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Abstract Transdermal drug delivery systems have been
studied as an attractive alternative to conventional delivery
routes. However, the outermost layer of the skin, the
stratum corneum, acts as a primary barrier to drug delivery.
A synergistic combination of microneedles (MNs) and
low-frequency ultrasound (U) was used to enhance the
penetration of siRNA and ovalbumin. The specific gene
knockdown caused by siRNAs through the RNA
interference pathway is more stable when delivered via the
transdermal route. Ovalbumin, a representative adjuvant,
causes a more efficient immune response in the skin
because of the numerous immune cells in the skin. The
synergistic transdermal delivery resulted in approximately
7 times and 15 times greater penetration of siRNA and
ovalbumin respectively than in their respective negative
controls, and histological analysis showed minimal invasion.
Thus, as the synergistic transdermal delivery enhanced the
penetration of biomacromolecules into the skin, this
technique is expected to yield a promising technology for
a transdermal drug delivery system.
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1. Introduction
The skin is one of the largest organs in the body and may
offer a route to replace existing drug delivery pathways [1].
Transdermal drug delivery systems offer major advantages
compared to other routes, including increased patient
convenience with less pain, avoidance of degradation by
the GI tract or enzymes, minimization of systemic toxicity,
and easy control of drug absorption [1,2]. In the case of
siRNA for local administration, delivered siRNA can be
more stable due to direct delivery to target site, and
avoidance of intensive enzymatic degradation and high
renal and hepatic clearance [3]. Meanwhile, the skin contains
many antigen-presenting cells, epidermal Langerhans cells,
and dermal dendritic cells. These cells readily take up
foreign antigens, migrate to the draining lymph node to
present antigens to resting T lymphocytes, and initiate
immune responses [4]. Thus, compared to conventional
intravascular or intramuscular injection, the transdermal
delivery of therapeutic genes or vaccines may be an
attractive pathway.
In contrast, the skin functions as a barrier to block drug
delivery. The stratum corneum, the outermost layer of the
skin, has a structure in which corneocytes are densely
packed in a lipid matrix, constituting the ‘bricks and
mortar’; this is the first major barrier. The cells in the
granular layer under the stratum corneum are in tight cell
junction formation, which prevents the drug from
permeating through the structure [5]. In particular, it is
difficult for pharmaceutical biomacromolecules, including
nucleic acids or proteins, to penetrate through the skin as it
blocks the entry of hydrophilic molecules over approximately
500 Da [6]. The biomacromolecules used for delivery in
this study were siRNA and ovalbumin. First, siRNA exerts
a major in gene regulation, which is known as RNA
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interference (RNAi). It acts to specifically induce the
degradation of mRNA, thereby preventing protein translation
[7,8]. Second, ovalbumin, a representative protein antigen,
has been extensively studied as a model vaccine antigen to
induce an immune response [9]. As their size is beyond the
range of skin permeability, delivery of proteins is difficult
in native form. Therefore, skin penetration techniques are
necessary to improve permeation.
The techniques for the improvement of transdermal
delivery can be classified into two categories: passive and
active methods [10]. Passive methods include the optimization of the drug formulation or delivery vehicle to increase
skin permeability. However, these methods offer limited
improvement of the skin permeability of biomacromolecules
[10]. In contrast, the active methods, which involve a variety
of physical or mechanical approaches, demonstrated
superior skin permeability, even for biomacromolecules [11].
A simple and direct physical method is the microneedle,
which is a needle with a length of approximately 100–
700 µm. This form micro-channels in the epidermis, which
allows biomacromolecules, including siRNAs and proteins,
to penetrate through it [12]. In addition, because the stratum
corneum contains no nerves, the skin anatomy provides an
opportunity for the microneedles to penetrate through the
stratum corneum without pain. Furthermore, microneedles
present a much lower possibility of blood-related infection
than the hypodermic needle, as no blood vessels exist in
the epidermis. However, it offers insufficient drug delivery
efficiency within limited application area, and causes little
irritation according to biomaterials [13]. Mechanical
methods are penetration techniques driven by forces such
as electrostatic interactions or ultrasound. Among these
methods, sonophoresis improves drug delivery through the
formation of micro-channels and cavitation effects by the use
of a specific frequency of ultrasound. The skin eventually
recovers through natural barrier-recovery mechanisms [14].
Sonophoresis is especially effective at low frequencies
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(<100 kHz). However, only a limited number of biomacromolecules is delivered, and significant costs are involved
[5]. Consequently, although active methods produce a
higher penetration of biomacromolecules than passive
methods, the development of more efficient skin penetration
techniques for use in “real world” settings is necessary.
We have reported that a synergistic combination of
microneedle and ultrasound enabled efficient penetration
of siRNAs and ovalbumin through the skin. Ex vivo
experiments checked the permeability of siRNA and
ovalbumin through pig skin by sonophoresis after delivery
with a microneedle roller. In addition, histological analysis
was conducted to confirm whether these combinatorial
methods affected the skin tissue.

2. Materials and Methods
2.1. Materials
Cy3-labeled siRNA (5'-GCGACGCUGUCAUCGAUUUTT3') was synthesized by GenePharma Inc. (Shanghai, China)
and Cy3-labeled ovalbumin (OVA) was purchased from
Thermo Fisher Scientific (Waltham, MI, USA). Porcine
skin pieces of 2.5 cm × 2.5 cm (6.25 cm2) were purchased
from MediKinetics (Pyeongtaek, Korea) and stored in a
deep freezer (-80 °C) until use. Prior to the experiment, the
porcine skin was thawed in a Petri dish filled with
phosphate-buffered saline (PBS) for approximately 1 h.
The Franz diffusion cells for skin penetration experiments
were purchased from PermeGear, Inc. (Hellertown, PA,
USA) and had a receptor volume of 12 mL.
2.2. Ex vivo transdermal delivery experiments
Synergistic transdermal delivery was performed by using
low-frequency sonophoresis after microneedle treatment
(Fig. 1). Porcine skin is commonly used as a model to
replace the human skin owing to structural and functional

Fig. 1. Illustration of the synergistic principles of microneedles and ultrasound. Microneedles function in a simple and direct manner to
provide a passage through which the drug can be delivered via the stratum corneum. Low-frequency ultrasound induces waves and
cavitation, which transiently penetrate the stratum corneum and improve the delivery of macromolecules.
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suitability. First, the thawed porcine skin was punctured by
reciprocating the microneedle roller (Erato International
Inc., Seoul, Korea) of 500 µm length while rotating by
about 30 degrees for 10 times. Subsequently, it was placed
between the donor and receiver parts of the Franz diffusion
cell. Sonophoresis was performed in an immersion mode
by the addition of 1 mL Cy3-labeled 2.5 nmoL/mL siRNA
and 0.5 mL Cy3-labeled 0.2 mg/mL OVA to the donor
chamber. Ultrasonic waves at 20 kHz, 20% amplitude,
with a 5 s on/off pulse, were applied to the solution in the
donor chamber with a 13-mm tip, at a distance of
approximately 5 mm for a total of 90 s (on-time) using the
ultrasonic liquid processor (VC505, Sonics, Newtown, CT,
USA). These sonophoresis conditions were used for the
moderate temperature rise up to 37oC and dominate the
cavitation effect for the efficient delivery of biomacromolecules. After sonophoresis treatment, the skin was
incubated for 15 min. After all the procedures, the surface
of the porcine skin was washed three times with distilled
water to remove any solution on the surface and qualitative
and quantitative analyses were performed.
2.3. Qualitative and quantitative analysis of skin
penetration
The cross-section of the porcine skin was cut thinly with a
razor, spread on a slide glass (24 × 40 mm), and covered
with a cover glass (18 × 18 mm). The sections were observed
by using a fluorescence microscope (TiE, Nikon, Japan) at
200× magnification. For the quantitative analysis, the
porcine skin was cut to 0.7 cm × 0.5 cm size and placed in
a 2 mL tube with 0.5 mL PBS. The porcine skin pieces
were chopped by using fine scissors and ground with a
homogenizer (T10 basic Ultra-Turrax®, IKA, Wilmington,
NC, USA) for 1 min at intensity 4. After homogenization,
centrifugation was performed at 12,032 × g for 10 min.
Sixty microliters of the sample supernatant was loaded
onto a 384 well-plate (Corning, Inc. Corning, NY, USA)
and the fluorescence intensity was repeatedly measured by
using a fluorescence-spectrophotometer (Varioskan Flash
Multimode Reader, Thermo Fisher Scientific, USA; excitation
wavelength, 550 nm; emission wavelength, 570 nm). The
samples were analyzed in triplicate. The standard curve
was obtained by serial dilution of siRNA and OVA to
determine the permeated concentration. All fluorescence
experiments were performed in the dark and repeated at
least three times.
2.4. Histological analysis of treatment
To investigate the biocompatibility of this synergistic
method by using microneedles and low-frequency ultrasound
on skin tissue, histological analysis was implemented through
hematoxylin and eosin (H&E) staining. The following
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treatment conditions were analyzed: no treatment,
microneedles only, sonophoresis after microneedles; after
this, the pieces of porcine skin were trimmed by razor blade.
Then, a 10 µm cross-section of the skin was arranged in a
cryostat (HM525 NX, Thermo Fisher Scientific, USA).
The skin sections were stained with hematoxylin and eosin
(Sigma, St. Louis, MO, USA), covered by mounting
solution (CC/Mount, Sigma, St. Louis, MO, USA), and
then observed by using an optical microscope (CX23,
OLYMPUS, Tokyo, Japan).

3. Results and Discussion
3.1. Qualitative analysis of skin penetration
The skin penetration of both siRNA and ovalbumin was
enhanced by sonophoresis after microneedle treatment
(Fig. 2). The microneedle was used to create multiple
micro-channels on the skin without pain. Because the
distance between the needles on the microneedle roller is
2 mm and the skin pieces were punched 10 times, the
number of total holes was about 200 holes/cm2. First, the
negative control, without any treatment, showed negligible
penetration of Cy3-labeled siRNA with fluorescence
approximately equal to background noise (Fig. 2A). Cy3labeled siRNA after microneedle treatment showed
increased penetration (fluorescence) in specific skin parts
compared with that of the negative control (Fig. 2B).
Sonophoresis of Cy3-labeled siRNA after microneedle
treatment resulted in the highest epidermal delivery, with a
high fluorescence signal over a broad area (Fig. 2C). Next,
the negative control, without any treatment, showed slight
fluorescence of Cy3-labeled ovalbumin on the skin surface
(Fig. 2D). The images of the microneedle treatment show
a hole similar to an infundibulum, and ovalbumin can
penetrate along this hole (Fig. 2E). The images of the
microneedle and ultrasound combination treatment shows
the best result, in which ovalbumin penetrated more widely
and deeply (Fig. 2F).
3.2. Quantitative analysis of skin penetration
Quantitative analysis was conducted to determine the
transmitted amounts of siRNA and OVA. The fluorescence
values were measured in the supernatant of homogenized
skin with the same area nine times. The fluorescence values
were converted into concentration through comparison
with a standard curve and plotted in the order of control,
microneedle (MN), microneedle and ultrasound (MN & U)
method with siRNA (Fig. 3) and OVA (Fig. 4). For the
delivery of the siRNA, when the control and MN treatments
were compared, the MN treatment (0.074 µM/cm2) was
very slightly higher than the control (0.072 µM/cm2), but
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Fig. 2. Skin penetration images of Cy3-labeled siRNA obtained by using fluorescence microscope (TiE, Nikon, Japan). (A) Untreated
control, (B) treatment with microneedles only, and (C) treatment with microneedles and ultrasound (Scale bar = 100 µm). Skin
penetration images of Cy3-labeled OVA obtained by using a fluorescence microscope. (D) Untreated control, (E) treatment with
microneedles only, and (F) treatment with microneedles and ultrasound (Scale bar = 100 µm). The images were obtained with the
application of green filter at 200× magnification using excitation wavelength of 550 nm for Cy3.

the difference was not significant, as shown by the t-test.
Therefore, the combination method was compared with the
MN. The use of sonophoresis after MT treatment showed
6.9-fold higher transmittance (0.51 µM/cm2) than the MN,
which was statistically significant as shown by the t-test.
It is very hard to transfer the test RNA through the skin
because it is a hydrophilic macromolecule with a strong

negative charge and a molecular weight of approximately
13 kDa. A 2.4- to 10.2-fold increase in transmitted siRNA
was reported by using 1.2–1.7 J/cm2 laser-induced microporation compared with the untreated group [15]. In
comparison, in our study, we recorded a 7.1-fold increase
in transmitted siRNA compared with the untreated group.
Our results reported approximately 0.51 µM/cm2 of delivered

Fig. 3. The concentration of Cy3-labeled siRNA penetrated through porcine skin. Control, No treatment; MN, Microneedle only; MN &
U, Microneedle and ultrasound. The fluorescence values were measured by using a fluorescence-spectrophotometer (Varioskan Flash
Multimode Reader, Thermo Scientific, USA) after homogenization of the permeated areas of the porcine skin. The graph of the fold
changes compares the relative permeability compared with the control (right). MN & U resulted in a 6.9-fold higher concentration of
skin penetrated with siRNA than MN. All experiments were repeated nine times to obtain an average value and analyzed statistically.
Statistical significance was determined by the t-test (**p < 0.001).
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Fig. 4. The concentration of Cy3-labeled OVA penetrated through porcine skin. Control, No treatment; MN, Microneedle only; MN &
U, Microneedle & ultrasound. The fluorescence values were measured by using a fluorescence-spectrophotometer (Varioskan Flash
Multimode Reader, Thermo Scientific, USA) after homogenization of the permeated areas of the porcine skin. The graph of the fold
changes shows a comparison of the relative permeability with the control (right). MN & U resulted in a 5.2-fold higher concentration of
skin penetrated by OVA than MN. All experiments were repeated nine times to obtain the average value and analyzed statistically.
Statistical significance was determined by the t-test (**p < 0.001).

siRNA concentration to the applied siRNA concentration
of 1.32 µM/cm2. Although the two results cannot be directly
compared owing to methodological differences, this result
was confirmed to show comparably high efficiency of
transdermal delivery of siRNA. The mechanism could be
explained by the synergistic effects of sonophoresis after
MN treatment. MN treatment physically causes microscale holes through the epidermal layer of the skin.
Sonophoresis generates microscopic shockwaves caused
by the collapse of cavitation bubbles. The shockwaves can
transfer the macromolecules into the skin through microscale holes, hair follicles, and other areas. A similar
phenomenon was observed in previous studies, which showed
that low-frequency ultrasound caused the penetration of a
greater number of microparticles along the hair follicles
[16].
For the delivery of the protein, MN treatment (7.4 µg/cm2)
was 2.9-fold higher than the negative control (3.1 µg/cm2).
The MN and ultrasound (20 kHz, 90 s, 4 °C) combination
(35.1 µg/cm2) was 15.2-fold higher than the negative control
and 5.2-fold higher than the MN treatment. Significant
differences were found between the three experimental
conditions, as shown by the t-test (Fig. 4). The protein
experiment showed a similar synergistic enhancement of
penetration. Ovalbumin, a representative protein for the
identification of the immune response, is a hydrophilic
45 kDa molecule. In a previous report, 0.15, 2.4, and
14 µg/cm2 of transmitted OVA was shown to be proportional
to the coated amounts of 0.37, 5.3, and 24 µg/cm2 using
MNs only [17]. Another report showed that 1, 6, and
10 µg/cm2 of delivered OVA was proportional to the coated
amounts of 7.4, 42.2, and 238 µg/cm2 by using a micro-

projection array [18]. On this basis, our results reported
approximately 35.1 µg/cm2 of delivered OVA to the applied
amounts of 52.9 µg/cm2. This synergistic approach showed
the highest penetration concentration of OVA and its
bioavailability was also maximum level. The explanation
of the mechanism would be similar to that mentioned
above. In contrast, a stronger fluorescence signal of the
protein in the outmost layer of the skin was observed in the
negative control than the DNA negative control. This
observation could be explained by the nonspecific binding
of ovalbumin through hydrophobic interactions.
3.3. Histological observations
Histological observation was performed to investigate the
biocompatibility of MNs and low-frequency ultrasound
with skin tissue. The H&E-stained skin sections did not
show any significant differences between the control, MN,
and sonophoresis after MN treatments (Fig. 5). In the
images, the upper boundary is the stratum corneum, which
is followed by the epidermis and dermis. All pictures
showed a clear stratum corneum, without any observable
defects. The images of no treatment and MN-only treatment
were similar in appearance (Fig. 5A and 5B). In the MN
treatment image, the thick bands could be folded cells
during cryosection (Fig. 5B). In sonophoresis after MN
treatments, the epidermal layer showed micro-apertures
and the dermal layer appeared similar to the other conditions
(Fig. 5C). The observed circular or oval holes may be hair
follicles.
Histological analysis was performed to confirm the
biological safety of this method. In the histological images,
the dermal layers after each treatment were not observed to
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Fig. 5. Histological analysis of treated porcine skins. The skin sections were sliced 10-µm thick by cryostat and stained by hematoxylin
and eosin (H&E). Images are (A) untreated control; (B) microneedle only treatment; and (C) Sonophoresis after microneedle treatment.
(Scale bar = 100 µm) from left.

be significantly different. The epidermal layer after treatment
with the synergistic combination displayed micro-apertures,
which could be caused by sonophoresis, as the microapertures could be generated by the cavitation effect of
low-frequency ultrasound. This might provide an explanation
of the superior skin permeability obtained from these
synergistic combination. This means that MNs and sonophoresis affected the skin in a minimally invasive manner,
but not in an intensively invasive manner. These results
were consistent with the results of a previous paper that
used low frequency ultrasound with similar conditions
(40 kHz, 28% amplitude, and 50% duty cycle) [16].
Minimal invasion of the skin generally recovers within
several days [19,20]. Therefore, histological studies have
proven that this method is minimally invasive to the skin.
The safety of combinatorial low-frequency sonophoresis
and microneedle has not been reported yet. Therefore, we
could discuss the safety of each method by references,
respectively. For the human skin, microneedle arrays are
painless and cause only minimal irritation [21]. The safety
of low-frequency sonophoresis has been evaluated in
several studies. Singer et al. performed a toxicological
analysis of low-frequency sonophoresis. They found a
dose-dependent effect of ultrasound on skin and concluded
that low-frequency ultrasound at low intensities appears
safe for enhancing the topical delivery of medications
producing only minimal urticarial reactions [22]. Boucaud
et al. also reported no detectable microstructure changes in
human skin at an ultrasound of 2.5 W/m2 intensity. Slight
and transient erythema and dermal necrosis were observed
in hairless rat skin exposed to the same intensity at 24 h
[23]. Therefore, ultrasound parameters should be carefully
selected in sonophoresis studies.

4. Conclusion
In this study, the synergistic combination of sonophoresis

and MN treatment maximized the transdermal delivery
efficiency of hydrophilic macromolecules such as siRNA
and OVA. The functional mechanism has been proposed
by previous studies. The minimal invasiveness of this
method was confirmed by histological analysis. The
effective topical delivery of biological macromolecules has
potential applications in gene therapy or skin immune
therapy of various local or systemic diseases. It is also
expected that this technology will be a useful tool for drug
delivery or biomarker sampling through the skin [24].
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