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Abstract
Gene therapy is a critical constituent of treatment approaches for genetic diseases and has gained tremendous attention. 
Treating and preventing diseases at the genetic level using genetic materials such as DNA or RNAs could be a new avenue 
in medicine. However, delivering genes is always a challenge as these molecules are sensitive to various enzymes inside 
the body, often produce systemic toxicity, and suffer from off-targeting problems. In this regard, transdermal delivery has 
emerged as an appealing approach to enable a high efficiency and low toxicity of genetic medicines. This review systemati-
cally summarizes outstanding transdermal gene delivery methods for applications in skin cancer treatment, vaccination, 
wound healing, and other therapies.
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Introduction

Gene therapy, one of the emerging technologies in the mod-
ern healthcare system, has attracted the great attention of 
researchers worldwide [1, 2]. Gene therapy involves trans-
porting genetic material into target cells to prevent or cure 
diseases by compensating or correcting defective genes [3, 
4]. As per the United States Food and Drug Administra-
tion (US-FDA) definition, gene therapy is a modification of 
genes to cure the disease that could work by several princi-
ples, including (i) inactivating a defective gene, (ii) replacing 
a defective gene, and (iii) introducing a new or modified 
gene [5]. Gene therapy has become the epicenter for future 
medicine with the advancement of gene vectors, break-
throughs in genome editing technology, and an upsurge of 
chimeric antigen T cell immunotherapy [6, 7]. The success 

of adeno-associated virus (AAV) mediated gene therapy to 
treat hemophilia [8] and Duchenne muscular dystrophy [9] 
has shown a bright future of gene therapies. In addition, ex 
vivo lentiviral and retroviral-based gene therapies are able 
to help modify hematopoietic cells and treat diseases such 
as beta-thalassemia and sickle-cell disease [10]. Non-viral 
vectors, including liposomes and lipid NPs [11], have been 
explored for gene therapy and shown promising results for 
siRNA, mRNA, and DNA delivery to treat various diseases 
[12, 13]. RNA-lipid NP-based gene therapies, especially 
those for COVID-19 vaccines from Pfizer/BioNTech and 
Moderna, are currently in the spotlight due to the pandemic 
and continue to dominate public and research interests [14]. 
These non-viral vectors stabilize the genetic materials, pro-
duce target-specific action, and enhance the therapeutic effi-
cacy in vivo [15–17].

Genetic materials, however, are not favorable for oral 
delivery due to the presence of degrading enzymes, acidic 
pH, and mucus layer in the gastrointestinal (GI) tract. Pos-
sible alternative methods such as intramuscular (IM), intra-
dermal, ocular, and interatrial administrations are under 
investigation for gene delivery [18]. While IM injections, 
intravenous (IV) injections, and transdermal delivery (TD) 
help to avoid the GI tract effects, TD is the only one that can 
minimize the requirement of trained personnel for admin-
istration, cause little to no pain and offer a minimally inva-
sive method. Thus, TD offers an appealing administration 
pathway for gene delivery. In a pandemic with associated 

Parbeen Singh and I’jaaz Muhammad contributed equally to the 
work

 * Thanh D. Nguyen 
 nguyentd@uconn.edu

1 Department of Mechanical Engineering, University 
of Connecticut, Storrs, USA

2 Department of Biomedical Engineering, University 
of Connecticut, Storrs, USA

3 Department of Biomedical Engineering and Department 
of Advanced Manufacturing for Energy Systems, Storrs, 
USA

/ Published online: 10 May 2022

Drug Delivery and Translational Research (2022) 12:2613–2633

http://orcid.org/0000-0003-0813-4807
http://crossmark.crossref.org/dialog/?doi=10.1007/s13346-022-01138-1&domain=pdf


1 3

lockdowns and quarantines, TD becomes even more attrac-
tive as it could allow people to self-administer vaccines/
drugs and access to medicines easily without the need of 
travelling to medical centers/facilities where there is a high 
risk of infection [19, 20].

However, to perform TD, the medicine needs to bypass 
the stratum corneum (SC), the topmost layer of skin which 
provides the skin’s protection, and prevents the penetration 
of foreign molecules into the body [21]. Several methods 
have been developed to facilitate the drug delivery through 
SC [22, 23]. Among them, the outstanding approaches 
include microneedles, chemical enhancers, ultrasound, elec-
troporation, and iontophoresis (Fig. 1). These TD systems 
can deliver different biomolecules, including protein anti-
gens, siRNA, mRNA, and DNA, across the skin for differ-
ent therapeutic effects [24–26]. As a significant challenge 
in gene therapy is how to effectively target specific cells, 
TD can deliver genetic materials in both localized and sys-
temic manners to provide a targeted and cell-specific therapy 
[27–29]. In addition, the existence of many immune cells in 
the dermal layer of the skin makes TD appealing for gene 
immunotherapy. Some notable review articles have been 
published to discuss the use of TD for gene therapy, but 
they are all limited by either focusing on specific delivery 
techniques or lacking a broad description of current pro-
gresses in the field [29–32]. This review will (1) provide a 

broad overview of the current progresses in the transdermal 
gene therapy, (2) describe different modes and methods of 
the TD for gene therapy, and (3) discuss challenges with 
some possible future applications in this field.

Current methods of transdermal gene 
delivery

Transdermal/dermal microneedles

Microneedles (MNs) are micron-sized minimally invasive 
devices that penetrate through the SC layer and release the 
therapeutic agents by various mechanisms [33]. MNs are 
typically constructed from polymers, ceramics, steel, or 
silicon [34, 35]. MNs can be classified as biodegradable 
MNs, immediately dissolving MNs, hydrogel-forming MNs, 
bioresponsive MNs, and hollow MNs [36]. MNs have prom-
ising applications as transdermal carriers for immune/gene-
therapy and continue to be an active area in biomedical 
engineering research [24, 29, 37]. In a notable work, Wan 
et al. investigated hyaluronic acid-based MNs that contained 
Cas9 ribonucleoprotein and dexamethasone loaded PLGA 
nanoparticles to genetically treat inflammatory skin disor-
ders. The MNs quickly dissolved once inserted into the skin 
and produced their therapeutic effects in the inflammatory 
subcutaneous layer (Fig. 2). The MNs downregulated NLP3 
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Fig. 1  Schematic of different transdermal gene therapy methods
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expression and reduced the symptoms of inflammatory skin 
diseases by deactivating the immune response, resulting in 
a reduced glucocorticoid resistance in immune cells [38]. 
Besides this work, there are many other reports on the use 
of MNs to deliver genetic materials. In brief, Table 1 sum-
marizes the current published works using transdermal MNs 
for gene/immunotherapy.

MNs can be loaded with various drugs, biologics, and vac-
cines with tunable release profiles [50, 51]. In general, MNs 
are almost painless and can be self-administered, thus increas-
ing the compliance for patients [52]. Despite the significant 
advantages of MNs, there is still a need to improve several 
aspects of this technology such as efficacy, fabrication scale, 
drug/biomolecule loading capacity, and drug/biomolecule 
stability before the MN technologies can be used in clinics.

Chemical enhancers for transdermal delivery

Chemical enhancers  are molecules that enhance a drug 
flux through the skin barrier [53]. The purpose of chemical 
enhancers is to increase the permeability of the SC using 
chemical reactions [54, 55]. Chemical enhancers disrupt the 
stratum corneum lipid structure (lipid bilayer), protein struc-
ture (keratin), or the solvent nature of the SC [56].

An ideal chemical penetration enhancer (also termed as 
percutaneous absorption promoter or accelerant) has spe-
cific characteristics; it should be biocompatible, travels in 
one direction, offers reproducible results to remove the SC 
barrier, and enables cosmetic appearance after use. Unfortu-
nately, there are not many chemicals or chemical mixtures 
that have all these qualities. Some chemical enhancers are 

Fig. 2  Schematic of transdermal microneedle patch delivery (A) and intra-
cellular pathway (B) of genome editing agent (Cas9) nanocomplex and glu-
cocorticoid nanoparticle (dexamethasone delivered from the patch) to treat 
the inflammatory skin diseases. T7 endonuclease I assay of indels (method 

to validate CRISPR reagents) introduced into the nod-like receptor family, 
pyrin domain-containing 3 (NLRP3) locus of DC (dendritic cell) 2.4 cells 
(C) and 3T3 cells (D) transfected with the two nanoparticles. The figure was 
reproduced from ref. [38]. Copyright Science Advance 2021
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hydrogel patches [57], designed to work in concert with other 
TD methods (e.g., iontophoresis). Other enhancers are ionic 
liquids (salts that exist as a liquid at room temperature) [55] 
and deep eutectic solvents (mixture of H-bond donors and 
acceptors with a lowered melting point below room tempera-
ture) [58]. They are made to increase dermal permeability of 
molecules with sizes of up to 150 kDa. With highly tunable 
chemical structures, they can be non-toxic and biodegradable 
[58]. There are hundreds of other potential chemical enhanc-
ers including amidated pectin hydrogels patches [59–61], 
which could be explored for gene therapy. These compounds 
can be classified on the basis of chemical and subsequent 
properties or on the basis of functional groups [62, 63]. One 
of the main benefits of chemical enhancers for TD is that 
they are incredibly adaptable and can be combined or mixed 
together to create even more potent enhancers.

Chemical enhancers have been successfully reported 
for the delivery of genetic materials [64]. For example, 
Chen et al. reported TD of skin penetrating SPACE peptide 
(C-TGSTQHQ-CG, Disulfide Bridge 2–10) in combination 
with 1, 2-dioleoyl-3- trimethylammonium-propane (DOTAP)-
based ethosomal system to treat the skin disorders (Fig. 3A−F). 
This chemical enhancer system significantly promotes the pen-
etration of siRNA and knockdown of the GAPDH gene [65]. 
Furthermore, SPACE peptide also enhances the TD efficacy 
of other siRNA to treat skin diseases [66]. Yet, some concerns 
remain for the use of chemical enhancers. These include limited 
potency, irritant nature of potent enhancers, unpredictability in 

action, and complicated mechanisms, which need to be resolved 
to further develop this TD method [53].

Ultrasound

Besides diagnostic applications, Ultrasound (US) has been 
known to enhance therapeutics uptake into cells/organs 
[67]. Using high-frequency (0.7–1.6 MHz) to low-frequency 
(20–100 kHz) US, the method, so-called sonophoresis, has 
been investigated for transdermal drug delivery applications 
[68]. The principle behind sonophoresis is to create cavita-
tion microbubbles toward the surface, leading to a microjet 
formed from the asymmetrical collapse of the bubble [69]. 
While not entirely understood, cavitation is considered the 
primary cause of increased skin permeability and drug pen-
etration [68, 70, 71].

The US-mediated gene/vaccine therapy is a relatively 
new topic as few researchers have explored this field 
[72, 73]. The US-induced transdermal immunization can 
exploit the Langerhans immune cells of the skin, which 
have an essential role in inducing T cells to react against 
many foreign antigens [74, 75]. US-based transdermal 
drug delivery has been used to efficiently deliver small 
molecules, peptides, and genes [76–78]. For example, 
Manikkath et al. reported that peptide dendrimers in com-
bination with ketoprofen could be delivered into the skin 
by using US treatment [79]. Sonophoresis has been proven 
to increase the skin permeability for topical delivery of 

Table 1  MN-based transdermal gene therapy

Gene/ protein Type of MNs MN materials Fabrication method Disease Reference

P53 DNA Dissolving MNs Hyaluronic acid Casting Subcutaneous tumor [39]
CD44-sd-siRNA Coated MNs Polyvinyl alcohol Droplet borne air blowing Skin disorders [40]
siRNA-CBL3 Dissolving MNs Polyvinyl alcohol Droplet borne air blowing Skin disorders [41]
Mesenchymal stem cell 

(MSC)-derived exosomes 
and a small molecular 
drug UK5099

Degradable MNs Hyaluronic acid/ Keratin Micromolding Hair growth [42]

pDNA Metal MNs Silicon Etching Skin disorders [43]
CCL22 and IL-2 Enriches 

Treg Homing
Dissolving MNs Hyaluronic acid Casting Skin allografting [44]

ovalbumin Coated Metal MNs Steel MNs Etching IgE-mediated airway 
allergy

[45]

anti-CTLA4 antibody Degradable MNs Hyaluronic acid/Dextran Micromolding Superficial tumor [46]
DNA Degradable MNs Polycarbonate Micromolding Cancer [47]
albumin-expressing 

plasmid OVA and 
immunostimulant-
polyinosinic:polycytidylic 
acid

Dissolving MNs Polypeptide copolymer Casting Cancer [48]

Ovalbumin Metal MNs NR Etching Allergy [49]
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stem cell factor gene, luciferase gene, and hepatocyte 
growth factor gene [80]. Ryu et al. investigated a synergis-
tic effect of sonophoresis and MNs for siRNA and ovalbu-
min delivery. In this work, the combination increased the 
concentration of siRNA 7 times and ovalbumin delivered 
into the transdermal area by 15 times [81]. Another com-
bination of sonophoresis with MN technology, known as 
sonophoretic-enhanced microneedle assay (SEMA), has 
been employed to deliver a larger molecular compound 
and increase the delivery rate of this compound via trans-
dermal administration. For example, researchers showed 
that in vitro diffusion of bovine serum albumin (BSA) and 
calcein into explanted pig-skin via this combinatory use 
followed a zero-order release (i.e., nearly constant rate) 
with much higher skin-penetration dose than just using 

MNs alone or sonophoresis alone [82]. Moreover, Bok 
et al. have implemented the combination of US, MNs, 
and iontophoresis as a potent tool for TD gene therapy 
(Fig. 4A−D) [83]. A recent work suggests the benefit of 
using dual-frequency sonophoresis and the combination 
of sonophoresis with nanocarriers, which could be a new 
avenue in the field of TD [84].

However, to use sonophoresis in clinical settings, one 
would have to confirm the safety of this method. To date, a 
limited number of safety assessments have been done and 
harmful thermal effects of US on the skin are still relatively 
unexamined [78]. Other drawbacks also need to be consid-
ered for the use of sonophoresis; these include the efforts 
to tune US parameters, the complication of sonophoretic 
devices, and the cost of this therapy.

Fig. 3  Schematic of SPACE-peptide decorated cationic ethosomes for 
transdermal siRNA delivery (A). Skin permeability of peptide sys-
tem under various conditions (B). Internalization of model drug by 
SPACE peptide after 30 min (C) and 120 min (D) incubation time. 

FITC internalization after 120-min incubation with various concen-
trations (E). Cell toxicity of SPACE peptide with 1 mg (open bar) and 
10  mg (close bar) with keratinocytes for different time periods (F). 
The figure was reproduced from ref. [65]. Copyright Elsevier 2014
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Iontophoresis

Iontophoresis is an active noninvasive drug delivery tech-
nique that can electrically increase the transport of charged 
and neutral molecules into or across biological membranes 
[85, 86]. To overcome the SC that has an extremely high 
electrical resistance (10 M-Ohm) and forms a significant 
barrier for iontophoresis-based drug delivery methods [87], 
iontophoresis uses a weak electrical current to transiently 
disrupt and increase the permeability of the SC [88–90]. 
The drug release rate can be programmed and controlled 
by changing the magnitude of the applied electrical current.

Recent advances have demonstrated that iontophoresis-
based therapies could be cost-effective for TD delivery. As 
of right now, iontophoresis method is commercially available 
for fast-acting dermal anesthesia (LidoSiteTM, Vyteris Inc.) 
[91], anti-migraine drugs (ZecuityTM, NuPathe Inc.) [87], and 

postoperative pain relief (IonsysTM, Alza) [92]. Applications 
of iontophoresis are varied, but they have been growing popular 
among certain cancer therapies such as retinoblastoma, skin, 
and pancreatic cancers [88]. Recent works also show that this 
TD technique could deliver diabetic drugs such as insulin [93, 
94]. In addition, studies in iontophoresis show the delivery of 
dexamethasone in phase 3 clinical trials [85]. For gene therapy, 
Labala et al. have reported iontophoresis-based TD of Au NPs 
containing STAT3 siRNA and Imatinib Mesylate to treat can-
cer (Fig. 5A). The effectiveness of this therapy was compara-
ble with that of intratumoral administration, and in vivo study 
revealed a significant reduction in tumor volume/weight and 
suppression of STAT3 protein expression (Fig. 5B−D) [95].

However, some challenges need to be overcome for the 
clinical use of iontophoresis. Specifically, the pharmacoki-
netics of specific molecules delivered via this method need 
further in-depth investigations. Some molecules will stay in 

Fig. 4  Ultrasound-based transdermal therapies. Schematic of  
multi-transdermal techniques (MNs, ultrasound, and iontophore-
sis) for transdermal drug delivery (A-B). Dissolution mechanism by 

ultrasound (C) and predicted dissolution mechanism and ion direc-
tion (D). The figure was reproduced from ref. [83].  Copyright Nature 
publishing group 2020
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the receiving skin tissues for several days, but some drugs can 
travel throughout the body from this TD [96]. For example, 
iontophoretically applied drugs such as fentanyl and triptans 
systemically travel throughout the body [97]. In a pilot study, 
lidocaine, rapidly delivered by iontophoresis, showed simi-
lar results with an epinephrine/lidocaine cream applied to the 
skin for 60 min [96]. Side effects of iontophoresis are another 
issue and can manifest in multiple ways. One issue is electrical 
burns when wires, plates, or other metal components contact 
with the skin during operation. Another issue is the accidental 
overdose, which can be very harmful as some drugs have a 
narrow window for therapeutic effect [96].

Electroporation

Electroporation is a TD approach where high-voltage pulses 
are applied on the skin for a short duration to enhance the 
delivery of hydrophilic compounds and macromolecules into 
the skin (Fig. 6A) [98]. The electrophoresis works by sharply 
applying a threshold voltage of 75 V on the skin [99, 100] to 
increase the skin's permeability through aqueous pathways in 
the lipid bilayer membrane [101, 102]. Since the introduction 

of this technique in 1993, it has been demonstrated as an effec-
tive means for TD of polar molecules [103] and genetic materi-
als, as summarized in Table 2.

Notably, Vandermeulen et al. reported on the use of elec-
troporation to deliver gp160[TN1] [sp2] as an HIV vaccine 
antigen [104] and showed different immune responses from 
different administration sites when performing electropora-
tion. The muscular site induced the highest humoral immune 
response against the antigen. In another study, a small clini-
cal trial conducted on 15 patients showed a good patient 
compliance, good safety profile, and an increased T cell 
activity from vaccines delivered by electroporation [105].

In electroporation, factors such as amplitude, shape, duration, 
size of electrode, frequency of electric pulses, spacing, and ori-
entation can significantly influence the efficacy of the techniques 
[106–110]. In addition, cell membrane tension plays a vital role 
on the uniformity and transportation of drugs, especially the 
large biomolecules (Fig. 6B−F) [111]. Therefore, the applica-
tion of electroporation technique requires careful optimization 
on all these parameters to be effective and avoid complications 
which can cause cell damage, muscle contraction, skin sensation, 
pain, and impairment of the skin barrier's function [112, 113].

Fig. 5  Schematic of iontophoresis-based anti-STAT3 siRNA and 
imatinib mesylate delivery (A). STAT3 protein expression in mice 
after treatment (B). Quantified tumor weights after treatment with dif-

ferent formulations (C) and change in volume of tumor (D). The fig-
ure was reproduced from ref. [95]. Copyright Elsevier 2017
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Transdermal delivery of specific genetic 
materials

Genes or genetic materials such as DNA and RNAs are basic 
units of heredity. RNA is the result of the DNA transcription 
process, and later on, RNA is directly involved in transla-
tion to synthesize proteins. Besides the three primary forms 
of RNA, messenger RNA (mRNA), transfer RNA (tRNA), 

and ribosomal RNA (rRNA), other RNAs such as small 
nuclear RNA (snRNA), transfer-messenger RNA (tmRNA), 
ribozymes, double-stranded RNA (dsRNA), circular RNA 
(circRNA), and regulatory RNA also play significant roles 
in protein transcription [123–125]. For gene delivery, reg-
ulatory RNA or small non-protein coding RNAs such as 
siRNA and miRNA regulate genes through different mecha-
nisms. These include binding to mRNA or protein targets, 

Fig. 6  Schematic model of the skin–electrode interface, SC and its 
iconic pathways (A). The figure was reproduced from ref. [102]. Cop-
yright Plos One 2015. Schematic of electroporation device with dis-
tinct layers (B). Digital image of electroporation device sandwiched 
between two ITO electrodes (C). Schematic of concept of localize 
electroporation and asymmetric FEM stimulation of electric field 

along with single nano-channel underneath a cell (D). Pore evaluation 
model (left) and molecular transport model (right) (E). Electropora-
tion-based delivery of PI into HT 1080 cells using a 10-V pulse (F). 
Delivery efficiency and viability of live and dead staining after 6-h 
electroporation. The figure was reproduced from ref. [111]. Copyright 
ACS publication 2019
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modifying proteins, and modulating gene expression [126]. 
More popular than regulatory RNAs, mRNA has become a 
significant genetic material nowadays because of its use for 
vaccines, including the ones against SARS-COVID-2 virus. 
In the next sections, we will provide a thorough review on 
the TD of different important genetic materials including 
mRNA, siRNA, miRNA, and DNA.

Transdermal delivery of mRNA

In a eukaryotic cell, a mature mRNA consists of five ele-
ments that include: 5 prime Cap (5’ Cap), coding region, 
poly-A tail, and the two untranslated regions, 5 prime (5’ 
UTR) and 3 prime (3’UTR) (Fig. 7A) [127]. 5′ Cap results 
from the mRNA capping process by modifying nucleotide 
on the 5’ end of the primary transcript on mRNA and the 5′ 
end with a guanine nucleotide is linked to mRNA by a 5′ to 
5′ triphosphate linkage. Also, at the 7th position, guanine 
nucleotide will be methylated by methyltransferase, which 
is why the cap is known as a 7-methyl guanylate cap (m7G). 
Thus, the 5′ cap plays a primary role in producing, regulat-
ing mature mRNA, serving as a ribosomal recognition sign, 
and ensuring mRNA stability during the translation process 
[128].

The untranslated region (UTR) refers to the 5' UTR, 
which is on the 5 prime (also referred to as a leader RNA, 
transcript leader), or the 3' UTR which is on the three prime 
(also called trailer sequence). These regions usually do 
not contain information to synthesize proteins, but they do 
regulate gene expressions by influencing mRNA stability 
[129], translation efficiency [130, 131], or modulation of the 

transport of mRNAs out of the nucleus and subcellular local-
ization [132]. The 5' UTR is upstream from the initiation 
coding sequence. This coding sequence is sometimes bur-
dened with AUG codons (Start codon), and their function is 
to control protein expression through their complex second-
ary structure. However, in a particular mRNA, some regions 
of the 5′ untranslated regions form proteins that eventually 
govern the translation process of the main coding regions, 
especially on specific proteins such as PDGF2, FGF-2, TGF-
beta, and VEGF during embryonic development [130]. 3′ 
UTR's prominent role is to aid in gene regulation so that the 
proper proteins are made at the right time. 3'UTR has bind-
ing sites for regulatory RNAs or proteins to attach that may 
hamper translation processes or degrade transcript.

In the translation process, mRNA serves as a mediator 
between DNA and protein by bringing information copied 
from DNA in the form of triplets of nucleotides (codons) 
to ribosomes and tRNA to synthesize proteins. Each codon 
only translates to one amino acid; however, an amino acid 
can result from various codons. That explains why only 20 
amino acids are represented while there are 64 possible 
codons in the genetic code. In addition, there is one start 
codon and three stop codons, which signal ribosomes to 
either begin or terminate the translation process. In addi-
tion, mRNA also contains information for coding regions 
that can control the rate of translation and the timing of that 
translation.

mRNA has enormous potential to revolutionize the field 
of vaccination and protein therapy due to its ability to con-
trol over the rate and timing of the translation into various 
proteins and antigens. However, mRNA therapy encounters 
many challenges related to the nature of mRNA. First of 

Table 2  Overview of recent gene therapy by using electroporation techniques

Therapy Electroporation conditions
(Voltage, pulse duration)

Gene Test model Reference

Gene expression study 20-50 V, 2.5–5 ms recombinant Cas9 nuclease and synthetic dual 
guide RNA

Zebra fish [114]

Tumor therapy 400 V, 10 ms pDNA encoding with interleukin -12 (IL-12) Mouse [115]
Gene knockdown study 50 V, 25 ms short hairpin RNA Sea Anemone [116]
Vaccination 670 V, 10 ms Plasmid DNA containing PRRSV antigen Mouse [117]
Vaccination 62.5 V, 40 ms Plasmid DNA containing C179 and S139 Mouse [118]
Vaccination 70 V, 10 ms

50 V. 10 ms
Cy5-Si RNA Mouse [119]

Would healing and vaccination 700 V, 100 μs + 
200 V, 400 μs
1600 V,100 μs + 

pDNA encoding with hCAP-18/LL37 and 
ovalbumin

Mouse [120]

Would healing and tumor treatment 570 V, 100 μs
60 V, 150 ms

pDNA with IL-12, shRNA against endoglin, 
shRNA

Mouse [121]

Vaccination 1600 V, 100 μs pDNA encoding IL-12 with collagen receptor Mouse [122]
Vaccination
Tumor treatment

700 V, 100 μs
200 V, 400 ms
200 V, 200 ms

pDNA encoding with ovalbumin, luciferase, 
gp160 against HIV, P1A against P815 masto-
cytoma

Mouse [104]
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all, mRNA with a molecular weight of 300–5000 kDa is 
generally larger than other oligonucleotides. Together with 
a highly negative charge density, this may affect the permea-
tion of mRNA across the cell membranes [133]. Secondly, 
mRNA is intrinsically unstable since it is significantly prone 
to degradation by extracellular ribonucleases (i.e., 5’ exo-
nucleases, 3’ exonucleases, and endonucleases), which are 
abundantly present in body fluid [134]. The approximate 
plasma half-life of mRNA is 7 h, and the reported absorption 
is very low [135]. Thus, a suitable delivery system and an 
optimal administration route could enhance the therapeu-
tic effect of mRNA. Different formulation strategies have 
been developed to improve mRNA delivery via the use of 
molecular stabilization [136], self-amplifying mRNA [137], 
and viral vectors [138]. Notably, polymeric- or lipid-based 

particles have gained popularity with the recently imple-
mented mRNA SARS-COV-19 vaccines [13, 139, 140].

As mRNA is inherently immunostimulatory, intradermally 
administered mRNA-based vaccines are considered advanta-
geous in inducing cellular and humoral immune responses 
[141, 142]. Skin is an ideal site for immunogen delivery 
because it accommodates various antigen-presenting cells 
[143]. mRNA is recognized by various cell surfaces, endo-
somal and cytosolic innate immune receptors, which produce 
adjuvant effects to elicit dendritic cells maturation and robust 
T and B cell immune responses [144].

For TD of mRNA, MNs could be a potential tool to 
provide reliable targeted localization, which could be 
challenging to achieve using conventional hypodermic 
needles [145]. In this direction, Koh et al. have reported 

Fig. 7  Schematic of prokaryotic and eukaryotic mRNA (A). The fig-
ure was  adopted from Ref. [127]. Copyright Elsevier 2016. Transfec-
tion efficiency and expression of 5 μg luciferase mRNA via MNs with 
different heights:H400 (B), H800 (C), and H1000 (D) in the mice 

with different time points. Fluorescence images after 6-h transfec-
tion (E). Luciferase expression in the mice by MNs and subcutaneous 
injection (F). The figure was reproduced from ref. [146]. Copyright 
Nature publication 2018
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Fig. 8  Schematic of FTIC attached lipid nanocarriers for transdermal 
delivery (A). Comparison of DOTAP-NC and lipofectamine effect on 
GAPDH knockdown in HeLa cells after 6 h, control; only free siRNA 
(B), positive control; lipo-siRNA (C); DOTAP-NC-siRNA (D). GAPDH 

gene expression using by western blotting (E) and relative gene expres-
sion (F). The figure was reproduced from ref. [175]. Copyright Wiley–
VCH 2020. Schematic of R8/siBARF coated MNs for tumor therapy 
(G). The figure was reproduced from ref. [180]. Copyright Elsevier 2018
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a proof-of-concept in vitro study on the fabrication, charac-
terization, and therapeutic evaluation of a dissolvable MNs 
patch containing mRNA [146]. These MN-based RNA 
patches, made of mRNA mixed in low molecular weight pol-
yvinylpyrrolidone (PVP) solution, could mediate transgene 
expression of mRNA encoding luciferase for up to 72 h with 
transfection efficiency and kinetics comparable to subcuta-
neous injection (Fig. 7B−F). Moreover, administration of 
mRNA in solid dosage form by using MNs helps increase 
mRNA stability/shelf life and avoid complications of using 
mRNA in a liquid dosage form [34]. Golombek et al. have 
evaluated the exogenous delivery of synthetic mRNA by 
using hollow MNs. In this work, an ex vivo porcine skin 
model has been used to demonstrate a high level of secreting 
humanized Gaussia luciferase (hGLuc) protein encoded by 
the mRNA via the TD [147].

Besides MNs, other TD techniques such as electropora-
tion [148, 149] and the use of gene guns [150, 151] have 
been successfully implemented for transdermal mRNA ther-
apy. Direct delivery of mRNA into the skin offers a localized 
treatment while avoiding unspecific uptake, rapid elimina-
tion, and clearance from the bloodstream via the filtration 
at liver, spleen, and kidneys [152]. Significant interest has 
been developed in formulating thermostable mRNA thera-
peutics [153, 154]. mRNA-based vaccines have emerged as 
promising alternatives to traditional vaccines due to their 
high potency, safety, rapid development, and potential for 
low-cost manufacturing [155]. Therefore, using TD to easily 
deliver mRNA-vaccines could play a significant role in the 
global immunization process for pandemics [156].

Transdermal delivery of siRNA

Small interfering RNA (siRNA) is double-stranded with 
20–27 length of base pairs and also known as silencing RNA 
or short-interfering RNA. The critical function of siRNA is 
to silence genes by interacting with a target gene with com-
plementary nucleotides to degrade mRNA after the transcrip-
tion process, thus hampering the protein synthesis [157]. 
siRNA consists of a guide strand and a passenger strand, 
which can bind to RNA-induced silencing complex protein. 
After attaching to the complex protein, the guide strand starts 
searching for target mRNA and cuts mRNA into small pieces 
by using the cleavage enzyme argonaute-2 [158–162]. Since 
siRNAs can clear out mRNAs and prevent them from trans-
lating into proteins, these genetic materials are considered a 
highly potential therapeutic treatment, especially for breaking 
down mutated or harmful genes that cause cancers, autoim-
mune diseases, and genetic disorders [163].

siRNA is primarily found in eukaryotic organisms [164]. 
Initially, miRNA was thought to only be endogenously gener-
ated, while the siRNA was thought to be exogenously gener-
ated [164, 165]. Recently, it has been suggested that due to 

their similar structures and functions, siRNA and miRNA 
have similar origins. It appears that they are about the same 
size (miRNA is ~20 nucleotides while siRNA is 20–30 nucle-
otides) and are also negatively charged [166]. Furthermore, 
both are dependent on the same two protein families [164].

siRNA's degradation speed is relatively high compared 
to mRNA; fluorescence resonance energy transfer (FRET) 
analysis on the 3' and 5' ends of the siRNA indicates that it 
lasts about 3.5 h in cytosol [167]. As such, a careful and deli-
cate modification process is needed for the in vivo delivery of 
siRNA [168]. Chemical modification can increase stability of 
genetic materials, but the nature of siRNA biochemical struc-
ture limits such a chemical manipulation. Therefore, it was 
proposed to develop precursor prodrugs for siRNA (small-
interfering ribonucleic neutrals) that can be metabolized in the 
body to form the desired siRNA nucleotide molecules [168].

As siRNA is inherently immunostimulatory, transdermal 
administration of siRNA for immune therapy is advanta-
geous for treating various cancers at different stages such 
as ovarian, prostate, skin, and liver cancers [169, 170]. 
Chemical enhancers like liposomes have been explored for 
transdermal siRNA delivery [171–173] as these molecules 
are effective for nucleotide stability [169, 174]. For exam-
ple, Lee et al. reported lipid nanocarriers (liposomes) as a 
chemical enhancer to deliver the siRNA for skin disorder 
treatment (Fig. 8A). This nanosystem enhances the glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) at the cel-
lular level (Fig. 8B−F) [175]. In addition, other transdermal 
methods such as MNs [176], electroporation [177, 178], and 
iontophoresis [179] can deliver siRNA to treat various dis-
eases. For example, in the research of siRNA-based cancer 
therapy, Ruan et al. delivered BARF siRNA gene by using 
MNs coated with cell-penetrating peptide octa-arginine 
(R8) (Fig. 8G). This strategy effectively inhibited the tumor 
growth and silenced the BARF gene in vivo [180]. Over-
all, the advances of TD techniques like MNs could play an 
essential role in siRNA-based therapies.

Transdermal delivery of miRNA

Micro-RNAs (miRNAs) are small noncoding, single-
stranded, short RNAs with 21–25 nucleotides in length. 
miRNAs’ functions involve regulating gene expression by 
binding on the 3′ UTR of target mRNAs and causing mRNA 
degradation, which leads to translational suppression [181]. 
However, reports have proven that miRNA can also bind to 
other parts of mRNA such as promoters, coding region, or 
5′ UTR and can trigger translation depending on the circum-
stances [182]. Due to their translational suppression traits, 
they are also found to have great therapeutic potential [183]. 
Their general function is to regulate gene expression in mul-
tiple ways, resulting in diverse cell proliferation, metastasis, 
and apoptosis [184]. They are also very water-soluble, and 

2624 Drug Delivery and Translational Research (2022) 12:2613–2633



1 3

due to the low intestinal absorption, they are poor candidates 
for oral administration [184, 185]. miRNA binds to comple-
mentary portions of mRNA called the “seed” (nucleotides 
2–7 of the mRNA), and during the mRNA transcription, that 
strand of complementary mRNA is not transcribed [185, 
186]. miRNA is fairly stable but has varying half-life, which 
were reported from 15 min to 24 h [187].

miRNA can be used to detect and even treat various cancers 
[188, 189] especially, skin cancer [190]. However, there are 
significant challenges of transdermal miRNA delivery such 
as off-target problems, low stability, and undesired activa-
tion of an immune response from the nucleotide. A number 
of methods have been employed involving the use of lipid 
nanoparticles (e.g., liposomes) and biodegradable polymers 

[184]. miRNA-21 can be used to stimulate re-epithelization 
for wound repairing processes, but the lack of a proper deliv-
ery system hampers its applications. To deliver the miRNA-
21, Wang et al. reported a nanocarrier system containing bile 
acid conjugated polyethyleneimines (BA-PEI) (Fig.  9A). 
This system increased the rate and quality of wound healing 
by enhancing the re-epithelialization and collagen synthesis 
(Fig. 9B) [191]. miRNA could also be a biomarker for cancers 
and other skin disorders via transdermal routes. For exam-
ple, Sulaiman et al. fabricated the alginate-peptide nucleic 
acid-coated MNs for sampling, isolation, and detection of 
miRNA-based biomarkers for early-stage detection of skin 
cancer (Fig. 9C, D) [192]. Niu et al. fabricated a TD system 
that contained an antisense sequence of miRNA-221 (which 

Fig. 9  Transdermal miRNA-based gene therapy. Schematic of 
miRNA-21 mimic BA-PEI nano-carrier for wound healing (A) and 
effect of miRNA-21 in wound healing (B). The figure was reproduced 
from [191].  Copyright Theranostic publication. MNs functional-
ized with be spoke peptide nucleic acid probe with covalently bound 
to alginate hydrogel via photo-cleavable linker (C). Protocol for 
MN-based sampling of target biomarker and purification to remove 
the non-target sequence (D). The figure was reproduced from ref. 
[192]. Copyright ACS publications 2019. Schematic of transdermal 

delivery of pDNA encoding miRNA-221 inhibitor gene by NPs for 
skin cancer treatment (E–H). The figure was reproduced from ref. 
[27]. Copyright ACS publication 2017. The miRNA-1331 delivered 
by ultrasound with low frequency suppressed the tumor growth and 
improved the survival rate. Tumor images after therapy (I), tumor 
growth during therapy (J), Survival rate with scramble-miRNA-MB 
(K), and survival rate with low frequency ultrasound (L). The figure 
was reproduced from ref. [193]. Copyright Wiley VCH 2016
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is abnormally expressed in several types of melanomas) and 
relies on a functional peptide conjugated cationic Au NPs as a 
chemical enhancer to treat the skin cancer (Fig. 9E−H). This 
approach produced effective transfection in the cells and could 
be a promising tool for TD gene therapy [27]. In addition, Ji 
et al. reported anti-miRNA-133 (anti-miR133) delivery and its 
effect on breast tumor reduction by using a transdermal ultra-
sound-facilitated delivery technique. The results showed that 
tumor size was reduced after miRNA therapy with no cyto-
toxic effect on cells or other body organs (Fig. 9I−L) [193].

Transdermal delivery of DNA

Plasmid DNA is one of the important methods for gene ther-
apy to establish the functional protein in vivo. DNA-based 
gene therapy, especially immunotherapy/vaccination, has 
been extensively explored in various animal models [194, 
195]. Furthermore, the good biocompatibility of plasmid 

DNA, long shelf-life, and cost-effectiveness attract research-
ers to develop a DNA-based therapy for various diseases 
[196]. DNA-based gene therapy can be delivered by using 
viral and non-viral systems or simply using naked DNA. 
However, due to the DNA sensitivity toward serum nucle-
ase, naked DNA is not suitable for systemic administration 
[197]. On the other hand, viral vector-based gene therapy 
has several advantages, such as a rapid transcription and a 
high transfection rate. Despite several advantages of DNA 
for gene therapy, the clinical applications of DNA are still 
limited by the low capacity to incorporate foreign DNA 
sequence to the cell genome, the poor target specificity, the 
toxic inflammatory effect, the viral wild-type mutation, and 
the undesired immune over-reaction [197, 198].

TD of DNA therapeutics has been widely investigated for 
various applications. The most common TD techniques are to 
use gene guns [199], MNs [200], electroporation [201], and 
chemical enhancers [202]. Ali et al. reported a DNA-based 

Fig. 10  Schematic of MN-based DNA delivery to prevent the cer-
vical cancer (A). The figure was reproduced from ref. [203]. Copy 
right Elsevier 2017. Fluorescence images of cell EGFP gene expres-
sion in COS-7 cells transfected with DNA release from coated MNs 

over 0–3 h (B-C) and 36–47 h using Lipofectamine 2000. The figure 
was reproduced from ref. [204]. Copyright ACS publication. Average 
tumor volume of control and immunized mice (D). The figure was 
reproduced from ref. [205]. Copyright Elsevier 2019
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smart therapeutic transdermal system against cervical cancer 
(Fig. 10A). This system contained peptide-condensed DNA in 
NPs, which were further encapsulated into the MNs. The mice 
vaccinated by the DNA-NPs MNs exhibited high expressions 
of E6/E7-specific IgGs, more TFN-g, and T-cell medicated 
TC-1 cytotoxicity than the mice, which received intramus-
cular (IM) NPs [203]. In addition, Surer et al. were able to 
use steel MNs to effectively deliver the DNA and proteins 
into the cell (Fig. 10B, C) [204]. In a similar approach, Cole 
et al. employed the cationic RALA/pDNA NPs encapsulated 
inside dissolvable MNs to treat prostate cancer. These MNs 
were able to elicit tumor-specific immune response both ex 
vivo and in vivo (Fig. 10D) [205]. Overall, MNs and other 
TD techniques are attractive to promote the efficacy of DNA 
therapies.

Conclusion

Here, we have provided an overall review on transdermal 
gene therapy using different delivery methods including 
MNs, chemical enhancers, ultrasound, electroporation, 
and iontophoresis to treat and prevent different diseases. 
Each technique for the delivery of popular genetic materi-
als including mRNA, siRNA, miRNA, and DNA has been 
discussed with positive and negative aspects.

Transdermal gene delivery addresses the challenges of 
systemic gene delivery such as the first pass metabolism in 
oral delivery, the enzymatic degradation in blood circula-
tion, and the poor target specificity of systemic administra-
tions. Skin is a suitable site for gene therapy as it possesses a 
large population of lymphocytes, keratinocytes, and dendritic 
and T cells. Furthermore, the skin is the most abundant and 
accessible tissue in the human body, thus offering a signifi-
cant pathway for gene delivery. Despite several advantages 
of transdermal gene therapies, general challenges associated 
with TD gene therapy include: (1) the non-effective intracel-
lular and nuclear gene expression, (2) the instability of genes 
during their transportation within skin layers and the cyto-
plasm environment, and (3) the lack of control and achieve-
ment of desired quantitative outcomes (e.g., how many pro-
teins to be expressed, and genes will be silenced) along with 
some other limiting factors like poor gene delivery by car-
riers, and short lifetime of genes in circulation [206–208].

Each transdermal approach for gene delivery has its own 
pros and cons. TD MNs can offer a controllable gene deliv-
ery with a defined quantity of genes to be delivered into the 
skin/body. Yet, they require an extensive manufacturing pro-
cess, and stability of loaded genes/vaccines in the MNs, which 
could be challenging to be scaled up for industrial use. Chemi-
cal enhancers such as peptides, liposomes, and NPs can be 
manufactured at a large scale, but they are less effective than 

MNs to deliver drugs through the skin. As such, a combination 
of different TD techniques could be useful for gene therapy 
to overcome the aforementioned challenges. Indeed, the com-
bination of ultrasound, iontophoresis, and MNs has shown 
a promising strategy for gene delivery [83]. In the future, 
researchers should perform additional investigations on the 
long-term safety of different transdermal techniques and fur-
ther explore the mechanism/science of different transdermal 
gene delivery approaches as well as their combinations.

Despite such challenges, the field of transdermal gene 
therapy is still highly attractive due to many significant 
advantages. TD can help to avoid physiological barriers 
(such as the GI tract) to effectively deliver genetic materi-
als into the body, trigger a significant immune response in 
immune therapeutic or vaccine applications, and enable a 
high patient compliance/adherence via a convenient, easy-
to-use (also painless in many cases such as the use of MN 
patches) administration process. By December 2021, more 
than 27 gene medicines had been approved by US-FDA and 
regulatory agencies in many other countries. Several gene 
therapies are in the third stage of clinical trials [6]. Collec-
tively, the birth and development of transdermal gene thera-
pies could bring about significant treatments and prevention 
for many dangerous diseases, offering a significant impact 
on modern medicine.
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