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ABSTRACT

Purpose To evaluate skin permeation enhancement mediated
by fractional laser for different permeants, including hydroqui-
none, imiquimod, fluorescein isothiocyanate-labeled dextran
(FD), and quantum dots.

Methods Skin received a single irradiation of a fractional CO,
laser, using fluence of 2 or 4 m) with densities of 100~400
spots/cmz. In vitro and in vivo skin penetration experiments were
performed. Fluorescence and confocal microscopies for imag-
ing delivery pathways were used.

Results The laser enhanced flux of small-molecule drugs 2~5-
fold compared to intact skin. A laser fluence of 4 m] with a 400-
spot/cm? density promoted FD flux at 20 and 40 kDa from 0
(passive transport) to 0.72 and 0.43 nmol/cm?/h, respectively.
Microscopic images demonstrated a significant increase in fluores-
cence accumulation and penetration depth of macromolecules
and nanoparticles after laser exposure. Predominant routes for
laser-assisted delivery may be intercellular and follicular transport.
CO,, laser irradiation produced |3-fold enhancement in follicular
deposition of imiquimod. Laser-mediated follicular transport could
deliver permeants to deeper strata. Skin barrier function as de-
termined by transepidermal water loss completely recovered by
|2 h after irradiation, much faster than conventional laser treat-
ment (4 days).

Conclusions Fractional laser could selectively enhance perme-
ant targeting to follicles such as imiquimod and FD but not
hydroquinone, indicating the importance of selecting feasible
drugs for laser-assisted follicle delivery.

KEY WORDS fractional CO;, laser - hair follicles -
macromolecule - nanoparticle - skin permeation -
small-molecule drug

INTRODUCTION

Skin delivery systems are used for topical and transdermal
purposes. They are both user-friendly and painless which help
increase patient compliance. However, only a few drugs are
candidates for skin delivery due to the barrier function of the
stratum corneum (SC) (1). Several chemical and physical
techniques were investigated to enhance skin permeability.
Among these, laser treatment is a noteworthy trend. A resur-
facing laser can precisely ablate the SC layers in a controlled
manner by adjusting the laser parameters (2). The duration of
laser irradiation is only nano- or microseconds, suggesting
enhancement of skin permeation in very short treatment times
(3). Furthermore, laser irradiates the skin in a non-contact
fashion which avoids cross-contamination risks. The laser
energy for increasing drug skin delivery is consistently lower
than that for treating wrinkles, scarring, and photodamage (4),
assuring its better safety toward the skin.

The carbon dioxide (COy) laser is a resurfacing laser
which can remove the SC, thus enhancing drug delivery
via the skin. SC ablation by a COy laser is accompanied by
undesirable residual thermal effects. The heating procedure

W.-R. Lee * S.-C. Shen * H.-H. Yang
Graduate Institute of Medical Sciences, Taipei Medical University
Taipei |10, Taiwan

W.-R. Lee

Department of Dermatology

Taipei Medical University—Shuang Ho Hospital
Taipei 235, Taiwan

@ Springer

S. A Al-Suwayeh

Department of Pharmaceutics, College of Pharmacy
King Saud University

Riyadh, Saudi Arabia

Y.-C. Li-].-Y. Fang (<)

Pharmaceutics Laboratory, Graduate Institute of Natural Products
Chang Gung University

259 Wen-Hwa st Road

Kweishan, Taoyuan 333, Taiwan

e-mail: fajy@mail.cgu.edu.tw



The Role of Follicles on Laser-Assisted Drug Permeation

793

can result in loss of cell function and tissue necrosis (5). Our
previous study demonstrated that a 4-day duration was
needed to recover the SC barrier function after CO, laser
treatment, although this laser greatly enhanced 5-
fluorouracil absorption (6). This drawback may limit the
applicability of CO, lasers. Fractional lasers recently be-
came popular as they only treat a portion of the irradiated
skin. They use microscopic areas of illumination surrounded
by islands of normal tissues (7). The fractional technology
offers significant advantages of a safe procedure which per-
mits rapid reepithelialization. In 2007, this concept was
introduced for COy lasers (8,9). The fractional CO, laser
may resolve the problems of the long wound-healing dura-
tion of conventional lasers. In the present work, we evalu-
ated the pretreatment effect of a fractional laser on the skin
permeation of small-molecule drugs, macromolecules, and
nanoparticles. We tried to set specific laser conditions
for optimal treatment recommendations. Since appendageal
routes are essential for the permeation of certain drugs, espe-
cially macromolecules, the second aim was to explore the role
of hair follicles in skin delivery enhanced by a fractional laser.

Hydroquinone and imiquimod were selected as the mod-
el drugs as small-molecule permeants. Hydroquinone is a
hydrophilic drug used to treat hyperpigmentation disorders
(10). Imiquimod is a lipophilic drug used to manage warts,
skin carcinomas, and skin aging (11). Macromolecules such
as proteins, nucleotides, and small interfering (si)RINA are
currently being investigated for topical therapy (12). Suit-
able enhancing methods are necessary to improve the skin
transport of macromolecules since it is impossible for them
to passively permeate the SC. To test the feasibility of
laser enhancement, fluorescein isothiocyanate (FITC)-la-
beled dextran (FD) of various molecular weights (MWs)
was used as the macromolecular model. The skin ab-
sorption of nanocrystal quantum dots (QDs) with a
diameter of 18 nm was also examined in this study.
Both i wvitro and in vivo skin permeation experiments
were carried out using nude mouse as an animal model.
The distribution of permeants in the skin was imaged
by fluorescence microscopy and confocal laser scanning
microscopy (CLSM). Recovery of the skin barrier func-
tion post-irradiation was detected by the transepidermal
water loss (TEWL).
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MATERIALS AND METHODS
Materials

Hydroquinone, FITC, and FD with average MWs of 4
(FD4), 10 (FD10), 20 (FD20), and 40 kDa (FD40) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Imi-
quimod was supplied by LKT Laboratories (St. Paul, MN;,
USA). The carboxylic acid-conjugated QDs (Qdot® 800
ITK) were provided by Invitrogen (Carlsbad, CA, USA).

Fractional CO, Laser

The fractional laser with a wavelength of 10,600 nm and
pulse times of 60 and 80 us for 2 and 4 m] was purchased
from Lutronic (eCOy®, San Jose, CA, USA). The hand-
piece creates microscopic columns of skin ablation, which
are called microscopic treatment zones (MTZs). The MTZs
used in this study were 120 and 300 pm in diameter. The
scan area size was 1.2X1.2 ecm. The spot numbers in this
area were set to 100, 200, or 400 spots/ch. The MTZ
coverage extents in the area treated by a 120-um MTZ
would be 1.8%, 3.7%, and 7.3% for 100, 200, and 400
spots/cm?, respectively. Laser fluences of 2 and 4 mJ were
used to irradiate nude mouse skin.

Animals

Female nude mice (ICR-Foxnlnu strain) aged 8 weeks were
obtained from the National Laboratory Animal Center
(Taipei, Taiwan). The animal experimental protocol was
reviewed and approved by the Institutional Animal Care
and Use CGommittee of Chang Gung University.

Histological Examination of the Skin

The laser was used to irradiate the dorsal region of nude
mice. The animals were sacrificed, and specimens of the
laser-treated area were excised. Each skin sample was fixed
in 10% buffered formaldehyde using ethanol, embedded in
paraffin wax, and stained with hematoxylin and eosin
(H&E). Cyclooxygenase (COX)-2 immunostaining was per-
formed based on our previous study (13). Biopsies were
examined and imaged under light microscopy (IX81,
Olympus, Tokyo, Japan).

In Vitro Skin Permeation

This experiment was conducted with Franz diffusion cells.
The full-thickness skin of a nude mouse was taken from the
dorsal region. The skin was treated with a fractional COgy
laser and then mounted between the donor and receptor
compartments of a Franz cell with the SC facing upwards
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into the donor compartment. A pH 7.4 phosphate buffer
(5.5 ml) was used as the receptor medium for hydroquinone,
FITC, and FD. The medium for imiquimod was 20%
ethanol in pH 7.4 buffer. The donor was pipetted with
0.5 ml of hydroquinone in pH 7 buffer (0.11%, w/v), imi-
quimod in 20% ethanol/pH7.4 buffer (0.1%), FITC/FD in
double-distilled water (120 uM), or QDs in pH 7.4 buffer
(0.8 uM). The permeation area between compartments was
0.785 cm”. The stirring rate was maintained at 600 rpm and
the temperature at 37°C. A 300-ul aliquot was with-
drawn from the receptor at determined intervals, and
was immediately replaced with an equal volume of fresh
medium. Samples of hydroquinone and imiquimod were
analyzed by high-performance liquid chromatography
(HPLC) as described previously (14,15). The receptor
accumulation amounts of FITC and FD were quantified
by a fluorescence spectrophotometer (F-2500, Hitachi,
Tokyo, Japan). The amount of selenium from the QDs
was analyzed with an atomic absorption spectrophotometer
(2-5000, Hitachi).

Differential Stripping and Cyanoacrylate Skin Surface
Biopsy

This method was utilized to examine the amount of small-
molecule drugs in hair follicles (16). After a 24-h application,
the skin was removed from the Franz cell and the SC was
stripped by applying adhesive tape 20 times. Subsequent to
tape stripping, follicular casts were prepared. A drop of
superglue (ethyl cyanoacrylate 7004T, 3M, Taipei, Taiwan)
was positioned on a glass slide, which was then pressed onto
the surface of the stripped skin. The cyanoacrylate was
polymerized, and the slide was removed with one quick
movement after 5 min. The superglue remaining on the
slide was scrapped off, and then positioned in a test tube
containing 2 ml methanol. The tube was shaken for 3 h. The
resulting mixture was vacuumed to evaporate the methanol.
The mobile phase was added to the sample for the HPLC
analysis.

Fluorescence Microscopy

Immediately after @ wvitro skin permeation application,
specimens of the permeated skin area were used for mon-
itoring by fluorescence microscopy. The skin biopsies were
cut vertically, embedded in OCT, and frozen at —70°C.
Samples were subsequently sectioned in a cryostat micro-
tome and mounted with glycerin and gelatin. The slices
were examined with an inverted microscope (IX81, Olym-
pus) using a filter set at 450~490 and 515~565 nm for
excitation and emission, respectively. The excitation and
emission wavelengths for QDs were 546 and 590 nm,
respectively.

@ Springer

In Vivo Skin Permeation

A mouse's back was irradiated with a fractional laser. Sub-
sequently, a glass cylinder with an available area of
0.785 cm? was fixed onto the treated skin with glue. The
cylinder was filled with double-distilled water containing
120 uM FITC or FD20 (0.2 ml). The application time for
the permeants was 2 h. The animal was sacrificed, and the
skin was excised to examine the fluorescence signal by
confocal laser scanning microscopy (CLSM). The skin sur-
face was washed with methanol to remove residual perme-
ants. The skin thickness was optically scanned at 5-um
increments through the Z-axis of a Leica TCS SP2 confocal
microscope (Wetzlar, Germany). Optical excitation and
emission wavelengths were set to 488 and 500~535 nm,
respectively.

Recovery of the Skin Barrier Function

The dorsal skin of a nude mouse was treated with the
fractional laser at 2 or 4 m]. Transepidermal water loss
(TEWL) values were measured by a Tewameter (TM300,
Courage and Khazaka, Koéln, Germany) for 24 h post-
irradiation. The baseline standard was determined using
adjacent untreated skin. The temperature and relative
humidity in the laboratory were kept at 25°C and 55%,
respectively.

Statistical Analysis

The analysis was carried out using an unpaired Student’s /-test
or analysis of variance (ANOVA). A 0.05 level of probability
(p<0.05) was accepted as statistically significant.

RESULTS
Histological Examination of Skin

Biopsy specimens of laser-treated skin were obtained
immediately after irradiation for a blinded histological
assay as shown in TFig. 1. For this experiment, the
MTZ was fixed at 120 pm, and the fluence was set to
2 or 4 mJ. As shown in Fig. la, light microscopy indi-
cated no observable damage to the entire skin in the
non-treated group. Irradiation with 2 m] showed partial
removal of the SC with no disruption of the epidermis or
dermis (Fig. 1b). Fractional laser treatment at 4 mJ led to
the formation of cone-shaped pores with depths ranging
25~30 um (arrow in Fig. lc). Some SC layers still
remained at the top of the pore after treatment. A 4-
m]J pulse resulted in partial epidermal ablation and epi-
dermal necrosis and coagulation. An intact morphology
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of the dermis was found under the irradiated site. For
the fluence at 4 m]J, infiltrating inflammatory cells were
observed. This is in marked contrast to the lower fluence
(2 m]) for which no infiltration was detected. There was
no observable change in the morphology surrounding the
MTZs. COX-2 expression in the untreated skin is shown
in Fig. 1d. COX-2 was predominantly located in the
epidermis. The laser fluence of 2 mJ produced compa-
rable expression to that of the control group (Fig. le).
On the other hand, the laser at 4 m] induced higher
COX-2 expression in the treated area than that at the
lower fluence (arrow in Fig. 1f).

In Vitro Skin Permeation

Hydroquinone was first selected to examine the feasibility
of laser-assisted skin delivery. In vitro skin permeation was
studied by varying the fluences and numbers of pores.
Both MTZs of 120 and 300 pm were irradiated for
comparison. Figure 2a illustrates hydroquinone accumu-
lation in receptors with an MTZ of 120 pm. All tested
fluences were effective in increasing hydroquinone per-
meation. A higher fluence (4 m]) increased hydroquinone
permeation to a greater level (p<0.05) compared to the
lower fluence (2 mJ). An increase in spot numbers in a
fixed area generally increased hydroquinone delivery.
Nevertheless, there was no significant difference (p>0.05)
between permeation at 200 and 400 spots/cm”. The drug

permeation by an MTZ of 300 pum was much lower than that
of 120 pm (Fig. 2b). The same as an M'TZ at 120 um, a higher
fluence and spot density further increased hydroquinone per-
meation with the larger MTZ. Further study examining the
permeation of the other permeants was performed using a
spot size of 120 pum, pulse fluences of 2 and 4 m], and
densities of 100 and 400 spots/cm”. The flux (ug/cm?/h or
nmol/cm”/h) was measured by the slope of the linear
portion of the cumulative amount-time profiles as summa-
rized in Table L. In the case of hydroquinone, the flux of 2-
mJ-ablated skin showed 3~4-fold enhancement compared
to that of untreated skin. An irradiated fluence of 4 m]
produced further 4~5-fold promotion. As shown in Table I,
the enhancement ratio of imiquimod by fractional laser treat-
ment did not surpass the value of hydroquinone. The skin
permeation of imiquimod after irradiation was 1~3-times
higher than that with no treatment.

Laser-mediated permeation was conducted for the
FITC fluorescent dye and its high MW derivatives, FD,
at 4~40 kDa. As revealed in Table I, FITC delivery
using 400 spots/cm? resulted in a 12~13-fold increase,
(1~2
fold). Increasing the laser energy did not produce a
significant increase (>0.05) in FITC permeation. FD
exhibited very low permeation via intact skin. The pas-
sive transport of FD20 and FD40 in the receptors was
below the detection limit. The fractional CO, laser facil-
itated skin delivery of FD in a more-efficient manner

which was superior to that using 100 spots/cm?

Fig. I Hematoxylin and eosin (H&E)-stained histological sections of nude mouse skin without treatment (control) (a), skin treated with a fractional laser at 2
mJ and 400 spots/cm? (b), and 4 m] and 400 spots/cm? (c). COX-2-immunostaining histology of nude mouse skin without treatment (control) (d), skin
treated with a fractional laser at 2 m] and 400 spots/cm? (e), and 4 m] and 400 spots/cm? (f). The scale represents a length of 100 um.
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Fig. 2 In vitro cumulative a
amount-time profiles of hydro-
quinone by fractional laser treat-
ment of nude mouse skin at spot
sizes of 120 (a) and 300 um (b)
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than that of the small-molecule permeants. Fluxes of FD4
and FD10 were 86- and 78-fold higher than passive
diffusion, respectively, at a fluence of 4 m] and 400
spots/cm?. Laser treatment under the same conditions
resulted in respective increases in flux levels from 0 to
0.72 and 0.43 nmol/cm?®/h for FD20 and FD40.

Differential Stripping and Cyanoacrylate Skin-Surface
Biopsy

The follicular pathway is likely to be a significant route
for drug delivery. In order to examine the effect of the
laser on the appendageal pathway, the amount of hy-
droquinone or imiquimod deposited in hair follicles was
detected by a combination of stripping and cyanoacry-
late casting. Recovery of the drugs from casts is shown
in Table II. After a 24-h administration time, 11 pg/ml
of hydroquinone was recovered from the follicles of
control skin. Increased follicular amounts of hydroqui-
none from laser-treated skin were not significant (p>
0.05). Significantly more imiquimod was recovered from fol-
licles after laser treatment than in the control group. The
imiquimod amount was found to have increased by 13-fold
upon laser exposure.
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Fluorescence Microscopy

Fluorescence imaging was employed to observe the pene-
tration of FITC, D20, and QDs into the skin. Figure 3a
and b depict images of vertical skin sections with no
treatment (blank control) with the same wavelength setups
for imaging FITC/FD20 and OQDs, respectively. The
white lines drawn in Fig. 3a and b are the boundary
between the epidermis and dermis. No or negligible fluo-
rescence signals from blank skin at the set wavelength
ranges were visualized, indicating a low autofluorescence
of the skin itself. In intact skin with FITC application, this
small-molecule dye was mainly deposited evenly on the
SC surface (Fig. 3c). The yellow circles in the figure show
areas of follicles. A very limited movement of this dye to
viable skin was observed. There was also widespread
accumulation of FITC throughout the SC surface with
laser treatment (Fig. 3d). Some fluorescence staining was
located in hair follicles, which extended FITC penetration
to the dermis. The signal faded from the surface to deeper
strata. As shown in Fig. 3e, FD20 predominantly accumu-
lated in follicles with an insignificant signal in the SC and
epidermal layers. There was a trend for follicles to express
a stronger signal after irradiation compared to the untreated
control (Iig. 3f).

Table I The In Vitro Flux (Lg/cm?/h for Hydroguinone and Imiquimod, nmol/cm?/h for FITC and FD) of the Permeants Via Nude Mouse Skin Treated with or

Without Fractional CO, Laser

Permeant 0 mJ 2 mJ, 100 spots/cm?

2 m), 400 spots/cmz

4 m), 100 spots/cm2 4 m), 400 spots/cm2

Hydroquinone 4.25+0.75 11.80=0.82 (2.78)
Imiquimod 0.17+0.03 0.23+0.02 (1.35)
FITC 0.69+0.27 1.56 +0.97 (2.26)
FD4 0.01 £0.002 0.06 =0.01 (5.00)
FD10 0.005 +0.002 0.15+0.07 (28.04)
FD20 0 0.09+0.02

FD40 0 0.04+0.02

15.84+2.50 (3.73)
0.39+0.03 (2.29)
9.05%1.16 (13.12)
0.56+0.05 (9.33)
0.32+0.05 (57.33)
0.14+0.04
0.07+0.02

16.72+ 1.86 (3.93)
0.340.04 (2.00)
1.100.27 (1.59)
0.14+0.02 (11.67)
0.34+0.12 (62.45)
0.15+0.04
0.08+0.02

2000+ 1.57 (4.71)
0.49+0.13 (2.88)
8.30+0.74 (12.03)
1.02+0.09 (85.71)
0.43+0.10 (77.62)
0.72+0.07
0.43+0.09

The data behind the mean = S.D. are the enhancement ratio of the flux of laser-treated group/the flux of untreated group

Each value represents the mean and S.D. (n=4)
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Table Il The Drug Amount in Hair Follicles (ug/ml) of Nude Mouse Skin
Treated After Topical Application with or without Fractional CO, Laser

Permeant 0mJ 4 mJ, 400 spots/cm2
Hydroquinone [1.02x£2.15 12,97 £2.20(1.18)
Imiquimod 0.08+0.02 .01 =0.49 (12.76)

The data behind the mean = S.D. are the enhancement ratio of the
amount of laser-treated group/the amount of untreated group

Each value represents the mean and S.D. (n=4)

ODs as a model nanoparticle were employed to test their
ability to penetrate laser-treated skin. In the i vitro Franz cell
experiment, no QDs were detected in the receptor after 24 h.
The skin was subsequently examined by fluorescence micros-
copy. As shown in Fig. 3g, QD penetration via intact skin was
limited to the outermost SC layers with weak intensity. No
fluorescence was imaged either in the epidermis or dermis.
The imaging of laser-treated skin indicated a clear increase in
fluorescence of QDs (Fig. 3h). There was a continuous and
homogeneous band of a red signal which extended into the
SC. QDs were also detected in the dermis due to deposition in
hair follicles (blue circles). The skin regions shown in Fig. 3d, I
and H were the areas with MTZs exactly irradiated by the
laser, which were like Fig. 1c and f.

In Vivo Skin Permeation

Skin permeation experiments were also conducted i vivo.
The results were examined using CLSM. Figure 4a and b
illustrate images (100X) from intact and laser-irradiated (4
m]J, 400 spots/cm?) skin with FITC administration for 2 h.

The skin was scanned at ~5-um increments from the skin
surface (left to right, top to bottom). The first 6 fragments
are sections of the SC and epidermis since the SC and
epidermal thicknesses of nude mouse skin are ~10 and
~20 pm, respectively [6]. The green signal in Fig. 4a and
b represents the collective emissions of FITC in the tissues.
The passive control displayed FITC deposition up to a
depth of 25 um (Fig. 4a). The green fluorescence was
distributed in a weak signal according to the summary of
15 total fragments (right panel of Fig. 4a). The skin sub-
jected to laser treatment exhibited fluorescence up to a
depth of 75 um. FITC was distributed in all layers of the
skin. The intense fluorescence was derived from follicles and
micropores generated by fractional irradiation. As shown in
Fig. 4c, a negligible signal was observed for FD20 perme-
ation into intact skin. FD20 entered laser-treated skin
through micropores, as evidenced by the green spots
throughout the skin. The fluorescence reached a depth of
at least 75 pm. CLSM images of the summarized 15 frag-
ments are shown at a higher magnification (630X) in Fig. 5.
A greater fluorescence intensity was detected with laser-
treated skin than control skin for FITC (Fig. 5a vs. b). There
was widespread distribution of FITC which was mainly
located in follicles, hair shafts, and intercellular regions.
The hairs seemed to be intact after laser treatment. A similar
result was shown for FD20 (Fig. 5c¢ vs. d). FD20 tended to
assemble along the edges of corneocytes (Fig. 5d).

Recovery of the Skin Barrier Function

Changes in TEWL were evaluated to survey recovery of the
skin barrier function after laser exposure. Figure 6 shows the

Fig. 3 Fluorescence microscopic images of nude mouse skin: untreated skin detected at 450~490 and 515~565 nm for excitation and emission (a);
untreated skin detected at 546 and 590 nm for excitation and emission, respectively (b); in vitro FITC application via untreated skin (c); in vitro FITC
application via laser-treated skin (d); in vitro FD20 application via untreated skin (e); in vitro FD20 application via laser-treated skin (f); in vitro QD application
via untreated skin (g); in vitro QD application via laser-treated skin (h). The white line is the boundary between epidermis and dermis; the yellow circle is the
area of hair follicles. The scale represents a length of 100 um.
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Fig. 4 Confocal micrographs of nude mouse skin with an original magnification of 100x: in vivo FITC application via untreated skin for 2 h (a); in vivo FITC
application via laser-treated skin for 2 h (b); in vivo FD20 application via untreated skin for 2 h (c); in vivo FD20 application via laser-treated skin for 2 h (d).
The skin specimen was viewed by confocal microscopy at ~5-um increments through the Z-axis. A summary of |5 fragments with various skin depths is
shown in the right panel of each image. The scale in the summary of |5 fragments represents a length of 300 um.

A values (the value of the treated site minus the value of the
untreated site) within 24 h. TEWL immediately increased
following fractional laser treatment. A stronger fluence and
higher spot numbers resulted in greater augmentation in
TEWL. The barrier function returned to a normal level
within the detection duration (1 day) under all conditions
tested. The barrier function was rapidly repaired to a normal
status within the first 12 h after treatment.

DISCUSSION

Laser treatment at 4 m] resulted in ablation of the SC
and some of the epidermis. SC remnants were observed at
the treated site. This result was similar to that of a
previous study by Chen ef al. (17). This ensures some
integrity of the skin defense for preventing infection and
toxin invasion. Compared to 4 m], the lower fluence (2
mJ) showed negligible disruption of the skin according to
H&E and COX-2 staining. COX-2 plays an essential role
in skin pathogenesis such as inflammation and wound
healing. The 4-m] treatment resulted in increased COX-2
expression which may have been due to infiltration of inflam-
mation in the epidermis.

@ Springer

According to the results of skin permeation, the fractional
laser at the selected parameter settings could enhance skin
transport of all tested permeants. The laser could ablate a
part of the SC based on the histopathological observations,
leading to a reduced barrier function and increased perme-
ability. In addition to the ablation effect, the laser also
disrupted the remnant SC structures by photomechanical
waves (2,18). The channels generated by the fractional laser
provide a possible pathway to deliver drugs into deeper skin
strata, which is like the microneedle technique (19). The
fractional laser also increases the surface area for skin per-
meation. Results of hydroquinone permeation demonstrat-
ed a greater enhancement by MTZs of 120~300 pm.
Although the larger M'TZs ablate larger areas of the SC,
the ablated skin depth is consistently reduced compared to a
smaller spot size (20). It is because that the total laser energy
for MTZs of 120 pm and 300 pm is the same. Since the
300-um MTZs irradiated more coverage arca than 120-pm
MTZs, the irradiated depth for 300-pm MTZs was limited
to a superficial level. That is, the ablated dimension for
different MTZ radii was approximate at a determined flu-
ence. This suggests that the irradiated area is less important
in determining drug permeation enhancement. The ablated
depth was a predominant factor governing enhancement of
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Fig. 5 Confocal micrographs of
nude mouse skin at an original
magnification of 630X: in vivo
FITC application via untreated
skin for 2 h (a); in vivo FITC
application via laser-treated skin
for 2 h (b); in vivo FD20 applica-
tion via untreated skin for 2 h (c);
in vivo FD20 application via
laser-treated skin for 2 h (d). The
image is a summary of 15
fragments at various skin depths.

drug transport, such as hydroquinone. The deeper channel
could drive the permeant to deeper skin strata for further
diffusion into receptor compartment. This suggestion was
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Fig. 6 In vivo skin recovery of nude mouse treated with a fractional laser
by determining transepidermal water loss (TEWL) during a detection
period of 24 h. Each value represents the mean + SD (n=6).

50 ym

50 pm

confirmed by the result that a spot density of 400 spots/cm?
did not further promote hydroquinone delivery compared
to that with 200 spots/cm”.

Macromolecules possess a large size and hydrophilic na-
ture. They penetrate across the SC with difficulty, limiting
clinical applications for topical use. To overcome this limi-
tation, the fractional laser was effective in enhancing the skin
permeation of FD with MWSs ranging 4~40 kDa. FD4 was
chosen because of its similarity of molecular size to peptides
and nucleotides (21). Some vaccines have a molecular mass
which approximates the MW of FD40 (17,22). Some macro-
molecules easily locate in SC without further diffusion to
viable skin because of strong interaction with SC compo-
nents (23). The partial ablation of the SC layers by laser
resulted in the loss of SC interaction to macromolecules,
thus dramatically increased their penetration into viable skin
and receptor. It was found that the fluence of 4 m]J produced
much greater enhancement compared to that of 2 m]J for
D delivery. This may indicate a significant factor of pene-
tration depth in determining macromolecular permeation.
A contrary result was observed for small-molecule perme-
ants. The permeation of hydroquinone, imiquimod, and
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FITC treated by 4 m]J showed a slightly higher or similar
level compared to that treated with the lower fluence. This
suggests that superficial ablation was sufficient for small-
molecule permeants to penetrate the barrier. It is also pos-
sible that a significant removal of the SC can reduce the
partitioning of some drugs from the vehicle into the skin,
which i1s an offsetting effect for laser-assisted permeation
(14,24).

It is impossible to deliver FD40 through skin in a passive
manner, although the deposition in SC is proposed. A
previous work (25) demonstrates that FD38, which has a
similar MW with FD40, did not penetrate through SC by
passive diffusion. The laser increased FD40 permeation
from 0 to 0.43 nmol/cm®/h. This suggests that the fraction-
al laser efficiently delivered macromolecules of at least
40 kDa. Microneedles and thermal ablation are currently
used for macromolecular delivery into the skin (26). Never-
theless, microneedle insertion may produce problems in-
volving infection. A previous study (27) also suggests that
microneedles generally did not affect follicular structures
and the following drug delivery (methyl aminolevulinate)
through skin. Thermal ablation may cause a burning sensa-
tion and skin structural damage. The fractional laser pro-
vides an alternative for delivering macromolecules via the
skin. Both hydroquinone and imiquimod induced skin irri-
tation and erythema in some patients (10,28). A shortening
of the treatment duration should be considered (29). The
laser offers an opportunity to enhance drug absorption, thus
reducing the therapeutic period. High inter-individual dif-
ferences in skin permeation limit topical drug therapy. An-
other benefit of laser-mediated delivery with precise control
is the reduction of inter-subject deviations. After comparing
the mean and standard deviation of the flux value, there
were relatively small variations in the laser-treated groups.
Removal of the SC, which is highly variable among individ-
uals, favors a reduction in the variability (30).

Follicular routes can provide significant access for certain
drugs and nanoparticles. Our previous study (24) indicated
that a resurfacing laser may affect appendages which could
alter drug transport. We systematically explored the role of
follicles in skin permeation by laser treatment in this study.
Imiquimod had a strong selectivity for hair follicles after
irradiation, suggesting the effect of the CO, laser on en-
hancing imiquimod in appendages. Hydroquinone accumu-
lation in follicles was not increased by the laser. This may
indicate the lower importance of follicular routes for hydro-
quinone penetration. With respect to fluorescence micros-
copy, the broad distribution of passively applied FITC to
superficial skin was attributed to easy entrance of small-
molecule permeants by intercellular or transcellular routes.
The laser did not increase fluorescence in the SC. The
offsetting effect of limited partitioning can explain this phe-
nomenon. It was revealed that FITC's distribution was more
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concentrated along or in the region near hair follicles. This
result supports the hypothesis that the fractional laser can
enhance follicular delivery of permeants. A similar result
was demonstrated for FD20. The main pathway for passive-
ly applied FD20 was follicles not intercellular routes because
of the large size (6.6 nm) of this macromolecule (31). The
laser further increased FD20 permeation into shunt routes.
Follicles are generally active in sebum secretion and hair
growth. Still 30% of hair follicles are inactive and closed due
to the composition of desquamated corneocytes and dry
sebum (32). Inactive follicles can be opened by peeling and
tape-stripping (16,33), thus increasing permeant penetration
into follicles. Nude/hairless mice have follicles of an unde-
veloped and degenerated nature (34,35), which are like
mactive follicles. Laser ablation may open these follicles for
effective drug penetration. Since the follicular epithelium
exhibits less resistance compared to the interfollicular epi-
thelium (36), opening of follicles by the laser may accelerate
drug transport into the skin.

Little 1s known about QD transport into skin (37). A
previous report (38) indicated that QDs of smaller than
10 nm are theoretically able to enter the SC by intercellular
pathways. The radius of QDs used in this work was 18 nm,
indicating that they might penetrate the SC with difficulty.
The surface of QDs was conjugated with a carboxyl group
to impart a hydrophilic character. The polar group can
strongly bond to hydrated keratin in the SC to retard nano-
particle entrance (39). Ablation by the laser significantly
reduced this interaction, facilitating QD influx into deeper
strata and follicles. The potential application of nanopar-
ticles for delivering drugs into intact skin is restricted. Fol-
licular routes were suggested to be an important channel for
nanoparticle penetration (39,40). Creation of artificial chan-
nels and promotion of follicular deposition by a fractional
laser may provide a less-invasive technique to introduce
nanoparticles into the skin at sufficient depths.

According to the m vivo CLSM profiles, laser ablation
did not extend FITC's distribution in the skin, but it
increased the penetration depth to deeper layers. FITC
and FD20 penetrated into laser-irradiated skin along fol-
licles and MTZs. Accumulation of the permeant in the
dermis probably involved follicular transport. The perme-
ants radically diffused from microchannels to neighboring
tissues. Diameters of green spots for FITC and FD20 were
~200 and ~110 pm, respectively. This was due to the
casier diffusion of the small-molecule permeant compared
to macromolecules. The distance between the green spots
was 450~550 pum, which approximated the established
distance of the laser (600 um). The penetration of the
permeants via laser-treated skin seemed to follow intercel-
lular pathways along lipid bilayers. This is reasonable
since the laser interacts with SC lipids to disrupt arrays
and structures.
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For optimization of clinical applicability, the removal of
skin layers should be safe to avoid scarring, infection, and
toxin entrance. TEWL is representative of damage to the
SC barrier (41). The experimental results of TEWL
revealed that recovery of the skin barrier function was
completed within 12 h after fractional laser exposure. This
reepithelialization was much faster compared to that with a
conventional COy laser, which required a recovery duration
of 4 days (6). As the thermal area of MTZs is small and the
surrounding tissue is unaffected by the laser, the lateral
migration of intact cells occurs quickly (42). This leads to a
faster wound repair process compared to that with a
conventional laser.

CONCLUSIONS

Based on the present study, the fractional CO, laser offers a
promising new strategy to enhance skin transport of drugs,
macromolecules, and nanoparticles with reduced disruption
of the skin barrier function. Epidermal repair can be com-
pleted in a few hours. It was shown that laser exposure was
capable of delivering topically applied molecules of a large
size, such as FD40 (8.8 nm) and QDs (18 nm). The perme-
ation level can be controlled by modulating the laser fluence
or spot numbers. SC ablation and photomechanical waves
were the mechanisms enhancing skin permeation. The ma-
jor pathways for laser-mediated delivery were intercellular
and follicular penetration. Follicular transport is a promising
route for selective skin diseases such as acne, alopecia, and
folliculitis. The fractional laser may be applicable for deliver-
ing drugs to treat these disorders. Increased follicular delivery
is also beneficial to reach deeper strata and reduce application
times. The prospective benefits of fractional laser-assisted
permeation are that it can provide a less-invasive method to
deliver macromolecules such as proteins, vaccines, and genes
compared to a parenteral injection.
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