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Abstract

Rationale: Delivery of nucleic acid molecules into skin remains a main obstacle for various types of
gene therapy or vaccine applications. Here we propose a novel electroporation approach via
combined use of a microneedle roller and a flexible interdigitated electroporation array (FIEA) for
efficient delivery of DNA and siRNA into mouse skin.

Methods: Using micromachining technology, closely spaced gold electrodes were made on a pliable
parylene substrate to form a patch-like electroporation array, which enabled close surface contact
between the skin and electrodes. Pre-penetration of the skin with a microneedle roller resulted in
the formation of microchannels in the skin, which played a role as liquid electrodes in the skin and
provided a uniform and deep electric field in the tissue when pulse stimulation was applied by FIEA.

Results: Using this proposed method, gene (RFP) expression and siRNA transfection were
successfully achieved in normal mice skin. Anti-SCD1 siRNA electroporated via this method
mediated significant gene silencing in the skin. Moreover, electroporation assisted by the
microneedle roller showed significant advantages over treatment with FIEA alone. This allowed
nucleic acid transportation at low voltage, with ideal safety outcomes.

Principal conclusions: Hence, the proposed electroporation approach in this study constitutes a
novel way for delivering siRNA and DNA, and even other nucleic acid molecules, to mouse skin in
vivo, potentially supporting clinical application in the treatment of skin diseases or
intradermal/subcutaneous vaccination.

Key words: electroporation, siRNA delivery, gene therapy, flexible interdigitated electroporation array,
microneedle roller

Introduction

Gene-based therapies, such as DNA vaccines [1]
and tumor vaccines [2], hold great promise to treat
cancers, viral infections and inherited diseases [3]. The
transdermal delivery of these gene therapeutic agents
has become recognized as an important delivery

route, due to the accessibility of skin and because the
effect can be easily evaluated clinically and
histologically [4]. Furthermore, due to the highly
complex and immunogenic functions of a variety of
cell types in the skin, such as keratinocytes, fibroblasts
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and antigen-presenting cells, the transdermal delivery
of gene drugs has shown very promising responses in
small and large animal models [5, 6]. Thus gene
therapy to the skin has plentiful promising preclinical
or clinical applications in the future for treating
various skin disorders and systemic diseases [7].
However, skin represents a formidable barrier for
transdermal transport of macromolecules mainly due
to the stratum corneum [8].

To overcome the skin barrier for transdermal
delivery, numerous chemical vehicles, which could
enhance the driving force of drug diffusion and/or
increase the permeability of the skin, have been
developed in the past, such as penetration enhancers,
liposomes, micelles, and other vesicles [9-13]. Some of
these vesicles showed ideal transportation efficiency
[11, 13]. However, they might need to be invasively
administered wvia subcutaneous or intradermal
injection. In addition, these enhancers could not alter
the fundamental properties of the skin, leading to
limitations of the amount of drug that can be
delivered. Such approaches were incapable of
transporting large macromolecules, restricting their
use for therapeutic and research applications.
Therefore, more direct physical methods that could
change the barrier nature of the skin by disrupting the
stratum corneum have been explored to enhance
transdermal delivery efficiency, which included
iontophoresis [14], sonophoresis [15], and electro-
poration [5, 16-23].

Skin electroporation employs short electrical
pulses to change skin permeability by creating an
aqueous pathway in the stratum corneum as well as
providing an electrical driving force to enhance drug
delivery [8]. Due to its high efficiency, versatility, low
cost, and biochemical and biological nontoxicity [24,
25], in vivo electroporation has been utilized as a
promising method to deliver molecules into cells or
tissues for clinical applications, such as DNA
vaccination [16-19], electrochemotherapy [6, 22, 23]
and wound healing [20]. The electrodes used for skin
electroporation could be mainly divided into two
types, plate (noninvasive) and needle (invasive)
electrodes with various configurations [26]. Noninv-
asive electrodes typically are composed of two plates
spaced 1-6 mm apart or other types of contact wires
on the skin, such as four plate-electrode (4PE) arrays
[27] and wire electrodes on a dish [28]. However,
because the electrical resistance of the stratum
corneum is orders of magnitude higher than that of
hypodermal tissues, and the electrodes are
concentrated in the stratum corneum, high voltages
are required to generate high electric fields to achieve
effective transfection when using such noninvasive
electrodes. On the other hand, invasive electrodes

could create an electrical path in the stratum corneum
physically and constrain the electric field within the
stratum corneum; such devices exhibited more
efficient transdermal delivery with lower voltages
than noninvasive electrodes. The first hand-
assembled dual-needle electrode showed high gene
transfer ability [29]. Owing to its convenience of
operation and generality, the needle-based electrode
has been developed into a commonly used system in
laboratories and clinics [30]. Nevertheless, due to the
deep needle penetration and relative large distance
between needles, needle-based devices might cause
severe tissue damage. Additionally, the electric field is
also nonuniform in the target tissue, which would
negatively affect its performance as well. These issues
have limited the clinical application of conventionally
fabricated needle-based electroporation devices.

Recently, Dbenefitting from microfabrication
technology, pain and muscle stimulation could be
avoided by using closely spaced microelectrodes [31].
Utilizing microfabrication technology to shrink the
dimensions of the needles and the space between the
needles to the range of a few hundred microns, needle
matrices [32] and microneedle arrays [33-36] have
been developed for direct transdermal drug delivery
[37, 38], in vitro gene delivery [39, 40] and in vivo
electroporation [41-43] with remarkably less damage
and lower voltages. Furthermore, to enhance the
match between the electrode and tissue profile,
flexible substrates that can adapt their shape to
different tissues have also been explored [42, 44, 45].
A similar strategy as the microneedle-array patches
loaded with vesicles can provide fast and efficient
drug delivery to the skin [46-49].

Despite all of the advances in these microneedle
devices based on micromachining technology, the use
of these approaches in humans has received limited
attention primarily due to the complexity of device
design and high cost of fabrication [31]. To address
these challenges, in this paper, we propose a novel
strategy with the combined use of a commercial
microneedle roller and a flexible interdigitated
electroporation array (FIEA) to achieve efficient and
low-cost skin electroporation of nucleic acid
molecules. The microneedle roller disturbed the
stratum corneum and created a series of aqueous
paths to deeper tissues, while the flexible planar
electroporation array was able to provide close
contact with the target surface and produce a
homogeneous electric field. Upon penetrating
high-resistance stratum corneum, a sufficient
hypodermic electric field for efficient electroporation
could be established under a low voltage condition
and was constrained within the stratum corneum. In
addition, the parylene-based pliable electrode and the
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microneedle roller were easily available, such that the
cost of the method was controlled within an
acceptable range, showing high potential in future
clinical applications.

Materials and methods

Materials

An RFP (pmRFP-C1) plasmid that encodes red
fluorescent protein was used to determine the
transfection efficiency of electroporation in vivo. The
RFP plasmid was purified using a commercial kit
(EndoFree Plasmid Maxi Kit, TTANGEN, China). The
sequence of Cyb-labelled siRNA (Suzhou Ribo Life
Science, Co. Ltd., Kunshan, China) is: sense,
5'-Cy5-CCUUGAGGCAUACUUCAAAATAT-3'; anti-
sense, 5-UUUGAAGUAUGCCUCAAGGATdT-3". It
was stabilized with certain chemical modifications
and with a Cy5 fluorophore on the 5' end of the sense
strand. siSCD1 targeting stearoyl-CoA desaturase-1
(SCD1) (Catlog: SR3504) was also from Suzhou Ribo
Life Science Co. Ltd. It was also chemically modified
at certain bases to enhance its stability and avoid
potential immune responses. The sequences of PCR
primer sets of SCD1 were as follows: forward primer,
5-TGGTGAACAGTGCCGCGCAT-3’; reverse primer,
5- ACTCAGAAGCCCAAAGCTCAGCTAC-3. In
addition, the sequences of primer sets of GAPDH
were as follows: forward primer, 5- AACTTTGG
CATTGTGGAAGGGCTC-3; reverse primer, 5'-
TGGAAGAGTGGGAGTTGCTGTTGA-3". All these
primers were purchased from CapitalBio Corporation
(Beijing, China). SCD1 antibody was from Abcam
China (Shanghai, China). GAPDH antibody was from
Proteintech Group (Wuhan, China).

Reverse transcription kit and real-time PCR kit
were from Promega Corporation (Fitchburg,
Wisconsin, USA) and Beijing ComWin Biotech
Co.Ltd. (Beijing, China), respectively. Depilatory
cream (Veet®) was purchased online from JingDong
Website. RNAlater® and RNAzol® were from
Sigma-Aldrich (St. Louis, MO, USA). Optimal cutting
temperature (OCT) compound was purchased from
Sakura Finetek USA, Inc. (Torracne, CA90501, USA).
DAPI (4',6-diamidino-2-phenylindole, for staining
nuclei) and fluorescein isothiocyanate-labelled
phalloidin (for staining F actin) were purchased from
Zhongshan Goldenbridge Biotechnology Co. Ltd.,
Beijing, China and Sigam-Aldrich, USA, respectively.

Commercial microneedle rollers are widely used
in transdermal pharmaceutical delivery and medical
cosmetology. We chose DRS Dermaroller System 600
series (Derma Roller System, Ltd., Germany), with a
high-density microneedle array, to perform the
studies in this work. There were 10 rows of needles on

the head with 60 units per row, as shown in Figure S1.
DRS Dermaroller System 600 could provide several
models with different needle lengths for treatment of
different areas of the body depending on the thickness
of the target skin. Here, 0.5 mm long, 1.0 mm long and
1.5 mm long models were used in these experiments.

Fabrication of flexible interdigitated
electroporation array (FIEA)

The flexible electrode patch was designed as
planar rectangular interdigital microelectrodes that
could produce a uniform electric field in the target
tissues [44]. Considering bio-compatibility and
flexibility, gold and Parylene C were chosen as the
electrode and substrate materials, respectively.
Additionally, good transmission of light could also
offer real-time monitoring throughout the whole
electroporation process. The flexible electroporation
patch was manufactured with microfabrication
technology based on MEMS (micro-electromechanical
system) processes. The process is illustrated in Figure
S2. Firstly, about 10 pm Parylene C was deposited on
the thermal silicon oxide layer, approximately 3000 A,
with a PDS2010 system (Specialty Coating System,
USA). Then, 300 A chromium and 1000 A gold were
sputtered on Parylene as adhesion layer and seed
layer, respectively. After that, 12 pm AZ4620
photoresist was patterned as a mold on the wafer
using spin-coating and photolithography processes.
In order to make sure that the electrode could
withhold relatively high voltage, electroplated Au
with a thickness of 10 pm was employed as the
electrode material. Lastly, photoresist, seed layer and
silicon oxide were removed to obtain the flexible
electrode.

Finite element analysis

We established a finite element analysis model in
COMSOL 5.2 (COMSOL Inc., Sweden) to estimate the
field distribution. The model utilized the Electric
Currents module to fully capture the electric field
contribution within the computing domain. The main
parameters (electric conductivity) of the materials
used in the simulation were: 0.1 S/m for tissue, 3.5
S/m for conductive buffer and 4.5 MS/m for gold
[50]. The boundary of two electrodes was defined as
voltage source and ground. The other boundaries
were set as electric insulation except for two vertical
boundaries, which were defined as periodic boundary
to simulate the actual situation. A hyperfine triangle
mesh approach with more than 5.6x10° elements was
used to ensure accurate results.

Animals

Male C57BL/6 mice (age 6-8 weeks) for in vivo
electroporation were purchased from Vital River
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Laboratories  (Beijing, China). Animals were
maintained in Peking University Laboratory Animal
Center, which is an AAALAC-accredited and specific
pathogen-free (SPF) experimental animal facility. All
of the experimental animals in our study were treated
in accordance with protocols approved by the
Institutional Animal Care and Use Committee of
Peking University.

Preparation of fluorescent frozen sections

To verify the existence and duration time of
liquid conductive microchannels in the skin by rolling
with a microneedle roller, fluorescent cryosections
were prepared and observed with a confocal
microscope. In brief, 10 pL Cyb-labled siRNA was
smeared on pre-depilated mouse thigh skin, followed
by rolling with a 1.5 mm long microneedle roller
immediately. In addition to the untreated control
group, mouse skin daubed with the same amount of
Cy5-siRNA and rinsed with water at 10 min after
daubing, but without rolling treatment, was included
as a control. Animals were sacrificed by cervical
dislocation at indicated time points (5 min, 10 min, 30
min and 60 min for mice with rolling treatment; 0 min
for control animals). Tissue samples (skin together
with its adherent muscle) were collected and placed
on Omnisette tissue cassettes, embedded in OCT, and
frozen in a pre-chilled Dewar flask containing a liquid
nitrogen/dry ice slurry for ~1 min until the OCT
turned white and opaque. Subsequently, the
specimens were cut into 10 pm sections on a cryostat.
Each section was picked up on a glass slide, stained
by DAPI for viewing the nuclei and by FITC-labelled
phalloidin to visualize F actin in order to display the
rough outline of the cell. Finally, cryosections were
examined under a confocal microscope.

For cryosection observation of electroporated
Cyb-labelled siRNA in skin, 10 pL Cy5-labled siRNA
was also daubed on pre-depilated mouse thigh skin,
followed by rolling with 0.5 mm long microneedle
roller. Electroporation was performed with FIEA at 70
V one minute after rolling. Then cryosections were
prepared and observed with the above-mentioned
protocol.

Electroporation of RFP or Cy5-labelled siRNA
for in vivo imaging

To evaluate the nucleic acid transfection
efficiency with the proposed electroporation protocol,
red fluorescent protein (RFP) expression plasmid was
selected in this assay. Mouse hair around its right
thigh was depilated with depilatory cream (Veet®)
one day before electroporation. First, the conductive
liquid buffer (~ 100 pL) was dropped on the surface of
the testing skin, and the microneedle roller (DRS

Dermaroller System 600, Derma Roller System, Ltd.,
Genmany) was rolled on the skin lightly 10 times
vertically and horizontally. After adding 10 pL RFP
plasmid (1 pg/pL) onto the skin of interest of treated
mice, FIEA was covered on the skin, and 10 electric
pulses, with a pulse duration of 10 ms and a 1 s
interval between each pulse, provided by Electro
Square Porator™ ECM 830 (BTX, San Diego, CA,
USA), were applied for electroporation. No electric
pulses were applied for the control mice. Finally, the
mice were carefully maintained until examination of
RFP expression with an in vivo imaging system.
Meanwhile, safety assessment was performed for two
weeks according to the ‘Guidance for Industry-Single
Dose Acute Toxicity Testing for Pharmaceuticals’ [51],
to determine if there was any skin damage or physical
dysfunction.

For siRNA electroporation, 10 pL Cy5-labelled
siRNA (1 pg/pL) was painted on the skin of interest
of treated mice. Other procedures were the same for
RFP electroporation, except one mouse was sacrificed
at 6 h post treatment for each group of mice to
examine Cy5-siRNA signal in isolated skins.

In vivo fluorescence imaging

To evaluate the electroporation efficacy of the
proposed schedule, fluorescence imaging with an in
vivo imaging system (Carestream In-Vivo Imaging
System FX Pro, Carestream Health, USA) was
performed. Twenty-four and forty-eight hours post
electroporation, RFP expression in the skin was
examined. 550 nm excitation and 600 nm emission
filters were chosen for the experiment. According to
the manufacturer’s specification, the bandpasses of
such excitation and emission filters are 20 nm and 60
nm (wide angle), respectively, suggesting the
excitation and emission spectra are 540-560 nm and
570-630 nm, respectively. Other detailed exposure
conditions were as follows: exposure time, 60.0 s (2
min for the assay of Figure S5); x-binning, 2x binning;
y-binning, 2x binning; f-stop, 2.50; FOV, 180 mm;
focal plane, 13.0 mm. The mice were anesthetized
with a mixed gas of isoflurane and oxygen before and
during imaging.

For detection of the fluorescence signal of
Cy5-labelled siRNA, images were acquired at 6 and 24
h post electroporation. Here, the 630 nm excitation
and 700 nm emission filters, with the excitation and
emission spectra of 620-640 nm and 670-730nm,
respectively, were chosen for the experiment. The
other imaging conditions were the same as for RFP
imaging.

Finally, the signal intensity of RFP or Cy5 was
quantified using a molecular imaging software
package (Carestream Health, USA). Presented
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fluorescence data of both RFP and Cyb5 are the average
of four (or three) independent assays. All data are
shown as the mean + SEM.

Real-time quantitative PCR

Real-time quantitative PCR was wused to
investigate whether siRNA electroporated by the
proposed method could mediate gene silencing in the
skin. Anti-SCD1 siRNA (siSCD1) was used in this
assay. Normal male C57BL/6 mice, weighing ~ 20 g,
were randomly divided into five groups (6 mice per
group), followed by administration of the following
treatments: (1) electroporation assisted by roller but
without administration of siRNA, (2) smearing siRNA
on the skin and rolled with the roller but without
electroporation, (3) electroporation of siSCD1 without
rolling, (4) electroporation of siSCD1 assisted by 0.5
mm long roller, (5) electroporation of siSCD1 assisted
by 1.5 mm long roller. The electric pulse was given at
70 V (10 pulses, 10 ms duration, 1 s interval). siRNA
was dosed at 10 pg per mouse (1 pg/pL, ~ 05
mg/kg).

Skin samples were collected at 48 h post
electroporation, and subjected to RNAlater® (Sigma-
Aldrich). Subsequently, tissues were homogenized
with a homogenator, followed by addition of
RNAVzol (Vigorous Biotechnology Beijing Co., Ltd.,
Beijing, China) and extraction of total RNA according
to a standard protocol. cDNA was prepared by
incubating the reaction mixture (4 pL of MgCl, (500
mM), 2 pL of reverse transcription buffer (10%), 2 pL
of dANTP mixture (10 mM), 0.5 pL of recombinant
RNasin, 0.5 pL of AMYV, 1 pL of Oligo d(T) and 10 pL
pf total RNA) at 42 °C for 15 min, 95 °C for 5 min and
4 °C for 5 min. Then a real-time PCR reaction system
(10 pL of reaction mix, 1 pL of forward primer (5 pM),
1 pL of reverse primer (5 pM), 1 pL of cDNA template
and 7 pL of ddH»O) was prepared and first
hot-started for 10 min at 95 °C before 40 cycles of 30 s
at 95 °C, 30 s at 60 °C and 30 s at 72 °C. After the
melting procedure was completed, samples were
stored at 4 °C. Expression levels of SCD1 were
analyzed by the Ct (cycle threshold) values with a
standard protocol. GAPDH (glyceraldehyde 3-
phosphate dehydrogenase) was selected as the
reference gene, and its PCR reaction condition was the
same as the parameter settings for SCD1.

Western blot

Western blot was also used to evaluate gene
silencing efficiency in the skin. Except for the addition
of an untreated control group, the other treatments
were the same as those treatments in the RT-PCR
assay. Skin samples were also collected at 48 h

post-treatment, and homogenized with a homo-
genizer.

Then, total proteins were extracted by cell lysis
buffer (50 mM Tris HCI, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% TRITON X-100), and 80 pg of protein from
each lysate was separated by SDS-PAGE and trans-
ferred onto a nitrocellulose filter membrane (Milli-
pore). The membrane was blocked and incubated at 4
°C overnight with primary antibodies (antibody to
SCD-1 (ABcam, UK), antibody to GAPDH (Prote-
intech, Wuhan, China)). Then the membrane was
washed and incubated at room temperature for 1.5 h
with secondary antibodies (Zhongshan Goldenbridge
Biotechnology Co. Ltd., Beijing, China). Finally, the
membranes were exposed using Bio-Rad Universal
Hood II (Bio-Rad, Bossier City, LA).

Acute toxicity assessment

To evaluate the potential damages resulting
from the proposed electroporation protocol, standard
acute toxicity assessment procedures were performed
for both studies of RFP and Cy5-labelled siRNA
electroporation according to the ‘Guidance for
Industry-Single Dose Acute Toxicity Testing for
Pharmaceuticals’ issued by the China Food and Drug
Administration (CFDA) [51]. Briefly, after electro-
poration, all animals were carefully fed for two weeks.
Clinical symptoms, including animal appearance,
behavior, eating, drinking, response to stimulation,
excretion, as well as skin appearance and muscle
function at the electroporation position, were
recorded during the whole process. Photo images
were collected at indicated time points (e.g., five days
post electroporation).

Histopathologic analysis

To further evaluate the safety of the proposed
electroporation method, histopathologic assessment
was also performed. Male C57BL/6 mice (aged 6-8
weeks) were divided into four groups with 2 animals
per group. Thigh hair was depilated one day before
the mice received the following treatments: (1)
without any treatment; (2) rolled with 1.5 mm long
roller, but without electroporation; (3) electroporated
at 70 V with FIEA, but without rolling; (4) rolled with
roller followed by electroporating at 70 V with FIEA.
Animals were sacrificed by cervical dislocation and
tissue samples (skins with their adherent
subcutaneous muscle) were collected on days 1, 3, 6
and 10 post treatment. Then histopathologic sections
were prepared with a standard protocol and H&E
staining was carried out. Finally, sections were
observed and analyzed with an inverted microscope
(Olympus X71, Olympus, Tokyo, Japan).
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Statistical analysis

Data are expressed as the mean + SEM. Statistical
analyses were performed using two-tailed Student's
t-test to measure statistical differences among groups.
Data with p<0.05 were considered to be statistically
significant.

Results and discussion

Design of skin electroporation method

The main process of the proposed minimally
invasive in vivo electroporation method applied on the
thigh skin of mice is illustrated in Figure 1. Before the
electroporation, the target mice were preprocessed.
The mice were anesthetized by intraperitoneal inject-
ion with chloral hydrate (4% w/v) at a dose of 10
mL/g, and carefully depilated on the right leg with
depilatory cream (Veet®) one day before electropora-
tion to facilitate observation.

Firstly, the conductive liquid buffer was coated
on the surface of the skin, and the microneedle roller
(DRS Dermaroller System 600, Derma Roller System,
Ltd., Genmany; Figure S1) was rolled on the skin
lightly 10 times vertically and horizontally. Conduc-
tive buffer can be replaced with nucleic acid solution
since they all are conductive solutions. These delicate
needles gently and painlessly pierced the skin,
creating a series of microchannels (pore size was
about 125 pm and 180 pm for the 0.5 mm long and 1.5
mm long microneedle rollers, respectively [52]) in the
skin as shown in Figure 1. These microchannels
would be filled by the conductive buffer immediately,
forming a conductive path. This step could enhance
skin permeability and reduce the tissue electric
resistance because the high-resistance stratum
corneum was penetrated. Then, the target drug was
smeared on the treated area on the skin. After that, the
flexible interdigitated electroporation array (FIEA;
Figure S2) was tightly attached on the skin to match
the skin profile, followed by application of electric
pulses. When electroporating, the buffer in the

1. Microneedle treatment

2. Smear target drugs

Stratum
- Corneum
| _Epidermis

Dermis

Microchannel filled by conductive buffer

Figure 1. The main processes of the proposed in vivo electroporation strategy.

microchannels, forming liquid conductive paths,
could play the role of inner electrodes to generate
sufficient hypodermic electric field to accomplish
highly efficient electroporation, even under a low
applied voltage. Finally, the mice were cultivated for
further examinations.

Electric field analysis

Here, we set up simplified models to analyze the
electric field contribution under treatment with FIEA
only or treatment with the combined use of a 0.5 mm
long microneedle roller and FIEA, to illustrate the
enhancement in skin electroporation by our method.
It was reported that the diameter of the pores caused
by the 0.5 mm microneedle roller are approximately
125 pm [52]. Therefore, we assumed that the
geometric shape of the microchannel was a cone 125
pm in diameter and 500 pm in height. Additionally,
the mismatch between the conductive microchannel
and the rectangle interdigital microelectrode was
ignored to simplify the model. We set the electric
conductivity of the golden electrode, conductive
buffer and tissue as 4.5 MS/m, 35S/m and 0.1 S/m,
respectively [50]. The details of the model domain
boundaries are described in Figure S3.

The result of the electric field simulation
(COMSOL 5.2, COMSOL Inc., Sweden) is shown in
Figure 2. It could be estimated that our method was
able to generate a more homogeneous and stronger
field beneath the skin, compared with using FIEA
only at the same voltage. With the assistance of the
conductive microchannels (Figure 2A), the light blue
area (400 V/cm to 600 V/cm), which was suitable for
electroporation, was much larger than that without
rolling with the microneedle roller (Figure 2B). It is
worth mentioning that, to simplify the model as much
as possible, the thin stratum corneum layer was also
ignored, which has high resistance. In other words,
the electric field would be much weaker in the actual
situation for the sample without rolling treatment.

3. Electroporation by pulses 4. Cultivation, observation

~_
«
FIEA Electroporation
Stratum
= — Corneum
| _Epidermis
e 4 b - | Dermis

Hypodermic electric field by microchannel
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The curves in Figure 2C represent the electric
field strengths at the centerlines in the middle of
adjacent electrodes. When 50 V was applied, the
electric field generated with assistance of the
conductive path was much stronger than FIEA only,
but slightly lower than a metal material microneedle
with the same geometric dimension. The conductivity
of the metal microneedle is a few orders of magnitude
larger than that of liquid buffer. However,
microfabrication of microneedles with this size is
challenging and costly. Therefore, with assistance
from the microneedle roller, a satisfactory electric
field could be achieved with a lower voltage and
lower cost.

Characteristics of the method

In contrast to previous needle-based in vivo
electroporation techniques, the proposed approach
was found to have the following prominent
characteristics: (i) The cost was low. We previously
developed another pliable patch integrated electrode

B

Microneedle

[44] and microneedle array [33] to enhance the
performance of in vivo electroporation. However, the
high cost and high complexity of the microfabrication
process restricted its practical application. In contrast,
the proposed technique provides a viable alternative
in that both the microneedle roller and the flexible
electrode patch are reusable, and the fabrication
proved that the cost could be significantly reduced by
mass production. (ii) The pliable substrate could
match the surface profile of the skin. (iii) Damage to
the target skin induced by the proposed approach was
less than for other needle-based methods, as the
invasiveness of these other methods is more severe.
Visual examination of skin appearance under a
microscope before and after 0.5 mm long microneedle
roller treatment is shown in Figure S4. In the
field-of-view, the skin damage was very slight after
rolling. No significant difference was recorded under
the microscope. (iv) The dimension of the target
region could be easily enlarged, supporting

electrochemotherapy or other drug

delivery over a large area.

Establishment of liquid conductive
microchannels in skin

Due to the assistance of the
microneedle, liquid conductive paths can
be constructed in skin, which will facilitate
in vivo electroporation with low-voltage
electric pulses. To confirm the existence of
liquid conductive microchannels, and to
evaluate the duration time of these
channels, we employed Cyb5-labelled

siRNA as a tracer. Ten micrograms of

Electrical Field ; ; . Cy5-siRNA (1 pg/pL) was first smeared on
(Vicm) 0 400 800 1200 1600 2000 pre-depilated mouse thigh skin, followed

by rolling with a 1.5 mm long microneedle

c roller. Mice were sacrificed at indicated
_ — Metal microneedle (50 V) time points (5 min, 10 min, 30 min, and 60

g 800 4 — Liquid conductive path (50 V) min) post treatment, and cryosections were

S — FIEA (50 V) prepared and analyzed with a confocal

o 600 microscope. It was observed that a

i_“-: discontinuity existed on the skin, and the

= 400 - Cyb5 signal localized in those holes in the

2 skin (Figure 3A, white arrowhead). This

g 200 - demonstrated that the liquid conductive

w 0 microchannels were successfully establish-

ed with the proposed microneedle roller.

100 300 500 700 900 1100 1300
Depth Beneath the Skin (pm)

Figure 2. The simplified model and analysis of the electric field. (A-B) The electric field
generated with and without microneedle treatment, from which we could estimate the
distribution of the subcutaneous electric field under different conditions. (C) Correlation curves
between the electric field strength and the depth beneath the skin (100-1300 pm). Compared
with the metal microneedle and the planar electrode, the liquid conductive microchannel could
generate a satisfactory electrical field beneath the skin with a lower voltage and lower cost.

The pore sizes ranged between 150 and 220
pm, which is consistent with the reported
data (~170 pm) [52]. Moreover, the
channels could exist for more than 60 min,
as the holes could be observed at all time
points (Figure 3A), which is also in line
with the reported data [52].
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Nuclei F actin

200 pm

Figure 3. Confocal fluorescence images of the skin cyrosections. Red, Cy5-labelled siRNAs; blue, nuclei stained by DAPI; green, F-actin stained by
FITC-labeled phalloidin. (A) Fluorescence image of the microchannels (white arrowhead) generated by rolling with a 1.5 mm long microneedle roller. The upper two
panels of images are controls without Cy5 signal on the skin, and the lower panels are samples collected at indicated time points (5 min, 10 min, 30 min, and 60 min)
post rolling treatment. The fluorophore (Cy5-labeled siRNA) existed in the microchannels, suggesting that the conductive solution entered the microchannels
smoothly, forming liquid conductive paths in the skin. (B) Cy5-siRNA electroporation with the proposed method. To verify the depth of siRNA delivery using the
proposed electroporation method, a 0.5 mm long microneedle roller, the shortest one we used in this study, was applied to perform this assay. Uniform fluorescence
signal was recorded in whole full-thickness skin, as the white dotted line indicates.
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Gene electroporation and expression in skin

Transfer of genes or nucleic acid molecules to the
skin is a promising strategy for the treatment of local
skin disorders and also for systemic diseases [53, 54].
The skin consists of epidermal dendritic cells known
as Langerhans cells, which can produce and release
polypeptides into the circulation. Additionally, the
skin is an attractive target for gene transfer owing to
its large size and accessibility. To investigate
transdermal nucleic acid delivery by the proposed
electroporation method, we investigated the
transfection of red fluorescent protein (RFP) plasmid
to the skin of mouse legs using the protocol described
in detail in the section ‘Design of skin electroporation
method’. Here, we employed a RFP-expressing
plasmid to conduct this assay since the background
autofluorescence of the mice under RFP excitation/
emission spectrum is not strong. Therefore, RFP
signal could be easily distinguished from the
background signal. Moreover, compared with shorter
wavelength  fluorophores, near-infrared (NIR)
fluorophores (e.g., RFP) are superior in their tissue-
penetration capacity [55]. The mice were divided into
6 groups. Each group received a different treatment:
(G1) without any treatment as negative control; (G2)
electroporation with plate electrode at 100 V; (G3)
electroporation with FIEA at 50 V without rolling;
(G4) electroporation with FIEA at 50 V with rolling;
(G5) electroporation with FIEA at 70 V without
rolling; (G6) electroporation with FIEA at 70 V with
rolling. The plasmid expressions were examined at 24
h and 48 h after electroporation (exposure time, 1
min). Data showed that the negative control group
(G1) showed no fluorescence on the leg, which meant
no RFP was expressed (Figure 4A-B). The mice
treated by the plate electrode at 100 V, the positive
control, showed successful transfection of RFP, but
the level of expression was relatively low. By contrast,
application of FIEA (G3, G5) could significantly
enhance the gene transfer efficiency even at a lower
voltage. The mice from G3 showed stronger
fluorescence than those of G2, and the areas of skin
expressing RFP were also larger than those of G2. On
the other hand, with the assistance of the microneedle
roller, plasmid electroporation into the mouse skin in
G4 and G6 showed better performance than G3 and
G5, respectively (Figure 4A-B). This indicated that the
microchannels, generated by the microneedle roller
and filled with the conductive liquid buffer, played a
role as inner electrodes, which remarkably enhanced
the transdermal gene transfection efficiency.

The mean fluorescence intensity (MFI) of these
treated groups was further analyzed quantitatively, as
shown in the histograms of Figure 4D. The MFI of G4
(using FIEA at 50 V) was increased 5-6-fold compared

to the skin with plate electrodes at 100 V (G2), which
indicated that our technique could provide an access
to highly efficient transdermal electroporation under
low voltage. Low voltage will theoretically induce less
tissue damage. These data demonstrated that the
proposed approach could remarkably enhance the
skin electroporation performance even at low voltage
by creating a series of microchannels in the stratum
corneum as a conductive path.

Influence of time interval on electroporation
efficiency in skin

The time interval between microneedle and FIEA
treatment should be considered as an important
potential influencing factor for the suggested electro-
poration protocol. According to a previous report [52],
the pore size might decrease from 180 pmto 75 um2h
after treatment with a 1.5 mm long microneedle roller.
The recovery rate reached over 90% 6 h after
treatment. Hence, the microchannels could exist for
several hours, which was also consistent with our
own data (Figure 3A). For the protocol employed in
the above-mentioned study, electroporation with
FIEA was applied within one minute after rolling.

Here, RFP expression plasmid was also daubed
on the skin, and rolled with the 1.5 mm long roller.
However, electroporation was given at different time
points (1 min, 5 min, 10 min, 15min and 30 min) after
rolling treatment. Fluorescence imaging was perform-
ed at 48 h and 72 h post treatment (exposure time, 2
min). It was observed that RFP was successfully
expressed in all groups of mice receiving electro-
poration (Figure S5). More importantly, there was no
significant difference among the mice receiving
electroporation at different time points (Figure S5),
suggesting that a time interval within 30 min was not
a dominant issue for the proposed electroporation
method. Although a longer time interval was not
tested in this assay, a time interval of 30 min is long
enough for normal operation in future studies.

Gene electroporation and expression in
myocytes

In order to verify that the suggested approach
could provide access to penetrate the high-resistance
stratum corneum and achieve sufficient electric fields
in deeper tissues under low voltage without assistant
of a microneedle-based electrode, we investigated
RFP electroporation in skeletal muscle beneath the
skin. As shown in Figure S6A, after the same
preprocessing, we injected the plasmid into the
muscle to address whether a strong-enough electric
field was generated under the skin to achieve efficient
electroporation. In Figure S6B, under the same
electric pulse condition, the mouse thighs treated with

http://www.thno.org



Theranostics 2018, Vol. 8, Issue 9

2370

the microneedle roller expressed stronger fluoresc-
ence in a larger area, which indicated that the
transfection rate was remarkably enhanced. Additio-
nally, 50 V and 70 V pulses lead to better efficiency
using our approach. Compared with the commercial
plate electrode (Tweezertrodes, BTX, USA) with
electroporation under 150 V, the electroporation
under 50 V pulses by the proposed method showed

24 h 48 h

>

better performance. Taken together, with the
assistance of a microneedle roller, a sufficient electric
field could be generated in the tissue and the
performance of FIEA was remarkably boosted. The
comparison with a high-voltage commercial plate
electrode process revealed that our minimally
invasive method did reduce the electroporation
voltage, and achieved high performance as well.

Figure 4. RFP

G1&G2

EP at 50 V

G1|G2J G5|G5 GG}GG

EPat70V

electroporation in the
skin. (A) The whole-body
fluorescence intensity

imaging indicates efficient
RFP plasmid expression in
electroporated mouse skin.
Animals  received the
following treatments: (G1)
without any treatment as
negative control; (G2)
electroporation with plate
electrode at 100 V; (G3)
electroporation with FIEA

at 50 V without rolling;
(G4) electroporation with
FIEA at 50 V with rolling;
(G5) electroporation with
FIEA at 70 V without
rolling; (G6)
electroporation with FIEA
at 70 V with rolling.
Fluorescence images were

merged with X-ray images
to show the fluorescent
sites. Electroporation
conditions  were: 10
electrical pulse; voltage
100, 50 or 70 V; 10 ms
pulse duration; | s pulse
interval.  (B) Enlarged
images from (A) indicating
the electroporation areas

of the mice. (C) Grouping
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fluorescence intensity
(MFI) was calculated from 4
different mice. Data were
normalized to an
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# who’s MFI was set to zero.
Each bar represents the
mean * SEM. Statistical
analyses were performed
using two-tailed Student's
t-test. * vs. unelectro-
porated mice at the same
time point, *P <0.05, **P
<0.01, and **P <0.001. #,
vs. mice electroporated
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##P <001, and ###P
<0.001. & vs. mice
electroporated at the same
voltage with FIEA but
without rolling at the same
time point, &P <0.05, &&P
<0.01, and &&&P <0.001.
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Electroporation of Cy5-labelled siRNA in skin

RNA interference (RNAi) is recently regarded as
a major tool that can revolutionize bioscience and
biomedical fields [56]. It is crucial to develop
appropriate approaches for short interfering RNA
(siRNA) drug delivery to target issues in vivo, since it
is difficult for the naked siRNA to cross cell
membranes and is easily eliminated from the
circulatory system [57-59]. As a localized delivery
strategy, electroporation of siRNA to the skin has a
large potential for clinical applications due to its high
target specificity and lack of carrier, signifying no
safety concerns unlike viral-based vectors.

We investigated the transdermal electroporation
of Cyb-labelled siRNA wusing the technique
established by us to assess the capability for
transfecting siRNA to the skin. In a pilot study, a
tissue cryosection was prepared and observed with a
confocal microscope to visually evaluate if such a
proposed method could deliver siRNA into the skin
and how deep. Hence, a 0.5 mm long microneedle
roller, the shortest roller we used in this study, was
first employed in this assay. Confocal laser scanning
microscopy (CLSM) images manifested that
Cyb-labelled siRNA was dispersed in the whole
full-thickness skin, as the white dotted line indicates
(Figure 3B). The depth was 487£33 pm, which is
consistent with the simulation in Figure 2 showing
that the electric field is larger than 400 V/cm
(providing effective electroporation) below 500 pm.

In an additional full study, untreated mice were
set as negative control (G2), while mice smeared with
Cyb-labelled siRNA only (G1l) were included as
another control. All electroporation mice (G3-6)
received ten pulses of stimulation at 70 V with 10 ms
duration with different rolling conditions: G3,
without rolling using the microneedle roller; G4,
rolling with a 0.5 mm long microneedle roller; G5,
rolling with a 1.0 mm long microneedle roller; and G6,
rolling with a 1.5 mm long microneedle roller. The
transfection performance was observed at 6 hand 24 h
post treatment. As the whole-body fluorescence
images in Figure 5A show, the delivery efficiency was
obviously enhanced utilizing FIEA compared to the
control groups, and the size of the region expressing
fluorescence in these mice was superior than that of
mice with siRNA painting alone. Furthermore, with
strengthening of the penetration condition (from 0.5
mm long to 1.5 mm long microneedle roller), the MFI
of siRNA in the skin increased. A longer microneedle
could create a deeper conductive path within the skin,
leading to an elevated electric filed intensity beneath
the skin (Figure S7) and strengthened permeation of
drugs. Quantitative analysis of the data, as shown in

Figure 5B, manifested that a high level of siRNA
delivery was achieved by the combined use of the
microneedle roller and FIEA.

In order to further verify target specificity of our
electroporation method, one mouse from each group
was sacrificed at 6 h after electroporation by cervical
dislocation, the target skins were isolated, and
fluorescence image were acquired (Figure 5C). The
correlation between transfection efficiency and
experiment condition was similar to the data from
whole-body imaging (Figure 5B) Moreover, the MFls
in isolated skins were almost numerically the same,
hinting that the majority of the siRNA was transferred
into the target skin. All of these data reveal that
microchannels caused by the microneedle rollers
could promote the electroporation capability. The
proposed electroporation method could facilitate
transdermal delivery of siRNA to skin, and enable
high target specificity and satisfactory bioavailability
of siRNA therapeutics.

Gene knockdown mediated by electroporated
siRNA in skin

It is important to further verify if siRNA
electroporated by the proposed method can mediate
gene silencing in vivo. Therefore, siSCD1, an
RNase-resistant siRNA targeting stearoyl-CoA
desaturase-1 (SCD1), was selected to perform this
assay. SCD1 is a key enzyme involved in fatty acid
metabolism. Elevated expression levels of SCD1 have
been found to be correlated with obesity [60], tumor
malignancy [61], and cardiac development [62]. Here,
gene silencing efficiency was evaluated at both
mRNA and protein levels. For the mRNA expression
assay, five groups (six mice per group) of mice were
given the following treatments: (1) electroporation at
70 V assisted by roller but without administration of
siRNA, (2) smearing siRNA on the skin and rolled
with the roller but without electroporation, (3)
electroporation of siSCD1 without rolling, (4)
electroporation of siSCD1 assisted by 0.5 mm long
roller, (5) electroporation of siSCD1 assisted by 1.5
mm long roller. siRNA dosed at 10 pg per mouse (1
pg/pL, ~ 0.5 mg/kg), and the in-life stage was
terminated at 48 h post electroporation. Real-time
PCR data revealed that SCD1’s expression in the skin
was significantly repressed in groups 4 and 5 as
shown in Figure 6A, which were electroporated with
FIEA at 70 V with pretreatment using 0.5 and 1.5 mm
rollers, respectively. SCD1 expression in group 3,
electroporation at 70 V without pre-rolling, was also
inhibited to some extent. By contrast, two negative
control groups of mice (groups 1 and 2) showed no
gene knockdown in skin.
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Figure 5. Fluorescence imaging of Cy5-labelled siRNA in mouse skin. (A) Whole-body fluorescence intensity imaging of electroporation of Cy5-siRNA in
mouse skin. Animals received the following treatments: (G1) siRNA was directly painted on the skin but without further treatment; (G2) animals without any
treatment as negative control; (G3) electroporation at 70 V without rolling; (G4-6) electroporation at 70 V facilitated by rolling with microneedle rollers with a length
of 0.5, 1.0 or 1.5 mm. Fluorescence images were merged with X-ray images to show the fluorescent sites. Electroporation conditions were: 10 electrical pulse; voltage
70 V; 10 ms pulse duration; | s pulse interval. (B) Quantitative analysis of (A). The mean fluorescence intensity (MFI) was calculated from 4 (6 h) or 3 (24 h) different
mice. Data were normalized to unelectroporated mice whose MFls were set to zero. Each bar represents the mean + SEM. Statistical analyses were performed using
two-tailed Student's t-test. ¥, vs. unelectroporated mice at the same time point, ***P <0.001. #, vs. mice electroporated without rolling at the same time point, ##P
<0.01, and ###P <0.001. (C) Fluorescence imaging of isolated skin at 6 h post treatment and the corresponding quantitative analysis result. One mouse was sacrificed

for examination at 6 h post electroporation for each group of mice.
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Figure 6. Gene silencing assay with anti-SCD1 siRNA (siSCD1). siRNA
was electroporated under various conditions. mRNA (A) and protein (B)
expression levels of SCDI1 in skin. EP, electroporation. * vs. mice who received
rolling and electroporation without administration of siRNA. **, P<0.01.

For the protein expression assay, an additional
group of mice without any treatment was also include
as a negative control. Western blot was performed to
analyze SCD1 protein expression in the skin. It was
shown that the overall pattern was similar to the data
from the mRNA expression assay (Figure 6B). The
silencing efficiency was slightly different for mRNA,
which might be attributed to the potential differences
between mRNA and protein in their expression and
degradation life course.

These data further demonstrated that siRNA
electroporated with the proposed method mediated
efficient gene silencing in the skin, and
pre-penetration of the skin with a microneedle roller
dramatically enhanced the permeability of the skin,
and then elevated the electroporation efficiency.

Safety assessment of the suggested
electroporation method

Safety is another important issue to assess when

http://www.thno.org



Theranostics 2018, Vol. 8, Issue 9

2373

considering if the proposed method can be clinically
used to transfect nucleic acids into the skin. In the
study of RFP electroporation, all animals were
carefully monitored, and clinical observation was
performed for two weeks post treatment. Clinical
symptoms, including animal appearance, behavior,
eating, drinking, response to stimulation, excretion, as
well as skin appearance and muscle function at the
electroporation position, were recorded during the
whole process. It was shown that neither significant
skin lesions nor functional impairment of muscles was
observed. A slight burn was observed for those
animals administered 70 V. The burn lines appeared
in line with the electrodes, hinting that this might be
caused by heating accompanying electroporation.
However, these damages were completely recovered

Mouse 1 Mouse 2 Mouse 1

G
+G

N —

Mouse 1 Mouse 2 Mouse 3

G

w

G4

G5

G6

G1: Untreated control

G3: EP without rolling at 50 V

Figure 7. Mouse images acquired on day 5 after electroporation of RFP-expression
plasmid. It was shown that the skin was healthy, the color of pre-depilated skin was gray or black,
suggesting the hair growth cycle switched from telogen to catagen or anagen. Accordingly, some hair

regrew on the skin.

Mouse 2

-

Mouse 4

G4: EP with rolling at 50 V

G2: EP with plate electrodes at 100 V G5: EP without rolling at 70 V
G6: EP with rolling at 70 V

within five days post treatment as shown in Figure 7.
In addition, the proposed electroporation method
barely caused damage to the muscle since no
abnormal behavior or inconvenience in action was
observed during the whole study course.

In mice (with the exception of albino strains),
hair follicles and hairs contain a pigment produced by
melanocytes, melanin. The morphology of the hair
follicles changes with the follicle cycles, anagen
(active growth, typically looks black), catagen
(controlled regression through apoptosis, typically
looks gray), and telogen (resting phase, typically
looks white) [63]. At the beginning of hair depilation,
the mice with gray and black skin on the legs were
removed from this study, to avoid light absorption by
the black materials. During the monitoring course,
hair growth cycle changes from telogen,
to catagen, then to anagen, were
observed as the skin color changed from
white to gray, and to black. Along with
this process, hair regrew on the skin,
suggesting the normal function of the
skin (Figure 7). Clinical observation was
also performed in the study of siRNA
electroporation, and similar phenomena
were recorded during its course (Figure
S8).

In addition to the observations at
the macro level, we also performed a
pathological analysis to thoroughly
assess skin damage caused by the
proposed  electroporation  method,
which is an important consideration in
pre-clinical studies of electroporation
devices. Here, four groups of mice
received the following treatments: (1)
without any treatment; (2) rolled with a
1.5 mm long roller, but without
electroporation; (3) electroporated at 70
V with FIEA, but without rolling; (4)
rolled with the roller followed by
electroporation at 70 V with FIEA.
Tissue samples were collected at the
indicated time points. Preparation of
histopathologic sections and H&E
staining were performed with standard
protocols. In contrast to the untreated
mice, significant lymphocytic infiltra-
tion was observed at the beginning (day
1 and 3) for all three groups of mice that
suffered rolling, electroporation, or
both, indicating inflammation occurred
(Figure 8). The level of inflammation in
group 4 was slight higher than that in
groups 2 and 3, although no significant
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difference was observed among these three groups. In
addition, the inflammation was dramatically allevi-
ated on day 6, and almost recovered on day 10. These
observations are also in line with the clinical findings
at the macro level.

Finally, we also investigated whether the drug
entered the circulatory system. Cy5-labelled siRNA
was used as an indicator in this assay and we used the
proposed method to deliver the drug to the skin.
Considering that the diffusion process of the drug
entering the blood vessels might take a relatively long
time, we collected blood samples from electroporated
mice at different time points (5 min, 30 min, and 60
min). The blank blood acquired from untreated mice
was included as a negative control, and a positive
control was prepared by directly adding 5 pg
Cy5-labelled siRNA into another blank blood sample.
Then all specimens were examined with an in vivo
imaging system. Both imaging and quantitative
analysis data revealed that no siRNA entered the
circulatory system under the proposed experimental
conditions (Figure S9).

Conclusions

Delivery of nucleic acid molecules into the skin
remains a main barrier for gene-based therapy or

Day 1 Day 3

Untreated

Rolling (+)
EP (-)

Rolling (-)
EP (+)

Rolling (+)
EP (+)

intradermal/subcutaneous vaccination. Here, we
propose a novel electroporation method based on the
combination use of a microneedle roller and a flexible
interdigitated electroporation array (FIEA). By
penetrating the skin with the microneedle roller, a
conductive buffer played a role as liquid electrodes in
the skin when electric pulses were applied. FIEA,
benefitting from its flexible substrate and interdig-
itated electrodes, provided an even electric field both
on the surface and inside the skin. As a result,
successful gene (RFP) expression and siRNA
transfection were achieved, and the performance of
electroporation with the help of microneedle rolling
was much superior to that without rolling. siRNA
electroporation triggered significant gene silencing in
the skin. Moreover, such an electroporation method
exhibited no adverse effects to the skin and muscle of
the treated mice, since a low voltage (50 V) was
enough to accomplish this process and achieve
efficient delivery. In summary, the combined use of a
microneedle roller and FIEA showed ideal nucleic
acid molecule transfection efficiency into mouse skin
at a low voltage, which may support clinical
application of such approach in the treatment of skin
diseases or vaccination via the skin.

Day 6 Day 10

Figure 8. H&E staining of skin and muscle tissues that suffered various treatments. EP: electroporation. Scale bar, 200 ym.
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