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Enhancement of skin permeation of vitamin C
using vibrating microneedles
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min C under optimal conditions.

This study was performed to evaluate the use of vibrating microneedles for the transdermal delivery
of vitamin C. The microneedles were designed to vibrate at three levels of intensity. In vitro perme-
ation by vitamin C was evaluated according to the specific conditions such as vibration intensity
(levels 1, 2 and 3), application time (1, 3, 5, 7 and 10 min), and application power (500, 700 and
1,000 g). The highest permeation of vitamin C was observed at level 3 of vibration intensity, 5 min
of application, and 1,000 g of application power. Vitamin C gel showed no cytotoxic effect against
Pam212 cells or skin irritation effects. A pharmacokinetic study of the gel in rats was conducted
under optimized conditions. The AUC-_, and C,,,, increased 1.35-fold and 1.44-fold, respectively,
compared with those after vitamin C gel without application with vibrating microneedles. The pres-

ent study suggests that vibrating microneedles can be used to facilitate the skin permeability of vita-

Introduction

Despite the advantages of transdermal drug delivery systems
(TDDS), such as extreme convenience, better patient compli-
ance, sustained delivery, avoidance of hepatic first-pass effect
and degradation in the gastrointestinal tract,[1,2] the skin is a
natural barrier. Only a few drugs can penetrate the skin eas-
ily with the aid of penetration enhancers, such as soybean
phospholipids,[3] long-chain fatty alcohols, cyclic monoter-
penes[4,5] or nonionic surfactants.[6]

In recent years, microneedle technology as proposed by Henry
et al.[7] has been developed as an advanced technique for the
penetration of large molecular weight and hydrophilic com-
pounds into the skin. Micrometer-sized needles were shown to
be long to penetrate the skin effectively breaching the stratum
corneum barrier, but being sufficiently short enough to mini-
mize pain. Generally, a microneedle-facilitated process results
in up to several orders-of-magnitude enhancement of drug
transdermal transport.[2,7] Microneedles have been designed
to be coated with the drug or to encapsulate the drug for release
into the skin by dissolution.[8-11] Hollow microneedles have
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been coupled with a syringe for active drug infusion.[12-14]

L-Ascorbic acid (vitamin C), a representative water-soluble
vitamin, has a variety of biological, pharmaceutical and derma-
tological functions; it promotes collagen biosynthesis, provides
photoprotection, causes melanin reduction, scavenges free
radicals, and enhances the immunity (antiviral effect).[15-19]
These properties are closely related to the well-known antioxi-
dant properties of this compound. However, the transdermal
permeability of vitamin C is low. Therefore, various noninvasive
technologies beyond chemical penetration enhancers have been
developed to bypass or modulate the skin barrier by physical
means, such as microporation (microneedles), electroporation,
iontophoresis, or sonophoresis.[20,21] Vitamin C is unstable
when exposed to air, humidity, light, heat, metal ions, oxygen,
and bases, whereupon it subsequently decomposes easily into
biologically inactive compounds such as 2,3-diketo-L-gulonic
acid, oxalic acid, L-threonic acid, L-xylonic acid or L-lyxonic
acid. Therefore, the application of vitamin C in various fields of
cosmetics, dermatologicals, or pharmaceuticals are limited de-
spite its benefits.[17,22-25]

Additionally, to exploit the TDDS more efficiently scientists
have worked on some combinational approaches for manufac-
turing TDDS by iontophoresis, electroporation, ultrasound, and
pressure waves, which subsequently reported the synergistic
effect of TDDS.[26] In this study, vibrating microneedles de-
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signed to operate on three levels were used to increase in vitro
and in vivo transdermal delivery of vitamin C.

Methods

Materials

Vitamin C was purchased from Samchun Co. (Pyeongtaek,
Korea). Carbomer 940 NF was purchased from Lubrizol Co.
(Wickliffe, USA). Glacial acetic acid and triethanolamine were
purchased by Duksan Co. (Ansan, Korea). Methanol and aceto-
nitrile were HPLC grade and purchased from JT Baker (USA).
All other chemicals were reagent grade and used without fur-
ther purification. Vibrating microneedles were provided by
Korea Institute of Industrial Technology (Ansan, Korea). A mi-
croneedle array was attached magnetically to a vibrating handle.

Preparation of vitamin C gel

The semisolid dosage forms for topical and transdermal drug
deliveries include creams, ointments, gels, and lotions. Unlike
transdermal patches that require highly specialized expertise for
patch design and sophisticated manufacturing systems, semi-
solid dosage forms can easily be screened in a lab setting.[27]
So, application formulations of a gel of semisolid and a gel were
selected and produced. First, 1.5 g of vitamin C was dissolved
completely in 10 mL of distilled water (D.W.). Previously, 1 g of
carbomer 940 was hydrated in 80 mL of D.W. and then vitamin
C solution was added to the carbomer 940 solution. The mix-
tures were stirred using a magnetic stirrer, and then vitamin C
gel was freshly formed with triethanolamine.

In vitro skin permeation study

Abdominal hair on rats was previously removed and then the
abdominal skin was excised for a permeation study. Fat and
other tissues attached to the abdominal skin were removed
carefully and the excised rat skin was stored in a freezer at
-20°C before experiments. In vitro skin permeation tests were
conducted with Franz-type diffusion cells with an effective
diffusion area of 2.0 cm” having the diameter of 16 mm and
receptor volume of 12.5 mL. The receptor compartment con-
tained pH 7.4 phosphate buffer and was maintained at 37°C and
stirred continuously with a magnetic stirrer at 300 rpm. Two
hundred microliters of vitamin C solution (1.5 mg/mL) was
loaded on the stratum corneum side, covered with parafilm and
aluminum foil for shading. Permeability experiments of vitamin
C solution were conducted until 24 h after applying a vibrating
microneedles to the skin according to predetermined condi-
tions such as different vibration intensities (levels 1, 2 and 3),
application power (500 g, 700 g, 1,000 g) and application time
(1 min, 3 min, 5 min, 7 min, 10 min). Samples were taken from
the receptor compartment at predetermined intervals (0.5, 1, 2,
4, 8, 12 and 24 h) and replaced with the same volume of fresh
phosphate buffer. The amount of vitamin C in the samples was
measured by HPLC.
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Permeability study according to the application conditions
of the vibrating microneedles

Three application variables such as vibration intensity, applica-
tion power, and application time were considered to optimize
application conditions for the vibrating microneedles. First,
three different vibration intensities of levels 1, 2 or 3 were ap-
plied to study the in vitro skin permeation by vitamin C. Sec-
ond, three different application powers of 500, 700 or 1,000 g
were applied to study the in vitro skin permeation by vitamin
C. Third, five different application times of 1, 3, 5, 7 or 10 min
were applied to study in vitro skin permeation by vitamin C. All
experiments were conducted by varying one parameter, while
keeping all other process parameters constant.

Cytotoxicity study

The murine epidermal cell line, Pam212 was kindly subcul-
tured by Dr. Kang, BK (College of Pharmacy, Chonnam Na-
tional University, Gwangju, Korea). DMEM (GibcoBRL, Grand
Island, NY, USA) was used for cell culture under an atmosphere
of 5% CO, at 37°C. The cytotoxicity of vitamin C solution, blank
gel or vitamin C gel against Pam212 cells was measured using
an MTT assay. After 24 h incubation of the cells (70% conflu-
ent) with control gel, vitamin C gel, or vitamin C solution,
media of each well were replaced with MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) solution
and incubated for 4 h at 37°C. DMSO was used to solubilize the
crystal of viable cells and absorbance was determined at 570 nm
in a microplate reader (Sunrise, Tecan, Austria). Cell viability
was demonstrated as the percent absorbance affected to formu-
lations relative to absorbance measured for cells that were not
treated with vitamin C.

Skin irritation test

The experimental protocols were approved by the Animal Care
Committee of Chungnam National University. Skin irritation
was evaluated by observing the skin after the uniform spreading
of the vitamin C gel over an area of 8.55 cm’. The skin surface
was observed for any visible variation such as erythema (red-
ness) after 24, 48 and 72 h of vitamin C gel. The mean erythema
scores were recorded as 0 (no erythema), 1 (slight erythema), 2
(moderate erythema), 3 (moderate to severe erythema), and 4
(severe erythema) depending on the degree of erythema.

In vivo pharmacokinetic study in rats

In vivo pharmacokinetic study in rats was conducted to con-
firm the optimized conditions established in vitro using Sprague
Dawley (SD) rats. The SD rats (270-300 g) were purchased from
Dacehan Laboratory Animal Research Co. (Chungbuk, Korea),
allowed free access to normal standard rodent diet (Jaeil Chow,
Korea) and tap water. The animals were housed individually
in laminar flow cages at 22 + 2°C, and 50-60% relative humid-
ity and stabilized in these facilities for at least 7 days before
experiments in vivo. Procedures were approved by the Animal
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Care Committee of Chungnam National University. For per-
cutaneous administration, the hair was removed from the skin
of the dorsal region using electric hair clippers. The vitamin C
gel alone was applied to the rat skin as a control. The vitamin
C gel was loaded onto the shaved surface rat skin after apply-
ing the vibrating microneedles with the optimized conditions
established by in vivo pharmacokinetic study in rats. Vibrating
microneedles with vibration intensity of level 3, application
power of 1,000 g and application of 5 min were pretreated for
the transdermal administration of 0.5 g of the vitamin C gel (27.5
mg/kg of vitamin C). The application area was covered with a
thin plastic film and fastened around the edges with adhesive
tape to avoid loss of gel. Blood samples (about 1 mL) were col-
lected at 0.5, 1, 2, 4, 8, 12, 24 and 72 h after percutaneous ad-
ministration from the retro-orbital plexus using disposable cap-
illary tubes that were prerinsed with heparin sodium in normal
saline (20 IU). The collected blood samples were centrifuged at
11310 g for 10 min to obtain plasma, which was stored at =70°C
until analysis by HPLC.

HPLC system

Vitamin C in samples from the in vitro and in vivo studies was
assayed using an Agilent 1100 liquid chromatography system
fitted with an autosampler. The column used was a Zorbax SB
C18 column (4.6 mm x 250 mm, 5¥mm particle size, Agilent,
USA). The flow rate of the mobile phase was 0.5 mL/min and
the detection wavelength was set at 245 nm. The mobile phase
was D.W. and methanol (95:5 V/V). All procedures were con-
ducted at room temperature.

Data analysis

In our study, the drug release rates were evaluated according
to the simplified Higuchi diffusion equation (1), depicting the
drug release from one side of a semisolid layer in which the
drug is dissolved.

q=2C,(D/m" 1)

Where q is the amount of drug released into the receptor me-
dium per unit area of exposure, C, is the initial drug concentra-
tion in the vehicle, D is the apparent diffusion coefficient of the
drug, and t is the time elapsed since the start of drug release. In
case of passive diffusion, the steady-state flux through unit area
of a membrane is given by Fick’s law:

J=P(Cs-C) @
where J is the flux per unit area, P represents the permeability
coefficient, and C,, C, are the concentrations in the donor and
receptor solutions, respectively. In case sink conditions are

maintained on the receptor side, (C,—C,) is replaced by C,.

J=P.C, (3)
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The permeability coefficient, P, is the constant for a given drug
under the same experimental condition. There should be a lin-
ear relationship between the flux and donor concentration.

The pharmacokinetic parameter was analyzed by noncompart-
ment theory using the Winnolin program. C_,, and T, were
provided from the experimental data. The AUC,-, from time
zero to the time of the last observed plasma concentration (C,,,,)
was calculated using the linear trapezoidal rule.

Statistical analysis

Student’s t test was used to compare two different groups of
samples. A p < 0.05 was considered significant. All data were
expressed as the mean * standard deviation from three inde-
pendent experiments.

Results

Effects of application conditions of vibrating microneedles
on the permeation of vitamin C

Microneedles were manufactured using a MEMS process (li-
thography and reactive ion etching with silicon wafer) and com-
posite mold manufacturing process technology (high-precision
metal technique using pulse reverse current electroforming)
using a biocompatible polymer. The vibration intensity of mi-
croneedles was determined by pulse-width modulated (PWM)
control. The PWM signal is a type of digital waveform. It al-
ternates between bursts of “on” and “off”, also known as high
and low, respectively, at a fixed frequency. The specifications of
microneedles are as follows: 159 of microneedles, 2.0 mm of mi-
croneedle spacing, 250 pm of microneedle height, and 35 mm
of microneedle base (Fig. 1).

First, in vitro skin permeation study of vitamin C was con-
ducted to determine the effect of three different levels of vibra-
tion intensities, namely 1, 2, or 3 for 3 min with an application
power of 700 g (Fig. 2). With level 3 of vibration intensity, the
highest permeation of vitamin C was observed 3601.33 pg/cm’
at 12 h after vitamin C gel (Table 1).

The influence of three different application powers with a fixed
level 2 of vibration intensity and 3 min of application time on
the permeation of vitamin C was also determined (Table 2). The
highest permeability of 1795.83 pg/cm’ at 12 h after vitamin C
gel was loaded was observed when an application power of 1,000
g was applied. This result was found by another study in which
increasing the force used for microneedle application resulted in
a significant increase in the depth of penetration achieved into
neonatal porcine skin. For example, a microneedle of 600 um
height penetrated to a depth of 330 um when inserted at a force
of 4.4 N/array, while the penetration increased significantly to
a depth of 520 um when the force of application was increased
to 16.4 N/array. At an application force of 11.0 N/array, it was
found that, in each case, increasing microneedle height from
350 to 600 pm to 900 pm led to a significant increase in the
depth of microneedle penetration achieved.[29]
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Figure 1. The morphology of vibrating microneedles.
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Figure 2. In vitro cumulative amount of vitamin C permeated (ug/cm?)
through excised rat skin up to 24 h according to the vibration intensity,
application power and application time. (A), vibration intensity; (B), ap-
plication power; (C), application time. Data was expressed as mean *
S.D (n=3).
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Table 1. Permeation parameters of vitamin C from the vitamin C gel
according to the vibration intensity

Level Flux (ug/cm?/h) Accumulated amount

(nglcm?)
1 98.01 (R? = 0.9864) 1176.16
2 162.63 (R? = 0.9229) 1951.53
3 300.11 (R? = 0.8868) 3601.33

“Accumulated amount of vitamin C permeated for 12 h.

Table 2. Permeation parameters of vitamin C from the vitamin C gel
according to the application power

Accumulated amount®

Flux (ug/cm?/h)

Power (g)

(nglcm?)
500 105.80 (R® = 0.9884) 1269.64
700 117.98 (R? = 0.987) 1415.71
1000 149.65 (R® = 0.976) 1795.83

“Accumulated amount of vitamin C permeated at 12 h.

Table 3. Permeation parameters of vitamin C from the vitamin C gel
according to the application time

Accumulated amount®
(nglcm?®)

Flux (ug/cm?/h)

Time (min)

1 88.90 (R® = 0.9776) 1066.84
3 97.11 (R = 0.9738) 1165.28
5 170.95 (R? = 0.8767) 2051.39
7 101.76 (R? = 0.9636) 1221.15
10 104.65 (R® = 0.9541) 1255.84

“Accumulated amount of vitamin C permeated at 12 h.

When five different application times were applied, the highest
permeability of 2051.39 pg/cm” was shown in application time
of 5 min with a fixed level 2 of vibration intensity and 700 g of
application power (Table 3). Therefore, the optimal application
conditions for the vibrating microneedles on permeability by
vitamin C were vibration intensity of level 3, application power
of 1,000 g, and application time of 5 min. Flux was calculated
using equation 2 with mathematical modeling.

Cytotoxicity study and skin irritation test

To determine the cytotoxic effect of gel formulation in this
study, blank gel, vitamin C gel or vitamin C solution over the
concentration of 0.01 ug/mL to 10 mg/mL against murine
Pam212 cells was explored using an MTT assay (Fig. 3). After
incubation for 24 h, no cytotoxicity of blank gel, vitamin C gel,

Vol. 25, No.1, Mar 15, 2017



1CP

Transl Clin Pharmacol

or vitamin C solution against Pam212 was shown, suggesting
the formulation applied to the skin did not have any cytotoxic
effect, even with a high concentration of 10 mg/mL of vitamin
C gel. Skin irritation was evaluated visually after applying vita-
min C gel onto the rat skin. No irritation by the vitamin C gel
was observed.

In vivo pharmacokinetic study in rats

The mean plasma concentration-time release profile of vita-
min C from vitamin C gel is shown in Figure 4. After applying
vitamin C gel alone, the peak plasma concentration of vitamin
C was increased to 66.9 pug/mL at 1 h, which gradually decreased
to 6.9 ug/mL at 24 h. By contrast, when vitamin C gel was ap-
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Figure 3. Cell viability according to the concentration of vitamin C solu-
tion, blank gel or vitamin C gel against Pam212 cells.
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Figure 4. Mean plasma concentration—time profiles of vitamin C from
vitamin C gel in the presence or absence of pretreatment by vibrating
microneedles. Data was expressed as mean = S.D (n = 3).

Table 4. Pharmacokinetic parameters of vitamin C after applying vitamin C gel and vita-

min C gel with the vibrating microneedles (*p < 0.05)

Vitamin C gel with pretreatment

Cho-A Lee, et al.

plied after pretreatment using vibrating microneedles, the peak
plasma concentration of vitamin C was 96.2 pug/mL at 1 h, de-
creasing gradually to 12.9 pg/mL at 24 h. Also, when the vibrat-
ing microneedle pretreatment was used, AUC—_, was 1136.5 +
340.0 ug-h/mL and AUC-, was 843.4 + 218.6 ug-h/mL in the
absence of vibrating microneedle treatment. When the vibrat-
ing microneedles were applied, the AUC was increased 1.35 fold
compared with the absence of vibrating microneedle pretreat-
ment. Mean residence time (MRT) value with significance was
12.0 h in vitamin C gel after applying vibrating microneedles
and longer than 9.8 h after applying vitamin C gel only, suggest-
ing vitamin C could remain longer in plasma (Table 4).

Discussion

A new concept, a microneedle system, was introduced to
merge the advantages of transdermal delivery and parenteral
delivery to increase the bioavailability of substances. However,
in other scenarios, quick resealing of the pores is beneficial for
safety reasons to avoid possible infection.[30] The kinetics of
pore resealing after microneedle insertion have been studied in
human subjects by electrical impedance measurements, which
showed that pores formed by microneedles recovered their bar-
rier properties within 2 h when the skin was not occluded, but
took 3 to 40 h to recover when the skin was occluded, depend-
ing on the geometry of the microneedles.[31,32] The kinetics
of pore resealing were also studied in hairless rats using TEWL
and tissue staining, and showed similar timeframes for pore
resealing.[33] For the present vibrating microneedles, 5 min of
application time was optimal for the transdermal delivery of
vitamin C. Skin irritation scores for vitamin C gel were zero,
which indicated the safety and acceptability of vibrating mi-
croneedles for transdermal administration of vitamin C gel.

In vivo pharmacokinetics in rats was determined based on the
application conditions established in an in vitro skin permeation
study. The stability of vitamin C in vitamin C gel should be
considered. Vitamin C content in one aqueous solution of pure
vitamin C decreased rapidly and down to <10% within 4 weeks.
[34] The time-dependent stability of vitamin C in the plasma or
various pH solutions was examined. Vitamin C was degraded
27% in plasma after 24 h incubation. However, vitamin C was
stable in acidic solutions but degraded in alka-
line solutions (data not shown).

This study addresses the use of vibrating
microneedles to increase skin permeability by
vitamin C. When applying vitamin C gel with
vibrating microneedles, the optimized applica-
tion conditions (level 3 of vibration intensity,
1,000 g of application power, and 5 min of
application) showed the highest permeation
by vitamin C. Considering these results, the
vibrating microneedles appear to be useful in
transdermal delivery of vitamin C.

Pl s i & el of vibrating microneedles
Cnax (ng/mL) 66.9 + 19.0 96.2 £ 34.1
T (h) 6.3+1.3 8.1+19
Toa (N) 1.0 1.0
AUC,_. (ug-h/mL) 843.4 +218.6 1136.5 + 340.0
MRT (h) 9.8+0.5 120+ 1.5*
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