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Background and Objectives

Fractional microneedle radiofrequency systems are popular options to
increase elasticity in aging skin. Laser-assisted drug delivery is a
promising method for the epidermal injection of topically applied drugs
and cosmetic ingredients. This study assesses the safety and efficacy of
topical delivery of L-ascorbic acid, vitamin E, and ferulic acid after
fractional microneedle radiofrequency treatment for reducing
photodamage.

Materials and Methods

In this prospective, single-center, split-face, controlled pilot study, six
women (mean age, 48.0 years; range, 35-57 years; Fitzpatrick skin types
Il and IV) exhibiting mild to moderate photodamage, underwent a single
session of fractional microneedle radiofrequency treatment. The patients
were instructed to apply the antioxidant formulation to only one side of
the face. Patients were evaluated 3 days, 7 days, and 4 weeks thereafter,
using three-dimensional imaging and ultrasound. Ex vivo, the full-
thickness human skin was used for molecular and histological
evaluation. Statistical analysis was achieved by applying t-tests, Mann-
Whitney U tests, and one-way analyses of variance.

Results

Compared to the untreated side, the antioxidant-treated side exhibited a
significant increase in dermal thickness (10.32% vs. 17.54%, p < 0.05), but
not in skin elasticity (4.76% vs. 4.69%, p > 0.05). The difference in
erythema between the sides was statistically not significant (p > 0.05). In
the ex vivo model, expression of FGF2 in the skin was significantly
increased after application of the antioxidant formulation, as compared to
results obtained subsequent to fractional microneedle radiofrequency
treatment only (p <0.01).

Conclusion

This study demonstrates that for the treatment of photodamaged skin,
laser-assisted delivery of the antioxidant formulation is a safe and
effective adjuvant modality following fractional microneedle
radiofrequency.

Key words
Energy-based device; Fractional microneedle radiofrequency; Laser-
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INTRODUCTION

Early signs of facial skin aging occur due to changes in
tissue elasticity and collagen degradation causing fine-
to-deep skin folds." As treatments for facial rejuvenation
become more popular, lasers and energy-based devices
are increasingly prevalent.”® There has been evidence to
suggest that radiofrequency (RF) devices have a favorable
effect on photoaged skin.® High-frequency alternating
electrical currents induce neocollagenesis and elasto-
genesis by volumetric heating of the dermis and subder-
mal tissue.” Monopolar and bipolar RF-based systems
exhibit comparable or even superior efficacy in facial re-
juvenation compared to traditional ablative procedures.?
Electromagnetic radiation induces collagen contraction
and remodeling by leading to the generation of heat shock
proteins and matrix metalloproteinases; this contributes
to a sustained dermal-remodeling effect.*> Fractional
microneedle RF (FMRF) systems are used to apply mi-
crodoses of bipolar RF to the skin to create columns of
thermal damage. The microneedle electrode, either insu-
lated or non-insulated, directly penetrates the epidermis
for the delivery of electromagnetic pulses, which cause
the formation of microthermal zones (MTZs] of denatured
collagen.’

Laser-assisted drug delivery (LADD) is most commonly
performed using ablative fractional lasers (AFLs), and
MTZs can improve the passive uptake of delivered mol-
ecules by enhancing penetration of the skin.”® The use of
RF systems can enhance skin permeation of macromol-
ecules or hydrophilic agents similar to the microporation
generated using ultrasound.” Histologically, fractional
RF devices generate more superficial and broader MTZs
compared to various AFL devices."

Exposure to UV-irradiation is the primary cause of skin
damage; it leads to the production of reactive oxygen spe-
cies (ROS] and the activation of cell surface receptors,
thereby inducing an inflammatory cascade." Therefore,
antioxidants play a substantial role in preventing skin ag-
ing due to UV exposure.'”"™ The skin’s endogenous and
exogenous antioxidants are depleted by repeated UV
exposure.' Vitamin C, L-ascorbic acid, is a hydrophilic
antioxidant that acts as an ROS scavenger after UV expo-
sure, and it reduces the formation of sunburn cells and
erythema.™'® Efficacious percutaneous absorption of L-
ascorbic acid depends on its formulation and the delivery
vehicle when applied topically to the skin. Among various
derivatives and isoforms, lipophilic esterified L-ascorbic
acid has exhibited the highest propensity for percutane-
ous absorption."” Adding a-tocopherol and ferulic acid
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stabilizes the formulation and enhances photoprotec-
tion."™® Furthermore, L-ascorbic acid is involved in stim-
ulating collagen biosynthesis.

To our knowledge, no prospective, randomized, con-
trolled clinical trials have been conducted with regard to
FMRF systems. We hypothesized that topical antioxidant
supplementation would improve wound healing by provid-
ing a scaffold for collagen repair and regrowth. Here, we
report the clinical results of a pilot study on facial photo-
aging after topical application of L-ascorbic acid, vitamin E,
and ferulic acid.

MATERIALS AND METHODS

Study design and participant selection

This was a prospective, split-face, single-blind, con-
trolled pilot study conducted at our institution from 1 Feb-
ruary 2019 to 31 June 2019. Six female participants (mean
age, 48.0 years; range, 35-57 years; Fitzpatrick skin types
Il and IV) exhibiting mild to moderate photodamage
(Glogau scale'®>2) were included in this study, which was
approved by the Institutional Review Board of our institu-
tion. Subjects were excluded if they were younger than 20
years, older than 60 years, had a history of keloid scarring,
were pregnant, had uncontrolled medical illness, or had
used any cosmetics containing antioxidant constituents in
the 6 months before the treatment. Patients who had re-
ceived soft-tissue augmentation materials or nonablative
laser treatments in the six months before the study were
also excluded from the study.

Treatment

One hour prior to the procedure, topical anesthetics
(2.5% lidocaine HCL and 2.5% prilocaine cream) were ap-
plied under occlusion. All patients underwent full-face
treatment with a pulse-type FMRF device with 25 non-
insulated microneedles in a 5 x 5 array (Sylfirm™:; Viol
Co., Ltd., Seongnam, Korea). The RF device was set to a
frequency of 2 MHz and the depth of penetration was set
to 2.0-2.4 mm, which were equivalent of 100-150 joules
of energy delivered at 2 MHz per pulse. Eyelids and peri-
oral areas were not treated. Immediately following FMRF
treatment, patients were instructed to apply four to five
drops of a topical formulation of L-ascorbic acid, vitamin
E, and ferulic acid (CE Ferulic®, SkinCeuticals Inc., New
York, USA) to one side of the face. The side of the face to
which the formulation would be applied was randomly
designated prior to the experiment. Patients were also
instructed to wear sunscreen and apply a moisturizer.



Assessment of clinical efficacy and safety

All participants were assessed 3 days, 1 week, and 4
weeks after the FMRF treatment. Treatment was com-
pleted 8 weeks after the initial visit. All digital photographs
were taken using the same camera settings and were
digitally processed using identical imaging programs
(Nikon D850, Nikon Corporation, Tokyo, Japan). Photoag-
ing was graded blindly by two independent physicians
(J.H.L and C.E.Y) on a 5-point global photoaging scale
(GPS). For objective assessment of skin rejuvenation, a
three-dimensional (3D) imaging system (Morpheus3D
Aesthetic Solution, Morpheus Co., Ltd., Yongin, Korea)"
was used to measure the length of the midface curvature
from the alar groove to the anterior notch of the ear.

To measure structural changes in the dermis and sub-
cutaneous tissue, and to measure the thickness of the
dermis, ultrasound imaging was performed with an Ultra-
scan UC22 device (Courage + Khazaka electronic GmbH,
Cologne, Germany).? Skin elasticity was evaluated using
the Cutometer Dual MPA 580 device (Courage+Khazaka
electronic GmbH).

In order to evaluate adverse effects, changes in skin
color were measured as the erythema and melanin indi-
ces using narrow-band reflectance spectrophotometry
(DermaSpectrometer II; Cortex Technology, Hadsund,
Denmark] with 568- and 655-nm probes at every visit.

In vitro study

Ex vivo skin preparation and tissue handling

Residual human skin specimens of women aged 35-
55 years were acquired from the Department of Plastic
Surgery at our institution, which was approved by the
Institutional Review Board of our institution. Tissues were
washed three times with Dulbecco’s phosphate-buffered
saline. For UV irradiation, each sample of ex vivo skin
was irradiated at 4 J/cm? with 8-W UV-A lamps (FS8T5BL,
Sankyo Denki Co., Ltd., Kanagawa, Japan). The full thick-
ness of the skin specimen was treated with pulse-type
FMRF using the same parameters as in the patients (2
MHz, 2.4-mm penetration). Thereafter, the specimens
were treated with 0.001% of L-ascorbic acid, vitamin E,
and ferulic acid. Tissues were cultured on a 2% agarose
gel (agarose:Dulbecco’s Modified Eagle’s Medium = 1:5;
Young Sciences, Bucheon, South Korea) in an incubator
at 37°C, under high humidity and 5% CO2.

Quantitative real-time PCR (qPCR)

To investigate the potential mechanism involved in
the observed effect of vitamin C, E, and ferulic acid af-
ter FMRF treatment, we investigated the effect of gene
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expression on extracellular matrix (ECM) remodeling
in ex vivo human skin. The mRNA expression levels of
transforming growth factor-beta (TGF-B), type Il collagen
(COL3AT1), and fibroblast growth factor 2 (FGF2) were
analyzed, with glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH] as reference gene. FMRF-treated skin
specimens were collected 3 and 7 days after treatment,
for RNA extraction. Total RNA was extracted using an
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) and re-
verse transcribed to cDNA using an RNA to cDNA EcoDry
Premix kit (Takara Bio USA, Inc., Mountain View, Califor-
nia, USAJ. gPCR was conducted with the TagMan Gene
Expression Master Mix (Applied Biosystems, Foster City,
California, USA). The TagMan Gene Expression assays
(Thermo Fisher Scientific, Fisher Scientific Inc., Waltham,
Massachusetts, USAJ used in this study were as follows:
Hs00943809_m1 (COL3AT), Hs00171257_m1 (TGFB1),
Hs002666454_m1 [FGF2), and Hs02758991_g1 (GAPDH).

Histological analysis

Skin samples were biopsied and fixed in a formalin
solution (10%) for 24 h. Paraffin blocks were cut into 4.5-um-
thick sections. Sectioned samples were deparaffinized
using a xylene and ethanol series at room temperature,
and then washed with deionized water. The sectioned
samples were stained with hematoxylin and eosin, as well
as Masson’s trichrome stain to analyze collagen denatur-
ation and deposition.

Immunofluorescence

To evaluate potential irritation caused by a lowered pH
following application of the antioxidant formulation, we
studied the expression of molecules related to the func-
tioning of the skin barrier using immunofluorescence.”’
As primary antibodies, anti-Filaggrin (ab81468, Abcam
plc., UK; 1:100), anti-Involucrin (ab53112, Abcam; 1:100],
and anti-Loricrin (ab85679, Abcam; 1:100) antibodies were
incubated for 24 h at room temperature. Goat anti-Rabbit
IgG (H + L) Alexa Fluor 555 conjugate [A-21428, Thermo
Fisher Scientific; 1:500) and Goat Anti-Rabbit IgG H&L
(FITC) (ab6717, Abcam; 1:2000) were used as secondary
antibodies. Samples were rinsed with tris-buffered sa-
line-Tween 20 and mounted with Vectashield containing
DAPI (Vector Laboratories, Inc., Burlingame, California,
USAJ. The samples were monitored with a laser-scanning
microscope (LSM 700; Carl Zeiss AG, Oberkochen, Ger-
many) and analyzed with LSM 5 Image Browser software
(Carl Zeiss AG).
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Statistical analysis

The data was tested for statistical significance using a
t-test, Mann-Whitney U test, or one-way analysis of vari-
ance. The results of the study were statistically significant
if p < 0.05. All data points from the in vitro study are indi-
cated as means and standard deviations, and statistical

Baseline
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differences between groups were determined using an
unpaired t-test. p-values < 0.001 (***), < 0.01 (**) and <
0.05 (*) were considered statistically significant in this
study. All statistical analyses were performed using IBM
SPSS Statistics for Windows version 23.0 (IBM Corp., Ar-
monk, New York, USA).
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Fig. 1. Clinical images and ultra-
sound analysis. (A) Digital photo-
graph of patient’s skin at baseline
and (B) four weeks after a single
session of fractional microneedle
radiofrequency treatment and daily
application of the antioxidant for-
mulation. (C, D) Ultrasound analysis
revealed increased echogenicity in
the dermal level on the side where
the antioxidant formulation was

Control applied.
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Fig. 2. Analysis of objective parameters of efficacy. (A) The dermal
thickness improved more on the side where the antioxidant
formulation was applied (*p < 0.05). (B) Skin elasticity improved on
both sides. (C) Postoperative erythema measured by Mexameter®
were less prominent in the antioxidant applied site. CEF, combined
antioxidant formulation.



RESULTS

Clinical efficacy
The mean GPS score was 3.16 + 0.73 at baseline, which

decreased to 2.66 + 0.52 on the side where antioxidants
were applied and 3.00 + 0.58 on the control side (p < 0.05)
(Fig. 1A, B).

The increase in average midface curvature length after
four weeks was higher on the antioxidant-treated side
(from 117.42 + 458 to 119.90 + 4.64 mm] than that on the
non-treated side (from 117.23 + 4.55 to 118.53 + 4.47 mm;
p < 0.05). The increase in mean dermal thickness after
four weeks, measured using ultrasound, was higher on
the treated side (from 10.77 + 3.80 to 12.08 + 3.59 mm:
17.54% improvement) than that of the non-treated side
(from 9.98 + 3.39 to 10.83 + 3.04; 10.32% improvement; p
<0.05) (Fig. 1C, D, and 2A). Skin elasticity increased after
four weeks in the treated and control sides, with no statis-
tically significant difference between them (p >0.05); from

A 5. Type | collagen
cC ~
2z
DA ##
[0} | —— |
— < 10 -
%O *kk
[Cle)
<2
= el
- S

© 4
gl 0.5
- =
o) 8 Hkk
O =

0 T T T
CON UVA UVA& FMRF UVA&
FMRF & CEF

C ,5. FGF2 "
ST *x
2L 20
o & #it
%O 1.5
(0] 9 Kk
< el
bl
x N 1.0
ET
o E

S 0.5 - =
e

O T

UVA&FMRF UVA&
FMRF & CEF

CON UVA

Laser-assisted Delivery of Antioxidants
Jihee Kim, et al.

0.64+0.07t00.67 £ 0.72 and from 0.63 + 0.07 to 0.66 + 0.08,
respectively (Fig. 2B).

Safety profile

After four weeks, no adverse effects were encountered
and there were no cases of patient dropout due to side
effects. Both the antioxidant-treated and control sides ex-
hibited a decrease in the melanin index after four weeks
(from 155.50 + 20.53 to 150.28 + 19.63 and from 158.44 +
20.83 to 155.89 + 23.04, respectively; p > 0.05). Both sides
exhibited a reduction in the erythema index after four
weeks, but there was no statistically significant difference
between the sides (from 341.94 + 63.10 to 332.67 + 60.01
and from 354.00 + 62.70 to 344.78 + 60.21, respectively; p
>0.05) (Fig. 2C).

In vitro analysis on the laser-assisted delivery of
the antioxidant formulation
UV-A exposure induced downregulation of TGF-B,
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Fig. 3. mRNA transcription of extracellular matrix-related molecules were analyzed in photoaged, ex vivo human skin after fractional microneedle
radiofrequency (FMRF) treatment and application of the antioxidant formulation. (A) Expression of type III collagen (COL3A1) was statistically
significantly increased after a single session of FMRF treatment. (B) FMRF treatment induced a statistically significant increase in transforming
growth factor-beta (TGF-f) expression. (C) Fibroblast growth factor (FGF2) expression increased upon FMRF treatment and increased further
upon application of the antioxidant formulation. Data are indicated as mean =+ standard error. Differences between groups were compared using an
unpaired t-test. *indicates a significant difference (p < 0.01) between two groups; *(p < 0.05) and **(p < 0.01) indicate significant differences from
the positive control. CEF, combination antioxidant formulation; COL3A1, type III collagen; FGF2, fibroblast growth factor 2; FMREF, fractional

microneedle radiofrequency; TGF-, transforming growth factor-beta.
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COL3AT1, and FGF2 by 6.25-, 4.35-, and 2.13-fold, respec-
tively (Fig. 3). After FMRF treatment, TGF-B and COL3A1
were significantly upregulated compared to the UV-A-
only group, and FGF2 levels were even increased by 1.29
fold compared to positive controls. Additionally, treatment
with the antioxidant formulation resulted in a further in-
crease in FGF2 transcription, to 1.86-fold that of positive
controls (Fig. 3C).

Following UV-A exposure, FMRF generated MTZs,
with collagen denaturation reaching down to the dermis
(Fig. 4). The explanted skin exhibited increased COL3A1
expression, detected using Masson’s trichrome stain,
after a single pulse-type FMRF treatment (Fig. bA, BJ; this
expression was further increased after treatment with the
antioxidant formulation (Fig. 5C).

Surprisingly, application of the antioxidant formulation
did not affect expression levels of filaggrin (Fig. 6A] and
loricrin (Fig. 6B) on the stratum corneum or throughout

MEDICAL

the epidermal layers.

DISCUSSION

We assessed the efficacy and safety of the application of
an antioxidant formulation after FMRF treatment among
patients with photoaging. The clinical signs of photoreju-
venation, such as midface volume and dermal thickness,
improved more on the treated side than on the untreated
side of the face. No patients experienced adverse skin
reactions after the procedure. In addition, the immedi-
ate application of the antioxidant formulation after laser
treatment prevents post-treatment downtime.

Radiofrequency devices are known to evoke a plasma
spark when used to irradiate skin.*' In previous stud-
ies, the depth and width of the microchannel induced
using a fractional CO2 laser in an ex vivo pig skin model
increased with the energy level used.”"® Previous stud-

Control UVA FMRF after UVA

Fig. 4. Histological analysis of photoaged ex vivo human skin after fractional microneedle radiofrequency (FMRF) treatment. (A, B) H&E staining
of UV-A irradiated skin revealed solar elastosis and hyalinization of collagen on the upper dermis (x100). (C) A single pulse-type FMRF treatment
induced microthermal zones (indicated by yellow arrows), which induced the generation of thicker collagen bundles (H&E, x100). FMREF,
fractional microneedle radiofrequency; H&E, hematoxylin-eosin.

UVA FMRF & UVA

Fig. 5. Histological analysis of photoaged ex vivo human skin after fractional microneedle radiofrequency (FMRF) and application of an
antioxidant formulation. (A, B) A single pulse-type FMRF treatment induced neocollagenesis on the photoaged skin (Masson’s trichrome, x100).
(C) Subsequent treatment with the antioxidant formulation induced a further increase in collagen deposition in the FMRF-treated skin (Masson’s
trichrome, x100). FMREF, fractional microneedle radiofrequency.
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Control UVA

FMRF & UVA

CEF after FMRF & UVA

Fig. 6. Expression of skin barrier molecules was analyzed using immunofluorescence. (A) Expression of filaggrin was unaffected by topical
application of the antioxidant formulation after fractional microneedle radiofrequency treatment (x200). (B) Expression of loricrin was similarly

unaffected (x200).

ies on RF treatment revealed that the energy generated
by each column in the MTZ exhibits minimal spread to
the surrounding tissues, thus ensuring the stability of the
epidermis between each MTZ. To target photoaged skin,
deeply penetrating microablative zones are required as
a conduit for active delivery of molecules to induce a suf-
ficient clinical effect.” FMRF treatment has been suggest
as an efficient alternative for LADD to ablative fractional
laser systems, as it can be used to generate micropora-
tion with its microneedles %

We used an ex vivo model of photoaging to assess po-
tential molecular and histological changes after FMRF
and LADD of an antioxidant formulation. Generally,
FMRF-induced neocollagenesis is expected to occur 1
to 3 months after a single treatment.”* The thermal re-
sponse of skin to treatment with FMRF induces a tissue-
repair cascade leading to long-term dermal remodeling
with increased collagen synthesis.*

In general, procedures for photorejuvenation com-
monly cause substantial patient discomfort, a prolonged
downtime, and adverse events such as postprocedural
erythema and hyperpigmentation.””” However, incorpo-
ration of topical antioxidants has been demonstrated to
facilitate the tissue-repair process and minimize post-

treatment downtime.? In our pilot study, we demonstrated
that posttreatment application of an antioxidant formula-
tion can increase the clinical efficacy of FMRF treatment
and reduce posttreatment erythema. Additionally, we
have demonstrated that the application of the low-pH
antioxidant formulation did disrupt skin barrier-function,
as the expression of filaggrin and loricrin in the stratum
corneum was unaffected in an ex vivo model of photo-
damaged skin. Moreover, our histological data suggest
that combining FMRF treatment with LADD of a formula-
tion containing L-ascorbic acid, vitamin E, and ferulic acid
leads to increased collagen synthesis.

The main limitation of our study is in its small sample
size; therefore, the reliability of the statistical analyses
needs to be verified in larger-scale studies. The follow-up
period of this study was only four weeks; therefore, long-
term assessments are needed to clarify the potential
effects of the treatment on neocollagenesis. In this pilot
study, we have provided preliminary evidence that agrees
with our hypothesis that topical antioxidant supplementa-
tion improves wound healing by providing a scaffold for
collagen repair and regrowth. We believe that further
research will increase the use of multimodal combination
treatments, exploiting a synergistic effect between FMRF
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treatment and LADD of different antioxidant formulations,
improving skin treatment in general.

In conclusion, we discovered that use of a combined
antioxidant formulation increased dermal thickness after
FMRF treatment, and decreased postprocedural erythe-
ma and patient downtime. In addition, we demonstrated
the sustained effect of laser-assisted delivery of the anti-
oxidant formulation on ECM remodeling in vitro. Further
clinical studies with a larger population and extended
follow-up period are warranted to support the combined
use of FMRF treatment and antioxidant application in skin
renewal.
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