature. It is still questionable whether the pDNA-
nanocarrier complex is transported and dissociated prior or after the
nuclear entry. Once again, this behavior depends on the type of nano-
carrier used. Indeed, with liposomes, if the hypothesis of the re-
organization of lipids is verified, the pDNA is free before the nuclear
entrance and thus has to circulate into the cytoplasm. However, when
the complex has to be further dissociated after the endosomal escape,
the release of pDNA could happen into the cytoplasm or into the nu-
cleus.

4. Three main strategies to improve skin gene delivery

During last decades, different strategies have been elaborated to
increase gene penetration through the skin and dispense nucleic acid to
targeted cells. Penetration enhancement methods are classified into
three categories namely active, physical and passive methods
[3,5,10,15,16,110-114]. Assets and limitations of these three ap-
proaches are explained in Table 2.

Physical and active methods involve the disruption of the SC to
increase the penetration in underlying layers. The transfer of genetic
material carried out by means of either viral or non-viral vectors to
improve penetration is considered as a passive method. Due to the in-
fectious nature and therefore safety issues related to viral carriers, non-
viral carriers will be preferred. Despite their lower transfection rates,
non-viral vectors offer many advantages, being low immunogenicity,
low toxicity, low antigenicity, low production costs, adaptable
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Table 2
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Assets and limitations of penetration enhancement techniques for nucleic acid delivery (adapted with permission from Zakrewsky et al. [3]).

Classification Approaches Assets Limitations
Physical ® Microneedle ® High enhancement ® Costs
® Microporation ® Universal methods with a wide variety of genes ® Limited application area
® Microdermabrasion ® Reproducible (not depending to state skin disease) ® Irritation and risks of infection
® Possibility of reaching the desired skin layer ® No specific targeting
® Relatively invasive/painful
Active ® Electroporation ® Very effective skin penetration and cell internalization ® Costs
® Jontophoresis ® Universal with a wide variety of genes ® Complexity of equipment
® Sonophoresis ® Controlled delivery ® Limited application area
® Repeated application at the same site ® Localized penetration zone
® Transient perturbation of skin ® Relatively invasive
® Patient compliance
Passive ® Polymeric nanoparticles ® Low costs ® Can be limited by size of complexes
® Liposomes ® Application to large skin surface ® Lower enhancement
® Peptides ® Non invasive ® Delivery depending on state of skin
® Dendrimers ® Protect drugs from degradation
® Skin perturbation
® Targeting of specific cell-types

composition and better stability [115-118]. A large number of non-
viral strategies developed to increase dermal penetration of nucleic
acids have been devised.

4.1. Physicals and actives approaches to cross the skin barrier

The purpose of physical methods is to increase the penetration of
nucleic acids by creating a disruption of the SC prior or after drug ap-
plication [3,7,10,16]. Microporation technique is a physical method
that creates ablation of corneocytes by applying a local electric current
allowing penetration of large molecules into the skin [119].

One of the most used physical methods is the use of microneedles
(MN) owing to their many advantages (Table 3) [21-24]. This tech-
nique consists in creating pores in the skin using micron-sized needles
(100-700 pm in length [3]) favoring macromolecule and nucleic acid
penetration into the viable epidermis. Other than these advantages, MN
techniques also face limits such as local inflammation, a need for re-
peated applications due to small delivered volumes and breakage of fine
MN. Nevertheless, owing to their minimally invasive technology and
their impressive efficacy, MN seem to be appropriate candidates as
penetration enhancer approach.

MN [21-24] can be solid, hollow, coated, biodegradable/dissolving
or hydrogel-forming [16]. More details about skin drug delivery
methods by MN are stated in Van Der Maaden's review [23].

MN are used to improve gene material (siRNA and pDNA) delivery.
The improved delivery of genetic material using MN has been widely
published. For instance, Chabri et al. [120] observed the skin pene-
tration of 100 nm diameter-cationic lipoplexes (DOTAP:pDNA) by using
silicon MN. Coulman et al. [121] also demonstrated that silicon-based
MN are able to drill SC to enhance penetration of macromolecules like
B-galactosidase and pDNA in the viable epidermis. A proof-of-concept

Table 3
Advantages of MN for skin gene delivery.

Advantages of MN

- Can deliver large molecules such as nucleic acids

- Are minimally invasive and painless

- Are not associated with a fear of needles

- Are easy to use

- Are not dependent on the state of the skin

- Are simple devices and relatively cheap

- Can be associated with other penetration enhancement techniques

- Can increase cellular uptake

- Can be adaptable : can target gene expression at different area on the skin
depending on needle length

- Can provide a controlled drug delivery

looking at the increased gene expression in the human viable epidermis
using steel MN on which a pDNA had been impregnated, was recently
launched [122]. Using a soluble protrusion array device, Gonzalez-
Gonzalez et al. [123] aimed at an anti-luciferase siRNA delivery linked
to an effective gene silencing in luciferase expression in transgenic
mice.

The mechanism by which MN enhance gene penetration is based on
the dissolution and diffusion principle [23]. Hence, either the MN
themselves dissolve in the skin to allow the delivery of the drug en-
closed in MN (dissolving MN) or it is the drug impregnated (coated MN)
or contained in MN (hollow MN) which dissolves in the skin and
reaches the targeted layer to induce a immune response for vaccination.
This expertise has been proven effective in several vaccination studies
performed to target influenza [124], hepatitis B and C [125,126],
measles [127], malaria [128,129] and more recently the Ebola virus
[130].

Active methods aim to increase skin diffusion and transfection of
macromolecules such as nucleic acids using an electric field (electro-
poration and iontophoresis) [6,113,114] or ultrasound (sonoporation)
[6,7,110]. These methods are very effective in terms of skin penetration
and gene expression. Many reviews describe the performance of such
processes [3,5-7,15-17]. Nevertheless, despite their efficiency, these
methods have to deal with major disadvantages like expensive and
extensive equipment, painful and invasive methods. Conjointly, their
translation to clinical trials is not easy. To achieve more suitable out-
comes, the above cited techniques should be combined [130-137].

4.2. Passive approaches to increase gene penetration through the skin: non-
viral nanocarriers

Non-viral nanocarriers are developed for two purposes. Their first
benefit is to increase macromolecule penetration through SC barrier
and the second is to promote the intracellular delivery of nucleic acids.
Polymers, dendrimers, cell penetrating peptides, gold nanoparticles,
lipid-based carriers have thus been studied for topical gene delivery
[3,15,138-141]. In this section, we focus more specifically on classical
and modified liposomes to illustrate the potential of the lipid-based
carriers.

Liposomes are vesicles composed of phospholipids which bear hy-
drophobic chains and a hydrophilic head. When they encounter an
aqueous medium, liposomes have the ability of spontaneous self-as-
sembly to form a bilayer where the hydrophobic lipid chains face each
other and the hydrophilic lipid heads are in contact with the aqueous
medium. The amphiphilic feature of liposomes explains why they are
widely used to increase the penetration of hydrophilic molecules (in the
aqueous core) and/or lipophilic molecules (within the membrane
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bilayer) [142]. The liposomes classification is based on their size and
their lamellarity [15]. Hence, small unilamellar vesicles (SUVs) are
composed of one lipid bilayer with a size ranging from 20nm to
100 nm, large unilamellar vesicles (LUVs) have a size > 100 nm and
multilamellar vesicles (MLVs) are composed of several lipid bilayers
with a size > 0.5 pm. Besides the fact that liposomes can encapsulate a
wide range of molecules, the lipid composition of liposomes is close to
the lipid composition of the skin which is an important factor to en-
hance diffusion through SC and to avoid side effects. The most used
lipids are biodegradable, biocompatible and non-toxic [143,144]. We
have to notice that the stability in suspension is still a drawback when
lipid-based nanocarriers are considered. However concerning gene
complexation, most of lipid-carriers are positively charged to promote
the electrostatic interactions with anionic nucleic acid which prevents
liposomes agglomeration. Moreover, different strategies are developed
to increase the stability of lipid-carrier and to prevent the burst released
of drugs. Nowadays, the most used is the lyophilization [145,146].

4.2.1. Conventional liposomes

Liposomes refer to a simple lipid composition mainly natural
phospholipids such as phosphatidylcholine (PC) or lecithins. The term
“conventional liposomes” is used to differentiate these vesicles from
modified vesicles engineered to improve skin penetration.

The importance of using lipid nanocarriers for skin drug delivery
and mechanisms of actions were very recently reviewed [141]. Within
this paper, we thus specifically focus on skin delivery of genes.

In 1995, Li et al. [147] demonstrated that classical based-phos-
phatidylcholine liposomes could be used to improve DNA penetration
into hair follicles of histocultured mouse skin. Indeed, only a specific
accumulation of DNA entrapped in liposomes was found in hair follicles
while the “naked” control DNA did not penetrate. However, due to the
low density of hair follicles (0,1% of the skin surface), DNA penetration
by the transappendageal follicular pathway tends to be limited. To date,
this method is still controversial since nanoparticles could be identified
in hair follicles only when the skin had been massaged during the ex-
perimentation and no nanoparticle transferred in the epidermis [19].
Other researches [148] already identified the massage procedure as
being an important factor since it can increase (5-fold higher) drug
penetration through hair follicle.

It is now generally well established in the literature that, as topical
delivery system, classical liposomes are relatively ineffective. Indeed,
classical liposomes are retained in the upper layer of the epidermis (SC),
resulting in a liposome ‘reservoir’, where intact liposomes are unable to
provide an effect in deeper skin layers [14,149-151]. This phenomenon
could be explained by the fact that the classical liposomes break and
disrupt the lipids of the stratum corneum, allowing a free diffusion of
the molecule without any carrier (Fig. 5).

Various strategies have been designed to obtain more suitable out-
comes.

One of them is the use of cationic lipids, such as DOTMA-containing
liposomes, to enhance gene delivery into cells. The group of Felgner
et al. described that a DOTMA-containing liposomes could facilitate the
delivery of DNA into cell [152]. They suggest that, cationic liposomes
spontaneously associate with the plasmid through electrostatical in-
teractions to form a complex with a positively charged surface which
can associate with the negatively charged cell surface. Later, this hy-
pothesis was validated by Ruponen et al. [153]. In general, a slight
excess of positive charges leads to higher transfection rates, however, if
cationic liposomes have too much affinity for DNA, the transfection will
be limited [154-156]. Several types of cationic lipids could be used to
form lipoplexes: monovalent lipids (DOTMA, DOTAP...), multivalent
lipids (DOGS, DOSPA), cholesterol-derivatives (DC-Cholesterol) or ca-
tionic switchable lipids [18,20,83,157-161]. As an example, the ca-
tionic head of DOTAP is an amphiphile quaternary ammonium and is
widely used to effectively deliver nucleic acids despite its toxicity
[18,20,162,163]. Indeed, Birchall et al. [164] demonstrated that
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DOTAP-composing lipoplexes were able to increase uptake and ex-
pression of plasmid DNA (33-fold higher compared with control pDNA)
into a viable epidermis layer. To increase the stability of liposomes or to
enhance nucleic acid delivery, other lipid helpers can be added to ca-
tionic lipids [95]. Hence, cholesterol is used to improve the stability
and entrapment efficiency of liposomes [165]. As explained in the
Section 3.2, another improvement is to add a fusogenic lipid such as
DOPE, which can significantly increase cellular uptake, thus allowing
better transfection rates. Indeed, in a recent study Kim et al. [166]
showed that this transfection efficiency did not depend on the size or
zeta potential of liposomes but mainly on the optimal DOTAP/DOPE
ratio, highlighting the key role of DOPE to improve cellular uptake and
transfection in a particular cell type [166]. In the same study, the au-
thors emphasize the fact that the optimal DOTAP/DOPE ratio depends
on the targeted cell type.

To date, the use of cationic lipids is one of the most used strategies
in combination with the following modifications (surfactant/ethanol)
to enhance gene delivery.

Nevertheless, while the use of cationic lipid makes sense for nucleic
acid complexation, few studies have described the use of anionic lipids,
such as DOPG, to complex macromolecules, oligonucleotides and
plasmid DNA as well as to enhance gene transfer [153,167-171] As an
example, Srinivasan and co-workers [170] used DOPG, an anionic lipid,
to enhance gene transfer. Divalent cations are essential to condense
nucleic acids as reviewed by Kulkarni [172]. Based on previous studies
[172,173], calcium divalent was chosen to achieve complexation be-
tween DNA and anionic lipids which are strongly repulsed by their
negative charge. While lower transfection efficiency was observed at
low Ca®* concentrations probably due to decreased DNA - anionic lipid
interactions, [170] higher Ca?* concentrations (> 25 mM) also corre-
lated with low transfection rates, probably related to the large particle
size (500 nm) with increased agglomeration of vesicles [174]. The op-
timal ratio, associated with effective transfection and no toxic effect, is
thus composed of 15 mM Ca?* and displaying an allowed size of about
200 nm. However, to our knowledge, such anionic complexes are not
yet widely used to increase gene penetration through the skin.

4.2.2. Transfersomes

In the 1990, Ceve and Blume [175] introduced a new class of ul-
tradeformable liposomes called Transfersomes®. These vesicles have the
feature to be deformable owing to surfactant addition in the lipid bi-
layer. Transfersomes® are five to eight times more elastic than classical
liposomes and are able to penetrate intact skin when applied under non
occlusive conditions due to the transdermal water gradient [150,176].
Surfactants added to phospholipids, also called ‘edge activators’, act by
destabilizing the membrane of the bilayer and consequently increase
the flexibility of the vesicles. Surfactants thus allow vesicles to com-
press and distort to squeeze through the pores (Fig. 5).

Based on works of Cevc et al., a number of authors were interested
in Transfersomes® as a promising delivery system for gene therapy.
Surfactants bearing different characteristics are used to compose de-
formable liposomes, including sorbitane monoleate, polysorbate 80
(Tween®80), sodium cholate (NaChol), sodium deoxycholate
(NaDChol), octadecylamine or  potassium  glycyrrhizinate
[165,177-179].

Lee et al. [180] studied the effect of edge activator on formation and
transfection efficiency of deformable liposomes encapsulating pDNA.
They have tested three edge activators NaChol, NaDChol and
Tween®80. While NaChol seems to be more suitable for pDNA delivery
through the skin, Tween®80 turns out to be more toxic and seems to be
less suitable as edge activator. These results support the study of Kim
et al. [181], showing that a 6:1 ratio (DOTAP: NaChol) complexed to
pDNA with a ratio 1:14 (pDNA:liposome) provides smallest, non-toxic
and effective particles with maximal transfection efficiency demon-
strated in four different cell lines (OVCAR-3, HepG2, H-1299 and
T98G). Conflictingly, a study showed that Tween®20 can be used as an
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Fig. 5. Schematic overview of skin penetration of ethosomes, transfersomes and conventional liposomes. Reprint with permission from Sala et al. [141].

effective edge activator without inducing any cytotoxicity [182].

The percentage of edge activator in the final liposome complex is an
essential factor determining penetration efficacy into the deep epi-
dermis layers [183]. Indeed, authors studied the ability of formulated
lipoplexes to internalize into melanoma cells, knockdown the expres-
sion of BRAF and induce cell death in melanoma cells. Several con-
centrations of NaChol as edge activator were tested within a DOTAP-
containing formulation (DOTAP: NaChol ratio: 4:1, 6:1, 8:1, 10:1 with
different amounts of siRNA). They found that liposomes at 8:1 ratio and
complexed with siRNA at 16:1 ratio had the highest rate of permeation
through the skin with significant deposition at upper epidermis (Fig. 6).

Liposome:siRNA 4:1
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Yellow arrow= Stratum Corneum

Red arrow = Viable epidermis
White arrow= Dermis

Liposome: siRNA 8:1

They suggested that liposomes containing less than 16,6% of edge ac-
tivator (ratio 8:1) failed to reach deeper layers of the epidermis because
of the low surfactant percentages [183].

4.2.3. Ethosomes

Ethosomes are nanostructures similar to liposomes including a
variable proportion of ethanol (up to 45% w/w [165]), identified as
being a penetration enhancer [184]. Ethosomes were first described by
Touitou et al. [185] as an approach for improving skin penetration
offering a better diffusion of the drug in the deep skin layers by de-
structuring and solubilizing the lipids of the SC, thus making it more

Liposome: siRNA 12:1 Liposome:siRNA 16:1

Fig. 6. Fluorescent microscopy images of liposomes (green) complexed with siRNA that permeated through skin layers. (a-d) Liposome:siRNA (Liposome:NaChol 4:1
ratio) complexes at w:w ratios of 4:1, 8:1, 12:1, 16:1, respectively. (e-h) Liposome:siRNA (Liposome:NaChol 6:1 ratio) complexes at w:w ratios of 4:1, 8:1, 12:1, 16:1,
respectively. (i-1) Liposome:siRNA (Liposome:NaChol 8:1 ratio) complexes at w:w ratios of 4:1, 8:1, 12:1, 16:1, respectively. (m-p) Liposome:siRNA
(Liposome:NaChol 10:1 ratio) complexes at w:w ratios of 4:1, 8:1, 12:1, 16:1, respectively. Reprinted with permission from Dorrani et al. [183]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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permeable (Fig. 5). In contrast to Transfersomes®, ethosomes appear to
improve drug delivery under both occlusive and nonocclusive condi-
tions [186].

Despite the fact that the mechanisms of action of ethosomes are not
clear, authors agree on a synergy between several mechanisms. Hence,
on the one hand, an interaction of ethanol with the polar group of lipids
would cause an increase in the fluidity and a decrease in the density of
the multilamellar bilayer by a reduction of the transition temperature of
the lipids resulting in a destructuration of SC. On the other hand,
ethosomes would fuse with skin lipids due to their malleability and
fluidity resulting in a drug release into deeper skin layers by crossing
the disturbed SC [13,151,185,187]. Also, ethanol could give a negative
charge to ethosomes allowing an electrostatic repulsion avoiding the
aggregation of vesicles and thus leading to a steric stabilization [188].
In addition, Manosroi et al. suggest that ethanol acts as a hydroxyl-
radical scavenger protecting the drug and leading to an improved sta-
bility [189].

It is important to pinpoint that ethanol contents influence the per-
meation flux. Indeed, large amounts of ethanol enhance the permeation
flux [190]. Additionally, ethanol affects the physicochemical properties
of ethosomes. When ethanol is added to the formulation, the net surface
charge of the vesicles decreases which can lead to smaller size and a
favored passage through the skin [189]. Finally, ethanol could improve
insertion of macromolecules such as siRNA within the bilayer mem-
branes due to its destabilization effect on bilayers [20]. As the con-
centration of surfactant in ultradeformable liposomes, ethanol con-
centration in ethosomes is crucial. The common concentration of
ethanol used in ethosome formulations is between 10% and 50% w/w
[165,191].

Considering the advantages of cationic lipids, surfactants and
ethanol, it is interesting to combine these techniques to obtain more
valuable results. Geusens and co-workers [14,149] have developed a
system named SECosomes (surfactant-ethanol-cholesterol-omes) com-
posed of DOTAP to bind siRNA, cholesterol as stabilizer, NaChol as
surfactant and 30% ethanol. Interestingly, it has been demonstrated
very recently that SECosomes bearing siRNA targeting human beta-
defensin 2 expression, [192] could deliver the siRNA to a skin-huma-
nized mouse model of psoriasis [149]. Therefore, the concomitant use
of several enhancement strategies seems to be useful for transport of
nucleic acids through the skin and could be promising therapeutic tools
to treat skin pathologies such as psoriasis.

5. Biomedical applications

The topical application of non-viral nanocarriers carrying different
gene cargos (pDNA, siRNA, shRNA or miRNA) has been considered as a
therapeutic strategy for several diseases.

Genetic skin diseases are a group of disease induced by genetic
mutations, such as epidermolysis bullosa, xeroderma pigmentosum,
pachyonychia congenita [193] or epidermolytic hyperkeratosis, der-
matitis atopic [194-196], scleroderma [197], alopecia areata [198] or
vitiligo [199] and are ideal candidates for gene therapy treatment. In
this section, we focus on cutaneous applications of non-viral nano-
carriers complexed to nucleic acids for topical pDNA vaccination,
psoriasis, wound healing and skin cancers. The Table 4 summarizes the
type of nanocarriers and genetic cargo involved in studies discussed
according to these different diseases.

5.1. Plasmid DNA-vaccination

One of the fields in which topical gene delivery is greatly attractive
is the needle-free skin vaccination. Instead of an intramuscular injec-
tion, needle-free vaccination offers two major advantages. First, cuta-
neous vaccination has a high potential from an immunologic facet since
many Langerhans and dendritic cells are located in the epidermis and in
the dermis. Secondly, skin vaccination is interesting in virtue of its ease
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of application and the avoidance of pain which will increase patient’s
compliance [200,201].

Despite these above-cited advantages, the impermeable SC is the
major hurdle to skin vaccination. Physical methods to cross this barrier
have been tested for skin vaccination such as MN, skin patches, tape
stripping as well as active techniques like gene gun, liquid jet injection
or electroporation [202,203]. They have demonstrated some attractive
results but are associated to disadvantages as explained in Section 4.1.
Moreover, these methods are often associated to passive strategies
which consist of using drug delivery system (DDS) to increase the skin
penetration. For instance, PEGylated liposomes combined to a multiple-
needle tattoo device were proposed for the vaccination against influ-
enza A [204] and poly(methyl methacrylate)-particles were associated
to gene gun to target HPV infections [205]. All MN techniques devel-
oped for vaccination have been very elegantly summarized in a recent
review [206].

The utilization of nanocarriers alone and mainly lipidic nanocarriers
are also considered as the only way to cross the SC. Wang et al. de-
veloped deformable liposomes (made of phosphatidylcholine from
soybean, DPPC and octadecylamine) complexed to pDNA encoding for
the surface antigen (HBsAg) and their transfection efficacy was tested
versus conventional liposomes in an in vivo mouse model. The deform-
able formulation can induce HBsAg translation in the same manner as
pure recombinant HBsAg or naked pDNA applied by intramuscular in-
jection whereas normal liposomes were not able to induce HBsAg ex-
pression [207]. The group of Vyas have also investigated the use of
deformable liposomes and of pDNA-HBsAg for topical vaccination
against hepatitis B and showed promising results [208,209]. Xu et al.,
have developed flexible liposomes with DOTMA and NaDChol in the
context of respiratory syncytial virus (RSV) vaccination. They showed a
significant anti-RSV IgG antibody response after topical application
compared to intramuscular injection. Moreover, topical skin vaccina-
tion to treat pneumonia induced in mice following RSV challenge was
associated with fewer histopathologic anomalies when compared to the
intramuscular vaccination alternative. One has however to be careful in
interpreting those results, since the flexible formulation was not com-
pared to classic one, which makes it tricky to highlight the benefit of it
[210].

Nowadays, it is difficult to discern whether physical methods
combined to nanocarriers offer a real benefit for vaccination strategies.
Although the use of nanoparticles without any other techniques is
sufficient to cross the SC and target immune cells in the epidermis and
dermis in order to induce immune response, it is obvious that lipid
nanoparticles as liposomes are preferred for cutaneous vaccination
since polymer-based carriers are very rarely used for this purpose. This
observation is probably due to their lipid composition similar to the
epidermis which enables them to penetrate the impermeable SC. For a
complete review of nanocarriers-based DNA vaccines, we refer to
Hansen et al., [201] and Geusens et al. [14,211].

5.2. Psoriasis

Psoriasis is considered as an inherited skin disease since this in-
flammatory dermatologic pathology is the result of genetic and en-
vironmental disorders [212]. This pathology is characterized by a
dramatic hyperplasia of the epidermis, hyperkeratosis and para-
keratosis. Different gene targets have been exploited for therapy but
only those involving their delivery by nanoparticles are identified
hereunder.

pDNA encoding for interleukin-4 (IL-4) was considered as a treat-
ment option since subcutaneous injection of IL-4 induced the T helper 2
differentiation in CD4 + T cells which consequently showed a positive
impact against psoriasis plaques [213]. While Zhang et al. associated
pDNA IL-4 with DMSO (concentration of 10%) [214], Li et al. devel-
oped ultradeformable liposomes composed of DOTAP/DOPE/NaChol
(8/8/4.16 mass ratio) complexed to pDNA in different molar ratios
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Table 4
Type of nanocarriers and genetic cargo according to skin diseases.

Disease Type of nanocarriers Genetic cargo References

Vaccines

Hepatitis B SPC/DPPC/octadecylamine/cholesterol PDNA (HBsAg) [207]

Hepatitis B SPC/Span85/cholesterol PDNA (HBsAg) [208]

Hepatitis B DOTMA/sodium deoxycholate PDNA (HBsAg) [209]

RSV (Pneumonia) DOTMA/sodium cholate PDNA (RSV-F) [210]

Psoriasis
DOTAP/DOPE/sodium deoxycholate PDNA (IL-4) [215]
Monoolein/oleic acid/PEI siRNA (IL-6) [216]
DOTAP/Cholesterol/sodium cholate + 30% ethanol siRNA (DEFB4) [218,150,219,220]
FuGENE®-6 (Promega Corporation) PDNA (shRNA TNF-a) [221]
DOPyCl/DOPE/PC/DSPE-PEG 400 siRNA (TNF-a + STAT3) [222]

Wound healing
Lipofectamine® pDNA (FGF1) [227]
DMRIE/cholesterol PDNA (IGF1) [228]
DMRIE/cholesterol pDNA (KGF) [229]
SNA-Gold nanoparticle siRNA (ganglioside GM3S) [230]
DOTAP/sodium cholate/CSP protein siRNA (Kelch ECH) [231]

Skin cancer
/ siRNA (BRAF) [233]
Cationized gelatin microsphere siRNA (VEGF) [234]
DOSPER® Liposomal Transfection Reagent (Roche Life Science) PDNA (angiostatin) [235]
DPPC/DOPE/Stearylamine PDNA (IL-12) [236]
DOTAP/DOPE/DSPE-PEG2000 siRNA (B-Raf-Akt3) [238]
SNA-NCs siRNA (EGFR) [239]
Cationic AuPT nanoparticle pDNA (miRNA 221 inhibitor) [240]

ranging from 1:1 to 8:1 [215]. Both of these studies used in vitro and in
vivo assays to prove the ability of their formulations to express IL-4
following cutaneous application. For this, their pDNA-interleukin-4-
containing preparations were applied in the dorsal ear skin of trans-
genic K14-VEGF mice, which spontaneously display phenotypic char-
acteristics of psoriasis. One application of the ultradeformable lipo-
somes per day during 31 consequent days already allowed repressing
psoriasis markers such as ICAM, VCAM or VEGF-R2. Depieri et al. re-
cently developed liquid crystalline nanodispersion with monoolein
(MO), oleic acid (OA) and polyethylenimine (PEI) in an aqueous phase
(AP: Tris-HCl buffer (pH 6.5, 0.1 M) with 1.5% of Poloxamer 407 in
nuclease free water) and siRNA against the interleukin-6 (IL-6) to treat
psoriasis-related inflammation [216]. Making use of reconstructed
human epidermis (EpiDerm™), this article first emphasized cytotoxi-
city of used nanodispersions. Hence, since all gene cargos are highly
negatively charged, nanovectors involved in their complexation are
often positively charged and therefore could induce toxicity [217]. The
induction of toxicity due to the positive charge of nanocarriers has al-
ready been highlighted by our group and thus has a huge importance in
gene delivery [99]. Depieri et al. showed in their attractive work that
the cytotoxicity increased with PEI concentrations as this polymer
confers positive charges to the complex. Furthermore, confocal micro-
scopy analyses illustrated that a safe formulation composed of
MO:OA:PEL:AP (8:2:1:89) was able to cross the porcine ear SC com-
pared to non-deformable carriers PELAP (1:99) (Fig. 7A). The effec-
tiveness of anti-IL-6 siRNA was evaluated by ELISA in the supernatant
of cells which composed the in vitro psoriasis skin model (MatTek
Corporation). Therefore, they evaluated the action of siRNA but not the
real impact of the formulation against psoriasis lesions in vivo. Finally,
treatment of psoriasis by skin application of elastic liposomes carrying
siRNA anti-DEFB4 has largely investigated. DEFB4 encodes for the
human b defensin-2 (hBD-2) which is highly up-regulated in psoriatic
lesions [218]. Previously, SECosomes made of DOTAP/cholesterol/
NaChol (6:1:1 M ratio) and 30% of ethanol demonstrated their de-
formability behavior and their potential to cross the SC [149,219]. This
formulation combined to siRNA anti-DEFB4, revealed a positive ther-
apeutic effect in the skin-humanized mouse model for psoriasis [220].
Very recently, the increased effectiveness of the nanocarrier combined

to different edge activators (NaChol, Tween® 20 or Tween® 80), DOPE
and cholesterol [4] was proven. However, based on siRNA transfection
effectiveness in vitro and penetration capacity in excised human skin,
the best formulation selected (DDC642) is composed of DOTAP/DOPE/
cholesterol (molar ratio 6/4.2/1.8) and 30% of ethanol. Surprisingly,
this formulation does not contain any edge activator but only ethanol.
Moreover, they show contradictory results compared to their previous
study since the SECosome formulation cannot cross the excised skin
contrarily to DDC642 formulation, both of them were able to cross
psoriatic skin biopsies (Fig. 7.B). Overall, this study highlights the im-
portance of ethanol in deformable formulation and questions about the
real usefulness of edge-activators.

Ultimately, another target to treat psoriasis is the tumor necrosis
factor-a (TNF-a) which is upregulated in psoriatic skin. Some authors
have already tested the utilization of shRNA [221] or siRNA anti-TNF-a
[222] and proved the potentiality of this target. The first clinical trial
with TNF-a siRNA complexed in Spherical Nucleic Acid (SNA™) called
AST-005 is now in progress. The Exicure company announced in 2016,
the positive phase 1 data for topical psoriasis treatment [223,224].

5.3. Wound healing

Another purpose in which cutaneous gene therapy is suitable is
regenerative medicine. Following tissue injury, wound repair is a dy-
namic process which involves cell-cell and cell-matrix interactions as
well as proinflammatory cytokines, growth factors and chemokines
secretions. When a disturbance happens during the repair process, the
healing is not properly completed [225,226]. Clinically, these situations
often arise among type 2 diabetes patients as non-healing ulcers and
chronic scars appear on the plantar surface. Chronic nonhealing
wounds can lead to further bacterial infections.

In this context, due to the impaired properties of the SC, we can
hypothesize that the intervention of physical methods or of new drug
delivery systems is not needed. However, as mentioned by Geusens
et al., many studies involve subcutaneous injection in order to improve
the efficacy of the gene cargo [14]. pDNA encoding for growth factors
such as fibroblast growth factor (FGF)-1 [227], insulin-like growth
factor (IGF)-1 [228] or keratinocyte growth factor (KGF) [229] can be
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Fig. 7. (A) Ex vivo skin penetration of siRNA across porcine ear skin. Fluorescence microscopy of porcine ear skin sections after treatment for 12h with a non-
deformable carrier made of PEI (I) and deformable carrier made of PEI, monoolein and oleic acid (II), both complexed to FAM-GAPDH siRNA 10 uM. (B) Skin
penetration capacity of siRNA in normal and lesioned psoriatic skin. Representative confocal images from skin biopsy cross sections, both of normal (I-II) and lesional
psoriatic skin (III-IV) 6 h after incubation with Cy5-siRNA complexes of SECosomes (I,III) and DDC642 (IL,IV). Reprinted with permission from [216] for picture A

and [4] for picture B.

used. On the other hand, siRNA strategy has also been employed to
increase wound repair in diabetic patients. In an experimental mouse
model of type 2 diabetes, siRNA directed against the ganglioside-
monosialic acid 3 synthase complexed to spherical nucleic acid particles
led to accelerate wound closure [230]. After complexation with lipo-
polyplex, siRNA against Kelch like ECH-associated protein 1 penetrated
deep into target tissues and accelerated the wound healing in a murine
diabetic wound healing model [231].

5.4. Skin cancer

Cutaneous melanoma is one of the deadliest cancers and its in-
cidence is rising steadily. Melanocytes are present in the junction be-
tween the epidermis and the dermis [232]. As for other type of cancers,
several numbers of targets have been proposed for the treatment of
melanoma using gene therapy [14]. Recently, miRNA-153-3p has been
proposed as a potential biomarker for the diagnosis and the treatment
of melanoma [59]. In melanoma mouse model, siRNA directed against
the proto-oncogene BRAF [233] or against the promoter of angiogenesis
VEGF [234] were effective in reducing melanoma size after sub-
cutaneous or intratumoral injections, respectively. Liposomes com-
plexed to pDNA coding for angiostatin [235] or IL-12 [236] have also
been proposed as new targets but not yet tested through a cutaneous
application neither. The administration of pDNA encoding for IL-12 was
also considered against melanoma using physical methods such as gene
gun [237] or electroporation [31]. However, examples about the use of
non-viral carriers alone carrying gene therapy to treat skin cancers are
few.

Tran et al., developed conventional liposomes made of DOTAP,
DOPE and DSPE-PEGsyg, (molar ratio 4.75:4.75:0.5) combined to
siRNA (targeting Y*°°"B-Raf and Akt3) at a weight ratio of 10:1. They
showed that the delivery of siRNA-liposomal complexes decreased
melanocytic lesions in mouse skin but only following ultrasound
treatment to permeabilize the skin [238]. Spherical nucleic acid na-
noparticle conjugates (SNA-NCs), which are gold cores coated with
highly oriented oligonucleotides, were produced and complexed to
anti-EGFR siRNA [239]. The topical delivery of this nanovector was
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recommended without any combination to barrier disruption methods
for the treatment of cutaneous tumors and skin inflammation. After
successful assessment of nanoparticle preparation, in vitro gene ex-
pression, ex vivo penetration in skin of nude mice, in vivo skin pene-
tration, cationic nanocomplexes combined with pDNA encoding
miRNA-221 inhibitor were validated to successfully cross all extra-
cellular and intracellular barriers in the context of melanoma and to
display long-awaited in vivo anti-tumor effects [240].

6. Conclusions and remaining challenges

The field of topical gene delivery is broad and could offer many
therapeutic possibilities. Different genetic cargos have opposite actions
since pDNA allows gene transcription whereas siRNA or shRNA
knockdown a specific protein. Numbers of dermatologic diseases con-
cerned by topical gene delivery can be very large. Although this novel
gene delivery technique is contemplated for systemic administration, it
gains the highest interest for topical diseases.

The development of lipid-based nanovectors and mainly liposomes
is actually one of the best strategies for topical administration.
Surprisingly, we found out that the most cationic lipid used is the
DOTAP lipid which is quite old and known to present some toxicity. We
can wonder why multiple lipids like pH-sensitive lipids, lipid-poly-
ethylene glycol or cholesterol-derivatives which have been developed
for gene delivery since many years, have never been considered for
topical application. The combination of new lipids with edge activators,
ethanol or cell-penetrating peptides has also never been envisioned.
Moreover, the real benefit of edge activators or ethanol in the lipidic
formulation remains to be proven. Advanced studies on penetration and
intracellular behaviors of nanocarriers must be done and future efforts
must focus on skin toxicity. To conclude, despite that the topical ap-
plication of gene can substantially influence new therapies, many ef-
forts are still needed to reach this expectative.
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