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Abstract The objective of this study was to investigate the
effects of two lasers (Er:YAG and CO2) in enhancing skin
permeation of three vitamin C derivatives, L-ascorbic acid
2-phosphate sesquimagnesium salt (MAP-1), magnesium
L-ascorbic acid-2-phosphate (MAP-2), and 2-phospho-L-
ascorbic acid trisodium salt (SAP). Dorsal skin of 1-week-
old pathogen-free pigs was used for this in vitro study.
Changes in permeation in laser-treated skin treated by the
lasers were examined by confocal scanning electron micros-
copy. Transdermal flux of vitamin C derivatives was exam-
ined with a Franz diffusion cell. Fluxes of MAP-1, MAP-2,
and SAP across Er:YAG laser-treated skin were 15–27-fold,

48–123-fold, and 22–56-fold higher, respectively, than their
fluxes across intact skin. The fluxes of MAP-1, MAP-2, and
SAP across CO2 laser-treated skin were 28–36-fold, 116–
156-fold, and 79–102-fold higher, respectively, than their
fluxes across intact skin. Optimal fluency for the Er:YAG
laser was 3.8 J/cm2 for MAP-1 and 5 J/cm2 for MAP-2 and
SAP. Optimal fluency for the CO2 laser was 5 W for all three
derivatives. In conclusion, optimal fluency for all deriva-
tives was 5 W for the CO2 laser and 3.8 to 5 J/cm2 for the
Er:YAG laser.
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Introduction

Vitamin C inhibits melanogenesis, promotes collagen
synthesis, and has anti-oxidant properties [1–5]. Trans-
dermal delivery of vitamin C, a compound used topi-
cally as a skin whitener and anti-aging agent, is difficult
because the outer layer of the skin, the stratum cor-
neum, provides a barrier to the entry of water-soluble
substances such as vitamin C [6]. A number of manip-
ulations have been tried to remove this impediment,
such as tape-stripping to remove the stratum corneum
physically, application of an electrical gradient to drive
charged molecules across the barrier, or electroporation
to open tiny holes in this skin layer [7].

Laser pretreatment is one of the methods used to
increase permeability. Two lasers used for this treatment
are the erbium-doped aluminum garnet (Er:YAG) laser
and the CO2 laser. An energy pulse from either laser
can ablate the stratum corneum and at higher fluencies,
decrease the thickness of the epidermal layer, and cause
changes in both epidermis and dermis, thus increasing
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transdermal permeability [5]. The two laser types differ
in the wavelengths used. The Er:YAG laser has a
shorter wavelength and a reduced penetration into tis-
sue. The CO2 laser has a longer wavelength, a much
lower absorption coefficient in water, and can cause
necrosis due to thermal damage [8–10].

Although the use of vitamin C itself as a skin whitener is
limited because it is unstable and easily oxidized and inac-
tivated, three stable vitamin C derivatives, L-ascorbic acid
2-phosphate sesquimagnesium salt (MAP-1), magnesium
L-ascorbic acid-2-phosphate (MAP-2), and 2-phospho-L-
ascorbic acid trisodium salt (SAP), have been used in skin-
whitening products for a number of years [11].

Previous studies of the use of lasers to increase
permeability to vitamin C and its derivatives have not
identified the maximum (optimal) transdermal energy
for each type of laser for each vitamin C derivative.
However, it would be useful clinically to identify the
optimal laser setting in order to avoid skin damage due
to unnecessarily high settings.

In the current study, the effect of and the optimal settings
for two lasers (Er:YAG and CO2) in increasing transdermal
permeability for each of the above three stable vitamin C
derivatives were examined in vitro in porcine skin.

Materials and methods

Materials

L-ascorbic acid 2-phosphate sesquimagnesium salt (MAP-1,
289.54) and 2-phospho-L-ascorbic acid trisodium salt (SAP,
322.05) were obtained from Sigma (St. Louis, MO, USA).
Magnesium L-ascorbic acid-2-phosphate (MAP-2, 759.22)
was obtained from SHOWADENKOK.K. Company (Japan).

Laser experimental protocol

Er:YAG (2,940 nm) and CO2 (10,600 nm) lasers were
used to pretreat samples taken from the dorsal region of
porcine skin. The Er:YAG laser (Profile-MP, Sciton Inc.,
Palo Alto, CA. USA) was used at output energies of
0.31~0.79 J/pulse with a beam spot size of 4 mm, a
setting that achieved fluencies of 2.5~6.3 J/cm2. One
pass of the CO2 laser (150XJ, Sharplan Laser Inc.,
Israel) with a pulse of 5~11 W and a beam diameter
of 5 mm was also used.

Skin samples

Skin from 8 pathogen-free pigs (1 week old) was sup-
plied by the Animal Technology Institute Taiwan
(Miaoli, Taiwan). The supplier euthanized the piglets

by electrocution, harvested the dorsal skin, cut it to
the appropriate size, and shipped it directly to the
author’s laboratory. The resulting skin samples were
used for scanning electron microscopy (SEM), confocal
scanning electron microscopy (CLSM), and in vitro
permeation studies of the three vitamin C derivatives.

Ultrastructure examination by scanning electron microscopy

Excised porcine skin samples with and without laser treat-
ment were cut into appropriate-sized cubes and immediately
fixed at 4 °C in 3 % paraformaldehyde and 2 % glutaralde-
hyde in 0.1 M cacodylate buffer (pH 7.4) overnight, washed
three times with 0.1 M cacodylate and 7 % sucrose buffer
for 15 min, post-fixed with 2 % osmium tetroxide for 1 h,
washed three times as before, and immersed in 0.5 % aque-
ous uranyl acetate for 30 min. The specimens were then
dehydrated in graded concentrations of ethanol, transferred
to isoamyl acetate, and critical-point dried using liquid CO2.
The dried specimens were affixed with gold-palladium in an
ion coater and examined with a scanning electron micro-
scope (Hitachi S-5000, Japan).

In vitro permeation of vitamin C derivatives

For permeation studies, a piece of excised porcine dorsal
skin was mounted in a Franz diffusion cell with the stratum
corneum facing the donor compartment. After laser pretreat-
ment at defined fluencies, the skin surface was wiped with a
cotton wool swab several times. The receptor compartment
(5.5 ml) was filled with a pH 7.4 citrate–phosphate buffer.
The donor compartment (0.5 ml) contained 13 mM MAP-1,
MAP-2, or SAP in a pH 7.4 citrate–phosphate buffer. The
available area of the side-by-side cell was 0.7854 cm2. The
receptor compartment was maintained at 37 °C, and the
contents were stirred with a magnetic bar at 600 rpm. At
appropriate intervals, 300 μl aliquots of receptor medium
were withdrawn and immediately replaced with an equal
volume of fresh receptor solution. The length of the sam-
pling period was 12 h. The amount of drug in the receptor
medium was determined by high-performance liquid chro-
matography (HPLC).

HPLC analytical method

The vitamin C derivative content in the various samples was
analyzed with an HPLC system consisting of a Dionex
UltiMate 3000 pump, a Dinoex UltiMate 3000 autosampler,
and a Dinoex UltiMate 3000 UV detector. A 15-cm-long,
4.6-mm-inner diameter Inertsil ODS-4V column (GL Sci-
ence, Tokyo, Japan) was used. For MAP-1, MAP-2, and
SAP, the mobile phase was used at a flow rate of 1 ml/min,
and the UV detector was set at a wavelength of 254 nm.
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In vitro permeation of fluorescein isothiocyanate examined
through confocal laser scanning microscopy

Skin was first treated by irradiation with a Er:YAG (5 J/cm2)
or CO2 (5 W) laser. Fluorescein isothiocyanate (FITC)/
pH 7.4 buffer (0.2 ml) at a concentration of 0.2 % was
added to the donor compartment for a 2-h incubation. All
procedures were carried out in the dark to prevent interfer-
ence by ambient light. Skin samples obtained were then
examined for FITC fluorescence by CLSM. The skin thick-
ness was optically scanned through the Z-axis of a Leica
TCS SP2 confocal microscope (Manheim, Germany) at
about 8-μm increments. Optical excitation was carried out
with a 488-nm argon laser beam and the fluorescence emis-
sion was detected at 590 nm.

Data analysis

For the in vitro permeation study, the total amount of drug
permeating across a unit diffusion surface was calculated
and plotted as a function of time. The flux was calculated
from the slope of the linear portion of the cumulative
amount/time plot and expressed as nmole/cm2/h.

Two pulses at different sites of the 4-mm-diameter hand-
piece of the Er:YAG laser covered 32 % of the total skin
area available for permeation. One pulse of the 5-mm-
diameter hand-piece of the CO2 laser covered 25 % of this
area. We calculated normalized flux by extrapolating the
laser-increased permeation that was recorded to 100 % of
the total area using the following algorithm:

J100%  = Jlaser (Jcontrol × (Atotal  Alaser/Atotal)x 100% × Atotal/Alaser

J100% Flux (nmole/cm2/h) across 100 % laser-treated skin
(normalized flux)

Jlaser Flux across partly laser-treated skin in Franz cell
(original flux)

Jcontrol Flux across untreated skin
Atotal Area (cm2) of total diffusion area
Alaser Area of laser-treated site

Statistical analysis

Cumulative amount–time profiles for in vitro transdermal
permeation were graphed as a line plot with mean and
standard deviation (SD) for each condition. Results of nor-
malized flux across the porcine skin were summarized as
mean±SD for each condition and were compared using one-
way ANOVAwith a post hoc Duncan test. Statistical assess-
ments were two-sided and considered significant when P<
0.05. An adjusted significant level P00.01 (00.05/5) was
used for post-hoc multiple comparisons. Data were graphed

and analyzed using SigmaPlot software (Systat Software,
Inc).

Results

Confocal microscopy of FITC penetration of porcine skin
after Er:YAG and CO2 laser treatment is shown in Fig. 1.
The upper section of each panel shows optical scanning of a
series of 8 μm increases in depth below the skin surface.
The single section at the bottom of the panel is a compilation
of the results at all depths. These micrographs show that
pretreatment by either laser increases the depth to which
FITC can penetrate into the skin layer. The CO2 laser (5 W)
causes more extensive penetration than the Er:YAG laser
(5 J/cm2).

Figure 2 shows SEM images of porcine skin after
exposure to Er:YAG or CO2 laser treatment. In untreat-
ed skin (panel A), one can see an orderly pattern of
overlapping corneocytes. After Er:YAG treatment (panel
B) order is lost, and spaces between the corneocytes
and some ablation are present. CO2 laser treatment
produces more severe disruption of the corneocyte bar-
rier, hills and valleys in the skin surface, and greater
spaces between the corneocytes.

Figures 3 and 4 show the effect of Er:YAG laser
pretreatment. Figure 3 shows cumulative amount/time
for transdermal permeation of MAP-1, MAP-2, and
SAP at different Er:YAG fluencies. When fluency in-
creased, the permeation rate increased for all three com-
pounds. The maximum cumulative amount at the
highest fluency used was approximately 700 nmole/
cm2 for MAP-1 (Fig. 3a), 900 nmole/cm2 for MAP-2
(Fig. 3b), and 700 nmole/cm2 for SAP (Fig. 3c).

Normalized fluxes for the three derivatives are shown in
Fig. 4. These data suggest that a dose of 3.8 J/cm2 might be the
optimal fluency use to increase permeation forMAP-1, and 5 J/
cm2 might be the optimal fluency for both MAP-2 and SAP.

Figures 5 and 6 show the effect of CO2 laser pretreat-
ment. Figure 5 shows cumulative amount/time for transder-
mal permeation of MAP-1, MAP-2, and SAP for different
intensities of CO2 laser pretreatment. As with Er:YAG laser
pretreatment, as the intensity of the laser stimulus increased,
the permeation rate increased for all three compounds. The
maximum cumulative amount at the highest fluency used is
approximately 800 nmole/cm2 for MAP-1 (Fig. 5a),
900 nmole/cm2 for MAP-2 (Fig. 5b), and 1,200 nmole/cm2

for SAP (Fig. 5c).
Figure 6 shows normalized fluxes for the three deriva-

tives under the four CO2 laser stimulus intensities used. The
results suggest that a pulse of 5 W might be the optimal
intensity to use for all three derivatives to enhance
permeation.
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Discussion

Both Er:YAG and CO2 lasers increased permeability to
all three vitamin C derivatives. At 5 J/cm2 (Er:YAG
laser) and 5 W (CO2 laser), the CO2 laser increased

permeability to each compound more than the Er:YAG
laser and showed deeper penetration of the fluorescent
probe, FITC, into the skin layer. Maximum (optimal)
transdermal delivery energy was 3.8–5 J/cm2 (Er:YAG
laser) and 5 W (CO2 laser).

Fig. 1 Confocal laser scanning microscopic (CLSM) micrographs of
porcine skin after in vitro topical administration of FITC after laser
pretreatment: a Non-treatment group. b Er:YAG laser, 5 J/cm2. c CO2

laser, 5 W (original magnification, ×20). The skin specimen was
viewed by CLSM at 8-μm increments through the Z-axis. The images
below the photographs of the 15 fragments are the sum of all fragments
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Hsiao et al. [12] have compared the effect of the two
lasers on permeation of two other stable vitamin C deriva-
tives, 3-O-ethyl ascorbic acid and 1-ascorbyl-2-glucoside, in
nude mouse skin. As fluency was increased a ceiling effect
on permeation was seen with the Er:YAG laser, but not with
the CO2 laser. The optimal fluency for the two compounds
tested was 5 J/cm2. Optimal fluency for the CO2 laser was
not reported. Lee et al. [5] found the Er:YAG laser able to
increase permeability to vitamin C, but not to magnesium
ascorbyl phosphate. They did not investigate the ability of
the CO2 laser to increase permeability to this derivative.

The three derivatives studied in the current investigation
are used in a number of topical formulations for skin whit-
ening. When laser pretreatment is used in order to enable the
derivatives to cross the stratum corneum, it is important for
the clinician to know the optimal laser setting in order to
avoid skin damage due to high energy. The Er:YAG laser
and the CO2 laser require different machines. Not all clinics
have both machines, so it is important to know the best
settings for each type of laser.

The primary barrier to transdermal drug delivery is the
low permeability of the stratum corneum. Laser treatment
can be divided into two components, a stratum corneum
ablation effect and the effect of photochemical waves. Of
the two components, the stratum corneum ablation effect is
the most important [13], and laser treatment can remove the
stratum corneum with little damage to the other layers of the
skin [14]. This ability has enabled laser treatment to be used
for such applications as transdermal DNA delivery [15] and
to immunize an animal without the addition of adjuvants or
penetration enhancers [16].

Other ways to increase the effectiveness of Er:YAG laser
pretreatment while decreasing potential skin damage have
been investigated. In fractional treatment [16–20], the Er:
YAG laser beam was sent through a grid with small holes in
it so that only a fraction of the treated area was reached by
the beam. In microporation [7], the Er:YAG laser, whose
wavelength is the principal wavelength for the absorption of
water molecules, was used with a very short pulse duration
in pig and human skin samples. Heat transfer to other sub-
stances was thus minimized and the explosive evaporation
of the water produced micropores through which the drug
could enter the skin. And Greene et al. [8], in a clinical
study, has explored the use of blended Er:YAG and CO2

laser treatment in patients with actinic skin damage.
In considering the clinical use of CO2 laser treatment to

increase transdermal delivery of vitamin C, one question is
whether hyperpigmentation, a known side effect of CO2

laser treatment, would interfere with results. Two studies
of long-term side effects of CO2 laser resurfacing reported
hyperpigmentation in 3/104 (2.8 %) and 7/104 (6.3 %) of
patients [21,22]. No instances of melasma were reported, and
hyperpigmentation was treated with topical hydroquinone.

Fig. 2 Scanning electron microscopy observations (magnification
×300) of porcine skin. a Without any treatment. b 4 mm, 5 J/cm2 Er:
YAG laser. c 5 mm, 5 W CO2 laser
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But the goals of CO2 laser treatment for vitamin C
delivery are different from those for skin resurfacing.

To increase skin permeability, the goal is to remove the
stratum corneum, and only the lowest laser setting, 5 W,

}

Fig. 3 Cumulative amount-time profiles of in vitro transdermal permeation through porcine skin of a MAP-1, b MAP-2, and c SAP, after Er:YAG
laser pretreatment with 4 mm spot size and different irradiation energies

Fig. 4 MAP-1, MAP-2, and
SAP normalized fluxes across
porcine skin after pretreatment
with an Er:YAG laser (n08 for
each fluency condition). Each
value represents the means±
SD. Normalized flux was cal-
culated from the flux across
fully laser-treated skin (100 %).
P<0.05 through one-way
ANOVA test with a post hoc
Duncan test. Difference letters
(a, b, c, d) indicate significantly
different between groups
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was needed in our study. In skin resurfacing, deeper
skin layers need to be removed, and in the Bernstein

study [21], for example, 1 to 4 passes at 10–20 W were
used. It seems likely, therefore, that hyperpigmentation

Fig. 5 Cumulative amount/time profiles of in vitro transdermal permeation through porcine skin of aMAP-1, bMAP-2, and c SAP, after CO2 laser
pretreatment with 5 mm spot size and different irradiation energies. Each value represents mean±SD (n08)

Fig. 6 MAP-1, MAP-2, and
SAP normalized fluxes across
porcine skin after pretreatment
with CO2 laser (n08 for each
formulation condition). Each
value represents mean±SD.
Normalized flux was calculated
from the flux across fully laser-
treated skin (100 %). P<0.05
through one-way ANOVA test
with a post hoc Duncan test.
Difference letters (a, b) indicate
significantly different between
groups
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will not be a problem with combined CO2 laser/vitamin
C use.

We have shown in this study that pretreatment with both
the Er:YAG and CO2 laser increase the permeability of
porcine skin to three stable vitamin C derivatives used in
topical skin care formulations. Optimal fluency for all deriv-
atives was 5 W for the CO2 laser and 3.8 to 5 J/cm2 for the
Er:YAG laser.
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