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Radiofrequency (RF) energy can be emitted into the skin, either non- or
invasively, via a monopolar mode that utilizes an active electrode and a
grounded electrode or via a bipolar mode that employs two active electrodes.
In this experimental study of RF tissue reactions, bipolar RF energy was
emitted in vivo to micropig skin at varying microneedle penetration depths,
signal amplitudes, and conduction times. Immediately after RF treatment, skin
samples exhibited RF-induced coagulation columns of thermal injury,
separately generated around each microneedle in the dermis. In ex vivo bovine
liver tissue, the thermal coagulation columns were found to be concentrated
maximally around the pointed tips of each electrode. After a RF conduction
time of 2 seconds, the individual areas of thermal coagulation began to
converge with neighboring RF-induced coagulation columns; the convergence
of coagulation columns was found to start from the tips of neighboring
electrodes.

Radiofrequency (RF) refers to high frequency alternating electrical current at
the frequency range traditionally used for radio-wave communication.
Electromagnetic signal, including RF, induces an electrothermal reaction in
targeted tissues, the patterns of which depend on the resistance of the tissue 1.
RF energy can be emitted into the skin either non- or invasively via a
monopolar mode that utilizes an active electrode and a grounded electrode or
via a bipolar mode that employs two active electrodes2. In monopolar modes,
an electrical circuit formed by an electron current that flows from the active
electrode to the grounded electrode is generated in the patient’s body2.
Meanwhile, bipolar electrosurgery systems induce an electrical circuit between
the two active electrodes that is limited to regionally targeted tissues2,3. In the
skin, these active electrodes emit an electron current that flows through the
shortest path in the target tissue between the electrodes, theoretically limiting
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the depth of the thermal response induced by the electromagnetic energy 2.
Invasive RF systems, which deliver electromagnetic energy through electrodes
that penetrate into target tissues, offer advantages of a deeper layer of
treatment in a non-contiguous pattern, compared with noninvasive
systems4,5,6,7. In a recent study, a monopolar 0.4-MHz RF system equipped
with a single penetrating electrode induced thermal coagulation in ex vivo
bovine liver tissue that started from the tips of non-insulated electrodes and
formed a rim of coagulated tissue around the entire length of the needles with
increasing energy levels 6. Therein, the thickest rim of coagulated tissue was
formed around the tips of the electrodes, suggesting that non-insulated
penetrating electrodes can be used to effectively and safely deliver RF energy
to the skin while preserving the epidermis 6.
Meanwhile, research on invasive bipolar RF devices has suggested that
electrodes must be insulated in order to preserve the epidermis 5,6. In a
predictive model, a minimally invasive bipolar RF system showed a thermal
profile that was confined between the non-insulated portions of the penetrating
electrodes5. Moreover, in an in vivo micropig study, the emission of RF
energy via a bipolar microneedle RF device equipped with insulated
penetrating electrodes induced individual coagulation columns, a water dropshaped oval zone of thermal injury, at the tip of each electrode in the dermis
immediately after treatment 7. However, further investigation into why the
coagulation columns were generated separately around each electrode instead
of between electrodes was not conducted7.
In this experimental study of RF tissue reactions, we aimed to investigate the
electromagnetic patterns of initiation and propagation of bipolar RF energy
delivered through invasive non-insulated microneedle electrodes. Bipolar RF
energy was emitted to the in vivo skin of a micropig at varying microneedle
penetration depths, RF signal amplitudes, and RF conduction times.
Additionally, ex vivo bovine liver tissue study was performed to investigate
histological changes in the liver tissue induced by the passing of electrical
current between microneedle electrodes. Meanwhile, high-speed
cinematographs were captured to demonstrate time-dependent tissue reactions
of RF energy on ex vivo micropig muscle and bovine liver tissues.
Results
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In vivo tissue reactions in micropig skin

Immediately after RF treatment, skin samples exhibited coagulation columns
of thermal injury, generated separately around each microneedle electrode in
the dermis (Fig. 1a,b). No noticeable RF-induced tissue reactions were
observed in the epidermis or between the electrodes in the dermis.
Photomicrographs of skin sections stained with hematoxylin and eosin were
analyzed according to RF signal amplitudes ranging from 25.6 V to 36.6 V
and conduction times of 120 msec, 200 msec, and 300 msec. At the same
penetration depth and RF signal amplitude, longer RF conduction times
created larger areas of coagulation in the dermis (Fig. 1c–e ). Meanwhile,
higher RF energy generated greater degrees of tissue destruction at the same
microneedle penetration depth and RF conduction time (Fig. 1f–h).
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Figure 1
Tissue reactions after invasive bipolar radiofrequency (RF)
treatment using non-insulated microneedle electrodes on in
vivo micropig skin.
Ex vivo tissue reactions in bovine liver tissue

Tissue responses induced by treatment with bipolar RF signals emitted via
invasive non-insulated microneedle electrodes over conduction times of 120
msec, 200 msec, 300 msec, and 1–7 seconds, in increments of 1 second, were
investigated in ex vivo bovine liver tissue. Liver tissue is mainly composed of
hepatocytes and vasculatures with relatively homogeneous tissue impedance
and permittivity compared to skin tissue. However, oval and cocoon-shaped
coagulation columns, which were generated around each microneedle
electrode, were observed immediately after the emission of RF energy for 120
msec, 200 msec, and 300 msec, as seen in the in vivo micropig skin
experiments (data not shown). At earlier conduction times, thermal
coagulation columns were concentrated around the pointed tips of each
individual electrode. Then, after 2 seconds of RF conduction time, individual
areas of thermal coagulation converged with neighboring RF-induced
coagulation columns (Fig. 2a–d). The converging of the coagulation columns
was found to start from the pointed tips of the neighboring electrodes, and
became apparent along the shortest path between the tips of the closest
neighboring electrodes. An additional path of electrical current between
coagulation areas was also found around the middle of the microneedle
electrodes. At RF conduction times of longer than 4 seconds, circuits of
electrical current were found throughout the entire length of the electrode,
traversing adjoining coagulation areas, as seen in the realignment of
hepatocytes (Fig. 2e,f). At the point in the RF treatment when individual
coagulation areas began to converge with another, electrical currents showed
propagation to all neighboring electrodes, not just between each pair of
electrodes (Fig. 2c).

Figure 2
Tissue reactions after invasive bipolar RF treatment
utilizing non-insulated microneedle electrodes on ex vivo
bovine liver tissue.
Horizontal sections of the ex vivo bovine liver tissue were obtained
immediately after treatment with the RF settings of a penetration depth of 3.0
mm, a signal amplitude of 36.6 V, and a conduction time of 1–7 seconds in
increments of 1 second (Fig. 3). Overall, noticeable shrinkage of the bovine
liver tissue was found with increasing conduction time. Remarkable
carbonization was observed at the RF conduction time of 1 second on the
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distal ends of the penetrating electrodes. Along the middle parts of the
electrodes, tissue coagulation was noted in the RF-treated liver tissue at the
conduction time of 1 second, while remarkable carbonization developed after
3 seconds. At the proximal ends of the electrodes, tissue coagulation along the
superficial portion of the ex vivo bone liver tissue was discovered after RF
treatment for 4 seconds; remarkable carbonization developed after 5 seconds.

Figure 3
Horizontal sections of the ex vivo bovine liver tissue.
High-speed cinematography

High-speed cinematography study was performed to capture the effects of
invasive bipolar RF treatment using non-insulated microneedle electrodes on
ex vivo micropig muscle and bovine liver tissue, from the initial tissue
reactions to the final reactions of convergence and vaporization, over
continuous shooting frames. In both tissues, tissue reactions were initiated at
the tips of the microneedle electrodes that penetrated into the tissues
(Supplementary Video 1). Thereafter, tissue reactions propagated upward
along the entire length of the microneedle electrodes in two phases: As the
reactions propagated up from the tips of the microneedle electrodes, they
expanded to deeper, wider, and higher areas around the microneedle. After a
brief delay, the second propagation phase began as reactions continued to
move upward around the body of the microneedle electrode and expand
laterally. The propagation of inter-electrode currents between neighboring
electrodes became apparent first between the tips of the electrodes, then
second between the mid-portions of the electrodes, and lastly between the
entire length of the electrodes. After complete convergence of all individual
coagulation areas, tissues then began to show vaporization and carbonization.
Effects on vascular structures and hair follicles

Around upper dermal vascular structures, which were directly damaged by the
insertion of the microneedle, partial extravasation of red blood cells was
apparent (Fig. 4a); however, most of the vascular structures inside or near the
coagulation columns were only congested, not destructed (Fig. 4b).
Additionally, while marked vascular congestion was found in the upper dermis
along regions directly between the electrodes (Fig. 1a), no distinguishable
tissue coagulation was found in the tissue located between the electrodes
surrounding the congested vascular structures. Moreover, RF signals were
preferentially conducted along penetrating vessels in the bovine liver tissue,
and RF-induced coagulation was found mainly in the tunica adventitia, not in
endothelial cells, the tunica intima, or the tunica media (Fig. 4c,d). Noticeable
congestion of smaller blood vessels was also found inside or near the
coagulation columns around each electrode, as seen in the in vivo micropig
skin study. Horizontal sections of the ex vivo bovine liver tissue exhibited no
remarkable changes around the proximal ends of the penetrating electrodes at
the RF conduction time of 1 second (Fig. 3). At the RF conduction times of 2
seconds and 3 seconds, distinguishable congestion of vascular structures was
observed in the specimens, after which, at 4 seconds, remarkable tissue
coagulation surrounding the entire electrode was discovered.

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4643267/[2016-03-24 오전 11:53:59]

Review Electrosurgery: part I. Basics and principles.
[J Am Acad Dermatol. 2014]
Review Electrosurgery: part II. Technology, applications, and
safety of electrosurgical devices. [J Am Acad Dermatol. 2014]
Review Bipolar electrosurgery: convention and innovation.
[Clin Obstet Gynecol. 2008]
Pilot clinical study of a novel minimally invasive bipolar
microneedle radiofrequency device. [Lasers Surg Med. 2009]
Review Thermal ablation of tumours: biological mechanisms
[Nat Rev Cancer. 2014]
and advances in therapy.
Effect of controlled volumetric tissue heating with
radiofrequency on cellulite and the subcutaneous
[J Drugs Dermatol.
tissue of2006]
the
See more ...

Histometric analysis of skin-radiofrequency interaction using a
fractionated microneedle delivery system.[Dermatol Surg. 2014]
Review Electrosurgery: part I. Basics and principles.
[J Am Acad Dermatol. 2014]
Review Electrosurgery: part II. Technology, applications, and
safety of electrosurgical devices. [J Am Acad Dermatol. 2014]
Review Bipolar electrosurgery: convention and innovation.
[Clin Obstet Gynecol. 2008]
See more ...

A predictive model of minimally invasive bipolar fractional
radiofrequency skin treatment.
[Lasers Surg Med. 2009]

Electromagnetic Initiation and Propagation of Bipolar Radiofrequency Tissue Reactions via Invasive Non-Insulated Microneedle Electrodes

Figure 4
Effect of 2-MHz invasive bipolar RF treatment using noninsulated microneedle electrodes on vascular structures.
RF signals tended to propagate along the outside of hair follicles, mainly the
outer root sheath and fibrous connective tissue, rather than through the inside
of the hair follicle, which would have been the shortest path to the nearest
electrode (Fig. 5a,b). Overall, hair follicular structures were mostly preserved
with no histologic change. Basket-like vascular complexes surrounding the
hair follicle were also notably congested. When RF tissue reactions were
concentrated around the upper portion of the hair follicle (Fig. 5c), minimal to
no RF-induced tissue coagulation was found in the hair bulb in the lower
portion of the hair follicle. Meanwhile, when RF signals generated minimal
tissue reaction throughout the upper portion of the hair follicle, more
extensive RF tissue reactions were noted around the hair bulb (Fig. 5d).

Figure 5
Effect of 2-MHz invasive bipolar RF treatment using noninsulated microneedle electrodes on hair follicles.
Discussion
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RF signals can be emitted to produce electrothermal reactions in nerve fibers,
muscles, skin, and tumors by bulk heating 1,2,3,4,8. In skin, due to differences
in the tissue impedances of skin layers, a water drop-shaped zone of
electrothermal coagulation in the dermis is reportedly observed upon the
delivery of RF energy to the skin through penetrating electrodes4,9,10. In this
study, the histometric values for the width and depth of coagulation areas
differed according to the depth of microneedle electrode penetration, despite
treating with the same RF power and conduction time. In other words, deeper
penetration with the microneedle electrodes generated larger columns of
coagulation at the same RF power and conduction time. In addition to tissue
impedances, the initiation and propagation patterns of RF energy can also
contribute, in part, to the nature of RF-induced tissue coagulation6. In a
previous study, the delivery of monopolar RF to ex vivo bovine liver tissue,
which has relatively homogeneous tissue impedance and permittivity
compared to the skin, induced RF tissue reactions along the entire length of
the electrode, resulting in a maximal tissue response around the tip of the
electrode6.
Bipolar RF devices equipped with insulated microneedle electrodes have been
shown to generate electrothermal reactions at the tips of the electrodes similar
to those for monopolar RF devices7. In the reported study, no remarkable RFinduced skin reactions were discovered in tissue between the electrodes at the
conduction times of 20 msec, 50 msec, 100 msec, and 1000 msec and at signal
amplitudes ranging from 5.0 V to 50.0 V7. However, such results are not
consistent with those of other studies on invasive bipolar RF or the basic
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concepts of electrical conduction theory1,2,3,4,5. Theoretically, circuits of
bipolar RF electrical current begin on an active anode and end on an active
cathode, thereby generating RF tissue reactions along the nearest path between
the two electrodes2. The results of this aforementioned study led us to
question in what ways electrothermal reactions may differ with the conduction
of bipolar RF energy through invasive non-insulated electrodes.
In the present study, we emitted bipolar RF energy through non-insulated
penetrating electrodes at various conduction times to achieve serial RF tissue
reactions on in vivo micropig skin, ex vivo micropig muscle, and ex vivo
bovine liver tissues. In the in vivo micropig skin study, we found that invasive
bipolar RF treatment using non-insulated penetrating electrodes also resulted
in water drop- or cocoon-shaped oval coagulation columns, which were
generated separately around each microneedle electrode in the dermis, at the
conduction times of 120 msec, 200 msec, and 300 msec. While electrothermal
changes along the epidermis were noticeable, the extents of injury were
minimal in our experimental conditions, likely resulting from the epidermis’
tissue impedance and permittivity, as well as the initiation and propagation
pattern of the bipolar RF signals. Additionally, all of the coagulation columns
showed the same histologic findings, regardless of their location around the
electrodes. Meanwhile, we found no evidence of the propagation of electrical
current between the electrodes in the in vivo micropig skin study.
In the ex vivo bovine liver tissue study, we delivered bipolar RF energy for
longer than 1 second to detect and analyse patterns in the formation and
propagation of electrical currents therein. Due to more even impedance
throughout the tissue, ex vivo bovine liver tissue rather than skin was chosen
for study because the layers and appendage structures in the skin could
significantly affect tissue impedance and permittivity. Compared to the in vivo
micropig skin, ex vivo liver tissue, which is mainly composed of hepatocytes
and vascular structures, required a longer conduction time to generate
noticeable histologic changes. Nevertheless, the emission of RF energy for
more than 1 second produced a cocoon-shaped area of coagulation around
each microneedle electrode which is the area with higher current density, and
then convergent areas of coagulation in the areas with lower current density
between the microneedles as inter-electrode currents passed between
electrodes: we suggest naming our novel finding of independent tissue
coagulation around each electrode as a “Na effect” to distinguish it from other
RF tissue reactions. In our experiments, the coagulation areas appeared
sequentially with increased RF conduction time and could be easily induced at
a low RF power. The first circuit of bipolar electrical current was formed
between the pointed tips of the electrodes. Then, a second circuit appeared
between the mid-portions of the electrodes. Finally, bipolar electrical current
circuits were found along the entire length of the electrodes, as shown in the
predictive model of invasive bipolar RF5. Additionally, after an extremely
long conduction time, hepatocytes were realigned as hepatocyte filings in an
electrical field by the bipolar electrical currents similar to those seen for iron
filings under a magnetic field from a bar magnet.
In this study, noticeable changes were observed in the microvascular
structures of the in vivo micropig skin and ex vivo bovine liver tissue.
Electrical energy of alternating current seemed to be converted to heat near
the outer layers of vascular structures and conducted through the walls of
blood vessels 11,12. Dermal microvasculature and perivascular structures
between the electrodes seem to pass current better, show higher current
density, and be selectively activated by bipolar RF current. RF-induced
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vascular tissue reactions were also found along the hair follicle, mainly the
outer root sheath and fibrous connective tissues. Notwithstanding, the clinical
significance of bipolar RF currents on blood vessels and hair follicles was not
investigated in this study.
In conclusion, we found that the patterns of propagation of bipolar RF energy
via non-insulated microneedle electrodes are similar to that with for
monopolar RF energy using non-insulated electrodes. Moreover, by
controlling RF conduction times, we showed that the delivery of bipolar RF
energy via non-insulated electrodes can induce thermal responses similar to
those for insulated electrodes. Although the histological compositions of
micropig skin and muscle and bovine liver tissues do not exactly coincide
with that of human skin, we believe that our histologic investigation into the
electromagnetic initiation and propagation of RF tissue reactions induced by
invasive bipolar non-insulated microneedle RF treatment will help guide
further research and studies to advance RF technology for optimal treatment
of various skin conditions.
Methods
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Delivery of invasive bipolar RF via non-insulated microneedle
electrodes

A bipolar 2-MHz RF device equipped with non-insulated microneedle
electrodes (CELFIRM; Viol, Kyunggi, Korea) was utilized to evaluate RF
tissue reactions on in vivo micropig skin and ex vivo micropig muscle and
bovine liver tissue. When using this device, the treatment parameters of
microneedle penetration depth, treatment mode, and power level were
controlled to fit the study purpose. The device utilizes 10 mm × 10 mm
disposable tips composed of 25 minimally invasive non-insulated microneedle
electrodes uniformly arranged in a 5 × 5 pattern. The microneedles are
constructed of 24 K gold-plated surgical stainless steel and comprise a body
diameter of 300 ± 10 μm and a pointed microneedle tip length of 750 μm. The
conductivity of stainless steel is 1.1 × 106 S/m and that for gold as 4.1 × 107
S/m.
In vivo treatment of micropig skin with bipolar RF energy via
invasive non-insulated electrodes

All experimental protocols were approved by the ethics committee of the
Yonsei University Institutional Animal Care and Use Committee (2014–0150)
and the methods are carried out in accordance with the approved guidelines.
One female specific pathogen-free micropig (3-months old, weighing 8.4 kg)
was used in all experiments. General anesthesia was administered via an
intramuscular bolus injection of tiletamine/zolazepam (5 mg/kg) and xylazine
(2 mg/kg). Thereafter, we performed endotracheal intubation and connected
the pig to a ventilator. The lungs were ventilated with oxygen, and anesthesia
was maintained with 2% isoflurane. Intravenous hydration with normal saline
was maintained through a superficial auricular vein (25 ml/hour).
The back of the experimental micropig was shaved with an electrical razor,
and the skin was subsequently marked with ink dots to outline 4-cm 2 grids for
each treatment parameter (a total of 216 grids); each grid was spaced at least 1
cm from the others to minimize RF and thermal effects on the other treatment
areas. The operative field was cleansed with a mild soap and 70% alcohol.
Then, the experimental micropig received minimally invasive bipolar
microneedle RF treatment at electrode penetration depths ranging from 0.5
mm to 3.5 mm in increments of 0.5 mm; signal amplitudes ranging from 25.6
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V to 36.6 V; and conduction times of 120 msec, 200 msec, and 300 msec. No
cooling or topical anesthesia was applied before or after the treatment. The
experimental micropig was sacrificed after sampling the treated skin in a
humane manner according to standard protocols.
Ex vivo treatment of bovine liver tissue with bipolar RF energy via
invasive non-insulated electrodes

Prior to delivering invasive bipolar microneedle RF treatment on fresh bovine
liver tissue, the surfaces thereof were marked with ink dots to outline 2-cm 2
grids for each treatment parameter (a total of 37 grids); each grid was spaced
at least 2 cm from the others to minimize RF and thermal effects on the other
treatment areas. Treatment was performed at a penetration depth of 3.0 mm; a
signal amplitude of 36.6 V; and conduction times of 120 msec, 200 msec, 300
msec, and 1–7 seconds in increments of 1 second. An additional experimental
study was performed at a depth of 3.0 mm; signal amplitudes of 31.6 V and
36.6 V; and conduction times of 2, 3, and 4 seconds. Samples from the fresh
bovine liver tissue were taken immediately after the treatment. All
experiments were performed in triplet.
Histological examination

At one hour after treatment, biopsy specimens of full thickness from the in
vivo micropig skin study and ex vivo bovine liver tissue study were obtained
for histologic evaluation. Each sample was fixed in 10% buffered formalin
and then embedded in paraffin. Micropig skin and bovine liver tissue blocks
were cut along the longitudinal plane to detect the insertion axes of the
microneedle electrodes. For each treatment setting, 20 to 30 serial skin and
liver tissue sections of 4-μm thickness were prepared and stained with
hematoxylin and eosin. Additionally, 4-μm thick horizontal liver tissue
sections were serially obtained and stained to evaluate inter-electrode
interactions.
High-speed cinematography

A high-speed digital video camera (Phantom v710; Vision Research Inc.,
Wayne, NJ, USA) set at a capture rate of 1,000 frames per second and a
resolution of 1,280 × 800 pixels was utilized to record video footage of each
individual tissue reaction, from initiation to vaporization of tissues, including
the coalescence of coagulation areas and the oscillation of the resultant
vaporizing bubble, over time.
Under two light-emitting diode spotlights (120 W), high-speed cinemagraphs
captured the delivery of bipolar 2-MHz RF signals via non-insulated
microneedle electrodes on ex vivo micropig muscle and bovine liver tissues.
For optimized visualization, four linear non-insulated microneedle electrodes
were inserted into the muscle and liver tissues to deliver RF signals with a
maximum conduction time of 7 seconds and a signal amplitude of 50 V.
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Improvement of Periorbital Wrinkles Treated with an Invasive
Non-Insulated Microneedle Pulsed Electric Signal Device
Suhyun Cho
Yoon Jin Choi
Jin-Soo Kang

Kangskin Dermatology Clinic, Seoul, Korea

Continuous movements with muscle contraction and UV induced
photodamage causes periorbital wrinkles. The periorbital area is a
sensitive and anatomically vulnerable lesion, making treatment difficult.
Various treatment options have been used to improve periorbital
wrinkles but the results are variable and there is no single optimal
treatment. Demands for minimally invasive treatment with reduced
downtime and fewer side effects are growing, and radiofrequency
devices have been effectively introduced for the treatment of periorbital
wrinkles. In the current report, we treated three patients with variable
degrees of periorbital wrinkles using an invasive non-insulated
microneedle pulsed electric signal device and met remarkable
improvements with a very short downtime without crust formation,
bruising, or other side effects.
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Muscle contraction and UV-induced photoaging results
in periorbital wrinkles, which are often firstly noticed as
an aging sign. As the orbicularis oculi muscle contracts
by various facial expressions and movements, folding or
wrinkling of the overlying skin occurs intensifying the UVinduced photodamage.1,2 Changes of tissue volume by an
aging process can additionally accentuate the morphological changes of the orbital area. The periorbital area is
a particular lesion to treat due to its unique characteristics that it has continuous movements and that the eyelid
skin is the thinnest part among body skin with about 0.04
mm thickness of its epidermis, and also because of its
important function.1 According to the anatomical vulnerability, treatment of periorbital wrinkles should be performed cautiously to avoid any adverse events including
functional damage.1 Treatments including botulinum toxin
injection, filler injection, dermabrasion, chemical peeling,
various laser therapies, and applying topical agents such
as tretinoin have been used to treat periorbital wrinkles,
but the results are variable and there is no single optimal
treatment.3,4
Radiofrequency (RF) devices can deliver thermal energy
into the dermis which induces collagen regeneration and
contraction, resulting in dermal rejuvenation and skin
tightening.5 Various RF systems have been safely used to
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treat periorbital wrinkles in the literature and was verified with its effectiveness for periorbital rejuvenation.2,3,6
It has recently been shown that not only non-invasive RF
systems but also invasive RF systems even with noninsulated electrodes can also safely deliver RF energy to
the skin while preserving the epidermis.7,8 In this report,
we present three patients with different grades of periorbital wrinkles which were improved after treatment with
a novel invasive pulsed electric signal device with noninsulated microneedle electrodes.

Case Report
Three patients with periorbital wrinkles were treated
with an invasive bipolar pulsed electric signal RF device
(Sylfirm; Viol, Kyunggi, Korea), which uses disposable
tips composed of 25 minimally invasive non-insulated
microneedle electrodes uniformly arranged in a 5 × 5
pattern.8 Each patient presented with variable degrees
of fine wrinkles on the corner of the eyes, lower and upper eyelids. The first patient was a 66-year-old Korean
female presenting with many deep lines nearly covering
the entire periorbital area, with coarse wrinkles extending
into the cheek. She also showed fat loss on the periorbital
area causing a sunken eye appearance (Fig. 1). The second patient was a 49-year-old Korean female and presented with shallow wrinkles with some deeper wrinkles
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Fig. 1. Clinical photographs showing
many deep wrinkles nearly covering
the entire periorbital area, with
coarse wrinkles extending into the
cheek of a 66-year-old Korean
female, right and left periorbital area
(A), (C) before and (B), (D) two
weeks after two sessions of bipolar
invasive RF treatments respectively.
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on the corners with skin thinning (Fig. 2). The last patient
was a 45-year-old Korean female who was concerned
about some shallow wrinkles with a deeper line starting

A

B

C

D

A

B

C

36

from the right medial canthus extending downwards on
her right lower eyelid (Fig. 3). All patients did not have any
pertinent family history or medical history including fat,
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Fig. 2. Clinical photographs showing
shallow wrinkles with some deeper
wrinkles on the corner of the eyes of
a 49-year-old Korean female, right
and left periorbital area (A), (C)
before and (B), (D) two weeks after
two sessions of bipolar invasive RF
treatments respectively.

Fig. 3. Clinical photographs showing
shallow wrinkles with a deeper line
starting from the right medial
canthus extending downwards on
her right lower eyelid of a 45-yearold Korean female, (A), (C) before
and (B), (D) two weeks after two
sessions of bipolar invasive RF
treatments.
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Discussion
Among various treatment modalities which can be
used to improve photoaged skin, ablative resurfacing
including dermabrasion or laser treatments can be very
effective, but demands towards treatments with reduced
or minimal downtime and less adverse events have been
growing.6 This is also true when treating the periorbital
area because this lesion particularly is a sensitive area
with anatomical vulnerability and it greatly affects facial
appearance. Therefore, options of less invasive treatment
are becoming more popular including minimally invasive
RF treatments for periorbital wrinkle treatment.
Invasive RF system penetrates the skin by microneedles and directly delivers thermal energy into the dermis
inducing collagen contraction and coagulation. Microneedling itself also causes physical stimulation, and the treatment induces a wound healing process in overall which
induces dermal collagen regeneration and remodeling
resulting in skin tightening and improvement of skin laxity and wrinkles.5 As the microneedles are very thin and
as the thermal coagulation can be limited to the tip of the
electrode, dermal remodeling and rejuvenation can be
gained more effectively avoiding unnecessary epidermal
damage compared to noninvasive RF devices.7-10 Effective

RF energy delivery into the dermis by generating coagulation columns separately around each microneedle while
preserving the epidermis has also been demonstrated
by the invasive bipolar non-insulated microneedle RF
device.8 Microneedling can also induce elastin deposition
together with neocollagenesis reversing solar elastosis
caused by photodamage.9-11
There are previous studies reporting experiences of
microneedle RF devices in the treatment of periorbital
wrinkles, but these studies used insulated microneedle
RF devices.2,3,6 As far as we know, this is the first report
using a bipolar non-insulated microneedle RF device for
the treatment of periorbital wrinkles. In this report, we
presented three patients with periorbital wrinkles which
were treated with a novel invasive non-insulated pulsed
electric signal device. Acceptable improvements of periorbital wrinkles were observed in a short period with only
two sessions of treatment without crust, bruising or any
other side effects. No patients reported postinflammatory hyperpigmentation after treatment. The mechanism
by which this RF device improved periorbital wrinkles
in such a short period is not investigated in this study.
Although further studies using objective grading scales
and measurements also including histological studies
are required to accurately analyze the mechanism and
treatment effects, this invasive bipolar non-insulated
microneedle RF device can be a good option for treating
periortibal wrinkles with minimal downtime and a relatively lower risk of side effects and patient discomfort.
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collagen or filler injection and prior laser treatment to
treat periorbital wrinkles.
After obtaining a written informed consent, the face was
cleansed and a topical anesthetic cream with a eutectic
mixture of 2.5% lidocaine and 2.5% prilocaine (EMLA; AstraZeneca Canada Inc., Ontario, Canada) was applied on
the periorbital area under occlusion for 30 minutes. After
removing EMLA, the invasive bipolar RF treatment was
performed with a power level of 3-4, penetration depth
of 1.0-1.5 mm for a single pass with <10% overlap. Then,
a restoration serum containing human fibroblast conditioned media (O MEDIA; Scarlet RF Inc., San Juan Capistrano, CA, USA) was applied on the periorbital area. Immediately after the treatment, slight swelling and erythema
was seen on the treated lesions which resolved within a
few hours. No noticeable side effects including epidermal shedding, crust formation or bruising was observed,
but patients reported mild to moderate pain during the
procedure. Two treatment sessions were performed with
a 1 month interval, and digital photographs were taken
at baseline and at 2 weeks after the last treatment. All
patients showed objective improvements with their periorbital wrinkles with only 2 sessions and all accompanied
patient’s subjective satisfaction.
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Treatment of facial melasma refractory to low-fluence Q-switched
Nd:YAG laser (LFQSNY) and topical lightening agents (TLA) is a
challenge. The objective of this study was to investigate the safety and
efficacy of an additional invasive micro-pulsed electric signal device
(IMPES) for treatment of melasma refractory to LFQSNY/TLA. Five
female patients (Fitzpatrick skin type III–IV) with refractory facial
melasma were treated using IMPES added to their baseline of LFQSNY/
TLA treatment. Four to seven treatments were administered at 1-week
intervals. The power levels ranged from 3 to 5, depth 1.2 mm to 1.7 mm,
and single pass. Photographs were taken at the beginning and 1 week
after the last treatment. At the last treatment, assessments showed
greater than 50% clinical improvement in melasma in all five patients.
Follow-up interviews were conducted at the 8th week. No recurrence
was reported during the follow-up at 8 weeks. No significant adverse
effects were noted. Addition of IMPES to LFQSNY/TLA is a safe and
effective treatment for refractory melasma.
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INTRODUCTION
Melasma is a common disorder of hyperpigmentation
more common in women with Fitzpatrick skin phototypes
III or higher. It typically appears in sun-exposed areas as
a light to dark brown, irregular hypermelanotic macules
and confluent patches. Histologically melasma lesions
show a higher degree of ultraviolet induced damage such
as solar elastosis and damaged basal membrane as well
as increased vascularity.1-4 Although many treatment
options are available including topical depigmenting
agents, coherent and non-coherent photothermolysis,
chemical peels, and oral agents, the treatment of
melasma remains challenging.5
Since 2008, low-fluence Q-switched Nd:YAG laser
(LFQSNY) and topical lightening agents (TLA) has become
one of popular treatments.6 LFQSNY, also known as laser
toning is believed to interfere with melanosome transfer
and damage stage IV melanosome by subcellularselective photothermolysis.7 Although studies confirm
substantial and long term therapeutic benefit of this
treatment method,8 there are melasma that is resistant
to LFQSNY. Here, we report five cases where melasma
resistant to LFQSNY/TLA responded favorably to a
modified LFQSNY/TLA with the addition to invasive micropulsed electric signed device (IMPES).

CASE REPORT
Five patients whose melasma were not responding to
a standard LFQSNY/TLA were treated with an addition
of IMPES (Sylfirm, SLR Inc., CA, USA) to their existing
LFQSNY/TLA treatment regime (Table 1). At the time of
study enrollment, all five patients had already received
more than six sessions of LFQSNY combined with daily
TLA use. However, patients’ melasma stopped improving
or failed to improve at least over 3 sessions (3 weeks)
or longer period of time, based on both physician global
assessment and patient self-assessment. All patients

were female with Fitzpatrick skin types III-IV and aged
between 42 and 53 years (mean: 48 years). Informed
consent was obtained and the study protocol was in
accordance with the guidelines of the 1975 Declaration of
Helsinki. Patients received five to seven weekly sessions
of LFQSNY/TLA/IMPES combination.
The face was cleansed with gentle cleanser. A topical
eutectic mixture of 2.5% lidocaine and 2.5% prilocaine
(EMLA; AstraZeneca Canada Inc., Ontario, Canada) was
applied to lesional areas under occlusion for 30 minutes.
Immediately upon removal of EMLA, LFQSNY (Helios II,
LaserOptek Co. Ltd., Kyunggi, South Korea) was used
to paint the entire face at the following settings: fluence
1.89 J/cm2, a spot size of 8 mm, a repetition rate of 10 Hz,
<10% overlap, and the end-point of mild erythema. IMPES
treatment was immediately followed: a power levels
ranged from 3 to 5, penetration depth 1.2 mm to 1.7 mm,
single pass, and <10% overlap. All patients were asked to
continue with their existing topical medications and sun
protection routine.
Digital photographs were taken at the study enrollment
and 1 week after the last treatment session. Clinical
improvement scores were determined by the treating
physician based on pre and post treatment photographs
using tertile grading scale: 1-33%, minimal clearance; 3466%, moderate clearance; 67-100%, marked clearance.
Based on pre- and post-treatment photographs,
moderate to marked improvement was observed in all
five patients (Table 2, Fig. 1-3). In addition, a reduction of
pore sizes and an increase of skin’s textural homogeneity
were observed. Patients reported mild to moderate
pain at the time of IMPES treatment. Mild erythema and
edema was noted post-treatment, which resolved within
several hours. No adverse events including a formation of
scabs were reported.

DISCUSSION
Here, we report five cases of resistant melasma that

Table 1. Patients’ demographics
Patient

Skin type

Location

Baseline treatment (BT)

No. of BT*

Remark

1
2
3
4
5

IV
III
III
III
IV

Temple, cheek, eyelid, perioral, and chin
Cheek and forehead
Cheek
Cheek
Cheek

LFQSNY, TR, and HQ
LFQSNY, TR, HQ, and TC
LFQSNY, TR, and KA
LFQSNY and AA
LFQSNY and HQ

12
8
6
7
7

Diabetes, HTN (controlled with medications)
Allergic to HQ
Unable to tolerate TR, HQ, and KA.
Unable to tolerate TR

TR, 0.01-0.025% tretinoin; HQ, 4% hydroquione; KA, 3% Kojic acid; AA, 15% ascorbic acid; TC, 0.01% triamcinolone; HTN, hypertension.
*Number of baseline treatment patient received prior to study enrollment.
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Table 2. Summary of results
Patient

Treatment
sessions

Clinical improvement
score

Adverse event

1
2
3
4
5

7
7
5
5
7

67-100
67-100
67-100
34-66
67-100

None
None
None
None
None
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delivers a signal intradermally via penetrating electrodes.
Previously, multiple studies on fractional lasers have
demonstrated lightening of melasma. This method
is believed to improve melasma by increasing transepidermal elimination of melanin and elastotic dermal
content of solar elastosis.9-11 However, due to limited
therapeutic benefit,12,13 high rate of complications,8
and long-term risk of hyperpigmentation,14 fractional
photothermolysis is currently considered a third-line
treatment.5 Fractional laser systems unleash the most
damage to the skin surface and lesser in dermis. As a
result, delivering a high energy to deep dermis without
causing a significant damage to epidermis and epidermaldermal junction is impossible. The damage to epidermis

B

B

Fig. 1. (A) Baseline and (B) Posttreatment (taken 1 week after the last
treatment) photographs of patient 1
show lightening of melasma. Note
that patient received an additional
procedure to remove facial seborrheic
keratosis prior to receiving IMPES.

Fig. 2. (A) Baseline and (B) Posttreatment (taken 1 week after the last
treatment) photographs of patient 2
show lightening of melasma,
textural improvement.
VOLUME 4 NUMBER 1 JUNE 2015
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were successfully treated with an addition of IMPES to
patients’ existing treatment regime. To our knowledge,
the present study is the first reported cases of melasma
treated successfully with an IMPES. IMPES’s system

A

may lead to stimulation of melanocytes with subsequent
post-inflammatory hyperpigmentation. In addition, a
significant fractional photothermolysis of epidermaldermal junction can worsen melanin incontinence by
weakening basal membrane.15 A comparative study
failed to show additional benefit of adding fractional
photothermolysis to LFQSNY treatment for the purpose
of treating melasma.16
The exact mechanism by which IMPES improved
melasma is not investigated in our study. In many
fractional laser studies have considered transepidermal
elimination of melanin as the primary mode of action.
However, skin treated with IMPES did not show any
obvious micro-crusting or increased epidermal shedding.
An experiment of non-insulated penetrating electrode
placed in soft tissue of relatively uniform electrical
impedance showed that under certain settings, thermal
coagulation can be limited to the tip of the electrode
and made to expand to the entire length of the needle
by increasing energy.17 It is known that radio frequency
current from the needle electrodes placed in epidermis
and dermis preferentially travels through tissues of higher
electrical conductivity. Epidermis is known to exhibit
greater electrical resistance.18 The higher water content
and presence of vasculature confer higher conductivity
in the dermis. Therefore under certain conditions, noninsulated penetrating needle electrodes may deliver
radio frequency energy almost exclusively to dermis
without significant damage to overlying structures such
as epidermis and basal membrane. A study of insulated
needle electrodes radio frequency device shows that
an increased number of fibroblasts including alteration
42
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Fig. 3. (A) Baseline and (B) Posttreatment (taken 1 week after the last
treatment) photographs of patient 3
show lightening of melasma.

of micro-environment were found after deep dermal
heating.19
We speculate that the IMPES may work through
different modes of action including enhancing
permeability of TLA, increasing degradation of dermal
vasculature, and reversing a number of known
histological changes associated with melasma. The
therapeutic effects of TLA are known to be limited by
their poor transdermal penetration. A study with nonenergized multiple micro-needles demonstrated that
methylene blue dye used in the experiment penetrated
both epidermis and dermis through vertical epidermodermal fissure created by microneedle treatment.20 In
addition, the delivery of anti-melanogenic agents via
microneedling is reported to be an effective treatment
method for melasma.21 Similarly, micro-channels created
by IMPES’ needle electrodes may lead to enhanced
transdermal drug delivery, thus improving their antimelanogenesis effects of the TLA used by the patients.
A number of studies showed increased vascularization,
melanin incontinence, and solar elastosis in lesional
skin of melasma. Although the role of the vascularization
in melasma is still yet to be understood, studies
demonstrated that therapies targeting the vascularization
can lead to improvement of melasma.22,23 The higher
electric conductivity of vasculature may preferentially
induce dermal vasculature to be coagulated before
coagulating epidermis and dermis by IMPES. Fibroblasts
in the dermis are able to secrete pro-melanogenesis
paracrine factors such as IL-1α, ET-1, ET-3, SCF, growth
related oncogene-α, c-Kit, GM-CSF, hepatocyte growth
factor, and prostaglandin-2 depending on the conditions
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of their micro-environment. Previous studies have shown
that bipolar fractional radio frequency treatment can
reverse solar elastosis by inducing neoelastogenesis
and neocollagenesis.24 Alteration of micro-environment
caused by the reversal of solar elastosis with IMPES may
alter the paracrine behavior fibroblasts. Reduction of the
pro-melanogenesis paracrine factors in the lesional skin
may potentially lead to decreased melanogenesis, thus
lightening of melasma.
Although many therapies of various therapeutic
efficacies exist today, the treatment of melasma has been
challenging. In our patients with resistant melasma, the
IMPES treatments were found to be an effective adjunctive
treatment option, resulting in clinical improvement of
melasma which was previously refractory to standard
LFQSNY and TLA. Future studies should include
histological evaluation to elucidate possible therapeutic
mechanisms and long-term follow-up to monitor for
recurrence.
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Radiofrequency surgery, also referred to as electrosurgery, utilizes a
high-frequency (HF) alternating electrical current to cut or coagulate
biological tissues. HF energy—while targeting a particular tissue—can be
applied to induce an electrothermal reaction by converting electrical
currents into heat energy, depending on the resistance of the tissue and
the density of the current. In contrast to the action mechanisms of
electrocautery devices, which generate nonselective thermal injury using
a heated metallic probe, radiofrequency devices deliver electromagnetic
signals—not heat itself—to induce thermal or non-thermal injury to
targeted cellular and subcellular structures. Using a radiofrequency
device, HF energy can be emitted to tissues via a monopolar or bipolar
mode and via minimally invasive or noninvasive electrodes. These
differences in the delivery of HF energy to a particular tissue affect the
expected type of reaction. A thermo-selective tissue reaction refers to the
selective hyperthermic injury achieved by converting an electrical current
into heat energy. An electromagnetic-selective tissue reaction refers to
non-thermal, selective tissue reactions achieved via a HF-induced
electromagnetic field. For minimally invasive bipolar radiofrequency
devices, the use of insulated penetrating electrodes, along with longer
HF conduction time and continuous type of HF delivery, maximizes
thermo-selective tissue reactions. Meanwhile, for minimally invasive
bipolar devices equipped with non-insulated penetrating electrodes,
application of shorter HF conduction time and/or pulsed type of HF
delivery maximizes electromagnetic-selective tissue reactions.
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High-frequency alternating electrical
current

Monopolar radiofrequency devices

Radiofrequency surgery, also called electrosurgery, utilizes high-frequency (HF) alternating electrical current to
cut or coagulate biological tissues.1 In medicine, HF typically refers to a radiofrequency between 300 KHz and 30
MHz. In radiofrequency surgery, HF energy is applied to
generate an electrothermal reaction in target tissues by
converting electrical current into heat energy, depending
on the resistance of the tissue and the current density.1-3
In terms of energy delivery, radiofrequency surgery is
quite different from electrocautery surgery. Electrocautery conducts heat to the tissue using a heated metallic
probe via a direct electric current.1,3 Technically, electrocautery is a form of thermocautery, not electrosurgery, as
no current actually flows through the patient during the
electrocauterization.
By using a radiofrequency device, HF energy can be
emitted to tissues via a monopolar or bipolar mode. Monopolar modes employ an active cathode electrode and
a grounded anode electrode, whereas bipolar modes utilize two active electrodes. Applied to a patient’s body, the
monopolar mode comprises the delivery an electron current from the active electrode to the grounded electrode,
whereas the bipolar mode generates an electrical circuit
between the two active electrodes.2 The electrical currents derived from the monopolar mode can be delivered
deeper to target tissues; however, prediction of the penetration depth is limited.2,3 The electrical circuit of bipolar
mode, however, is limited to superficial areas within the
targeted tissue, as the electron current flows through the
shortest path between the active electrodes; accordingly,
the penetration depth of HF energy in the bipolar mode is
predictable.2,3
Radiofrequency devices can also be categorized into
noninvasive and minimally invasive types according to
the composition of their electrodes.1,4 Noninvasive radiofrequency devices deliver HF energy to target tissues via
electrodes in contact with the skin. The depth of energy
penetration depends on the radius of the electrode and
the HF frequency. Meanwhile, minimally invasive radiofrequency devices utilize microneedle electrodes that
penetrate the targeted tissue to deliver electromagnetic
energy deeper therewithin.4-7 For these devices, the depth
of energy delivery is controlled by the penetration depth of
the microneedles.

Noninvasive delivery of monopolar HF energy generates
an electromagnetic field of alternating polarity that induces the movement of charged particles.8 As the electric
current tends to conduct through hydrophilic structures,
dermal collagen fibers and fibrous septae are better conductors of the current than subcutaneous fat.8,9 Within
the collagenous structures, localized heat is generated
by tissue resistance against the flow of the electrical current.8 For noninvasive monopolar radiofrequency devices,
such as the ThermaCool System (Solta Medical, Hayward,
California, USA), a homogeneous electric field is emitted
across the tips of electrodes that permit the transfer of
equal amounts of energy to the skin via a capacitor that
is formed between nonconductive layers inside the electrode tips and the skin surface.9 Immediately after noninvasive monopolar radiofrequency treatment, mild inflammatory cell infiltration is observed in the perivascular and
perifollicular areas.10 Thicker collagen bundles are also
found for up to 8 weeks after the treatment.10 While highintensity focused ultrasound treatment on in vivo human
skin has been shown to stimulate neocollagenesis in the
mid and deep reticular dermis, noninvasive monopolar
radiofrequency treatment has been found to result in
neocollagenesis of both the papillary dermis and reticular
dermis.11
In an in vivo experimental setting, use of the monopolar
mode, a frequency of 6 MHz, a 15 mm × 15 mm noninvasive grid fractional tip (IntraGen; Jeisys Medical, Inc.,
Seoul, Korea), and the treatment parameters of 84 W
and 200 W for 2 seconds stimulated remarkable tissue
coagulation in the papillary and reticular dermal layers of
micropig skin, especially at higher HF delivery. After treatment using a noninvasive monopolar, grid fractional radiofrequency device, real-time polymerase chain reaction
(PCR) revealed significant increases in the expressions of
tumor necrosis factor (TNF)-α, transforming growth factor (TGF)-β, metalloproteinase (MMP)-1, MMP-3, MMP9, MMP-13, heat shock protein (HSP) 47, and HSP72
throughout the wound healing process. Consequentially,
post-treatment histologic features of neocollagenesis
and neoelastogenesis were found in the dermis of the micropig skin, along with marked induction of procollagen 1
and 3, tropoelastin, and fibrillin expression.

Noninvasive monopolar radiofrequency devices

Invasive monopolar radiofrequency devices

Invasive radiofrequency devices have been applied in
scar treatment, skin tightening, and wrinkle reduction by
2
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Bipolar radiofrequency devices
Noninvasive bipolar radiofrequency devices

When delivering HF energy via noninvasive bipolar
radiofrequency devices, the maximal depth of energy
penetration is equal to half the distance between the
electrodes.3 Therefore, high energy settings with intensive
cooling of the epidermis to prevent burns are required to
generate sufficient heat injury at the targeted depth.1-3 The
histologic features of noninvasive bipolar radiofrequency
treatment result from selective heating of collagen fibers
and fibrotic tissue in the dermis located along the shortest path between the noninvasive electrodes.1,2

Invasive bipolar radiofrequency devices

In an in vivo experimental setting, use of the bipolar
mode, a frequency of 1 MHz, and a 10 mm × 10 mm disposable tip consisting of 49 proximally insulated, penetrating microneedles in a uniform 7 × 7 array (INFINI; Lutronic Corp., Goyang, Korea) generated tissue coagulation
that was limited to the distal end of the electrodes without
remarkable propagation upward to the proximal end in

micropig skin.7 Water drop- or cocoon-shaped zones of
tissue injury formed separately at each tip after HF delivery with the conduction times of 20, 50, 100, and 1000
msec and the signal amplitudes of 5, 10, 20, 25, 37.5, and
50 V. At the same penetration depth and signal amplitude,
radiofrequency treatment with longer HF conduction
times resulted in larger areas of tissue coagulation; at the
same HF conduction time and signal amplitude, deeper
penetration of the microneedles created larger areas of
coagulation; and at the same penetration depth and conduction time, the delivery of higher signal amplitudes exhibited the greater degrees of tissue injury.7 Interestingly,
no remarkable HF-induced tissue reactions were found in
the dermal components between the electrodes, despite
the use of bipolar alternating currents.
In an additional in vivo micropig skin study, use of the
bipolar mode, a frequency of 1 MHz, and a 10 mm × 10
mm disposable tip of 49 proximally insulated, penetrating microneedles (INTRAcel; Jeisys Medical, Inc., Seoul,
Korea) demonstrated that invasive bipolar radiofrequency
treatment significantly induces the expression of TNF-α,
interleukin-1β, TGF-β1, MMP-1, MMP-3, MMP-9, MMP13, HSP47, HSP72, procollagen 1 and 3, tropoelastin, and
fibrillin.12 Upon further in vivo investigation in micropig
skin, treatment with a bipolar mode, a frequency of 2
MHz, and a disposable tip of 25 non-insulated, penetrating microneedles in a uniform 5 × 5 array (CELFIRM; Viol,
Kyunggi, Korea) formed similar zones of water dropor cocoon-shaped tissue coagulation at the tip of each
penetrating electrode, called the “Na effect,” with the
conduction times of 120, 200, and 300 msec and signal
amplitudes ranging from 25.6 V to 36.6 V.7,13 Therein, the
penetration depth of the non-insulated electrodes and
HF conduction time significantly affected the sizes of the
areas of tissue coagulation, whereas the signal amplitude
was associated with the degrees of tissue injury, as seen
in the experiments on insulated electrodes.13
In ex vivo bovine liver tissue, use of a radiofrequency
device with a bipolar mode and non-insulated penetrating
electrodes demonstrated that tissue coagulation starts
from the distal end of the electrode and propagates upward along the electrode to the proximal end, as seen
in the experiments on the monopolar mode and noninsulated penetrating electrodes.6,13 By increasing the
HF conduction time, the convergence of individual zones
of HF-induced tissue coagulation began to appear from
the tips of neighboring electrodes along the shortest path
between the active electrodes.13 Then, an additional path
of electrical current appeared around the middle of the
penetrating electrodes that propagated along the entire
VOLUME 5 NUMBER 1 JUNE 2016
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fractional heating of the dermis to induce neocollagenesis
and collagen remodeling using penetrating electrodes.6,7
In treatments utilizing minimally invasive monopolar radiofrequency devices, multiple electrodes penetrate the
skin to deliver HF energy directly to targeted areas, inducing thermal injury; the inter-electrode zones are relatively
preserved, promoting rapid wound healing.6 In ex vivo bovine liver tissue, use of the monopolar mode, a frequency
of 0.4 MHz, and a single non-insulated penetrating electrode stimulated tissue coagulation that started from
the distal end of the electrode and propagated upward
along the electrode.6 Applying increasing energy levels, a
column of coagulated tissue began to form around entire
length of the penetrating electrode.6 The thickest area
of tissue coagulation was found at the distal end of the
non-insulated electrode. Thereby, in contrast to ablative
fractionated lasers, fractionated invasive radiofrequency
devices can be used to effectively destroy target tissues
deeper in the skin with greater precision while preserving
the epidermis, even with the use of non-insulated microneedle electrodes. One of the main targets of invasive
monopolar radiofrequency device is the sebaceous gland.
Electrosugery using insulated needles, first proposed by
Kobayasi, is currently widely performed in acne patients
to control excessive sebum production. Both the original
and newer devices (ex. AgnesTM; Gowoonsesang Dermatology Clinic, Seoul, Korea) are available.

length of the electrode.

Selective electromagnetic tissue
reaction
In contrast to the action mechanisms of electrocautery
devices, which provide nonselective thermal injury using
a heated metallic probe, radiofrequency devices deliver
electromagnetic signals, not heat itself, to targeted cellular and subcellular structures via invasive or noninvasive manners to stimulate thermal injury. The delivery
of electromagnetic signals to the skin stimulates two
tissue reactions: a thermo-selective tissue reaction and
an electromagnetic-selective tissue reaction. A thermoselective tissue reaction refers to selective hyperthermic
injury achieved by converting electrical current into heat
energy.1-3,14 An electromagnetic-selective tissue reaction
refers to non-thermal, selective tissue reactions achieved
via a HF-induced electromagnetic field.
As a thermo-selective tissue reaction, electromagnetic
signals typically create three zones of thermal injury,
comprising a central zone of coagulation necrosis, a peripheral or transitional zone of sublethal tissue damage,
and unaffected surrounding normal tissue.14,15 Temperatures in the central zone, found immediately beyond the
active distal tip, can exceed 60oC, at which irreversible
changes of cell membrane collapse, rapid protein denaturation, and enzymatic dysfunction occur, leading to
coagulation necrosis.14 In the peripheral zone, which surrounds the central zone, temperatures are estimated at
41-45oC, at which reversible changes of local tissue damage, metabolic dysfunction, and increased blood flow are
found.14 Accordingly, current radiofrequency devices afford clinicians the ability to accurately regulate the extent
of thermal reaction and the sizes of the three injury zones.
Applying a bipolar mode, a frequency of 1 MHz, and
insulated penetrating microneedles (INFINI; Lutronic
Corp.), the delivery of HF energy at a penetration depth
of 3.5 mm, 3.0 mm, and 2.5 mm, with a conduction time
of 150 msec and a signal amplitude of 25 V, generated
significant decreases in hyperhidrosis disease severity,
reflected as post-treatment decreases in the numbers
and sizes of both apocrine and eccrine glands.16 Thermoselective destruction of eccrine and apocrine glands
can also be achieved in treatments of hyperhidrosis and
bromhidrosis with the settings of a bipolar mode, a frequency of 0.5 MHz, increasing penetration depths of 2.0
mm to 4.5 mm in increments of 0.5 mm, a conduction
time of 2,500-3,000 msec, and insulated penetrating microneedles (Onix; Shenb Co., Ltd., Seoul, Korea). As stated
4
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above, whether the tissues will be irreversibly destroyed
or recovered and regenerated is achieved by controlling
the modes of energy delivery, penetration depth, signal
amplitude, and HF conduction time in accordance with
the desired therapeutic purposes.
Thermo-selective tissue reactions have also been found
to effectively eliminate subcutaneous fat tissue, most
likely by the induction of apoptosis.17 The electrical poles
of adipocytes rapidly oscillate according to the alternating
electromagnetic fields that create HF-induced selective
thermal reactions in subcutaneous fat tissue. In in vivo pig
skin, a radiofrequency applicator (Vanquish; BTL Aesthetics, Prague, CR) at a frequency of 27 MHz was placed 1
cm above the abdominal skin, and tissue temperatures
were maintained at 45-46oC in the subcutaneous fat and
at 39-42oC in the overlying skin over the total exposure
time of 30 minutes.17 After the radiofrequency treatment,
histologic evaluation revealed the disintegration of adipocytes, with the appearance of foamy macrophages;
whereas epidermis, dermis, and adnexal structures were
preserved.17 To maintain optimal tissue temperatures for
inducing apoptosis of adipocytes, use of a personalized
impedance, synchronized application system (enCurve;
Lutronic Corp.) that can be used to adjust the power in
real time may be helpful.
In in vivo micropig skin and ex vivo bovine liver tissue,
application of a bipolar mode, a frequency of 2 MHz, and
25 non-insulated penetrating microneedles (CELFIRM)
induced an electromagnetic-selective tissue reaction just
before and during the Na effect.13 Characteristic histologic
changes in microvascular components, ranging from
noticeable congestion of small blood vessels to vascular
coagulation limited to the tunica adventitia, were found in
the non-coagulated inter-electrodes regions of the in vivo
micropig skin and ex vivo bovine liver tissue.13 Similarly,
HF-induced tissue reactions on the vascular components
were also found along the fibrous connective tissues and
outer root sheaths of hair follicles.13 These findings resulted from HF-induced tissue reactions along areas with
higher current density, particularly in the outer layers of
adnexal structures, which exhibit different impedances
and permittivity. Moreover, “electric fields sinks,” which
are associated with distribution of vessel structures in
the targeted area, may also contribute electromagneticselective tissue reaction patterns.18 Electromagneticselective tissue reactions, however, were not found at
non-coagulated inter-electrode regions in skin treated
with the experimental settings of a bipolar mode and insulated penetrating microneedle electrodes.7 In addition
to the perifollicular structures and the outer layers of hair
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Pulsed electric fields
For decades, continuous radiofrequency irradiation
has been used to generate thermal ablative effects for
various therapeutic purposes. Clinical applications of
pulsed radiofrequency include treatments of cardiac arrhythmia, chronic pain, post-operative pain, melasma,
rosacea, electrochemotherapy, gene transfer, and ablating tumors.18 Pulsed radiofrequency refers to the gated
delivery of radiofrequency oscillations at a particular rate
of pulses per second. According to the pulse period between the radiofrequency pulse packets and gated pulse
width of each packet, the thermal and/or non-thermal
effects of pulsed radiofrequency can be achieved. Pulsed
electric fields increase cell membrane permeability in a
minimally invasive manner, so called electroporation.18-20
Pulsed irradiation-induced electroporation results in both
reversible and irreversible cellular changes, depending
on the treatment settings and cellular threshold.19
Clinical trials of a bipolar mode, a pulsed radiofrequency, and a disposable tip of 25 non-insulated, penetrating microneedles (SYLFIRM; Viol) have indicated that
five to seven sessions of combination therapy with a lowfluence Q-switched Nd:YAG laser and an invasive pulsed
radiofrequency device at one-week intervals significantly
improves refractory melasma lesions in Asian patients
without noticeable side effects.21 The suggested action
mechanisms of the pulsed radiofrequency device in the
treatment of acquired pigmentary disorders included
pulsed electric fields that were therapeutically effective
against the dysfunctional vascular components and pigmentary incontinence by selective electric conductivity.21
Additionally, pulsed electric fields could potentially regenerate photo-damaged elastic and collagen fibers from the
perivascular and peri-adnexal areas.

Conclusions
For minimally invasive bipolar radiofrequency devices,
the use of insulated penetrating electrodes, a longer HF
conduction time, and a continuous type of HF delivery
maximizes thermo-selective tissue reactions. Meanwhile,
for minimally invasive bipolar devices equipped with noninsulated penetrating electrodes, application of a shorter

HF conduction time and/or a pulsed type of HF delivery
maximizes electromagnetic-selective tissue reactions.
Clinicians should consider the mechanism of action for
each device and its appropriate applications. Physicians
using these techniques must also be aware of the potential complications of electrosurgical procedures and
how to prevent them. Electrosurgical complications are
relatively common; the two most common hazards are
explosion/fire and burns. Radiofrequency devices can also
interfere with other electromedical devices or produce
a noxious smoke. To improve safety, electrode monitoring, visual inspection of faulty insulation prior surgery,
removal of metal objects that are in close proximity to the
intended surgical site, and avoidance of electromagnetic
interference, which includes cardiac implantable electronic devices (e.g., cardiac pacemakers, implantable cardioverters and defibrillators, etc.), are suggested. In addition, the use of a smoke evacuation system to protect the
physician and the operating room staff is recommended.
To maximize safety, the US law allows electrosurgery to
be performed only by physicians who have received specific training in this field.
Although we have focused mostly on radiofrequency
surgery, electrosurgery also includes electrofulguration,
electrodessication, electrocoagulation, electrosection and
thermocautry which are performed in everyday medical practice (ex. Bleeding control, epidermal tumor and
viral wart removal with EllmanTM electrosurgical unit).
However simple the procedure may be, all electrosurgery
devices carry a hazardous potential. It is nevertheless important that only physicians are permitted on their use.
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Therapeutic Efficacy and Safety of Invasive Pulsed-Type Bipolar
Alternating Current Radiofrequency on Melasma and Rebound
Hyperpigmentation
Hyoung Moon Kim
Min Ji Lee

Miaero Clinic, Seoul, Korea

Background and Objectives
Laser treatment for melasma is typically associated with various
complications, especially rebound hyperpigmentation (RH) and mottled
hypopigmentation. The purpose of this case review was to analyze the
clinical efficacy and safety of using an uinvasive pulsed-type bipolar
alternating current radiofrequency (IBPRF) for treating melasma with or
without RH.
Materials and Methods
Clinical improvement in the appearances of melasma and RH was analyzed
in 142 Korean patients (4 men and 138 women, with a mean age of 37.3 ± 11
years), who had undergone IBPRF treatment for melasma. IBPRF was
delivered at a frequency of 2 MHz and with non-insulated, penetrating
microneedles over five to 10 treatment sessions at 2- to 3-week intervals.
Results
In total, 124 patients had melasma, and among them,18 patients had
melasma with RH. To treat melasma, IBPRF alone was administered to
112 subjects, IBPRF plus a Q-switched Q-switched neodymium-yttriumaluminum-garnet (Nd:YAG) laser in 22 patients, IBPRF plus intralesional
tranexamic acid injection in five patients, and IBPRF plus bleaching
cream in three patients. Patients reported subjective satisfaction with the
appearance of their melasma lesions after seven to eight treatment
sessions, regardless of whether they underwent treatment with pulsed
RF alone or combination treatment. After treatment, no significant
complications, particularly RH or mottled hypopigmentation, were
recorded.
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Conclusion
No severe complications related to IBPRF treatment were recorded, and
patients reported satisfaction in the appearance of their lesions after
seven to eight treatment sessions. This suggests that IBPRF may be
effective and safe for treating melasma and RH.
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Introduction
Melasma is a commonly acquired hyperpigmentary
disorder characterized by light to dark brown macules
and patches occurring along the sun-exposed areas of
the face and neck.1 The treatment of melasma remains a
challenge. Numerous treatment options, including topical
agents, chemical peels, and laser treatments, have been
applied for treating melasma.1 Q-switched pigmentary
lasers have not been recommended for melasma treatment due to a high incidence of postinflammatory hyperpigmentation (PIH) and unpredictable efficacy.1 Intense
pulsed light has shown some efficacy in the treatment
of melasma, although the risk of PIH still remains high.2
Fractional laser treatments have also been reported to
improve melasma. However, a recent report showed that
the therapeutic efficacy of fractional lasers did not differ
from that of conventional therapies.3
Recently, a 1064-nm Q-switched neodymium-yttriumaluminum-garnet (Nd:YAG) laser with low energy was introduced for the treatment of melasma in Asian patients,
with favorable results.4-6 Patients experienced minimal
downtime without crust formation and significant erythema after laser treatment. Notwithstanding, the possibility
of rebound hyperpigmentation (RH) and punctate leukoderma have since been found to be the major concerns
for this treatment.7,8
Studies have shown that the skin behaves like a semiconductor.9 When emitted on the skin, radiofrequency
(RF) elicits epidermal and dermal heating. Electrical
conductivity is an important factor affecting RF conduction, and research has shown that tissue hydration and
temperature are important conductivity factors.10,11 When
RF current is applied to the skin, an electrobiological
change is elicited therein. At a minimal pulse duration,
however, little to no change in the epidermis and dermis
can be achieved: “pulsed” describes intermittent durations during which the laser is switched on and off. Nonetheless, with time, various changes in the skin have been
recorded.10 The purpose of this study was to evaluate the
clinical efficacy and safety of treating melasma and RH
with invasive pulsed-type bipolar alternating current radiofrequency (IBPRF) with non-insulated needles.

Materials and Methods

were clinically diagnosed with melasma. After obtaining written informed consent, melasma lesions with or
without RH were treated with pulsed-type RF in a bipolar
mode, at a frequency of 2 MHz, and with a disposable tip
comprising 25 non-insulated, penetrating microneedles
in a uniform 5 × 5 array (SYLFIRMTM; Viol, Kyunggi, Korea)
(Fig. 1). At baseline and one month after the final treatment, photographs were taken under normal and ultraviolet light exposures with an imaging tool to evaluate
improvement in the appearance of treated lesions.
All procedures using IBPRF were performed after applying local anesthesia with topical EMLA cream (eutectic
mixture of 2.5% lidocaine HCl and 2.5% prilocaine; AstraZeneca AB, Södertälje, Sweden). Parameters for IBPRF
were set at level III and a 1.5-mm penetration depth over
a single session for treatment along the face and at level
II and a 1-mm depth for treatment along the forehead.
Overall, five to 10 treatment sessions were proceeded at
intervals of 2 to 3 weeks. Immediately after treatment, a
hydration mask pack was applied. Neither systemic nor
topical corticosteroids and antibiotics were prescribed
prophylactically to most of the patients. The patients were
recommended to apply a broad-spectrum sunscreen and
avoid excessive sun exposure during the course of laser
treatments.

Combined treatment

Among the 142 patients treated with IBPRF, a combination of IBPRF plus a Q-switched Nd:YAG laser was
applied in 22, IBPRF plus intralesional tranexamic acid
injection was administered in five, and IBPRF plus bleaching cream was applied in three. In each of the 22 patients
treated with a Q-switched Nd:YAG laser, the whole face
was treated with a 1,064-nm Q-switched single pulse
Nd:YAG laser with the settings of 1.0-1.2 J/cm2, a pulse
duration of 5-10-nsec, and a 7-mm spot size. A total of

Thickness
: 0.3 mm

Distance
: 2 mm

Needle

Length : 3.5 mm

Patients and radiofrequency treatment

The present study was conducted as a review of medical records for 142 patients who underwent treatment
with IBPRF for melasma with or without RH. The patients
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Fig. 1. Schematic illustration presenting the characteristics of
microneedle electrodes in a disposable tip.
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RESULTS
Over 1 year, a total of 142 patients underwent IBPRF
treatment for melasma with or without RH. Of these, 97%
were female and 3% were male. Fifteen patients reported
having had melasma for less than 1 year, 64 patients stated between 1 to 5 years, and 53 patients reported having
melasma for longer than 5 years but less than 10 years.
There were 10 patients who had melasma for more than
10 years. Regarding melasma types, 103 patients presented with melasma of centrofacial type, while the other

27 patients exhibited melasma of malar type.
Among all patients, 124 reported that they had not previously undergone treatment for melasma, while 18 had.
Of these 18 patients, laser toning was most commonly
used for melasma treatment, followed by treatment with
intense pulsed light or whitening ointment. Some had
also received combination treatment with a fractional
laser, tranexamic acid injection, and polydeoxyribonucleotide injections. All 18 patients had undergone basic treatment with laser toning combined with other treatment.
For melasma treatment, IBPRF alone was administered in 112 subjects. A combination of IBPRF plus a Qswitched Nd:YAG laser was applied in 22, IBPRF plus
intralesional tranexamic acid injection was administered
in five, and IBPRF plus bleaching cream was applied in
three. Surprisingly, patients generally reported subjective

A

B
Fig. 2. Representative photographs of a 46-year-old female patient with recurrent melasma. (A) Baseline and (B) one month after ten sessions of
invasive pulsed-type bipolar alternating current radiofrequency (IBPRF) monotherapy.
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2,000 to 2,500 shots were delivered on the entire face. The
IBPRF treatments were performed immediately thereafter. Intralesional tranexamic acid injection therapy was
delivered immediately after IBPRF treatment.

satisfaction with the appearance of their melasma lesions
after seven to eight treatment sessions, regardless of
whether they underwent treatment with pulsed RF alone
or combination treatment (Figs. 2-4). Furthermore, most
of the patients exhibited overall clinical improvement in
skin texture and tone.
During the course of IBPRF treatment and follow up,
no significant complications, particularly RH or mottled
hypopigmentation, were recorded. The most common
complication was induration at the treatment area due to
excess exposure to radiofrequency energy; it disappeared
within 2 to 3 days of applying steroid ointment. Moreover,
no other side effects, including bruise, bleeding, oozing,
prolonged erythema, folliculitis, acneiform eruption, and
scarring, were encountered.

DISCUSSION
In the present study, we aimed to determine the clinical efficacy and safety of treating melasma and PIH with
pulsed RF treatment. In 142 patients, IBPRF treatment
was delivered at a frequency of 2 MHz and with noninsulated, penetrating microneedles over five to 10 treatment sessions at 2- to 3-week intervals. After treatment,
no significant complications, particularly RH or mottled
hypopigmentation, were recorded.
Generally, melanin is not believed to be influenced by
RF treatment. We, however, suggest that morphological
or functional melanin structures are directly changed
upon RF irradiation of melasma lesions. The electrical
properties of melanin have been shown to be somewhat
unique, displaying both electrical conductivity and photo-

A

B
Fig. 3. Representative photographs of a 37-year-old female patient with melasma. (A) Baseline and (B) one month after six sessions of combined
IBPRF and laser toning treatment.
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A

B
Fig. 4. Representative photographs of a 56-year-old female patient with melasma and rebound hyperpigmentation. (A) Baseline and (B) one month
after eight sessions of IBPRF monotherapy.

conductivity. Eumelanin, one of three basic forms of melanin, shows pronounced electrical conductivity, both dark
and photo induced. Under certain humidity, temperature,
and electric field conditions, solid eumelanin pellets exhibit threshold and memory switching.12 The electrical
properties (light, dark, DC, and AC) of eumelanin appear
to be dominated by the hydration state of the tissue, in
which a large range of DC electrical conductivities are reported (10-15-10-13 S/cm).12 Based upon a typical Mott–Davies model, activation energies have been calculated from
temperature dependent conductivity measurements,
from which a wide range of values are reported (c. 0.5 3.4 eV). Meanwhile, however, de Albuquerque et al. (2005,
2006) recently reported a value of 1.7 eV in synthetic eumelanin films using photo-pyro-electric spectroscopy.13
In addition to the above, RF treatment also appears

to stimulate healing of the basement membrane (BM).
Indeed, electrical current has been found to help induce
wound healing.14,15 Recently, pendulous melanocytes
have drawn greater interest in melasma treatment. High
energy laser treatment targets the BM, after which pendulous melanocytes shift downward into the dermis.16 We
suggest that RF irradiation thickens and heals damaged
BMs for improvement in PIH.
Alternating current focuses along the outer surfaces of
conductors. This phenomenon is called the “skin effect”.17
This effect is beneficial to melasma treatment and preventing PIH. For example, for fine vessels in the reticular
dermis, if the resistance of the reticular dermis is 400
mohm and the intravascular resistance is 0 mohm, alternating current will accumulate on the vascular surface,
since vessels behave as conductors (Fig. 5). Thus, pulsed
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Electrical current
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(blood flow
= water)
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400 m

0 m
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Electrode

Fig. 5. Electrical current accumulates on the surface of the conductor
(vessel wall), known as the “skin effect.”

RF targets the vascular surface, and then, selective vessels with a certain diameter are destroyed. Large vessels remain intact due to the “sink effect,” which is more
important than the skin effect: the sink effect refers to
moving fluid (blood) that takes away heat energy from the
conductor surface. Thus, the selectivity of RF treatment
for vessel diameter can be applied to melasma or vascular treatment to improve diffuse erythema after IBPRF
treatment.17
The dermal environment is also improved after RF
treatment. We suggest that, first, RF accelerates washing
out of dermal melanin, followed by stimulation of neocollagenesis.18 This improved dermal environment helps
boost melasma and PIH treatment results. Nevertheless,
our propositions should be verified in biopsied results,
and the safety range of pulsed RF should be confirmed.
In conclusion, no severe complications related to IBPRF treatment were recorded in the present study, and
patients reported satisfaction in the appearance of their
lesions after seven to eight treatment sessions. Our experiences suggest that IBPRF is effective and safe for treating melasma and RH.
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Invasive Pulsed-Type, Bipolar, Alternating Current Radiofrequency
Treatment Using Microneedle Electrodes for Nasal Rosacea
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Radiofrequency (RF) devices deliver high frequency energy to the
biological tissues thath as been either cut or coagulated. A pulsed-type
RF irradiation elicits thermal and/or non-thermal effects by delivering a
particular rate of gated RF oscillations. In the present study, we describe
two patients with nasal rosacea, who were effectively treated with
invasive pulsed-type, bipolar alternating current (AC) RF treatment using
microneedle electrodes. The RF treatment was delivered to these two
patients with a power level of 3, a microneedle penetration depth of 1.5
mm, and 2-3 passes over six (patient 1) and 12 (patient 2) sessions, at
two-week intervals. The first patient presented marked clinical
improvement with respect to both the overall redness and
papulopustular lesions; the second patient exhibited noticeable
improvement in both the texture and telangiectatic lesions on the nose.
Both patients were satisfied with the clinical outcomes without
remarkable side effects.
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Nasal Rosacea and Pulsed-Type RF
Tae Hwan Ahn and Sung Bin Cho

Rosacea is a chronic inflammatory disorder of the facial
and extrafacial skin that clinically appears as flushing and
blushing, persistent erythema and telangiectasia, persistent plaque-form edema, and/or acneiform papulopustules and nodules.1,2 The five subtypes of rosacea, according to the modified National Rosacea Society classification
system, include erythematotelangiectatic, papulopustular, phymatous, ocular, and mixed subtypes.3-5 Among
Koreans with localized nasal rosacea, erythematotelangiectatic rosacea is the most common subtype, followed by
papulopustular rosacea.3 Compared with phymatous or
mixed subtypes, erythematotelangiectatic rosacea localized to the nasal areas exhibits shorter disease duration
and lower severity.3
Various energy delivery devices, including pulsed-dye
laser and intense pulsed light, have been used for the
treatment of rosacea as alternative or combination treatment modalities.2 Long-pulsed lasers with a pulse duration of 0.35 to 40 milliseconds at the wavelengths of 585

A

C

nm or 595 nm effectively destroy congenital and acquired
vascular lesions through the selective photothermolysis
of target chromophores.6 The laser energy is preferentially absorbed by vascular components with a sufficient
number of chromophores. Thus, pulsed-dye laser therapy
has been suggested as an additional therapeutic option
for improving rosacea with grade C and D recommendations.6 In the present study, we report the cases of two
patients with papulopustular or erythematotelangiectatic
nasal rosacea who were effectively treated with an invasive pulsed-type, bipolar alternating current (AC) radiofrequency (RF) device using microneedle electrodes.

Case Report
Two Korean male patients (24-year-old and 76-yearold) with Fitzpatrick skin type IV, who were clinically diagnosed with nasal rosacea, participated in this study. The
first patient presented with localized, recurrent erythematous papulopustular lesions on the nose, along with a few
pustules on the perioral area (Fig. 1A). The second patient

B

D

Fig. 1. Normal light-exposed photos
reveal papulopustular rosacea along the
nose in a 24-year old man at (A)
baseline, at two weeks after (B) two
sessions and (C) four sessions, and (D)
at four weeks after six sessions of
invasive pulsed-type, bipolar alternating
current (AC) radiofrequency (RF)
treatment using microneedle electrodes.
VOLUME 6 NUMBER 1 JUNE 2017
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exhibited markedly telangiectatic lesions on a mildly
phymatous nose (Fig. 2A). Previously, the first patient had
been intermittently treated with oral and topical antibiotics for inflammatory acne lesions; neither patients had
been treated with any light or laser devices, oral or topical
retinoids, or topical metronidazole or brimonidine tartrate
gels for the treatment of localized nasal rosacea within
the most recent 1 year. Otherwise, they had no remarkable familial or medical history.
After obtaining written informed consent, the patients
were treated with six (patient 1) and 12 (patient 2) sessions
of invasive pulsed-type, bipolar AC RF treatment using
microneedle electrodes (SYLFIRM; Viol, Kyunggi, Korea)
for localized nasal rosacea at two-week intervals. The
skin along the nose was cleansed with 70% ethanol and
anesthetized with topical anesthetic cream for 30 minutes prior to the treatment. Then, invasive pulsed-type,
bipolar AC RF treatment was delivered with a power level
of 3, a microneedle penetration depth of 1.5 mm, and 2-3
passes. All shots were delivered after gently pressing the
disposable tips on the skin for proper penetration of the

A

C
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microneedle electrodes into the target area. Immediately
after treatment, the treatment area was cooled with icepacks. No prophylactic systemic or topical antibiotics and
corticosteroids were prescribed to the patients immediately after or during the course of treatment.
The first patient presented with marked clinical improvement in both overall redness and the papulopustular
lesions on the nose from the fourth session of treatment
with the invasive pulsed-type, bipolar AC RF device. Further improvement in the nasal rosacea was recorded with
subsequent treatments (Fig. 1B-D). The second patient
experienced noticeable improvement in both the texture
and the telangiectatic lesions of the nose from the fifth
session of treatment, and pronounced clinical improvement was recorded at one month after the final treatment
session (Fig. 2B-D). Both of the patients were very satisfied with the clinical outcomes, and no remarkable side
effects, including immediate excessive bleeding or oozing,
worsening of the nasal rosacea, folliculitis or furuncle,
post-therapy prolonged erythema, post-therapy dyschromia, or scarring, were reported. As well, pain during the

B

D

Fig. 2. Normal light-exposed photos
reveal erythematotelangiectatic nasal
rosacea in a 76-year old man at (A)
baseline, at two weeks after (B) two
sessions and (C) seven sessions, and
(D) at four weeks after 12 sessions
of invasive pulsed-type, bipolar AC
RF treatment using microneedle
electrodes.
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DISCUSSION
RF devices deliver high frequency (HF) monopolar or
bipolar AC to the skin in both noninvasive and minimally
invasive manners.7 Invasive bipolar AC RF can deliver
electrical currents deeper to target tissues by penetrating
microneedle electrodes into the skin, and the penetration
depth of HF energy is relatively predictable, compared to
monopolar RF.7,8 Additionally, continuous-type RF irradiation generates thermal ablative effects in target tissues
by continuously delivering HF energy over set conduction
times, whereas pulsed-type RF irradiation elicits thermal
and/or non-thermal effects by delivering a particular rate
of gated RF oscillations.7,9 With these characteristics,
invasive pulsed-type, bipolar AC RF treatment has been
deemed effective for use in treating refractory melasma.10
The skin exhibits various current densities among its
multiple layers and also among different types of appendage structures. Thus, the patterns of invasive, continuoustype, bipolar, AC RF-induced skin reactions differ mainly
according to the depth of microneedle penetration, RF
conduction time, and signal amplitude.11,12 Regardless
of the use of insulated or non-insulated microneedles, a
larger area of tissue coagulation is generated from the
tips of individual microneedles by increasing the depth of
penetration or RF conduction time, while a higher signal
amplitude induces a higher degree of tissue coagulation.7,11,12 A previous in vivo micropig skin study revealed
that tissue coagulation induced by continuous-type, bipolar AC RF is found preferentially along the outer layers
of vessels and perivascular structures in the dermis between individual non-insulated microneedle electrodes.12
Our two patients presented with localized papulopustular and erythematotelangiectatic nasal rosacea, respectively. As the vascular components and surrounding
dermal tissues exhibit high current densities, the pulsedtype delivery of bipolar RF energy was able to effectively
treat the abnormal vascular components of the nasal rosacea lesions in our patients without producing excessive
thermal injury to the epidermis and dermis. However, the
optimal treatment settings for maximizing the vascular
selectivity of invasive pulsed-type, bipolar AC RF energy
remains to be elucidated.
Both of the patients demonstrated noticeable clinical improvement after four to five sessions of invasive
pulsed-type, bipolar AC RF treatment and showed further
improvement after additional sessions of the treatment.

Interestingly, the first patient also experienced marked
decreases in inflammation, and the other patient showed
textural improvement in the phymatous-appearance of
his nose. This led us to suggest that our treatment using a
pulsed-type RF device could have generated subcellular,
electrical thermo-modulating effects on the inflammatory
cells and dermal mesenchymal cells, in addition to the
dermal vascular components.
In this report, invasive pulsed-type, bipolar AC RF treatment using non-insulated microneedle electrodes proved
to be safe and effective in treating papulopustular and
erythematotelangiectatic rosacea localized to the nose in
two male Korean patients. Accordingly, we suggest that
treatment with invasive pulsed-type, bipolar AC RF devices may be an additional therapeutic option for treating
various types of localized nasal rosacea. However, histopathologic investigations to evaluate the effects thereof on
targeted vascular components are lacking. Randomized,
prospective, controlled clinical trials should be followed to
confirm our findings.
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Cosmetic
Adjuvant Therapy for Revision Rhinoplasty of
Contracted Nose Using Polydeoxyribonucleotide
and Invasive Bipolar Radiofrequency
Tae Hwan Ahn, MD, PhD*
Sung Bin Cho, MD, PhD†‡

Summary: Most cases of severely contracted nose require revision rhinoplasty
and septoplasty, wherein preoperative and/or intraoperative expansion of nasal soft tissue is necessary for tension-free revision surgery. The present study
aimed to evaluate the efficacy and safety of pre- and postoperative adjuvant
therapy using polydeoxyribonucleotide (PDRN) and invasive, pulsed-type, bipolar, alternating current radiofrequency (RF) for revision surgery of a contracted nose. In total, 30 patients were treated with 16 sessions (8 preoperative
sessions and 8 postoperative sessions) of intralesional injection of PDRN and
invasive RF treatment using microneedle electrodes at 1-week intervals. One
week after the final combined pretreatment using PDRN and invasive bipolar
RF, the skin of contracted noses was sufficiently softened, and nasal skin mobility was notably improved in all the patients. During revision rhinoplasty and
septoplasty, the contracted nasal skin in each patient was adequately released
for proper covering of the nasal tip without tension. Postoperatively, 8 sessions
of adjuvant therapy elicited marked clinical improvements in persistent nasal
tip dimpling and contracture, septal deviation, and warping from the incomplete recovery of nasal contracture after revision surgery. In conclusion, our
pre- and postoperative adjuvant therapies using PDRN and invasive bipolar RF
remarkably improved the therapeutic outcomes of revision rhinoplasty and septoplasty for contracted skin of the nose without major side effects. (Plast Reconstr Surg Glob Open 2018;6:e1645; doi: 10.1097/GOX.0000000000001645; P
 ublished
online 16 January 2017.)

INTRODUCTION

Many cases of severely contracted nose result from
regional infections on and around nasal implants, including silicone products.1 Subsequent inflammatory
reactions and excessive fibrosis can elicit the formation
of extensive scar tissue over the dermis and subcutaneous fat layers, with or without distorting the underlying
nasal cartilage framework.1 Most patients with contracted
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nose require revision rhinoplasty and septoplasty, for
which preoperative and/or intraoperative expansion of
nasal soft tissue is necessary.1–6 Scar tissue formed along
the nose, however, limits the expansion of nasal tissue
needed for tension-free revision surgery. In the present
report, we describe the use of polydeoxyribonucleotide
(PDRN) injections in combination with invasive bipolar
radiofrequency (RF) treatment to soften nasal skin and
improve skin mobility for improved outcomes in revision
rhinoplasty and septoplasty.

PATIENTS AND METHODS

Thirty Korean patients (12 males and 18 females
with a mean age of 37.7 years, ranging from 23 to
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62 years) with contracted nose agreed to undergo
adjuvant therapy for revision rhinoplasty and septo
plasty using PDRN and invasive, pulsed-type, bipolar,
alternating current RF treatment. After obtaining written informed consent, the patients were treated with 16
sessions (8 preoperative sessions and 8 postoperative
sessions) of intralesional PDRN (Polydien; Han Wha
Pharma Co., Ltd., Seoul, Korea) injection and invasive
RF treatment using microneedle electrodes (SYLFIRM;
Viol, Kyunggi, Korea) at 1-week intervals. The skin
along the nose was first cleansed with 70% ethanol, after which PDRN was injected into the contracted nose
at 3 points at a total amount of 0.3 mL using a 31-gauge,
1-mL insulin syringe. Then, invasive RF treatment was
delivered at a power level of 3 and a microneedle penetration depth of 1.5 mm over 2–3 passes. All shots were
delivered after firmly pressing the disposable tip on the
skin for the precise penetration of microneedle electrodes into the target area. Immediately after combined
treatment, the treatment area was cooled with icepacks
without prophylactic systemic or topical antibiotics and
corticosteroids.
At 1 week after the final session of pretreatment, revision rhinoplasty and septoplasty were performed in all 30
patients. Briefly, the nasal skin was separated from the cartilage via an open rhinoplasty incision method and widely
dissected through the surgical plane below the softened
capsule. For effective septal extension from an insufficient
tip projection and septal cartilage, rib cartilage, which was
harvested from the eighth or ninth rib, was grafted as a
columellar strut. The harvested rib cartilage was sculpted,
according to the size of the expected tip projection, and
fixed to the septal base. Then, the lower lateral cartilages
were sutured to the columellar strut after caudal and upward mobilization. Any side effects of revision surgery and
pre- and postoperative adjuvant therapies were evaluated
during the follow-up period after revision surgery of more
than 18 months.

RESULTS

One week after combined pretreatment using PDRN
and invasive bipolar RF, the skin of contracted noses was
remarkably softened, and nasal skin mobility was notably
improved in all patients. Among the 30 patients, 18 patients (60%) exhibited marked to complete resolution of
nasal tip dimpling and contracture 1 week after completing the 8 sessions of pretreatment. Meanwhile, 12 patients
(40%) presented mild-to-moderate clinical improvement
in nasal tip dimpling and contracture.
Thereby, all the 30 patients were able to undergo revision rhinoplasty and septoplasty as the contracted nasal
skin in each patient was adequately released for sufficient
covering of the nasal tip without tension. Dorsal augmentation of the contracted noses was performed using dermal
fat graft in 22 patients (73.3%) and carved rib cartilage in
8 patients (26.7%). One week after the revision surgery, 8
sessions of postoperative adjuvant therapy were delivered
using PDRN and invasive bipolar RF at 1-week intervals.
During the follow-up period after the revision surgery of
over 18 months, we noted persistent nasal tip dimpling
and contracture in 6 patients (20%), prolonged erythema
or dyspigmentation in 3 patients (10%), wound infection
in 3 patients (10%), nasal tip absorption in 2 patients
(6.7%), septal deviation in 2 patients (6.7%), and warping
in 1 patient (3.3%). Nonetheless, most of the cases with
persisted nasal tip dimpling and contracture, septal deviation, and warping resulting from incomplete recovery of
the nasal contracture were further improved or resolved
with postoperative adjuvant therapy [Figs. 1, 2; see figure,
Supplementary Digital Content 1, which displays a contracted nose in a 62-year-old female patient. Clinical photographs (a and c) at baseline and (b and d) at 18 months
after revision surgery with 8 sessions of preoperative and
8 sessions of postoperative adjuvant therapy using PDRN
and invasive, pulsed-type, bipolar, alternating current RF,
http://links.lww.com/PRSGO/A653; see figure, Supplementary Digital Content 2, which displays contracted nose in a

Fig. 1. Contracted nose in a 62-year-old female patient. Clinical photographs at baseline (A) and at 18
months after revision surgery (B) with 8 sessions of preoperative and 8 sessions of postoperative adjuvant therapy using PDRN and invasive, pulsed-type, bipolar, alternating current RF.
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Fig. 2. Contracted nose in a 52-year-old female patient. Clinical photographs at baseline (A) and at 18
months after revision surgery (B) with 8 sessions of preoperative and 8 sessions of postoperative adjuvant therapy using PDRN and invasive bipolar RF.

52-year-old female patient. Clinical photographs (a and c)
at baseline and (b and d) at 18 months after revision
surgery with 8 sessions of preoperative and 8 sessions of
postoperative adjuvant therapy using PDRN and invasive
bipolar RF, http://links.lww.com/PRSGO/A654; see figure,
Supplementary Digital Content 3, which displays a contracted nose in a 31-year-old female patient. Clinical photographs (a and c) at baseline and (b and d) at 7 months
after revision surgery with 8 sessions of preoperative and
8 sessions of postoperative adjuvant therapy using PDRN
and invasive bipolar RF, http://links.lww.com/PRSGO/
A655; see figure, Supplementary Digital Content 4, which
displays a contracted nose in a 56-year-old male patient.
Clinical photographs (a and c) at baseline and (b and d)
at 7 months after revision surgery with 8 sessions of preoperative and 8 sessions of postoperative adjuvant therapy
using PDRN and invasive bipolar RF, http://links.lww.com/
PRSGO/A656; see figure, Supplementary Digital Content
5, which displays a contracted nose in a 25-year-old male
patient. Clinical photographs (a and c) at baseline and
(b and d) at 7 months after revision surgery with 8 sessions
of preoperative and 8 sessions of postoperative adjuvant
therapy using PDRN and invasive bipolar RF, http://links.
lww.com/PRSGO/A657].
During the course of pre- and postoperative adjuvant
therapies, no remarkable side effects, including excessive
oozing or bleeding; secondary infection; prolonged posttherapy erythema or dyschromia; or worsening of the contracture or scarring, were reported. As well, pain during
the combined treatment was transient and well tolerated.
Most of the patients were very satisfied or satisfied with
the postoperative results, and none reported cosmetic dissatisfaction.

DISCUSSION

Invasive bipolar AC RF devices deliver high-frequency
energy via penetrating microneedle electrodes.7 Continuous delivery thereof generates a larger area of tissue

coagulation over time, which appears from the tips of
individual microneedles.7 Thereby, invasive bipolar RF
technology has been used for treating atrophic scars,
inflammatory acne lesions, wrinkles, and skin laxity by
inducing wound repair and neocollagenesis.7,8 In the present study, a pulsed-type, invasive bipolar AC RF device was
utilized to deliver gated RF oscillations. Our data demonstrated that the pre- and postoperative adjuvant treatment therewith at the microneedle penetration depth of
1.5 mm in combination with PDRN injections effectively
softened contracted nasal skin, providing greater mobility, and improved postoperative outcomes. We suggest that
the gating of RF oscillations could have reduced the risk of
excessive thermal coagulation and further tissue scarring
in the contracted nasal skin of our patients.
PDRN activates the adenosine A2A receptor that stimulates fibroblast differentiation and maturation and the
release of vascular endothelial cell growth factor for neovascularization.9,10 Thereby, PDRN treatment has been
found to effectively enhance the survival of skin flaps,
promote hair restoration, and promote wound repair
without significant side effects.9–11 In this study, PDRN was
injected into the contracted nose at a dose of 0.3 mL/session at 1-week intervals, followed by invasive bipolar RF
treatments. We noted that PDRN-induced angiogenesis
and invasive bipolar RF-induced wound repair seemed to
remarkably soften the contracted skin and improve skin
mobility. Furthermore, the repetitive generation of tissue
wounding with minimal thermal coagulation by pulsedtype RF significantly maximized the utilization of PDRN
in the contracted nasal skin. In our experience, preoperative adjuvant therapy noticeably shortens the preparatory
period for revision surgery, and postoperative adjuvant
therapy prevents further tissue contracture by the revision
surgery.
In conclusion, our pre- and postoperative adjuvant
treatments using PDRN and invasive bipolar RF remarkably improved the therapeutic outcomes of revision
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r hinoplasty and septoplasty for contracted skin of the nose
without major side effects. Nevertheless, further prospective, controlled investigations are required to confirm our
findings and optimize the pre- and postrevision surgery
adjuvant therapies in patients with severely contracted
nose for better postoperative results.
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In vivo skin reactions from pulsed-type, bipolar, alternating
current radiofrequency treatment using invasive noninsulated
electrodes
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Abstract
Background: Bipolar, alternating current radiofrequency (RF) conduction using invasive noninsulated electrodes consecutively generates independent tissue coagulation

2

around each electrode and then, the converged coagulation columns.
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Methods: Two pulsed-type RF models at the on-time pulse width/pulse pack of 30
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and 40 milliseconds were designed to amplify the early stage of RF-induced tissue
reaction using hairless mouse skin in vivo. Then, structural and ultrastructural changes
were evaluated in hairless mouse skin samples at baseline and immediately 1 day,
3 days, 7 days, and 14 days after treatment.
Results: Immediately after pulsed-RF treatment, a few chrysanthemum-like zones of
electrothermal coagulation and hypereosinophilic collagen fibers were found in the
dermis and dermo-subcutaneous fat junction. Histochemical staining for periodic acid-
Schiff and immunohistochemical staining for type IV collagen revealed marked thickening of basement membranes. Transmission electron microscopy demonstrated that
pulsed-RF treatment resulted in higher electron-dense and remarkably thicker lamina
densa, as well as increases in anchoring fibrils, compared with untreated control specimens. Furthermore, CD31-positive blood vessels were smaller in size with a slit-like
luminal appearance, without excessive damage to endothelial cells.
Conclusion: Our data indicated that pulse-type, bipolar RF energy induces structural
and ultrastructural changes in basement membranes and vascular components in hairless mouse skin.
KEYWORDS

alternating current, basement membrane, bipolar, blood vessel, invasive, microneedle, pulsedtype radiofrequency

1 | INTRODUCTION

the frequency of the electrical current, monopolar and bipolar modes
of RF delivery, and the characteristics of electrodes.1,3-6 Additionally,

Radiofrequency (RF) devices emitting a high-
frequency alternating
electrical current induce selective electrothermal reactions in targeted

clinicians have found that continuous-and pulsed-type RF treatments
elicit different RF-induced tissue reactions.7-10

tissues.1-3 Patterns of RF-induced tissue reactions have been shown to

Continuous-type RF irradiation systems have been used for de-

vary according to the resistance or impedance of the targeted tissue,

cades. These systems continuously deliver RF energy over a set con-

Sung Bin Cho and Jongju Na contributed equally to this work.
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duction time to induce selective electro-thermolytic tissue reactions.3,7
Continuous RF delivery generates 3 distinctive zones of hyperthermic
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tissue injury, including a central zone of coagulative necrosis, a pe-

devices were utilized: one emitting 3 pulse cycles at a gated on-time

ripheral or transitional zone of reversible thermal injury, and normal

pulse width of 40 milliseconds and a power of 3.3 watts/pulse pack

surrounding tissue.7 In the central zone of coagulative necrosis, a high

(type A) and the other emitting 5 pulse cycles at an on-time pulse

current density around invasive penetrating electrodes raises tissue

width of 30 milliseconds and a power of 3 watts/pulse pack (type B).

temperatures between 60°C and 100°C, causing lethal and irrevers-

Both devices utilized 10 mm × 10 mm disposable tips composed of 25

7

ible thermal tissue injury. Meanwhile, tissue in the peripheral zone,

invasive noninsulated microneedle electrodes uniformly arranged in

which surrounds the central zone, reaches temperatures between

a 5 × 5 pattern. The microneedles are constructed of surgical stain-

41°C and 45°C; the RF-induced electrothermal reactions in this zone

less steel with 24K gold plating for homogeneous RF conduction and

are sublethal, but still vulnerable to further injury.7 The peripheral zone

comprise a body diameter of 300 ± 10 μm and a pointed microneedle

additionally shows increased blood flow that facilitates the infiltration

tip length of 750 ± 10 μm.

of inflammatory cells and induces an immune response.11,12
Electromagnetic initiation and propagation of continuous-
type,
bipolar, alternating current RF-induced tissue reactions have been
investigated in vivo in micropig skin and ex vivo in bovine liver spec-

2.2 | In vivo treatment of hairless mouse skin with
invasive pulsed-type, bipolar, alternating current RF

imens using invasive noninsulated electrodes.6 Therein, independent,

All experimental protocols were approved by the ethics committee of

cocoon-shaped areas of electrothermal coagulation, called a “Na ef-

the Yonsei University Institutional Animal Care and Use Committee

fect,” were characteristically found around each electrode (areas of

(2015-0172), and the methods were carried out in accordance with

high current density) upon continuous delivery of RF signals over the

the approved guidelines. Thirty-six, female, specific pathogen-free,

conduction times of 120 milliseconds, 200 milliseconds, 300 millisec-

hairless mice (SKH-1, Orient Bio Inc., Gyeonggi-do, Korea; 6-8 weeks

onds, and 1 second.6 At a conduction time of more than 2 seconds,

old) were used in this study. General anesthesia was administered

convergent areas of coagulation appeared throughout inter-electrode

via an intraperitoneal bolus injection of tiletamine/zolazepam (5 mg/

6

areas with lower current density. Furthermore, in vivo in micropig

kg) and xylazine (2 mg/kg). The backs of the experimental mice were

skin and ex vivo in bovine liver specimens exhibited the characteristic

cleansed with a mild soap and 70% alcohol. Then, pulsed-type, bipo-

histologic changes of vascular components along the regions directly

lar, alternating current RF treatment was performed on the experi-

between the electrodes without distinguishable tissue coagulation.6

mental mice at the electrode penetration depth of 3.0 mm over one

In this in vivo study, we aimed to investigate RF-induced skin re-

pass without overlapping. Neither pretreatment topical anesthesia

actions, particularly in vascular components and the basement mem-

nor posttreatment cooling was applied. The experimental mice were

brane, at shorter or very closed conduction times that would minimize

killed for sampling the treated skin in a humane manner according to

electrothermal reactions around each penetrating electrode. However,

standard protocols.

we supposed that a single continuous-type pulse of a very short conduction time would not deliver enough RF signal to induce structural
and ultrastructural electrothermal changes in in vivo micropig skin or
ex vivo bovine liver tissue. Therefore, pulsed-type RF models were

2.3 | Histological and immunohistochemical
examinations

used to amplify the early stage of RF-induced tissue reaction, and the

At baseline and at immediately 1, 3, 7, and 14 days after treatment,

time-course effects of RF treatment were investigated using exper-

skin specimens of full thickness from the hairless mice were ob-

imental hairless mouse skin, which has properly sufficient vascular

tained for histologic evaluation. Each sample was fixed in 10% buff-

components. To do so, electrical fields of 2 MHz were generated by

ered formalin and then embedded in paraffin. Hairless mouse skin

2 different settings of pulsed bipolar RF devices: 3 pulse cycles at a

blocks were cut along the longitudinal plane to detect the insertion

gated on-time pulse width of 40 milliseconds and 5 pulse cycles at an

axes of the microneedle electrodes and RF-skin tissue interactions.

on-time pulse width of 30 milliseconds, equipped with invasive nonin-

For each treatment setting, 20-30 serial skin tissue sections of 4-μm

sulated microelectrodes. Then, structural and ultrastructural changes

thickness were prepared and stained with hematoxylin and eosin

were evaluated in hairless mouse skin samples at baseline and imme-

and periodic acid-Schiff (PAS). Additionally, tissue sections from ex-

diately 1 day, 3 days, 7 days, and 14 days after treatment.

perimental mice were subjected to immunohistochemical examination for type IV collagen, CD31, and vascular endothelial growth

2 | METHODS
2.1 | Pulsed-type, bipolar, alternating current RF
using noninsulated microneedle electrodes

factor (VEGF). The rabbit anti-type IV collagen polyclonal antibody
(Abcam, Cambridge, UK) at a dilution of 1:200, the rabbit anti-CD31
polyclonal antibody (Abcam) at a dilution of 1:200, and the rabbit
anti-VEGF monoclonal antibody (Abcam) at a dilution of 1:250 were
used as primary antibodies. After washing with PBS, the sections

A pulsed-type, bipolar, alternating current RF device equipped with

were incubated in HRP-conjugated secondary anti-sera at a dilution

noninsulated microneedle electrodes (SYLFIRM; Viol, Kyunggi, Korea)

of 1:100 for 30 minutes. Sections were then lightly counterstained

emitting 2-MHz RF oscillations was utilized to evaluate RF tissue re-

with hematoxylin. Negative controls were obtained by omitting the

actions on in vivo hairless mouse skin. Two pulsed-type bipolar RF

primary antibody.

|

CHO et al.

3

2.4 | Western blotting and real-time polymerase
chain reaction

2.5 | Transmission electron microscopy

Full-thickness skin samples from the mice were homogenized in

fixed in 50 mM sodium cacodylate buffer (pH 7.4) that contained 2%

lysis buffer, and a total of 50 μg of protein per sample was analyzed

glutaraldehyde in paraformaldehyde for 30 minutes at 32°C, post-

by denaturing 10% sodium dodecyl sulfate (SDS)-polyacrylamide

fixed in 1% osmium tetraoxide for 2 hours at 4°C, and dehydrated by

gel electrophoresis. Prepared samples were immunoblotted with

treatment with a graded series of ethanol. Then, the isolated biopsy

anti-
VEGF antibody (Abcam). Signals were revealed using en-

specimens were treated with propylene oxide, embedded in Epon

hanced chemiluminescence. Additionally, tissue samples were

according to standard procedures, and localized in semi-
thin sec-

homogenized in TRIzol reagent (Invitrogen Life Technologies,

tions. Sections were cut using Ultracut R Ultratome (Leica, Wetzlar,

Carlsbad, CA, USA), and total cellular RNA was extracted from

Germany) and were counterstained with 8% uranyl acetate and lead

tissue samples. RNA was reverse transcribed, and the result-

citrate. TEM was also performed using a JEOL JSM 1011 microscope

ing cDNA was synthesized from 500 ng total RNA using TaKaRa

(Tokyo, Japan) operating at 80 kV. Eight to ten pictures of each speci-

RNA PCR Kit Ver.2.1 (TaKaRa BIO INC., Shiga, Japan). Total RNA

men were taken.

For transmission electron microscopy (TEM), the specimens were

was reversely transcribed with the TaqMan Reverse Transcription
Reagents (Applied Biosystems, Foster City, CA, USA) according to
the manufacturer’s protocol. Relative mRNA levels were quantified with the fluorescent TaqMan technology. Polymerase chain
reaction (PCR) primer and probe specific for murine VEGF-A (assay
ID; Mm00437306_m1) were obtained as TaqMan Gene Expression
Arrays (Applied Biosystems). Glyceraldehyde 3-
phosphate de-

3 | RESULTS
3.1 | In vivo tissue reactions after invasive, pulsed-
type, bipolar RF treatment of hairless mouse skin
First, we evaluated histologic changes in hairless mouse skin over the

hydrogenase and β-actin were used as endogenous controls to

duration of 14 days after invasive, pulsed-type, bipolar RF treatment

normalize the amount of sample RNA. The real-time PCR was per-

(Figure 1). Immediately after the treatment, a few chrysanthemum-

formed with equal amounts of cDNA in the GeneAmp 7700 se-

like zones of electrothermal coagulation were found in the dermis

quence detection system (Applied Biosystems) using the TaqMan

of skin specimens from mice treated with 3 pulse cycles at a gated

Universal PCT Master Mix (Applied Biosystems). Reactions were

on-time pulse width of 40 milliseconds and a power of 3.3 watts/

incubated at 50°C for 2 minutes, at 95°C for 10 minutes followed

pulse pack (type A-RF treatment group). Collagen bundles within the

by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. Water

coagulation zones were basophilic and feathery, and each coagula-

controls were included to ensure specificity. Each experiment was

tion zone could be morphologically subdivided into approximately

performed triplicate.

3 distinguished zones of differing degrees of tissue coagulation. No

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

F I G U R E 1 In vivo tissue reactions from invasive, pulsed-type, bipolar RF in hairless mouse skin. (A-D) Pulsed radiofrequency (RF) treatment
with 3 pulse cycles at a gated on-time pulse width of 40 milliseconds and a power of 3.3 watts/pulse pack (Type A). (E-H) Pulsed RF treatment
with 5 pulse cycles at an on-time pulse width of 30 milliseconds and a power of 3 watts/pulse pack (Type B). (A) Insets show magnified areas
of chrysanthemum-like zones of electrothermal coagulation on day 0 and (B) hypereosinophilic collagen fibers with cellular infiltration on day
1. (E, F) Type B-pulsed RF induced distinguishable hypereosinophilic collagen fibers in the deep dermis and around the dermo-subcutaneous
fat junction (arrows). Post-RF (A, E) day 0, (B, F) day 1, (C, G) day 7, and (D, H) day 14. Hematoxylin and eosin stain, original magnification ×100,
scale bar = 200 μm; inset, scale bar = 100 μm
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remarkable focal zones of coagulation necrosis were observed along
the epidermis and dermis throughout serially sectioned specimens
of mouse skin treated with 5 pulse cycles at an on-time pulse width
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3.4 | Effects of invasive, pulsed-type, bipolar RF on
vascular components

of 30 milliseconds and a power of 3 watts/pulse pack (type B-RF

Immunohistochemical stain for the panvascular marker CD31 re-

treatment group). Distinguishable hypereosinophilic collagen fibers,

vealed normal distention of CD31-
positive blood vessels with a

however, were found in the deep dermis and around the dermo-

smooth luminal surface in control mice skin. Meanwhile, immediately

subcutaneous fat junction in both treatment settings, compared to

and 1 day after RF treatment in both the type A-and type B-RF treat-

skin at baseline. Furthermore, the thicknesses of the epidermis and

ment groups, the CD31-positive blood vessels shrank in size and

dermis increased, and dermal collagen density also notably increased

exhibited luminal structures with a slit-like appearance in the subcuta-

on days 3, 7, and 14.

neous fat layer, but not in the dermis, compared with untreated control skin (Figure 4). The small, collapsed, slit-like CD31-positive blood

3.2 | Effects of invasive, pulsed-type, bipolar RF on
basement membranes

vessels were noted throughout the dermis and subcutaneous fat layer
on days 3 and 7 in both the type A-and type B-RF treatment groups.
At 7 days after type B-RF treatment, collapsed vessels were still ob-

To investigate structural changes in the basement membrane follow-

served in the upper dermis, while in the deep dermis, vessels appeared

ing pulsed-type, bipolar RF treatment in mouse skin, the expression

to be congested and distended. These vascular component features

of type IV collagen and PAS was evaluated. Immunohistochemical

in the dermis and subcutaneous fat layer were more remarkable on

staining for type IV collagen highlighted moderate thickening of

day 14, compared with day 7, particularly with type B-RF treatment.

the basement membrane, which was evident from 3 days after

Nonetheless, no signs of excessive damage to vascular components

both type A-and type B-RF treatment, compared with untreated

were found for either RF device, and the density of CD31-positive

control skin (data not shown). By days 7 and 14, marked expres-

dermal vessels over time was comparable between control mice and

sion of type IV collagen in the basement membrane was found in

RF-treated mice.

both type A-and type B-RF treatment groups, although the expression thereof was more remarkable with type B-RF treatment.
Histochemical staining for PAS also revealed moderate increases in
the thickness of PAS-positive areas along the BM at posttreatment

3.5 | Effects of invasive, pulsed-type, bipolar RF on
vascular endothelial growth factor expression

day 3, compared with untreated control skin, in both type A- and

To examine whether the post-RF treatment alterations in the der-

type B-RF treatment groups (Figure 2). Furthermore, PAS-positive

mal vascular components were associated with altered expression of

thickening of basement membranes was greater at posttreatment

VEGF, we assessed VEGF expression in the hairless mouse skin by

days 7 and 14 in both type A-and type B-RF treatment groups,

real-time PCR and western blot analysis. Down-regulation of VEGF-A

although it was more prominent in skin treated with type B-RF

mRNA expression was found in both type A-and type B-RF treatment

treatment.

groups at posttreatment day 14, compared with untreated control
skin, although the difference lacked statistical significance (Figure 5a).

3.3 | Transmission electron microscopic
features of the basement membrane

Western blot analyses, however, revealed transient over-expression
of VEGF protein immediately after treatment that was gradually
suppressed over the following 14 days in the type A-RF treatment

Using TEM, we further evaluated structures of the dermo-epidermal

group, compared with untreated control skin. In the type B-RF treat-

junction, including the plasma membranes of basal keratinocytes,

ment group, over-expression of VEGF protein remained throughout

lamina lucida, lamina densa, and sublamina densa fibrous com-

the 14 days after treatment, compared with untreated control skin

ponents in hairless mouse skin treated with each of the invasive,

(Figure 5b). Further investigations of VEGF-
A expression revealed

pulsed-type, bipolar RF devices. In untreated control skin, the lam-

comparable levels of VEGF-A protein in control and type A-RF treat-

ina densa appeared as a thin and electron-dense rim in the base-

ment skin. In the type B-RF treatment group, VEGF expression in

ment membrane (Figure 3). After treatment with the type A-and

epidermal keratinocytes and dermal vascular components was com-

type B-RF devices, the thickness of the lamina densa increased

parable between untreated control and treated skin, whereas VEGF

remarkably beginning on day 3. TEM at posttreatment days 7 and

immunoreactivity was markedly stronger in dermal fibroblasts, com-

14 exhibited higher electron-dense and remarkably thicker lamina

pared with control skin (Figure 5c).

densa in both type A-and type B-RF-treated skin specimens, compared with untreated control skin. Increases in anchoring fibrils
were noted on day 14 in hairless mouse skin treated with type B-RF

4 | DISCUSSION

treatment. Comparing the 2 invasive, pulsed-type, bipolar RF devices, we found that type B irradiation induced more remarkable

Pulsed-
type RF systems generate thermal and/or nonthermal

increases in the thickness of the lamina densa, especially on days

tissue reactions according to pulse rates and pulse periods be-

7 and 14.

tween pulse packs.8-10 Pulsed-type RF devices can deliver high RF

|
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(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)
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F I G U R E 2 Effects of invasive, pulsed-type, bipolar RF on basement membranes. (A-D) Type A-RF treatment group, (E-H) type B-RF
treatment group. (C, D, G, H) Skin specimens present increased thickness of periodic acid-Schiff (PAS)-positive areas along the basement
membrane (BM) on posttreatment days 7 and 14, which is more remarkable in the type B-RF treatment group. Post-RF (A, E) day 0, (B, F) day 1,
(C, G) day 7, and (D, H) day 14. PAS stain, original magnification ×400, scale bar = 50 μm

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

F I G U R E 3 Transmission electron microscopic features of basement membranes. (A-D) Type A-RF treatment group, (E-H) type B-RF
treatment group. (C, D, G, H) Transmission electron microscopy (TEM) photographs present remarkable thickening of lamina densa on
posttreatment days 7 and 14, which is more remarkable in the type B-RF treatment group. (A) Inset comprises a TEM photograph of untreated
control mouse skin. (H) Prominent increases in anchoring fibrils (arrows) in hairless mouse skin on day 14 after type B-RF treatment. BK, basal
keratinocyte; D, dermis; HD, hemidesmosome; KF, keratin filament; LD, lamina densa. Post-RF (A, E) day 0, (B, F) day 1, (C, G) day 7, and (D, H)
day 14. Scale bar = 500 nm

voltages in targeted tissues through gated delivery of RF oscilla-

In this study, RF-induced reactions in in vivo hairless mouse skin

tions that minimizes nonselective electrothermal reactions aris-

were investigated at shorter or very closed conduction times that

ing from lethal temperatures.3,13 Pulsed-type RF energy of a high

would minimize the appearance of Na effect around each penetrat-

signal amplitude stimulates the flow of ions, eliciting changes in

ing electrode using the pulsed-type RF device with the same setting

cellular and subcellular structures. Furthermore, pulsed electric

of 2-MHz RF oscillations as in our previous study.6 Furthermore,

fields have been found to induce electroporation by modulating

because our study group previously revealed Na effect upon con-

cell membrane permeability for use in electro-chemotherapy and

tinuous delivery of RF signals over the minimal conduction time

gene transfer.8-10 However, the effects of invasive, pulsed-type,

of 120 milliseconds, we designed pulsed-type RF device with the

bipolar, alternating current RF energy on the skin, which is a multi-

pulse width of single pulse pack much shorter than 120 millisec-

layered, adnexa-rich, heterogeneous tissue, have not been fully

onds (30 and 40 milliseconds), but total on-time pulse width 120

elucidated.

and 150 milliseconds to fit the study purpose. Thereby, 2 different

6
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(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

F I G U R E 4 Effects of invasive, pulsed-type, bipolar RF on vascular components. (A-D) Type A-RF treatment group, (E-H) type B-RF treatment
group. (A, B, E, F) Vascular components small in size and with a slit-like luminal structure (arrows) in the subcutaneous fat layer and distended
blood vessels with a smooth luminal surface (arrowheads) in the dermis on days 0 and 1. (C, G) Small and collapsed vascular components
throughout the dermis and subcutaneous fat layer on day 7. (D, H) Small and collapsed blood vessels in the dermis and distended blood
vessels in the dermis on day 14. Post-RF (A, E) day 0, (B, F) day 1, (C, G) day 7, and (D, H) day 14. CD31-immunohistochemical stain, original
magnification ×100, scale bar = 200 μm

(A)

(B)

(C)

(D)

(E)

F I G U R E 5 Effects of invasive, pulsed-type, bipolar RF on vascular endothelial growth factor expression. (A) Real-time polymerase chain
reaction analysis indicates the down-regulation of vascular endothelial growth factor (VEGF)-A mRNA expression in both type A-and type B-RF
treatment groups at posttreatment day 14. (B) Western blot analysis reveals tissue expression of VEGF-A in type A-and type B-RF treatment
groups. (C-E) VEGF expression in epidermal and dermal components. (C) Untreated control, (D) type A-RF treatment on day 14, and (E) type B-
RF treatment on day 14. VEGF-immunohistochemical stain, original magnification ×100, scale bar = 200 μm
settings of pulsed-type, bipolar RF devices were utilized: one to emit

pack and the other to emit 5 pulse cycles at an on-time pulse width

3 pulse cycles at a gated on-time pulse width of 40 milliseconds,

of 30 milliseconds, 60 000 RF oscillations/pulse pack, and a power

80 000 RF oscillations/pulse pack, and a power of 3.3 watts/pulse

of 3 watts/pulse pack.

|
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The skin shows electrical properties consistent with those of
semiconductors.

14

7

5 | CONCLUSION

As a multi-layered tissue with a number of dif-

ferent appendage structures, the skin exhibits various current

Our observational study outlined structural and ultrastructural

densities that significantly affect tissue impedance and permittiv-

changes in in vivo hairless mouse skin upon delivery of pulsed-type,

ity. Thus, theoretically, conductive RF energy can be utilized to se-

bipolar, alternating current RF signal via noninsulated micronee-

lectively treat vascular components of differing electrical current

dle electrodes. The pulsed-type delivery of RF signal at a very short

density.3 Previously, our study group found that bipolar RF-induced

conduction time induced a resistive electrothermal response, start-

tissue reactions are propagated preferentially along the outer lay-

ing from the margins of dermal components, such as the basement

ers of dermal vascular components and perivascular structures,

membrane and blood vessels, just prior to the occurrence of the Na

which normally exhibit high current density, between electrodes

effect around each electrode. However, whether pulsed-type, bipolar,

in continuous-type RF treatment.6 Thus, in this study, we intended

alternating current RF can induce irreversible destruction of targeted

to focus on structural and ultrastructural changes in vascular com-

vascular components, however, remains to be elucidated. Although

ponents and basement membranes induced by pulsed-
type RF

the characteristics of hairless mouse skin do not exactly coincide with

treatment. Herein, pulsed-type bipolar RF elicited vascular collapse

those of human skin, our findings suggest that pulsed-type RF devices

without damaging endothelial cells or causing remarkable electro-

can be used to investigate invasive, bipolar, RF-induced skin reactions

thermal coagulation in the dermis. The pulsed-
type RF-
induced

elicited over various RF conduction times.

selective activation of electrical currents on and around vascular
components persisted longer in the upper dermis than in the deep
dermis and subcutaneous fat layer. This led us to suggest that pulsed-

AC KNOW L ED G EM ENTS

type delivery of invasive, bipolar, alternating current RF exerts more

We thank Anthony Thomas Milliken, ELS, at Editing Synthase (https://

selective, subcellular, electromagnetic, thermo-modulating effects

editingsynthase.com) for his help with editing this manuscript.

on the basement membrane and vascular components, compared
to those achieved through selective electromagnetic thermolysis by
continuous-type bipolar RF.

CO M P L I ANC E W I T H ET HI C AL S TANDAR D S

In the present study, dermal tissue coagulation in the shape of

All authors were well informed of the WMA Declaration of Helsinki

a chrysanthemum was observed only with the 3-pulse RF device.

(Ethical Principles for Medical Research Involving Human Subjects)

Each coagulation zone could be morphologically subdivided into

and confirmed that the present study firmly fulfilled the declaration.

approximately 3 distinguishable zones of differing degrees of tissue coagulation. In previous studies on continuous RF treatment,
we typically observed cocoon-shaped zones of electrothermal coagulation of a relatively homogeneous nature using both insulated

I NFO R M ED CO NS ENT
Not applicable.

and noninsulated penetrating electrodes.5,6 However, unlike our
previous studies, which were conducted using in vivo micropig skin
and ex vivo bovine liver tissue, the present study was conducted
using in vivo hairless mouse skin. This may account for the differ-

CO NFL I C T O F I NT ER ES T
The authors declare that they have no conflict of interest.

ence in the patterns of dermal tissue coagulation observed in this
study.
Electric fields are endogenously generated during wound healing
after disruption of the epithelial layer.15,16 These electrical fields de-

FU ND I NG S O U RC ES
None.

termine the direction and speed of epithelial cell migration and induce
electrotactic responses to dermal fibroblasts and inflammatory cells in
a voltage-and time-dependent manner through phosphatase and tensin homolog and phosphatidylinositol-3-OH kinase-γ.15 Additionally,

O RC I D
S.B. Cho

http://orcid.org/0000-0001-6748-5071

noninvasive, pulsed electric fields have also been shown to stimulate
the secretion of multiple growth factors, thereby leading to the proliferation of epidermal cells, as well as new collagen and vessel formation.17 In the present study, we found that the electric fields generated
by invasive, pulsed-type, bipolar alternating current also increased the
thicknesses of the epidermis and dermis with new collagen formation.
We suggest that the induction of endogenous electric fields after disruption of the epithelial layer upon penetration of the microneedles
and the delivery of exogenous electrical fields may have contributed
to these microscopic changes.
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Abstract
Cutaneous ageing is an important extrinsic process that modifies the pigmentary system. Because cellular
senescence is a fundamental ageing mechanism, we examined the role of senescent cells in ageing
pigmentation.
Methods: Biopsies obtained from senile lentigo and perilesional normal skin were assayed for a marker
of cellular senescence, p16INK4A. To determine the secretory phenotypes of senescent fibroblasts, we
performed microarray, RNA sequencing and methylation array analyses in senile lentigo and senescent
fibroblasts. To further investigate the impact of senescent cells on ageing-related pigmentation, an
intervention that targeted senescent cells using radiofrequency was performed.
Results: In vivo, senescent fibroblasts accumulated at the sites of age-related pigmentation. Phenotype
switching of the cells resulted in the repression of stromal-derived factor 1 (SDF1) by promoter
methylation. SDF1 induced melanocyte differentiation via stromal-epithelial interactions, ultimately
driving skin pigmentation. Furthermore, the elimination of senescent fibroblasts from pigmented skin
using radiofrequency was accompanied by skin lightening, rendering it a potential target for treatment.
Conclusion: Aged pigmented skin contains an increasing proportion of senescent fibroblasts. Cells with
phenotype switching exhibited a loss of SDF1, which stimulates the melanogenic process and thereby
contributes to aging pigmentation. These data may promote the development of new therapeutic
paradigms, such as a stroma-targeting therapy for pigmentary disorders.
Key words: Skin pigmentation, senile lentigo, SDF1, senescent fibroblasts

Introduction
Pigmentation is an outcome of the interplay
between melanocytes and neighbouring cells, such as
keratinocytes and fibroblasts [1]. UV radiation is a
well-known stimulus that regulates this intricate
process. Several paracrine factors secreted from these
cell types upon UV exposure regulate melanogenesis,
causing skin tanning and hyperpigmentation [2].
Cutaneous ageing is another important extrinsic
process that modifies the pigmentary system. Senile

lentigo, also known as age spots, is one of the major
changes associated with laxity and wrinkling during
the ageing of skin. It is characterized by the presence
of hyperpigmented spots in the elderly.
Cellular senescence is a fundamental ageing
mechanism. Senescent cells and those with the related
senescence-associated secretory phenotype (SASP) are
known to be the main drivers of the age-related
phenotype [3-5]. During intrinsic and extrinsic skin
http://www.thno.org

Theranostics 2018, Vol. 8, Issue 17
ageing, the skin can contain senescent cells in
epidermal and dermal compartments [6-9]. Cellular
senescence has been studied in dermal fibroblasts,
which secrete factors that contribute to skin wrinkling
[10]. For example, the chronic secretion of matrix
metalloproteinases by senescent cells is an important
contributor to the degradation of collagen and other
extracellular matrix components in dermal tissue [11].
A decrease in the expression of transforming growth
factor type II receptor appeared to be a critical event
in age-related skin thinning [12]. However, despite
the important role exerted by neighbouring cells on
the regulation of melanocyte biology, few studies
have examined how senescent cells are involved in
skin pigmentation [13, 14], and it remains unclear
whether senescent cells affect nearby epidermal
melanocytes and influence ageing pigmentation.
Here, we show that in vivo, senescent fibroblasts
accumulate at the sites of age-related pigmentation
and that senescent fibroblasts alter melanocyte
differentiation via stromal-epithelial interactions
during ageing. We present an integrated study aimed
at increasing our understanding of the key roles of
senescent fibroblasts and their secretory phenotype in
driving ageing pigmentation. These data might also
promote the development of new therapeutic
paradigms, such as a stroma-targeting therapy for
pigmentary disorders.

Methods
Cell culture
Normal human melanocytes, keratinocytes and
fibroblasts were isolated from foreskin. In these
experiments, melanocytes at passages 2-7 were
maintained in F12 medium containing 10%
heat-inactivated foetal bovine serum (FBS, Invitrogen,
Carlsbad, CA), 24 µg/mL 3-isobutyl-1-methylxanthine,
80
nM
12-O-tetradecanoylphorbor
13-acetate, 1.2 ng/mL basic fibroblast growth factor
and 0.1 µg/mL cholera toxin (All from Sigma-Aldrich,
St. Louis, MO). Keratinocytes at passages 2-3 were
grown in Epilife medium supplemented with human
keratinocyte growth supplement (HKGS; Gibco-BRL,
Bethesda, MD). Fibroblasts at passages 3-7 were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco-BRL) supplemented with 10% FBS.
SDF1-overexpressing or knockdown fibroblasts
(3.5×104) were seeded in the inserts of Transwell
chambers
(Corning,
Tewksbury,
MA),
and
melanocytes (1×105) were seeded at the bottom of
6-well plates. After 24 h, the insert chambers were
moved into the melanocyte-seeded 6-well plates, and
the cultures were maintained in melanocyte culture
medium for 5 days. The inserts with fibroblasts were
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changed to fresh ones at 3 days.

Enzyme-linked immunosorbent assay (ELISA)
Cells (1×105) were seeded in 6-well plates and
incubated for 48 h, after which the media were
harvested. SDF1 secretion into the cell culture media
was measured using SDF1 ELISA kits (R&D Systems,
Minneapolis, MN) according to the manufacturer’s
instructions. To measure cAMP levels (R&D Systems),
1×105 melanocytes were treated with recombinant
human SDF1α (rhSDF1, 100 ng/mL, R&D System) for
24 h or infected with an SDF1-containing lentivirus for
2 days and then analysed to determine cAMP levels in
the cell lysates. For the forskolin treatments,
melanocytes were treated with rhSDF1 (0 to 200
ng/mL) 10 min prior to treatment with forskolin (700
ng/mL) and then cultured for 30 min. They were then
analysed to determine the cAMP level. These
experiments were performed according to the
manufacturer’s instructions.

Biopsy collection
For
immunohistochemical
staining,
a
retrospective study was performed in 17 patients with
facial senile lentigo (SL). All patients were women
with Fitzpatrick skin type III or IV, and their average
age was 54 years old. Each diagnosis was based on a
physical
examination
and
confirmed
by
histopathological findings. All patients underwent a
skin biopsy, and samples (diameter, 2 mm) were
obtained from lesional and perilesional normal areas
(usually within 20 mm of the lesion margin). For RNA
arrays, skin biopsy samples (3 mm) were obtained
from the lesional and perilesional normal skin of
volunteers. Informed written consent was obtained
from each subject. RNA array data were deposited in
the Gene Expression Omnibux (GEO, GSE109778).

Institutional review board statement
This study was approved by the institutional
review board of Ajou University Hospital (IRB
numbers: AJIRB-DEV-DE3-15-491 and AJIRB-BMRSMP-14-387). All participants were informed of the
study goals and procedures, and signed written
informed consent forms were obtained prior to their
participation.

RNA sequencing
Total RNA was extracted from young,
replicative
senescent,
sham
irradiated
and
UVA-induced
senescent
fibroblasts
using
Macherey-Nagel RNA kits (Macherey-Nagel GmbH &
Co. KG, Düren, Germany). Briefly, the sample quality
was checked using a Bioanalyzer RNA chip (Agilent
Technologies) and RNA sequencing was carried out
with a Nextseq 500 device (Illumina, San Diego, CA).
http://www.thno.org
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RNA sequencing data was deposited in SRA
(SRP131607 and SRP131659).

Senescence Associated β-Galactosidase
(SA-β-Gal) Staining
The cells or frozen tissue slides were fixed with
10% formalin for 1 min and then incubated with
SA-β-Gal solution (X-gal, 1 mg/mL; citric
acid/sodium phosphate, pH 5.8, 40 mM; potassium
ferrocyanide, 5 mM; potassium ferricyanide, 5 mM;
NaCl, 150 mM; MgCl2, 2 mM) for 12 h at 37 °C. After
PBS washing, SA-β-Gal–positive cells were analyzed
under light microscopy.

Sequencing analysis of bisulfite-treated DNA
The human SDF1 promoter region in genomic
DNA isolated from young, replicative-senescent,
sham-irradiated, UVA-induced senescent fibroblasts,
perilesional normal skin and SL skin were sequenced
after bisulfite treatment. The genomic DNA (1 μg) was
treated with bisulfite, and PCR was then carried out.
The PCR conditions were as follows: one cycle at 94 °C
for 3 min; 35 cycles at 94 °C for 30 s, 52 °C for 40 s, and
72 °C for 30 s; and one cycle at 72 °C for 3 min. Primers
were designed for the SDF1 CpG island promoter
(−741 to −477). The forward 5′-GTTTGTGATTAGTT
TATTTTATTA-3′ and reverse 5′-CTAAATAAAAACC
AATAAAAAAC-3′ sequences were used. The PCR
product was ligated into blunt TOPO vectors
(Mgmed, Seoul, Korea), and 10 (cells) or 5 (tissues)
colonies were extracted and analysed by sequencing
for CpG island methylation.

In vitro model of senescent fibroblasts
A primary culture of human dermal fibroblasts
(HDFs) was prepared and maintained in our
laboratory in DMEM (high-glucose) supplemented
with 10% FBS. The number of population doublings
(PDs) of HDFs was calculated based on the equation
PDs log(A/BC)/log2, where A, B, and C indicate the
number of collected cells, the number of plated cells
and the attachment efficiency, respectively. The
doubling time of HDF was measured with PDs, and
the young cells used in this study represent cells with
doubling times of approximately 24 h. The doubling
time of replicative senescent fibroblasts was 14 days.
For the UVA-induced senescent fibroblasts, HDF
samples were washed once with PBS and placed in
fresh PBS. The cells were treated with
8-methoxy-psoralen (8-MOP; Sigma-Aldrich) at 25
ng/mL for 16 h and irradiated with UVA (wavelength
320-400 nm, maximum peak 350 nm) using a LZC-1
photoreactor system (Luzchem Research Inc. Ontario,
Canada). Several doses of UVA were tested according
to methods described in previous reports [13, 14], and
a dose of 5 J/cm2 was chosen for the experiment
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because it maintained the fibroblasts in a fully
senescent state in which more than 75% show
SA-β-Gal staining without cell death. Sham-irradiated
HDF was rinsed and placed into an irradiator box
without UV irradiation. After irradiation, the cells
were maintained in DMEM for 7 days.

Clinical trial of a radiofrequency (RF)
treatment
In total, 10 women with facial senile lentigo of
Fitzpatrick skin type III or IV were included in the
study. The age range was 55-62 years old. The
exclusion criteria were prior aesthetic medical
procedures or the use of topical depigmenting agents
in the three months prior to the study. Lentigo lesions
were treated using a pulsed-type RF device in bipolar
mode at a frequency of 2 MHz and with a disposable
tip consisting of 25 non-insulated, penetrating
microneedles in a uniform 5 × 5 array (SYLFIRMTM,
Viol, Gyounggi, Korea). In each case, the face was
anaesthetized using a topical 4% lidocaine cream
(LMX4, Ferndale Laboratories, Inc., Ferndale, MI)
approximately 30 min before the procedure.
Parameters were set at level 6. The treatment was
delivered in a single, non-overlapping pass over the
indicated area. Patients underwent 1 treatment
session weekly for 6 weeks. Outcome assessments
included standardized photography, colorimetric
measurements, and histologic analysis. The clinical
skin lightening effect was assessed according to a
5-point grading scale to determine the degree of
pigmentation (5, very severe; 4, severe; 3, moderate; 2,
mild; and 1, very mild) using patient photographs.
Skin pigmentation levels were measured using a
chromameter (CR-300, Minolta, Japan). The values for
lightness are indicated by L*. All measurements were
taken three times, and the mean value was used. The
lesional and perilesional normal skin samples of
participants were analysed at baseline and after 6
weeks in an immunohistochemical study.

Promoter analysis
A reporter construct containing LEF/TCF
luciferase was generated in our laboratory. A total of 6
copies of a response element were inserted into the
lentivirus pGF1 vector (pGF1-LEF/TCF, System
Biosciences, Mountain View, CA) to generate
lentivirus particles in HEK 293TN cells. Melanocytes
were infected with LEF/TCF or with a control
luciferase lentivirus. The cells were treated with 100
ng/mL of human recombinant SDF1α for 12 h, and
luciferase activity was then analysed. The human
SDF1 promoter (2 kb) was cloned in our laboratory
and inserted into a pGF1 vector (pGF1-SDF1, System
Bioscience) to generate lentivirus particles in HEK
http://www.thno.org
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cells.
Young,
replicative-senescent,
sham-irradiated and UVA-irradiated fibroblasts were
infected with the SDF1 promoter or a control
luciferase lentivirus for 3 days in the presence of
puromycin (3.5 µM), and luciferase activity was then
analysed using a Synergy 2 luminometer (BioTek,
Winooski, VT) according to the luciferase reporter
assay system instructions (Promega, Madison, WI).
All luciferase assays were carried out in triplicate.

Ex vivo skin organ culture and pigmentation
assays in cultured skin
Normal human skin samples obtained during
minor skin surgery were placed on a sterilized
stainless-steel grid in a culture dish containing DMEM
supplemented with 5% FBS. The senescent fibroblasts
were seeded in the bottom of the culture dish. After 3
days of culture in an incubator at 37 °C with 5% CO2,
the specimens were fixed in 10% formalin and
embedded in paraffin before they were cut into
sections. Melanin pigments were detected with
Fontana-Masson staining. An image analysis was
performed using Image Pro Plus Version 4.5 (Media
Cybernetics Co., Rockville, MD), and the pigmented
area per epidermal area (PA/EA) was measured.

Melanin content and tyrosinase activity assay
The cells were lysed with a 0.1 M phosphate
buffer (pH 6.8) containing 1% Triton X-100 with a
protease
inhibitor
cocktail
(Roche,
Basel,
Switzerland). The supernatants were measured to
determine the protein concentration using the Lowry
assay system. Pellets were solubilized in 100 μL of 1 N
NaOH for 3 h at 60 °C and the absorbance was
measured at 490 nm to determine the melanin content
relative to a standard curve using synthetic melanin
(Sigma-Aldrich). For the assay of the tyrosinase
activity, each sample was incubated with 2 mM
L-DOPA (Sigma-Aldrich) in a 0.1 M phosphate buffer
(pH 6.8) for 90 min at 37 °C. After incubation, the
tyrosinase activity was measured at 490 nm.

Lentivirus and adenovirus production
The human SDF1 cDNA was cloned from
normal fibroblasts in our laboratory. cDNA was
inserted
into
the
pCDH-CMV-MCS-EF1-Puro
lentivirus vector (System Biosciences). For the
knockdown of SDF1 expression, shRNA was
prepared in a pLKO lentiviral vector (Sigma-Aldrich).
Fibroblasts were plated and grown in 6 cm culture
dishes. After culturing overnight, they were infected
with the lentivirus and the cells were then selected
with 3.5 μM puromycin for one week. The shRNA
sequences
were
as
follows:
sh-SDF1
#1:
5′-CGCCAACGTCAAGCATCTCAAA-3′; sh-SDF1 #2:
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5′-ACATCTCAAAATTCTCAACACA-3′. To generate
lentiviral particles, HEK-293TN cells were transfected
with plasmid DNA (pGag-pol, pVSV-G, and
pCDH-SDF1 or shSDF1) using Lipofectamine
(Invitrogen). Viral supernatant was collected after 48
h and transduced into normal human melanocytes
and fibroblasts. cDNAs of wild-type p53 were
inserted
into
replication-defective
E1and
E3-adenoviral vectors containing a cytomegalovirus
enhancer and a chicken β-actin promoter.
Adenoviruses of p53 were then amplified in 293
human kidney epithelial cells, and the virus particles
were purified by filtration (0.45 μm). Similarly, an
adenovirus of bacterial β-galactosidase (Ad-LacZ)
was also prepared as a control.

Real-time PCR analysis
First-strand cDNA was synthesized by a
reverse-transcription reaction using oligo-dT primers
from 1 μg of total cellular RNA (Thermo Fisher
Scientific, Waltham, MA). Real-time PCR was carried
out with the Power SYBR Green PCR Master Mix
(Bio-Rad, Hercules, CA) using the following
conditions: initial activation at 95 °C for 5 min,
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1
min. The primers used for real-time PCR as follows:
MITF: 5’-AGAACAGCAACGCGCAAAAGAAC-3’,
5’-TGATGATCCGATTCACCAAATCTG-3’, Tyrosinase: 5’-CACCACTTGGGCCTCAATTTC-3’, 5’-AAA
GCCAAACTTGCAGTTTCCAC-3’, SDF1: 5'-TGCC
AGAGCCAACGTCAAG-3', 5'-CAGCCGGGCTACA
ATCTGAA-3', CXCR4: 5’-GCCTTATCCTGCCTGGT
ATTGTC-3’, 5’-GCGAAGAAAGCCAGGATGAGGA
T-3’, human 18S: 5’-CGGCTACCACATCCAAGGA
A-3’, 5’-GCTGGAATTACCGCGGCT-3’, β-actin: 5’-C
CCTGGCACCCAGCAC-3’, 5’-GCCGATCCACACGG
AGTAC-3’, Apol6: 5’-CAGATTTGCTGCCACAGAG3’, 5’-GTGACATAGTCTGCCTTCTC-3’, Col5a3: 5’-TT
CAGCTCTTCTCGAGCGGGATTT-3’, 5’-TCAAAGC
CTCAGCACCAAATGCAC-3’, LIF1: 5’-TATCACCAT
CTGTGCCTTTGCTGC-3’, 5’-TCTGCCAGATTGTTC
CTATGCCCA-3’, p16INK4A: 5’-CCCAACGCACCGAA
TAGTTA-3’, 5’-ACCAGCGTGTCCAGGAAG-3’.

Western blot analysis
Cells were lysed in RIPA buffer (1% NP-40, 150
mM NaCl, 10 mM Tris-HCl at pH 8.0, 1 mM EDTA)
with a complete protease inhibitor (Sigma-Aldrich).
The proteins were separated by SDS-polyacrylamide
gel and transferred to PVDF membranes (Millipore,
Billerica, MA). The antibody against MITF was
purchased from Abcam (ab12039, Cambridge, UK),
those for pCREB (9191s) and CREB (9197s) were
purchased from Cell Signalling Technology (Danvers,
MA), and the antibodies for tyrosinase (sc-7833) and
http://www.thno.org
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p53 (sc-126) were purchased from Santa Cruz
Biotechnology (Dallas, TX).

Immunocytochemistry and
immunohistochemical analysis
For immunocytochemistry, cells grown in
Lab-Tek chambers (Nalge Nunc International,
Rochester, NY) were ﬁxed in 4% paraformaldehyde
for 15 min at room temperature and permeated with
0.2% Triton X-100. Non-speciﬁc antibody binding was
blocked by 1% BSA for 1 h, and the cells were then
incubated with adequate primary antibodies
overnight at 4 °C. All fluorescence photographs were
taken using a fluorescence microscope (Carl Zeiss,
Oberkochen,
Germany).
Immunohistochemical
staining was performed with primary antibodies on 4
μm-thick representative tissue sections obtained from
formalin-fixed paraffin-embedded tissue samples in a
Benchmark XT automated immunohistochemistry
stainer (Ventana Medical Systems Inc., Tucson, AZ).
The primary antibodies used were as follows:
p16INK4A, predilution (725-4713, Ventana Medical
Systems, Inc.); anti-human Ki67 antigen, clone MIB-1,
1:100 (Dako Denmark A/S, Glostrup, Denmark);
CXCR4, 1:100 (MAB172, R&D System); SDF1, 1:100
(MAB350, R&D System); p53, 1:1000 (sc-126, Santa
Cruz); cleaved caspase 3, 1:1000 (9661s, Cell
Signaling); LIF1, 1:1000 (AF-250, R&D System);
vimentin, 1:100 (ab92547, Abcam); FSP-1, 1:100
(ab27957, Abcam); and procollagen type 1, 1:50 (M-38,
DSHB, Iowa city, IA). Detection was performed using
a Ventana Optiview DAB Kit (Ventana Medical
Systems). Immunohistochemical staining was scored
by an experienced pathologist (JHK). For the SDF1 or
procollagen
expression
analysis,
SDF1or
procollagen-positive fibroblasts in two of the most
highly labelled areas (hot fields) under 400x
magnification were counted and graded as none (no
SDF1- or procollagen-positive cells), weak (1-10
positive cells), moderate (11-30 positive cells), and
strong (more than 30 positive cells).

Microscope image acquisition
Image acquisition during the histology and
immunohistochemical staining processes was
performed using a ScanScope® CS system (Aperio
Technologies, Inc., Vista, CA) at room temperature.
The cell images were acquired using an Olympus
microscope mounted onto an Olympus DP70 digital
camera with DP-Manager software (Olympus
Microscope Corp., Tokyo, Japan) at room
temperature. Immunofluorescence images were
collected on a Zeiss LSM 510 microscope and
analyzed with Zeiss Axio Imager software (Carl Zeiss)
at room temperature.
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TUNEL assay
We prepared 4 μm-thick representative tissue
sections of formalin-fixed paraffin-embedded tissue
sections. After they were deparaffinised, the slides
were fixed with 4% buffered formaldehyde. For
TUNEL labelling, a DeadEndTM Fluorometric TUNEL
system (Promega) was used according to the
manufacturer’s instructions.

BrdU corporation assay
Young, senescent, SDF1-overexpressing or
shSDF1-infected fibroblasts (1×104) were seeded in
Transwell chambers (Corning), and melanocytes
(3.5×104) were seeded at the bottom of 24-well plates.
The proliferation of melanocytes was analysed with a
CytoSelect™ bromodeoxyuridine (BrdU)
Cell
Proliferation Elisa Kit (Cell Biolabs Inc., San Diego,
CA). BrdU incorporation was measured according to
the manufacturer’s instructions.

Statistical analysis
Data are presented as the mean ± SD of
independent determinations and were analysed using
Wilcoxon or paired Student’s t-tests with a p value <
0.05 considered significant. The statistical analysis of
SDF1 staining in SL was performed using the
Chi-square test (χ2 test). IBM SPSS ver. 23 (IBM Corp.,
Armonk, NY) was used for all statistical analyses.

Results
Cellular senescence in ageing pigmented skin
occurs in dermal fibroblasts
To characterize cellular senescence in ageing
pigmented skin, biopsies obtained from the senile
lentigo (SL) and perilesional normal skin of 17
volunteers were assayed for a marker of cellular
senescence, p16INK4A [15]. A significantly higher
number of p16INK4A-positive cells were observed in SL
dermal skin than in perilesional normal skin (Figure
1A-B and Figure S1). The senescent cells were located
near the dermo-epidermal junction, including the
superficial dermis, but were rarely detected in the
deep dermis (93.8 vs. 6.2%) (Figure 1A). Perilesional
normal skin contained fewer p16INK4A-positive cells
than were observed in lesional skin but showed a
similar distribution, with 92.3% of the positive cells in
the superficial dermis. An in vivo marker of
senescence,
senescence-associated
galactosidase
(SA- β-Gal), was also observed in the corresponding
p16INK4A-positive cells (Figure 1C). Because cellular
senescence is characterized by stable cell cycle arrest,
Ki67
immunostaining
was
performed
and
demonstrated an absence of proliferation in the
p16INK4A-positive cells (Figure 1D). Ki67-positive cells
http://www.thno.org
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Figure 1. Cellular senescence in ageing pigmented skin. (A) Biopsies obtained from the facial senile lentigo (SL) and perilesional normal skin of 17 volunteers were
immunostained for p16INK4A. The proportion of p16INK4A-positive cells is shown according to the depth of the skin. The bar graph indicates the percentage of p16INK4A-positive
cells in the dermis. The superficial dermis is defined as cells within 500 µm of the epidermal-dermal junction. (B) The number of p16INK4A-positive cells is presented in a dotted
graph. Lines in the graph indicate the mean values. (p value, Wilcoxon test). (C) Frozen tissues were stained with SA-β-Gal/nuclear fast red (NFR) or for p16INK4A (n=4). (D) Ki67
and p16INK4A co-immunostaining. Arrowheads and arrows indicate Ki67+/p16INK4A- keratinocytes and Ki67-/p16INK4A+ fibroblasts, respectively. (E) Immunostaining for vimentin
and p16INK4A (n=6) (scale bars, 50 µm).

were observed in the epidermis in both SL and
perilesional normal skin samples. Double-immunostaining for p16INK4A/vimentin or p16INK4A/fibroblastspecific protein 1 (FSP1) revealed that the senescent
cells were fibroblasts (Figure 1E and Figure S2). These
results indicate that ageing pigmented skin is
characterized by the accumulation of senescent
fibroblasts.

Senescent fibroblasts promote skin
pigmentation
To investigate the regulatory role played by
senescent fibroblasts in skin pigmentation, in vitro
models of senescent fibroblasts, i.e., replicativesenescent (RS) and UVA-induced senescent (UVAiS)
fibroblasts, were established (Figure 2A) [13, 14, 16].
The senescent fibroblasts were then co-cultured with
normal human melanocytes using Transwell plates.
Melanin levels and tyrosinase activity were
significantly higher in the senescent fibroblasts than
in the controls (young or sham-irradiated fibroblasts).
In addition, the mRNA and protein expression levels
of melanogenesis-associated proteins, microphthalmia-associated transcription factor (MITF), and
tyrosinase were significantly upregulated (Figure
2B-C). Melanocyte proliferation was unaffected by the
senescent fibroblasts (Figure S3). The effects of the
senescent fibroblasts on pigmentation were further
evaluated using ex vivo human skin samples.
Fontana-Masson
staining
that
epidermal
pigmentation was significantly increased by the

presence of senescent fibroblasts (Figure 2D). An
increase in the pigmented area/epidermal area
(PA/EA) ratio was observed in an image analysis.
Taken together, these data indicate that senescent
fibroblasts promote skin pigmentation.

Senescent fibroblasts exhibit SDF1 deficiency
resulting from promoter methylation
To identify the secretory phenotype of the
senescent fibroblasts that promoted pigmentation, a
gene expression profiling analysis was performed
using RNA sequencing. Among the 43 genes that
were differentially expressed between the senescent
fibroblasts and controls, 4 encoded secreted proteins:
senescent fibroblasts expressed higher levels of LIF1
and lower levels of COL5A3, APOL6 and SDF1 than
were observed in normal fibroblasts (Table 1). The
corresponding mRNA expression levels were
detected by real-time PCR (Figure S4). The full RNA
sequencing data are available at the Sequencing Read
Archive (SRA; SRP131607 and SRP131659). Of these,
we selected stromal derived factor-1 (SDF1) as an
intriguing candidate gene. SDF1, also known as C-X-C
motif chemokine ligand 12 (CXCL12), is a widely
expressed constitutive chemokine that regulates
tissue homeostasis and inflammatory responses and is
the only known ligand for C-X-C chemokine receptor
type 4 (CXCR4) [17-19]. While no reports have directly
linked SDF1 to pigmentation, SDF1 and its receptor
CXCR4 are known to inhibit the cAMP signalling
pathway, and cAMP signalling is also known to be
http://www.thno.org
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Figure 2. Senescent fibroblasts promote skin pigmentation. (A) Replicative senescent (RS) and UVA-induced senescent (UVAiS) fibroblasts. Primary human fibroblasts
were sub-cultured for 6 months or irradiated with 5 J/cm2 UVA or sham for 7 days. Two-hundred cells were counted in each experiment, and the number of SA-β-Gal positive
fibroblasts (arrow) is presented as a percentage (left, n=5). Real-time PCR analysis of p16INK4A mRNA levels (right). (B) Melanocytes were co-cultured with senescent fibroblasts
(RS or UVAiS) or control cells (young or sham). Melanin content and tyrosinase (TYR) activity were measured. (C) mRNA and protein expression levels of MITF and tyrosinase.
(D) Pigmentation of ex vivo human skin visualized with Fontana-Masson staining (Left). The pigmented area/epidermal area (PA/EA) ratio was measured by image analysis (Right).
Data are presented as the mean ± SD (p value, t-test) (scale bars, 50 µm).

involved in the production of melanin [20]. Thus, we
investigated whether SDF1 may be one of the proteins
responsible for age-related pigmentation.
Table 1. RNA sequencing analysis of senescent fibroblasts (RS or
UVAiS) and controls (young or sham irradiated). Values indicate
the averages of 3 independent cases of each cell and are presented
as the Log2 ratio compared to the controls (p<0.05).
Genes
APLP1
BTG2
C12orf5
C1QTNF1
CYFIP2
DCBLD2
FUCA1
GDF15
GM2A
HIST1H2AC
HIST1H2BK
HIST2H2BE
LIF1
MDM2
MTRNR2L8
PARD6G
PSG2
SLC14A1
TNFRSF10C
TNFRSF10D
WDR63
ANLN
APOL6
ASPM
BIRC5
C1R
CDC20
CDKN2C
CENPF

Log2 Ratio (Young vs. RS)
1.65
2.01
1.47
1.80
2.83
1.58
3.11
2.39
2.16
2.67
2.11
2.51
2.94
1.41
1.54
2.85
2.43
4.16
2.45
1.93
2.49
-1.21
-1.17
-1.79
-1.99
-2.28
-2.52
-1.46
-1.59

Log2 Ratio (Sham vs. UVAiS)
3.10
3.05
1.97
2.17
4.22
1.86
3.11
5.47
2.20
3.24
2.63
2.74
3.26
2.31
1.67
3.07
3.21
3.59
5.98
2.04
3.61
-5.54
-3.28
-5.50
-5.40
-3.19
-5.72
-3.52
-5.30

Genes
COL5A3
SDF1
HR
KIF18B
KIF2C
KIFC1
NUSAP1
OLFML2B
PHGDH
TENM3
TK1
TMPO
TOP2A
TPX2
WNT2

Log2 Ratio (Young vs. RS)
-1.90
-3.55
-3.43
-1.62
-2.01
-2.12
-1.44
-1.57
-1.80
-3.84
-2.36
-1.29
-1.62
-1.58
-6.64

Log2 Ratio (Sham vs. UVAiS)
-3.39
-2.47
-2.98
-4.76
-5.27
-5.05
-5.82
-3.37
-2.39
-2.17
-4.90
-3.34
-5.67
-3.60
-3.11

The expression of the SDF1 mRNA was
suppressed in senescent fibroblasts but present at
high levels in normal fibroblasts (Figure 3A). ELISA
data showed that normal fibroblasts but not senescent
fibroblasts secreted a considerable level of SDF1
(Figure 3B). To further clarify SDF1 downregulation
in vivo, biopsies obtained from SL and perilesional
normal skin were assayed for SDF1 expression.
Immunohistochemical staining detected very low
levels of the SDF1 protein in a few fibroblasts
obtained from the SL, whereas fibroblasts obtained
from perilesional normal skin contained high levels of
SDF1 expression (Figure 3C and Figure S5-6).
Consistent with these results, the expression of the
SDF1 mRNA was significantly lower in SL than in
perilesional normal skin (Log2 ratio, -0.527) (Table 2).
These data indicate that in ageing pigmented skin,
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Figure 3. Senescent fibroblasts exhibit SDF1 deficiency caused by altered DNA methylation. (A) Real-time PCR and (B) ELISA analyses of SDF1. N.D.: not
detected. (C) SDF1 immunostaining of SL (scale bars: upper, 100 µm; lower, 50 µm). The expression levels were graded as none, weak, moderate, or strong (p value, χ2 test).
(D) SDF1 promoter methylation analysis in senescent fibroblasts (RS and UVAiS). The CpG islands (-741 to -477) in the human SDF1 promoter were analysed in ten clones from
each cell. Blue circles indicate an unmethylated status, and red circles denote methylation. The methylation % of each CpG island is presented, with red numbers indicating a
more than a 1.5-fold increase in CpG island methylation. (E) Real-time PCR analysis of SDF1 mRNA levels in the presence of 5-aza-deoxycytidine (5-Aza). (F) DNA methylation
status of the SDF1 promoter in SL patients (n=5). Pt # indicates the patient number.

senescent fibroblasts are deficient in SDF1. We also
characterized the expression of 3 other secreted
proteins identified by RNA sequencing (LIF1,
COL5A3, and APOL6) and genes known to control
melanogenesis, such as melanocyte stimulating
hormone (α-MSH), stem cell factor (SCF), and TGFβ,
but none of these genes were differentially expressed.
It is likely that relative weak changes in the LIF1,
APOL6 and COL5A3 transcript expressions in SL skin
samples compared to senescent fibroblasts are most
likely due to their expressions in keratinocytes (Figure
S4). However, collagen-related genes (COLA1,
COLA2 and COL3A1) were down-regulated, as
expected. The full microarray data are available at
GEO (GSE109778).
Table 2. RNA array analysis of senile lentigo (SL) (n=2). Value
indicates the fold induction compared to perilesional normal skin.
Anti-melanogenic
Genes
TGFβ1
IL-6
IL-1β
IL-4
DKK1
PTN
TNF-α
IL-10
Genes
SDF1
Col5a3
APOL6

Fold induction
(Lentigo vs. normal)
1.103
1.036
0.988
1.033
1.017
0.969
0.981
1.050
Fold induction
(Lentigo vs. normal)
0.694
1.090
1.180

Melanogenic
Genes
SCF
Edn1
FGF1
BMP6
HGF
NRG-1
CSF2
LIF
Collagen genes
Col1a1
Col1a2
Col3a1

Fold induction
(Lentigo vs. normal)
0.904
0.990
0.979
0.940
1.027
1.055
0.917
1.111
Fold induction
(Lentigo vs. normal)
0.701
0.627
0.672

SDF1 promoter activity was lower in senescent
fibroblasts than in control fibroblasts, indicating that
SDF1 expression is transcriptionally regulated (Figure
S7). It was previously reported that ageing causes
distinct epigenetic changes in human skin and that
age-related changes in DNA methylation contribute
to the phenotypic changes associated with skin ageing
[21-24]. DNA methylation is also recognized as an
important mechanism involved in the regulation of
SDF1 expression [25]. We therefore evaluated whether
the suppression of the SDF1 gene observed in
senescent fibroblasts might be due to DNA
methylation. An analysis of the DNA methylation
profiles of senescent fibroblasts revealed several
points of CpG island methylation on the SDF1
promoter site (Figure S8). A subsequent
methylation-specific PCR analysis performed after
bisulfite treatment showed that the CpG island
methylation of the SDF1 promoter was markedly
reduced in senescent fibroblasts (Figure 3D). The
reduced SDF1 expression observed in the senescent
fibroblasts was restored in the presence of a
demethylating agent, 5-aza 2-deoxycytidine (5-Aza)
(Figure 3E). DNA methylation of the SDF1 promoter
was also observed in ageing pigmented skin. A
methylation-specific PCR analysis showed that the
level of methylation of the SDF1 promoter was
significantly increased in SL (Figure 3F). SDF1
expression is regulated by several types of
transcription factors, such as p53, NF-κB, SP1 and
AP1, and p53 and NF-κB, which are commonly
http://www.thno.org
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upregulated in senescent cells. p53 was found to
suppress SDF1 production in cultured stromal
fibroblasts, while NF-κB is an inducer of SDF
expression [26, 27]. Therefore, we also evaluated the
ability of p53 and NF-κB to regulate SDF1
transcription in senescent fibroblasts (Figure S9).
However, these data were excluded because the
dermal fibroblasts in SL skin samples rarely expressed
p53 and NF-κB was activated in senescent fibroblasts.
Taken together, these findings indicate that in
ageing-related pigmentation, senescent fibroblasts
exhibit SDF1 deficiency as a result of changes in DNA
promoter methylation.

SDF1 deficiency in senescent fibroblasts drives
skin pigmentation
The biological role of SDF1 in controlling skin
pigmentation was then investigated. The endogenous
expression of SDF1 and its receptor CXCR4 was
examined in skin cells in vitro and in vivo (Figure
4A-B). Among the tested cells, the mRNA and protein
expression of SDF1 was strongest in fibroblasts
(Figure 4A). Melanocytes scarcely expressed SDF1
and instead expressed CXCR4 (Figure S10), indicating
the possibility of paracrine crosstalk between
fibroblasts and melanocytes via SDF1. SDF1/vimentin
double-positive
fibroblasts
and
melanocytes
expressing SDF1 and CXCR4 were consistently
observed in normal human skin in vivo (Figure 4B).
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Keratinocytes expressed only low levels of SDF1 or
CXCR4 in vitro or in vivo.
To investigate the paracrine effect of
fibroblast-derived
SDF1
on
pigmentation,
melanocytes were co-cultured with fibroblasts
infected with the sh-SDF1 or SDF1 lentivirus using
Transwell plates (Figure S11). Melanin levels and
tyrosinase
activity
were
higher
in
the
SDF1-knockdown fibroblasts than in the controls. The
mRNA and protein expression levels of MITF and
tyrosinase were significantly upregulated. Consistent
with these results, SDF1-overexpressing fibroblasts
exhibited decreased melanogenesis (Figure 4C-D).
Inducing SDF1 overexpression or knockdown in
fibroblasts did not affect melanocyte proliferation
(Figure S12). To further investigate the effects of
exogenous SDF1 on melanocytes, melanocytes were
treated with recombinant human SDF1α (rhSDF1, 100
ng/mL). Exogenous SDF1 reduced pigmentation
(Figure 4E), and this effect was reversed by treatment
with a selective CXCR4 antagonist, AMD 3100 (Figure
S13). We further confirmed that SDF1 acts as a
paracrine factor in melanocytes. Conditioned media
(CM) was obtained from young or RS fibroblasts
incubated with melanocytes in the presence or
absence of AMD3100. The mRNA expression levels of
MITF and tyrosinase were higher in melanocytes
treated with AMD3100 and CM obtained from young
fibroblasts. However, the senescent fibroblast-derived

Figure 4. Effects of SDF1 on skin pigmentation. (A) SDF1 and CXCR4 expression in cultured melanocytes (MC), keratinocytes (KC) and fibroblasts (FB). Real-time PCR
(left upper), ELISA (left lower), and immunocytochemical (right, scale bar, 10 µm) analyses. N.D., not detected. (B) Immunohistochemical staining performed in normal human
skin. SDF1 (red)/vimentin (green) double-immunostained fibroblasts and CXCR4 (green)-/MITF (red)-stained melanocytes were visualized (scale bars, 50 µm). (C) Pigmentation
in melanocytes co-cultured with fibroblasts infected with shSDF1 lentivirus or controls. (D) Pigmentation in melanocytes co-cultured with SDF1-overexpressing fibroblasts. (E)
Effect of treatment with recombinant human SDF1α (rhSDF1, 100 ng/mL) in melanocytes. (F) Real-time PCR analysis of MITF and tyrosinase mRNA expression in cells incubated
in the presence of a CXCR4 inhibitor (AMD3100). Melanocytes were cultured with conditioned media (CM) obtained from young or RS fibroblasts incubated with/without 1 µM
AMD3100 for 2 days. The CM-treated cells were then analysed for MITF and tyrosinase mRNA expression. (G) Pigmentation of ex vivo human skin treated with rhSDF1 (scale
bar, 100 μm). (H) SDF1 overexpression in senescent fibroblasts reversed the stimulatory effects of the cells on melanogenesis. (I) Expression of phospho-CREB (upper) and
cAMP formation (lower) in melanocytes treated with an rhSDF1- or SDF1-expressing lentivirus. Data are shown as the mean ± SD (p value, t-test). N.S. indicates no significance.
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CM exerted no effect (Figure 4F). Finally, the
inhibitory effect of SDF1 on cutaneous pigmentation
was explored in ex vivo human skin samples. In
samples grown in the presence of rhSDF1, the amount
of epidermal pigmentation was significantly reduced,
as shown by Fontana-Masson staining (Figure 4G).
Furthermore, in senescent fibroblasts, SDF1
overexpression reversed their stimulatory effects on
melanogenesis (Figure 4H). To determine the
molecular mechanism by which SDF1 inhibited
melanogenesis, we next examined the SDF1/cAMP
signalling pathway [18]. Treatment with rhSDF1 was
associated with decreased levels of CREB
phosphorylation (Figure 4I, upper panel). Consistent
with these results, treatment with rhSDF1 or SDF1
overexpression decreased cAMP formation (Figure 4I,
lower panel). Furthermore, rhSDF1 decreased
forskolin-induced cAMP levels (Figure S14). These
data suggest that SDF1 exerts an anti-melanogenic
function by down-regulating cAMP/pCREB/MITF/
tyrosinase signalling in melanocytes.

The elimination of senescent fibroblasts
induces skin lightening
To further investigate the impact of senescent
cells on ageing-related pigmentation, we performed
an intervention that targeted senescent cells.
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Microneedle fractional radiofrequency (RF) is a
cosmetic therapy that induces skin rejuvenation via
electromagnetic thermal injury [28, 29]. The
microneedle RF device was chosen to manipulate only
dermal cells, in which the microneedles generate
thermal coagulation columns in the dermis, not in the
epidermis [30]. It was previously demonstrated that
fractional laser treatment decreases the occurrence of
senescent fibroblasts in aged dermis [31]. Ten
volunteers with SL were treated with RF, and skin
samples were collected from 4 participants who
agreed to undergo a skin biopsy before and at 6 weeks
after treatment (Figure 5A). Following RF treatment,
the number of senescent fibroblasts was significantly
reduced (Figure 5B). The elimination of these cells
was thought to be caused by RF-induced cell death.
On day 3, cleaved caspase 3- and TUNEL-positive
cells were observed (Figure 5C and Figure S15). The
elimination of senescent fibroblasts from SL was
accompanied by skin lightening. The L* (lightness)
value measured by a chromameter were higher than
those obtained at baseline, and histological
evaluations consistently revealed a marked decrease
in the epidermal pigmentation compared to baseline
levels (Figure 5D). RF treatment increased the
synthesis of collagen and restored SDF1 expression to
levels comparable to those observed in perilesional

Figure 5. The elimination of senescent fibroblasts induces skin lightening. (A) Scheme of the intervention performed to target senescent fibroblasts. Ten volunteers
with senile lentigo (SL) underwent radiofrequency (RF) treatment for 6 weeks. Matched biopsies obtained from 4 individual subjects in whom a pair (SL and perilesional normal)
of samples were obtained from untreated facial tissues and a second pair of samples were obtained from facial tissue treated with RF were assayed to determine the expression
profiles of p16INK4A (B) and cleaved caspase 3 (C) by immunohistochemistry. (D) Skin lightness was assessed using L* (lightness) values measured by a chromameter and using
histological evaluation. Circles and quadrangles indicate SL lesions (left panel). The pigmented area/epidermal area (PA/EA) ratio was measured by image analysis (right lower).
(E) SL and perilesional normal tissue obtained from facial tissues that were untreated and treated with RF were assayed to determine the expression levels of SDF1 and
procollagen type 1 by immunohistochemistry (scale bars: 50 µm).
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normal skin (Figure 5E and Figure S16-17). These
findings indicate that senescent fibroblasts play a
crucial role in ageing-related pigmentation. They
provide further support for the therapeutic potential
of eliminating senescent cells and restoring SDF1 to
correct uneven pigmentation.

Discussion
Melanogenesis, the formation of melanin
pigment, is regulated by cytokines and growth factors
in a highly orchestrated manner [1]. In this study, we
reveal what we believe is a novel mechanism whereby
aged fibroblasts contribute to the local regulation of
melanogenesis. We show that as an individual ages,
pigmented skin contains an increasing proportion of
senescent fibroblasts. Phenotype switching in these
cells results in the loss of SDF1, and SDF1 deficiency
appears to be a potent stimulus for the melanogenic
processes that contribute to uneven pigmentation.
These changes might be epigenetic. For example, the
level of hypermethylation of the SDF1 promoter was
remarkably different between hyperpigmented and
perilesional skin. Although the mechanism that drives
the initiation of this epigenetic change is not well
understood, natural and photo-ageing-related
epigenetic changes are known to contribute to the
phenotypic changes associated with skin ageing
[21-24].
The human skin, unlike other organs, undergoes
photo-ageing in addition to natural ageing processes,
and photo-ageing has been attributed to ageing
pigmentation [24]. Both processes are cumulative, and
the most noticeable age-related changes therefore
occur in the superficial layer of the skin. In the present
study, we show that cellular senescence is especially
likely to occur in fibroblasts located in the upper
dermis of pigmented skin. Senescent fibroblasts are
expected to influence melanocytes via cross-talk that
can readily occur through a damaged basement
membrane [32]. We showed that senescent fibroblasts
play a stimulatory role in pigmentation by
upregulating the expression of the melanogenesis
regulators MITF and tyrosinase in melanocytes, in
agreement with previous results [13, 14]. Moreover,
the impact of senescent fibroblasts on skin
pigmentation was directly demonstrated when
eliminating senescent cells with an intervention that
reduced pigmentation. Together, these findings
suggest that crosstalk occurs between melanocytes
and senescent fibroblasts during the ageing process
and that this crosstalk plays an important role in the
stimulation of melanogenesis and subsequent
ageing-related pigmentation.
In previous studies, facial SL showed flattened
rather than elongated rete ridges [33, 34], and 10 of 25
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examined samples contained p16INK4A-positive
keratinocytes
[34].
In
the
present
study,
p16INK4A-positive keratinocytes were observed in 5 of
17 samples. The number of p16INK4A-positive
keratinocytes did not appear to be correlated with the
number of p16INK4A-positive fibroblasts. It has been
suggested that SL is most likely initiated by
keratinocyte proliferation followed by quiescence in
enlarged senescent keratinocytes with a higher
melanin burden [34, 35]. According to the literature,
the increased expression of pigmentary proteins is
consistently observed regardless of the degree of
progression in lentigo [35]. We therefore speculate
that SL is a disorder that affects both melanocytes and
keratinocytes in which melanocyte activation may be
controlled by intricate interactions between
melanocytes and senescent fibroblasts during the
ageing process. Keratinocyte senescence may
contribute to the increased epidermal thickness
observed in SL cases. Nevertheless, it should be noted
that we could not completely rule out the notion that
senescent keratinocytes play a role in controlling
pigmentation, and additional investigation will be
required to resolve this issue.
An increasing amount of data in the literature
are focused on the important role of melanogenic
factors secreted by senescent phenotype fibroblasts in
favouring hyperpigmentation linked to ageing [13, 14,
35, 36]. In particular, the ability of these cells to release
high amounts of pro-pigmenting factors, such as
hepatocyte growth factor (HGF), keratinocyte growth
factor (KGF), and SCF could act in promoting
pigmentation. Moreover, the crucial role of these
factors in the development of age spots has been
demonstrated in immunohistochemical studies
showing positive reactivity for KGF and/or HGF [14,
35, 37]. However, in our RNA sequencing data, none
of these factors appeared to have been significantly
modulated in senescent cell models. The expression
levels of the melanogenic factors HGF and KGF
varied and were not consistent between replicative
and UVA-induced senescent fibroblasts. Instead, only
the LIF1 transcript was significantly upregulated in all
samples. Moreover, many kinds of genes were
differentially expressed in age spots, but melanocyte
pigmentation-related genes were not among them
(array data deposited in GSE109778), consistent with
previous observations [38]. These results led us to
hypothesize that the hyperpigmentation in age spots
results from a decrease in the expression of the
anti-melanogenic factor SDF1.
In the skin, dysregulation of SDF1 signalling was
previously linked to autoimmune and chronic
inflammatory dermatological disorders, such as
psoriasis, atopic dermatitis and lupus [19]. Studies of
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vitiligo performed in animal models have shown that
melanocyte-derived SDF1 plays an important role in
the activation of melanocyte-specific autoimmunity
and results in continuous loss of melanocytes [39].
The results of the present study suggest that beyond
the case of vitiligo, in which an immune response is
thought to be responsible for the destruction of
normal melanocytes, SDF1 plays an inhibitory role in
controlling cutaneous pigmentation in vivo. Among
the many cytokines that affect melanocytes, several
(TGFβ1, IFN-γ, DKK1, and clusterin) are known to
have hypopigmentation effects and to be capable of
independently modulating the expression levels of
tyrosinase and related enzymes [40, 41]. We found
that normal fibroblasts secrete considerable amounts
of SDF1 and SDF1 inhibits pigmentation in
melanocytes expressing CXCR4. In ageing skin, SDF1
levels were markedly reduced, and SDF1-deficient
ageing skin showed increased pigmentation.
Moreover, the restoration of SDF1 after RF treatment
was accompanied by skin lightening. It is also
possible that the ability to secrete SDF1 is altered in
senescent cells (Figure 3A-B). The in vivo role of
fibroblast-derived SDF1 in cutaneous pigmentation
requires further investigation. Nevertheless, the
inhibitory actions of SDF1 during the control of
pigmentation suggest that SDF1 is a possible
therapeutic target for the development of
skin-lightening
agents
that
can
treat
hyperpigmentation. As SDF1 expression was found to
be epigenetically controlled and epigenetic
modifications, such as DNA methylation, can be
reversed, treatments for senile lentigo that use
epigenetic “drugs” could be explored.
It should be noted that the cell culture model of
senescent fibroblasts used in our study may not
necessarily represent the cells that actually impact
melanogenesis in the facial area as the fibroblasts
were obtained from the foreskins of neonates or
young adults with skin phototype III or IV. To induce
replicative senescence, dermal fibroblasts were
cultured at a high serum concentration to induce cell
proliferation. This would not normally be observed in
vivo, in which these cells are in general quiescent [42].
Indeed, the ageing process dermal fibroblasts
undergo in their physiological tissue environment has
only been partially defined in in vitro aged dermal
fibroblasts [43]. Therefore, the specific and detailed
roles of known melanogenic factors in promoting
pigmentation independent of the expression of SDF1
during the development of SL should be considered,
and further investigations are necessary.
In conclusion, the results of this study provide
an integrated view of how senescent fibroblasts
contribute to skin pigmentation. Our findings suggest
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that senescent fibroblasts and their phenotype
switching are promising therapeutic targets for
delaying
or
preventing
ageing-associated
pigmentation. These data may provide a new
therapeutic paradigm, such as a stroma-targeting
therapies that involve energy-based devices that
incorporate intense-pulse light (IPL), pulsed-diode
lasers, and pico lasers, to treat pigmentary disorders.
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Abstract
It has been proposed that melasma is a photoaging skin disorder. The photoaged fibroblasts
has been suggested as an important source of melanogenic factors which are involved in the
regulation of pigmentation. To investigate whether melasma includes senescent cells, lesional
and perilesional normal skin from 38 melasma patients was assessed using a cell senescence
marker, p16INK4A. The results showed that lesional dermal skin had more p16INK4A-positive
senescent cells than perilesional skin. The impact of senescent fibroblasts was further
investigated in a pilot study using radiofrequency (RF) intervention for melasma. It showed
that the RF therapy decreased the number of senescent cells with increased expression of
procollagen-1, which were associated with reduced epidermal pigmentation. This leads us to
the speculation that senescent fibroblasts may contribute to drive melasma and might be
considered as a potential therapeutic target.
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melasma, photoaging, radiofrequency, senescent fibroblasts
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1. Introduction
Melasma is a common acquired hyperpigmentary disorder of sun-exposed skin. Although
melasma is known as epidermal pigmentary disease, studies have suggested that it might be
regarded as one of the phenotypes of photoaging. Immunohistochemical studies have shown
that melasma shows prominent features of solar damaged skin compared with that in
perilesional normal skin; lesional skin shows increased solar elastosis, vasculature, and
basement membrane disruption underlying increased epidermal pigmentation. 1-4 These
findings suggested in melasma skin, not only melanocytes but other actors, especially dermal
components such as photo-aged fibroblasts or vasculature, probably have a key role in the
development and the relapses of melasma. 5
A pivotal role of photoaged fibroblasts in determining the pigmentation phenotype of aging
skin was recently highlighted.6-7 Under ultraviolet (UV) irradiation, fibroblasts become
senescent and produce more skin aging-associated secreted proteins (SAASP) compared with
normal fibroblasts.8 These SAASP include variably-expressed secreted factors controlling
extracellular matrix production and also include melanogenic cytokines, such as stem cell
factor (SCF), keratinocyte growth factor, and hepatocyte growth factor.9 It was further
demonstrated that fibroblasts derived SCF or secreted frizzled-related protein 2 (SFRP2) play
a role in the development of melasma.10-11 Very recently, the direct role of senescent
fibroblasts in the development of senile lentigo was shown. 12 These findings led to the
speculation that senescent fibroblasts could be involved in the pathogenesis of melasma.
In this study, we investigated whether melasma includes senescent cells. As the results
indicate that melasma lesional skin contains more dermal senescent cells, we further
performed a pilot study to examine whether skin rejuvenation procedure targeting dermis may
reduce the pigmentation of melasma. These data may provide a new therapeutic modality,
such as senescent fibroblasts-targeting therapies to treat melasma.

2. Materials and Methods
2.1 Biopsy collection
A retrospective study comprising 38 women with facial melasma with Fitzpatrick skin type
III or IV (mean age 45) was performed. Diagnosis was based on physical examination and
confirmed by histopathological findings. All patients underwent 2 mm skin biopsy, and
samples were taken from lesional and perilesional normal areas (usually within 10 mm from
the lesion margin).
2.2 Participants and radiofrequency (RF) treatment
Three female volunteers with melasma (Fitzpatrick skin type III or IV, 32-45 years old) were
included. Exclusion criteria were pregnancy/lactation, prior aesthetic medical procedures, or
use of topical depigmenting agents in the 3 months prior to the study. A bipolar pulsed-type

3

RF device (SYLFIRMTM, Viol, Gyounggi, Korea) at a frequency of 2 MHz, and with a
disposable tip comprising 25 non-insulated microneedles was used in this trial. Parameters
were set at level 2 with a penetration depth of 1.5 mm. Subjects received 5 sessions of RF
treatments every 2 weeks. Mild pain and temporary erythema during and after the procedure
were well tolerated in all participants. No serious adverse events were encountered. Skin
pigmentation levels were measured using a chromameter (CR-300, Minolta, Japan) and the
values for lightness are denoted by L*. The lesional skin samples were taken at baseline and
at 12 weeks for immunohistochemical study. This study was approved by the institutional
review board of Ajou University Hospital (IRB number: AJIRB-DEV-DE3-15-491).
2.3 Immunohistochemical analysis
Immunohistochemical staining was performed on 4% paraformaldehyde-fixed, paraffinembedded sections. Antibodies against a cell senescence marker, p16INK4A, (Santa Cruz
Biotechnology, Dallas, TX, USA) and procollagen-1 (The Developmental Studies Hybridoma
Bank, Iowa City, IA, USA) were used for protein detection. Fontana-Masson staining was
performed to measure the amount of melanin pigmentation. Image signals were evaluated
using Image Pro Plus Version 4.5 (Media Cybernetics Co., Rockville, MD, USA). The
number of p16INK4A-positive cells in the dermis within 200 μm from the epidermal-dermal
junction was determined.
2.4 Statistics
Statistical significance was determined using Student’s t-test. A p value of <0.05 was
considered statistically significant. All results are presented as mean ± SD.

3. Results
3.1 Melasma lesional skin contains more dermal senescent cells
Biopsy samples of lesional and perilesional normal skin of 38 melasma were assessed using
p16INK4A, a cell senescence marker. 13 The number of p16INK4A-positive cells was significantly
higher in the dermis of lesional skin than in that of perilesional skin (5.58 ± 4.55 vs. 2.05 ±
1.71, p < 0.001) (Fig. 1). Most p16INK4A-positive cells were observed in the superficial dermis
near the epidermal-dermal junction, not in the deep dermis, suggesting the influence of UV
irradiation on cellular senescence. There was no change in the number of p16INK4A-positive
cells in the epidermis of the lesional skin compared to perilesional normal skin (lesional skin:
1.39 ± 2.79 vs. perilesional skin: 0.79 ± 1.60, p = 0.08). These results indicate that melasma
include the accumulation of senescent cells in the dermis.

3.2 Reduction of senescent cells are associated with improvement of pigmentation
RF technique has been used as an anti-aging treatment and the RF electro-thermal injury
induces vigorous dermal remodeling and generation of new collagen. 14-15 Moreover, fractional
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laser resurfacing therapy was shown to decrease the proportion of senescent fibroblasts in
aged dermis.16 Three female volunteers with melasma underwent microneedle fractional RF
treatment. All subjects showed clinical improvement after RF treatment compared with
baseline (Fig. 2A). The L* (lightness) value increased from the baseline (54.67 ± 6.20 vs.
60.87± 4.32). Histologic analysis revealed that the RF treatment showed a reduction in
p16INK4A-positive cells and appeared to reverse the senescence-dependent decrease in collagen
response, i.e. there was an increase in the density of procollagen-1 after RF treatment. These
changes were associated with decreased pigmentation in the epidermis, i.e., Fontana-Masson
staining demonstrated a marked decrease in pigmentation of lesional skin compared with
baseline values (Fig. 2B). The above findings were similar in all three subjects with variable
degrees.

4. Discussion
The present study demonstrated that melasma is characterized by accumulation of
senescent cells in lesional dermis. The increased number of spindle-shaped p16INK4A-positive
fibroblasts is thought to originate from chronic UV irradiation. These findings are in line with
the previous observations that melasma shows features of sun-damaged skin and the in vitro
UV-induced senescence like phenotype of fibroblasts leads to the increased production of the
melanogenic factors.1-11 The senescent cells were mainly observed in the upper layer of the
dermis, which have the advantage of easy cross talk with nearby melanocytes. The impaired
basement membrane in melasma may also contribute to the interaction between senescent
fibroblasts and epidermal melanocytes. 3-4 All these observations suggest that senescent
fibroblasts may contribute to increased pigmentation in melasma, and that dermal targeting
therapies could be considered for melasma treatment.
Potential strategies with regard to the aging process include interfering with the adverse
effects of senescent cells by targeting the secretory phenotype and eliminating senescent
cells.17 In the present pilot study, the impact of senescent fibroblasts on skin pigmentation was
suggested when reducing senescent cells with RF intervention, which was associated with
reduced pigmentation. The removal of senescent fibroblasts might be due to dermal
remodeling by inducing a mild wound-healing response of RF therapy; the RF may increase
the percentage of replicating fibroblasts and these newly recruited young fibroblasts actively
produce new collagen and may also modify skin microenvironmental milieu toward balanced
normal pigmentation. Indeed, the skin lightening effects of antiaging procedures including
antiaging cocktail hydroporation or microneedling as well as RF in melasma was previously
suggested.18-20 These observations may highlight the importance of the dermal
microenvironment in regulating melanocyte biological activity. However, it should be noted
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that three subjects only were used for the RF treatment and any conclusions from this work
are necessarily limited.
The major classical etiological factors of melasma include genetic influences, sun
exposure, and female sex hormones.21 Under exposure to the sun, the network of cellular
interactions between keratinocytes, fibroblasts and perhaps the vasculature and melanocytes
may play a role in the development of epidermal hyperpigmentation in melasma. Especially,
the senescent change of the fibroblasts and their phenotype switching may contribute to the
increased pigmentation of melanocytes. In this regards, although Kligman formula is still a
golden standard for melasma treatment, the microenvironment around melanocytes is another
important target for a more efficient treatment of melasma and a better prevention of the
relapses. Melasma is no more simple melanocytic disease and is considered as a part of
photoaging.
In summary, this study shows that melasma involves senescent fibroblasts accumulation
in the dermis and the aged dermis including senescent cells might be a therapeutic target for
melasma.
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Figure legends
Figure 1. Melasma lesional skin contains more dermal senescent cells.
Biopsies of lesional and perilesional normal skin of melasma were assessed using a marker of
cell senescence, p16INK4A. The scale bar indicates 200 μm. Statistical significance was
determined using Student’s t-test.

Figure 2. Reduction of senescent cells are associated with improvement of pigmentation.
(A) Clinical photographs of participants at 0, 8, and 12 weeks of microneedle fractional
radiofrequency (RF) treatment, showing gradual improvement in pigmentation.
(B) Changes in the number of p16INK4A-positive cells and expression of procollagen-1 and
melanin pigmentation in lesional skin after RF treatment. The scale bar indicates 200 μm.
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In vivo skin reactions from pulsed-type, bipolar, alternating
current radiofrequency treatment using invasive noninsulated
electrodes
S.B. Cho1,2

| J. Na3 | Z. Zheng1,4 | J.M. Lim5 | J.-S. Kang2 | J.H. Lee5 | S.E. Lee5

1
Department of Dermatology and Cutaneous
Biology Research Center, International
St. Mary’s Hospital, Catholic Kwandong
University College of Medicine, Incheon,
Korea

Abstract
Background: Bipolar, alternating current radiofrequency (RF) conduction using invasive noninsulated electrodes consecutively generates independent tissue coagulation
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around each electrode and then, the converged coagulation columns.
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Methods: Two pulsed-type RF models at the on-time pulse width/pulse pack of 30
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and 40 milliseconds were designed to amplify the early stage of RF-induced tissue
reaction using hairless mouse skin in vivo. Then, structural and ultrastructural changes
were evaluated in hairless mouse skin samples at baseline and immediately 1 day,
3 days, 7 days, and 14 days after treatment.
Results: Immediately after pulsed-RF treatment, a few chrysanthemum-like zones of
electrothermal coagulation and hypereosinophilic collagen fibers were found in the
dermis and dermo-subcutaneous fat junction. Histochemical staining for periodic acid-
Schiff and immunohistochemical staining for type IV collagen revealed marked thickening of basement membranes. Transmission electron microscopy demonstrated that
pulsed-RF treatment resulted in higher electron-dense and remarkably thicker lamina
densa, as well as increases in anchoring fibrils, compared with untreated control specimens. Furthermore, CD31-positive blood vessels were smaller in size with a slit-like
luminal appearance, without excessive damage to endothelial cells.
Conclusion: Our data indicated that pulse-type, bipolar RF energy induces structural
and ultrastructural changes in basement membranes and vascular components in hairless mouse skin.
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1 | INTRODUCTION

the frequency of the electrical current, monopolar and bipolar modes
of RF delivery, and the characteristics of electrodes.1,3-6 Additionally,

Radiofrequency (RF) devices emitting a high-
frequency alternating
electrical current induce selective electrothermal reactions in targeted

clinicians have found that continuous-and pulsed-type RF treatments
elicit different RF-induced tissue reactions.7-10

tissues.1-3 Patterns of RF-induced tissue reactions have been shown to

Continuous-type RF irradiation systems have been used for de-

vary according to the resistance or impedance of the targeted tissue,

cades. These systems continuously deliver RF energy over a set con-
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duction time to induce selective electro-thermolytic tissue reactions.3,7
Continuous RF delivery generates 3 distinctive zones of hyperthermic
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tissue injury, including a central zone of coagulative necrosis, a pe-

devices were utilized: one emitting 3 pulse cycles at a gated on-time

ripheral or transitional zone of reversible thermal injury, and normal

pulse width of 40 milliseconds and a power of 3.3 watts/pulse pack

surrounding tissue.7 In the central zone of coagulative necrosis, a high

(type A) and the other emitting 5 pulse cycles at an on-time pulse

current density around invasive penetrating electrodes raises tissue

width of 30 milliseconds and a power of 3 watts/pulse pack (type B).

temperatures between 60°C and 100°C, causing lethal and irrevers-

Both devices utilized 10 mm × 10 mm disposable tips composed of 25

7

ible thermal tissue injury. Meanwhile, tissue in the peripheral zone,

invasive noninsulated microneedle electrodes uniformly arranged in

which surrounds the central zone, reaches temperatures between

a 5 × 5 pattern. The microneedles are constructed of surgical stain-

41°C and 45°C; the RF-induced electrothermal reactions in this zone

less steel with 24K gold plating for homogeneous RF conduction and

are sublethal, but still vulnerable to further injury.7 The peripheral zone

comprise a body diameter of 300 ± 10 μm and a pointed microneedle

additionally shows increased blood flow that facilitates the infiltration

tip length of 750 ± 10 μm.

of inflammatory cells and induces an immune response.11,12
Electromagnetic initiation and propagation of continuous-
type,
bipolar, alternating current RF-induced tissue reactions have been
investigated in vivo in micropig skin and ex vivo in bovine liver spec-

2.2 | In vivo treatment of hairless mouse skin with
invasive pulsed-type, bipolar, alternating current RF

imens using invasive noninsulated electrodes.6 Therein, independent,

All experimental protocols were approved by the ethics committee of

cocoon-shaped areas of electrothermal coagulation, called a “Na ef-

the Yonsei University Institutional Animal Care and Use Committee

fect,” were characteristically found around each electrode (areas of

(2015-0172), and the methods were carried out in accordance with

high current density) upon continuous delivery of RF signals over the

the approved guidelines. Thirty-six, female, specific pathogen-free,

conduction times of 120 milliseconds, 200 milliseconds, 300 millisec-

hairless mice (SKH-1, Orient Bio Inc., Gyeonggi-do, Korea; 6-8 weeks

onds, and 1 second.6 At a conduction time of more than 2 seconds,

old) were used in this study. General anesthesia was administered

convergent areas of coagulation appeared throughout inter-electrode

via an intraperitoneal bolus injection of tiletamine/zolazepam (5 mg/

6

areas with lower current density. Furthermore, in vivo in micropig

kg) and xylazine (2 mg/kg). The backs of the experimental mice were

skin and ex vivo in bovine liver specimens exhibited the characteristic

cleansed with a mild soap and 70% alcohol. Then, pulsed-type, bipo-

histologic changes of vascular components along the regions directly

lar, alternating current RF treatment was performed on the experi-

between the electrodes without distinguishable tissue coagulation.6

mental mice at the electrode penetration depth of 3.0 mm over one

In this in vivo study, we aimed to investigate RF-induced skin re-

pass without overlapping. Neither pretreatment topical anesthesia

actions, particularly in vascular components and the basement mem-

nor posttreatment cooling was applied. The experimental mice were

brane, at shorter or very closed conduction times that would minimize

killed for sampling the treated skin in a humane manner according to

electrothermal reactions around each penetrating electrode. However,

standard protocols.

we supposed that a single continuous-type pulse of a very short conduction time would not deliver enough RF signal to induce structural
and ultrastructural electrothermal changes in in vivo micropig skin or
ex vivo bovine liver tissue. Therefore, pulsed-type RF models were

2.3 | Histological and immunohistochemical
examinations

used to amplify the early stage of RF-induced tissue reaction, and the

At baseline and at immediately 1, 3, 7, and 14 days after treatment,

time-course effects of RF treatment were investigated using exper-

skin specimens of full thickness from the hairless mice were ob-

imental hairless mouse skin, which has properly sufficient vascular

tained for histologic evaluation. Each sample was fixed in 10% buff-

components. To do so, electrical fields of 2 MHz were generated by

ered formalin and then embedded in paraffin. Hairless mouse skin

2 different settings of pulsed bipolar RF devices: 3 pulse cycles at a

blocks were cut along the longitudinal plane to detect the insertion

gated on-time pulse width of 40 milliseconds and 5 pulse cycles at an

axes of the microneedle electrodes and RF-skin tissue interactions.

on-time pulse width of 30 milliseconds, equipped with invasive nonin-

For each treatment setting, 20-30 serial skin tissue sections of 4-μm

sulated microelectrodes. Then, structural and ultrastructural changes

thickness were prepared and stained with hematoxylin and eosin

were evaluated in hairless mouse skin samples at baseline and imme-

and periodic acid-Schiff (PAS). Additionally, tissue sections from ex-

diately 1 day, 3 days, 7 days, and 14 days after treatment.

perimental mice were subjected to immunohistochemical examination for type IV collagen, CD31, and vascular endothelial growth

2 | METHODS
2.1 | Pulsed-type, bipolar, alternating current RF
using noninsulated microneedle electrodes

factor (VEGF). The rabbit anti-type IV collagen polyclonal antibody
(Abcam, Cambridge, UK) at a dilution of 1:200, the rabbit anti-CD31
polyclonal antibody (Abcam) at a dilution of 1:200, and the rabbit
anti-VEGF monoclonal antibody (Abcam) at a dilution of 1:250 were
used as primary antibodies. After washing with PBS, the sections

A pulsed-type, bipolar, alternating current RF device equipped with

were incubated in HRP-conjugated secondary anti-sera at a dilution

noninsulated microneedle electrodes (SYLFIRM; Viol, Kyunggi, Korea)

of 1:100 for 30 minutes. Sections were then lightly counterstained

emitting 2-MHz RF oscillations was utilized to evaluate RF tissue re-

with hematoxylin. Negative controls were obtained by omitting the

actions on in vivo hairless mouse skin. Two pulsed-type bipolar RF

primary antibody.

|
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2.4 | Western blotting and real-time polymerase
chain reaction

2.5 | Transmission electron microscopy

Full-thickness skin samples from the mice were homogenized in

fixed in 50 mM sodium cacodylate buffer (pH 7.4) that contained 2%

lysis buffer, and a total of 50 μg of protein per sample was analyzed

glutaraldehyde in paraformaldehyde for 30 minutes at 32°C, post-

by denaturing 10% sodium dodecyl sulfate (SDS)-polyacrylamide

fixed in 1% osmium tetraoxide for 2 hours at 4°C, and dehydrated by

gel electrophoresis. Prepared samples were immunoblotted with

treatment with a graded series of ethanol. Then, the isolated biopsy

anti-
VEGF antibody (Abcam). Signals were revealed using en-

specimens were treated with propylene oxide, embedded in Epon

hanced chemiluminescence. Additionally, tissue samples were

according to standard procedures, and localized in semi-
thin sec-

homogenized in TRIzol reagent (Invitrogen Life Technologies,

tions. Sections were cut using Ultracut R Ultratome (Leica, Wetzlar,

Carlsbad, CA, USA), and total cellular RNA was extracted from

Germany) and were counterstained with 8% uranyl acetate and lead

tissue samples. RNA was reverse transcribed, and the result-

citrate. TEM was also performed using a JEOL JSM 1011 microscope

ing cDNA was synthesized from 500 ng total RNA using TaKaRa

(Tokyo, Japan) operating at 80 kV. Eight to ten pictures of each speci-

RNA PCR Kit Ver.2.1 (TaKaRa BIO INC., Shiga, Japan). Total RNA

men were taken.

For transmission electron microscopy (TEM), the specimens were

was reversely transcribed with the TaqMan Reverse Transcription
Reagents (Applied Biosystems, Foster City, CA, USA) according to
the manufacturer’s protocol. Relative mRNA levels were quantified with the fluorescent TaqMan technology. Polymerase chain
reaction (PCR) primer and probe specific for murine VEGF-A (assay
ID; Mm00437306_m1) were obtained as TaqMan Gene Expression
Arrays (Applied Biosystems). Glyceraldehyde 3-
phosphate de-

3 | RESULTS
3.1 | In vivo tissue reactions after invasive, pulsed-
type, bipolar RF treatment of hairless mouse skin
First, we evaluated histologic changes in hairless mouse skin over the

hydrogenase and β-actin were used as endogenous controls to

duration of 14 days after invasive, pulsed-type, bipolar RF treatment

normalize the amount of sample RNA. The real-time PCR was per-

(Figure 1). Immediately after the treatment, a few chrysanthemum-

formed with equal amounts of cDNA in the GeneAmp 7700 se-

like zones of electrothermal coagulation were found in the dermis

quence detection system (Applied Biosystems) using the TaqMan

of skin specimens from mice treated with 3 pulse cycles at a gated

Universal PCT Master Mix (Applied Biosystems). Reactions were

on-time pulse width of 40 milliseconds and a power of 3.3 watts/

incubated at 50°C for 2 minutes, at 95°C for 10 minutes followed

pulse pack (type A-RF treatment group). Collagen bundles within the

by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. Water

coagulation zones were basophilic and feathery, and each coagula-

controls were included to ensure specificity. Each experiment was

tion zone could be morphologically subdivided into approximately

performed triplicate.

3 distinguished zones of differing degrees of tissue coagulation. No

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

F I G U R E 1 In vivo tissue reactions from invasive, pulsed-type, bipolar RF in hairless mouse skin. (A-D) Pulsed radiofrequency (RF) treatment
with 3 pulse cycles at a gated on-time pulse width of 40 milliseconds and a power of 3.3 watts/pulse pack (Type A). (E-H) Pulsed RF treatment
with 5 pulse cycles at an on-time pulse width of 30 milliseconds and a power of 3 watts/pulse pack (Type B). (A) Insets show magnified areas
of chrysanthemum-like zones of electrothermal coagulation on day 0 and (B) hypereosinophilic collagen fibers with cellular infiltration on day
1. (E, F) Type B-pulsed RF induced distinguishable hypereosinophilic collagen fibers in the deep dermis and around the dermo-subcutaneous
fat junction (arrows). Post-RF (A, E) day 0, (B, F) day 1, (C, G) day 7, and (D, H) day 14. Hematoxylin and eosin stain, original magnification ×100,
scale bar = 200 μm; inset, scale bar = 100 μm

4

|

remarkable focal zones of coagulation necrosis were observed along
the epidermis and dermis throughout serially sectioned specimens
of mouse skin treated with 5 pulse cycles at an on-time pulse width
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3.4 | Effects of invasive, pulsed-type, bipolar RF on
vascular components

of 30 milliseconds and a power of 3 watts/pulse pack (type B-RF

Immunohistochemical stain for the panvascular marker CD31 re-

treatment group). Distinguishable hypereosinophilic collagen fibers,

vealed normal distention of CD31-
positive blood vessels with a

however, were found in the deep dermis and around the dermo-

smooth luminal surface in control mice skin. Meanwhile, immediately

subcutaneous fat junction in both treatment settings, compared to

and 1 day after RF treatment in both the type A-and type B-RF treat-

skin at baseline. Furthermore, the thicknesses of the epidermis and

ment groups, the CD31-positive blood vessels shrank in size and

dermis increased, and dermal collagen density also notably increased

exhibited luminal structures with a slit-like appearance in the subcuta-

on days 3, 7, and 14.

neous fat layer, but not in the dermis, compared with untreated control skin (Figure 4). The small, collapsed, slit-like CD31-positive blood

3.2 | Effects of invasive, pulsed-type, bipolar RF on
basement membranes

vessels were noted throughout the dermis and subcutaneous fat layer
on days 3 and 7 in both the type A-and type B-RF treatment groups.
At 7 days after type B-RF treatment, collapsed vessels were still ob-

To investigate structural changes in the basement membrane follow-

served in the upper dermis, while in the deep dermis, vessels appeared

ing pulsed-type, bipolar RF treatment in mouse skin, the expression

to be congested and distended. These vascular component features

of type IV collagen and PAS was evaluated. Immunohistochemical

in the dermis and subcutaneous fat layer were more remarkable on

staining for type IV collagen highlighted moderate thickening of

day 14, compared with day 7, particularly with type B-RF treatment.

the basement membrane, which was evident from 3 days after

Nonetheless, no signs of excessive damage to vascular components

both type A-and type B-RF treatment, compared with untreated

were found for either RF device, and the density of CD31-positive

control skin (data not shown). By days 7 and 14, marked expres-

dermal vessels over time was comparable between control mice and

sion of type IV collagen in the basement membrane was found in

RF-treated mice.

both type A-and type B-RF treatment groups, although the expression thereof was more remarkable with type B-RF treatment.
Histochemical staining for PAS also revealed moderate increases in
the thickness of PAS-positive areas along the BM at posttreatment

3.5 | Effects of invasive, pulsed-type, bipolar RF on
vascular endothelial growth factor expression

day 3, compared with untreated control skin, in both type A- and

To examine whether the post-RF treatment alterations in the der-

type B-RF treatment groups (Figure 2). Furthermore, PAS-positive

mal vascular components were associated with altered expression of

thickening of basement membranes was greater at posttreatment

VEGF, we assessed VEGF expression in the hairless mouse skin by

days 7 and 14 in both type A-and type B-RF treatment groups,

real-time PCR and western blot analysis. Down-regulation of VEGF-A

although it was more prominent in skin treated with type B-RF

mRNA expression was found in both type A-and type B-RF treatment

treatment.

groups at posttreatment day 14, compared with untreated control
skin, although the difference lacked statistical significance (Figure 5a).

3.3 | Transmission electron microscopic
features of the basement membrane

Western blot analyses, however, revealed transient over-expression
of VEGF protein immediately after treatment that was gradually
suppressed over the following 14 days in the type A-RF treatment

Using TEM, we further evaluated structures of the dermo-epidermal

group, compared with untreated control skin. In the type B-RF treat-

junction, including the plasma membranes of basal keratinocytes,

ment group, over-expression of VEGF protein remained throughout

lamina lucida, lamina densa, and sublamina densa fibrous com-

the 14 days after treatment, compared with untreated control skin

ponents in hairless mouse skin treated with each of the invasive,

(Figure 5b). Further investigations of VEGF-
A expression revealed

pulsed-type, bipolar RF devices. In untreated control skin, the lam-

comparable levels of VEGF-A protein in control and type A-RF treat-

ina densa appeared as a thin and electron-dense rim in the base-

ment skin. In the type B-RF treatment group, VEGF expression in

ment membrane (Figure 3). After treatment with the type A-and

epidermal keratinocytes and dermal vascular components was com-

type B-RF devices, the thickness of the lamina densa increased

parable between untreated control and treated skin, whereas VEGF

remarkably beginning on day 3. TEM at posttreatment days 7 and

immunoreactivity was markedly stronger in dermal fibroblasts, com-

14 exhibited higher electron-dense and remarkably thicker lamina

pared with control skin (Figure 5c).

densa in both type A-and type B-RF-treated skin specimens, compared with untreated control skin. Increases in anchoring fibrils
were noted on day 14 in hairless mouse skin treated with type B-RF

4 | DISCUSSION

treatment. Comparing the 2 invasive, pulsed-type, bipolar RF devices, we found that type B irradiation induced more remarkable

Pulsed-
type RF systems generate thermal and/or nonthermal

increases in the thickness of the lamina densa, especially on days

tissue reactions according to pulse rates and pulse periods be-

7 and 14.

tween pulse packs.8-10 Pulsed-type RF devices can deliver high RF

|
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(B)

(C)

(D)
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(F)

(G)

(H)
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F I G U R E 2 Effects of invasive, pulsed-type, bipolar RF on basement membranes. (A-D) Type A-RF treatment group, (E-H) type B-RF
treatment group. (C, D, G, H) Skin specimens present increased thickness of periodic acid-Schiff (PAS)-positive areas along the basement
membrane (BM) on posttreatment days 7 and 14, which is more remarkable in the type B-RF treatment group. Post-RF (A, E) day 0, (B, F) day 1,
(C, G) day 7, and (D, H) day 14. PAS stain, original magnification ×400, scale bar = 50 μm

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

F I G U R E 3 Transmission electron microscopic features of basement membranes. (A-D) Type A-RF treatment group, (E-H) type B-RF
treatment group. (C, D, G, H) Transmission electron microscopy (TEM) photographs present remarkable thickening of lamina densa on
posttreatment days 7 and 14, which is more remarkable in the type B-RF treatment group. (A) Inset comprises a TEM photograph of untreated
control mouse skin. (H) Prominent increases in anchoring fibrils (arrows) in hairless mouse skin on day 14 after type B-RF treatment. BK, basal
keratinocyte; D, dermis; HD, hemidesmosome; KF, keratin filament; LD, lamina densa. Post-RF (A, E) day 0, (B, F) day 1, (C, G) day 7, and (D, H)
day 14. Scale bar = 500 nm

voltages in targeted tissues through gated delivery of RF oscilla-

In this study, RF-induced reactions in in vivo hairless mouse skin

tions that minimizes nonselective electrothermal reactions aris-

were investigated at shorter or very closed conduction times that

ing from lethal temperatures.3,13 Pulsed-type RF energy of a high

would minimize the appearance of Na effect around each penetrat-

signal amplitude stimulates the flow of ions, eliciting changes in

ing electrode using the pulsed-type RF device with the same setting

cellular and subcellular structures. Furthermore, pulsed electric

of 2-MHz RF oscillations as in our previous study.6 Furthermore,

fields have been found to induce electroporation by modulating

because our study group previously revealed Na effect upon con-

cell membrane permeability for use in electro-chemotherapy and

tinuous delivery of RF signals over the minimal conduction time

gene transfer.8-10 However, the effects of invasive, pulsed-type,

of 120 milliseconds, we designed pulsed-type RF device with the

bipolar, alternating current RF energy on the skin, which is a multi-

pulse width of single pulse pack much shorter than 120 millisec-

layered, adnexa-rich, heterogeneous tissue, have not been fully

onds (30 and 40 milliseconds), but total on-time pulse width 120

elucidated.

and 150 milliseconds to fit the study purpose. Thereby, 2 different

6
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(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

F I G U R E 4 Effects of invasive, pulsed-type, bipolar RF on vascular components. (A-D) Type A-RF treatment group, (E-H) type B-RF treatment
group. (A, B, E, F) Vascular components small in size and with a slit-like luminal structure (arrows) in the subcutaneous fat layer and distended
blood vessels with a smooth luminal surface (arrowheads) in the dermis on days 0 and 1. (C, G) Small and collapsed vascular components
throughout the dermis and subcutaneous fat layer on day 7. (D, H) Small and collapsed blood vessels in the dermis and distended blood
vessels in the dermis on day 14. Post-RF (A, E) day 0, (B, F) day 1, (C, G) day 7, and (D, H) day 14. CD31-immunohistochemical stain, original
magnification ×100, scale bar = 200 μm

(A)

(B)

(C)

(D)

(E)

F I G U R E 5 Effects of invasive, pulsed-type, bipolar RF on vascular endothelial growth factor expression. (A) Real-time polymerase chain
reaction analysis indicates the down-regulation of vascular endothelial growth factor (VEGF)-A mRNA expression in both type A-and type B-RF
treatment groups at posttreatment day 14. (B) Western blot analysis reveals tissue expression of VEGF-A in type A-and type B-RF treatment
groups. (C-E) VEGF expression in epidermal and dermal components. (C) Untreated control, (D) type A-RF treatment on day 14, and (E) type B-
RF treatment on day 14. VEGF-immunohistochemical stain, original magnification ×100, scale bar = 200 μm
settings of pulsed-type, bipolar RF devices were utilized: one to emit

pack and the other to emit 5 pulse cycles at an on-time pulse width

3 pulse cycles at a gated on-time pulse width of 40 milliseconds,

of 30 milliseconds, 60 000 RF oscillations/pulse pack, and a power

80 000 RF oscillations/pulse pack, and a power of 3.3 watts/pulse

of 3 watts/pulse pack.

|
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The skin shows electrical properties consistent with those of
semiconductors.

14

7

5 | CONCLUSION

As a multi-layered tissue with a number of dif-

ferent appendage structures, the skin exhibits various current

Our observational study outlined structural and ultrastructural

densities that significantly affect tissue impedance and permittiv-

changes in in vivo hairless mouse skin upon delivery of pulsed-type,

ity. Thus, theoretically, conductive RF energy can be utilized to se-

bipolar, alternating current RF signal via noninsulated micronee-

lectively treat vascular components of differing electrical current

dle electrodes. The pulsed-type delivery of RF signal at a very short

density.3 Previously, our study group found that bipolar RF-induced

conduction time induced a resistive electrothermal response, start-

tissue reactions are propagated preferentially along the outer lay-

ing from the margins of dermal components, such as the basement

ers of dermal vascular components and perivascular structures,

membrane and blood vessels, just prior to the occurrence of the Na

which normally exhibit high current density, between electrodes

effect around each electrode. However, whether pulsed-type, bipolar,

in continuous-type RF treatment.6 Thus, in this study, we intended

alternating current RF can induce irreversible destruction of targeted

to focus on structural and ultrastructural changes in vascular com-

vascular components, however, remains to be elucidated. Although

ponents and basement membranes induced by pulsed-
type RF

the characteristics of hairless mouse skin do not exactly coincide with

treatment. Herein, pulsed-type bipolar RF elicited vascular collapse

those of human skin, our findings suggest that pulsed-type RF devices

without damaging endothelial cells or causing remarkable electro-

can be used to investigate invasive, bipolar, RF-induced skin reactions

thermal coagulation in the dermis. The pulsed-
type RF-
induced

elicited over various RF conduction times.

selective activation of electrical currents on and around vascular
components persisted longer in the upper dermis than in the deep
dermis and subcutaneous fat layer. This led us to suggest that pulsed-

AC KNOW L ED G EM ENTS

type delivery of invasive, bipolar, alternating current RF exerts more

We thank Anthony Thomas Milliken, ELS, at Editing Synthase (https://

selective, subcellular, electromagnetic, thermo-modulating effects

editingsynthase.com) for his help with editing this manuscript.

on the basement membrane and vascular components, compared
to those achieved through selective electromagnetic thermolysis by
continuous-type bipolar RF.

CO M P L I ANC E W I T H ET HI C AL S TANDAR D S

In the present study, dermal tissue coagulation in the shape of

All authors were well informed of the WMA Declaration of Helsinki

a chrysanthemum was observed only with the 3-pulse RF device.

(Ethical Principles for Medical Research Involving Human Subjects)

Each coagulation zone could be morphologically subdivided into

and confirmed that the present study firmly fulfilled the declaration.

approximately 3 distinguishable zones of differing degrees of tissue coagulation. In previous studies on continuous RF treatment,
we typically observed cocoon-shaped zones of electrothermal coagulation of a relatively homogeneous nature using both insulated

I NFO R M ED CO NS ENT
Not applicable.

and noninsulated penetrating electrodes.5,6 However, unlike our
previous studies, which were conducted using in vivo micropig skin
and ex vivo bovine liver tissue, the present study was conducted
using in vivo hairless mouse skin. This may account for the differ-

CO NFL I C T O F I NT ER ES T
The authors declare that they have no conflict of interest.

ence in the patterns of dermal tissue coagulation observed in this
study.
Electric fields are endogenously generated during wound healing
after disruption of the epithelial layer.15,16 These electrical fields de-

FU ND I NG S O U RC ES
None.

termine the direction and speed of epithelial cell migration and induce
electrotactic responses to dermal fibroblasts and inflammatory cells in
a voltage-and time-dependent manner through phosphatase and tensin homolog and phosphatidylinositol-3-OH kinase-γ.15 Additionally,

O RC I D
S.B. Cho

http://orcid.org/0000-0001-6748-5071

noninvasive, pulsed electric fields have also been shown to stimulate
the secretion of multiple growth factors, thereby leading to the proliferation of epidermal cells, as well as new collagen and vessel formation.17 In the present study, we found that the electric fields generated
by invasive, pulsed-type, bipolar alternating current also increased the
thicknesses of the epidermis and dermis with new collagen formation.
We suggest that the induction of endogenous electric fields after disruption of the epithelial layer upon penetration of the microneedles
and the delivery of exogenous electrical fields may have contributed
to these microscopic changes.
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