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Abstract: The effect of low frequency sonophoresis (SN, 20 kHz) on the skin transport of
sodium fluorescein (NaFI)-loaded liposomes was investigated. An in vitro skin penetration
study in open and blocked hair follicles was performed, and confocal laser scanning micros-
copy and scanning electron microscopy were used to visualize the penetration pathways. The
results showed that SN significantly increased the flux of NaFI solution, whereas it signifi-
cantly decreased the flux of NaFI-loaded polyethylene glycol-coated (PEGylated) liposomes
with D-limonene (PL-LI). SN did not significantly affect the flux of NaFI-loaded conventional
liposomes and PEGylated liposomes. In the blocked follicles, the flux of NaFI-loaded PL-LI
both with and without SN decreased, indicating that NaFI-loaded PL-LI penetrated the skin
via the transfollicular pathway. A confocal laser scanning microscopy image showed that in
the skin without SN, the fluorescence intensity of NaFI-loaded PL-LI was observed in the skin
and along the length of hair inside the skin, whereas in the skin with applied SN, the fluores-
cence intensity was detected only on the top of hair outside the skin. From scanning electron
microscopy images, SN dislocated the corneocytes and reduced the deposition of PL-LI around
hair follicles. These results revealed that SN may partially plug hair follicle orifices and reduce
percutaneous absorption through the follicular pathway.
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Introduction
Sonophoresis (SN) is a non-invasive technique for increasing the skin permeability of
various medications, including hydrophilic and large molecular weight compounds such
as caffeine,'? hydrocortisone,® calcein, and FITC-labeled dextrans. The transdermal
delivery of hydrophilic solutes with low-frequency ultrasound is likely to occur as
non-specific transport across the stratum corneum (ie, both the intracellular lipid
regions and the corneocytes).* Several possible mechanisms for SN as a transport
pathway have been suggested, such as thermal effects by absorption of ultrasound
energy and cavitation effects caused by collapse and oscillation of cavitation bubbles
in the ultrasound field.>¢ Cavitation has been found to be the main factor in creating
aqueous pathways across the stratum corneum by distorting the lipid bilayer, which
can lead to enhancing the transport of hydrophilic drugs across the skin.’
Low-frequency SN typically enhances the transport of hydrophilic molecules in
solution across the skin. It can easily be coupled with other transdermal drug delivery
techniques such as tape stripping,® microneedle,’ electroporation,'® iontophoresis, !
and chemical enhancement to produce a synergistic effect on transdermal
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drug delivery through an intracellular pathway.'? The
combination of SN and liposomes in skin permeation has
rarely been studied, and whether these methods have a syn-
ergistic effect is still controversial. Vyas et al showed that
the application of ultrasound and an ointment containing
liposomes enhanced diclofenac-entrapped liposome per-
meation across the skin.'* However, Dahlan et al reported
that the liposome application to sonicated skin prior to
application of bovine serum albumin solution reduced
bovine serum albumin penetration and transepidermal
water loss due to the repair of sonication-induced skin
disruption.'* Moreover, no mechanistic study for liposome
penetration into skin combined with SN has yet been
reported in term of skin penetration pathway, particularly
for the utilization of liposomes as a transfollicular drug
delivery system.

D-limonene (C, H,,) is one of the most common terpenes
in nature that has been widely used as skin penetration
enhancers. It can be remained in the lipid portion of the
stratum corneum, and can fluidize or perturb the integrity
of the barrier function of the stratum corneum for enhanced
transport of both hydrophilic and hydrophobic drugs through
the skin.” Polyethylene glycol (PEG), a hydrophilic poly-
mer, grafted onto the surface of the liposomes (PEGylated
liposomes, PL), was reported to enhance skin penetration
of zidovudine by binding to water molecules, increasing the
hydration of the stratum corneum.'® In addition, our previ-
ous work reported that D-limonene containing PL provided
a synergistic effect to enhance penetration of hydrophilic
compounds into and through the skin.'”

Therefore, the aim of this study was to investigate the
effect of low frequency SN (20 kHz) on the follicular pathway
for transport of sodium fluorescein (NaFI)-loaded PL into
porcine skin. PL containing D-limonene has been used as a
carrier to enhance transdermal delivery of hydrophilic NaFI,
with the transfollicular pathway as the major penetration
pathway.'” NaFI was used as a hydrophilic fluorescent com-
pound entrapped in vesicles. Liposomal formulations were
prepared by the sonication method. The particle size, shape,

blocked hair follicles were prepared to compare with open
hair follicles. Confocal laser scanning microscopy (CLSM)
and scanning electron microscopy were used to visualize the
skin penetration pathways of the vesicles.

Methods

Materials

Egg phosphatidylcholine (PC) and Na-salt N-(carbonyl-
methoxypolyethylen glycol-2000)-1,2-distearoyl-sn-
Ho0e-DSPE) were
purchased from Lipoid GmbH, Ludwigshafen, Germany.

glycero-3-phosphoethanolamine (PEG

Cholesterol (Chol) was purchased from Carlo Erba
Reagent, Ronado, Italy. Tween 20 was purchased from
Ajax Finechem, Auckland, New Zealand. NaFI and
D-limonene were purchased from Sigma-Aldrich, St Louis,
MO, USA. Lissamine™ rhodamine B 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine triethylammonium
salt (Rh-PE) was purchased from Invitrogen, Carlsbad,
CA, USA.

Liposome preparation

The formulations of the liposomes containing PC, Chol,
PEG,,,,-DSPE, Rh-PE, NaFl, and D-limonene are shown in
Table 1. The liposomes were prepared using the sonication
method. Briefly, a mixture of PC, Chol, PEG,,-DSPE, and
Rh-PE (as fluorescence probe) dissolved in chloroform/
methanol (2:1, v/v) was evaporated using the flow of N,
gas in tubes and placed in a desiccator at 6 hours. The
lipid film was hydrated with NaFI solution and mixed with
D-limonene in 2% (w/v) Tween 20 solution. PL and conven-
tional liposomes (CL) were prepared using the same process
described earlier. The particle size of all formulations was
reduced following probe-sonication for 30 minutes. The
particle size of all formulations was reduced following
probe-sonication (Vibracell™, VCX 130 PB, Sonics and
Materials, Inc., Newtown, CT, USA) with a frequency of
40 kHz at 40% amplitude for one cycle of 30 minutes under
ice bath. An excess lipid composition was separated from
vesicle formulation by centrifugation at 15,000 g at 4°C for

and in vitro skin penetration were investigated. Selectively 15 minutes.

Table | The composition of the different liposomal formulations

Formulations NaFI (mM) PC:Chol:PEG, -DSPE (mM) PC:Rh-PE (mM) D-limonene (mM)
CL 5.59 10:2 100:1 -

PL 5.59 10:2:0.12 100:1 -

PL-LI 5.59 10:2:0.12 100:1 7341

Abbreviations: CL, conventional liposome; Chol, cholesterol; NaFl, sodium fluorescein; PC, phosphatidylcholine; PEG

-DSPE, Na-salt N-(carbonyl-methoxypolyethylen

2000

glycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; Rh-PE, Lissamine™ rhodamine B 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolaminetriethylammonium salt.
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Characterization of liposomal
formulations

Particle size and surface charge

Each liposome formulation was diluted with an appropriate
amount of water and measured for particle size, size distri-
bution, and zeta potential, using a dynamic light scattering
particle size analyzer (Zetasizer Nano-ZS, Malvern Instru-
ment, Malvern, UK) with a4 mW He—Ne laser at a scattering
angle of 173°.

Particle size and shape by transmission

electron microscopy

Each liposome formulation was diluted with an appropriate
amount of distilled water and placed in a sonicator bath for
10 minutes and then dropped onto a formvar-coated copper
grid. The sample was observed using transmission electron
microscopy (JEM 1230, JEOL Ltd, Tokyo, Japan) at 80 kV
for particle size and shape measurements. The image analy-
sis software (JMicroVision V.1.2.7, University of Geneva,
Geneva, Switzerland) was used to determine the diameter
of the particle.

Drug entrapment efficiency

The NaFI entrapped liposomes was established by using
an ultrafiltration tube with a molecular weight cutoff of
3,000 Da (Microcon YM-3; Millipore, Billerica, MA,
USA). Briefly, liposomes in ultrafiltration tube were
centrifuged at 4°C at 10,000x g for 60 minutes. 0.25 mL
of phosphate-buffered saline (PBS) was added to the reten-
tate and centrifuged at 4°C at 10,000x g for 40 minutes.
The retentate was disrupted with 0.2 mL of 0.1% (w/v)
Triton X-100 and centrifuged at 4°C at 10,000x g for
10 minutes. The NaFI content of the supernatant was
determined by fluorescence analysis and calculated with
the following:

% EE = (CL/Ci) x100 (1)

where % EE is the entrapment efficiency, CL is the concen-
tration of NaFI in the liposomal formulation, and Ci is the
initial concentration of NaFI added.

In vitro skin permeation study
Preparation of the porcine skin

Abdominal porcine skin was taken from intrapartum stillbirth
animals provided by a farm in Nakhon Pathom. Subcutane-
ous fat was carefully removed using medical scissors and
surgical blades (thickness ~0.6—0.7 mm). The skin samples

were frozen at —20°C until use. The skin samples were
thawed at room temperature using PBS (pH 7.4) prior to the
experiments.

Selectively blocked hair follicle

All hair follicles in the skin sample were blocked by
using the follicular closing technique.'> Each skin sample
had a hair follicle density on average between 30 and 40
follicles per application area (1.96 cm?). One microdrop
of nail varnish using a blunt 27-gauge needle was care-
fully placed beside each hair follicle orifice and dried for
5 minutes to completely block the follicular shunt. Then,
the skin samples were washed with PBS and mounted on
Franz cells.

Skin permeation study
In vitro permeation studies of NaFI through porcine skin
were performed using Franz diffusion cells. Briefly, ~2 mL
of NaFI-loaded liposomes was added to the skin surface
in the donor compartment (an average diffusion area of
2.022 c¢m?), and the receptor compartment of the cell was
filled with 6 mL of PBS. The skin samples, which were
mounted on the Franz cells, were treated with ultrasound.
The diffusion studies were performed for 24 hours. The
0.5 mL of receiver medium was withdrawn at predetermined
time points of 1, 2, 4, 6, 8, and 24 hours for analysis by the
fluorescence-detection method, and an identical volume of
PBS was added into the receiver compartment to maintain
a constant volume. The cumulative amount profile was plot-
ted against time. The steady-state flux was determined as
the slope of the linear portion of the plot. Each sample was
analyzed in triplicate.

For passive delivery studies, a similar procedure to the
SN-treated skin studies was followed, except that the skin
samples were not subjected to ultrasound treatment.

Sonophoresis-treated skin

Low frequency SN at 20 kHz was generated by using an
ultrasonic transducer (Vibra-cell™, VCX130 PB, Sonics and
Materials, Inc.), which has a transducer probe with a radiat-
ing diameter of 6 mm. The ultrasound transducer probe was
placed inside the donor compartment with its active horn face
located 3 mm above the skin surface. NaFI-loaded liposomes
(as a coupling medium) were placed in the donor chamber.
The skin was then continuously sonicated for 2 minutes
(100% duty cycle, 25% amplitude). The acoustic intensity
applied was 1.90 W/cm?, which was calculated from the
following equation:
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Intensity ~ Power (Watts)
(Watts/cm?)  Areaof skin (cm?)

Sound energy (joules)

B Areaof skin (cm?) x Applicationtime (second)

2

Fluorescence analysis

The NaFI concentration was analyzed using a fluorescence
spectrophotometer (Fusion™ Universal Microplate Analyzer,
Packard Instrument Company, Inc., Downers Grove, IL,
USA). The excitation wavelength was 485 nm, and the emis-
sion wavelength was 535 nm. One hundred puL of the sample
was pipetted into a black 96-well plate, and fluorescence was
detected for three replicates of each sample.

Confocal laser scanning microscopy
After 4 hours of in vitro skin penetration study, the whole
skins were cross-sectioned using a cryostat (Leica 1850, Leica
Instrument). Each skin sample was mounted on a metal sample
holder using a frozen section medium (Neg50, Microm Inter-
national, Waldorf, Germany). The frozen skin was sectioned
into 10 um slices and placed on glass microscope slides. The
skin tissues were mounted with mounting medium and cov-
ered with a cover slip. Confocal images were obtained using
the 10X objective lens system of an inverted Zeiss LSM 510
META microscope (Carl Zeiss AG, Jena, Germany) with
a He—Ne laser (excitation wavelength 543 nm; emission
wavelength 580 nm), Ar laser (excitation wavelength 488
nm; emission wavelength 514 nm), and diode laser (excitation
wavelength 358 nm; emission wavelength 461 nm).

Scanning electron microscopy
After 4 hours in vitro skin penetration study, porcine skin was
visualized to study the effect of liposomal formulations and

100 nm

ROV Y

Figure | Transmission electron microscopy images of NaFl-loaded liposomes.
Notes: (A) CL, (B) PL, and (C) PL-LI.

SN on epidermal structure. Each skin sample was cut into
pieces (1x2 mm) from the central area. The samples were
rapidly frozen in liquid nitrogen and dried using a Freeze-Dry
System (FreeZone 2.5; Labconco, Kansas City, MO, USA)
for 24 hours. The dried specimens were gold coated using
a sputtering device. Specimens were then observed with a
scanning electron microscope (Camscan Mx2000; Obducat
Camscan Ltd, Cambridge, UK).

Statistical analysis

One-way analysis of variance followed by a least significant
difference post hoc test was used to analyze the statistical
significance of observed differences. The significance level
was set at P<<0.05.

Results and discussion
Physicochemical characterization of

liposomal formulations

The average size of CL, PL, and PEGylated liposomes with
D-limonene (PL-LI) was 105.40+4.50, 71.30£1.22, and
43.59+1.37 nm, respectively, with a narrow size distribution
(polydispersity index below 0.3). Similar to the observed
particle size from transmission electron microscopy tech-
nique, the average particle size of CL, PL, and PL-LI was
112.95+£14.01, 58.6246.93, and 44.81+6.55 nm, respectively,
with a spherical shape (Figure 1). In a previous study, the
particle sizes of PL and PL-LI were significantly lower than
CL because PEG molecules at the surface of the liposome
provided a significant reduction in attractive force (van der
Waals) and an increase in the repulsive forces (steric, elec-
trostatic, and hydration) for formation. In addition, Tween
20 added into PL-LI formulations can decrease the size of
the liposome vesicle. All liposomes formulations showed a
negative surface charge (—8.74 to —12.65 mV). As the pH of

100 nm q 100 nm

Abbreviations: CL, conventional liposome; NaFl, sodium fluorescein; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene.
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study condition (pH 7.4) was higher than the isoelectric point
of PC (isoelectric point between 6 and 6.7), the PC vesicle
exhibited a negative charge.!’

The drug entrapment efficiency of CL, PL, and PL-LI
was 17.33%+1.13%, 21.76%+1.56%, and 29.60%+2.35%,
respectively. According to the presence of PEG-lipids in the
liposome formulation, the membrane bilayer became more
polar and the efficiency of incorporation of the hydrophilic
drug increased.'® In addition, edge activator and terpenes
may lead to formation of pores in the bilayer, destabilize
the lipid bilayers of vesicles, and increase the flexibility of
the membrane.'$2*

In vitro skin penetration study
Figure 2 A presents the cumulative amount of NaFI permeated
into the skin at different time points, in which the amount
of NaFI through the skin was in the following order: PL-LI
without SN>NaFTI solution with SN>PL-LI with SN>PL
without SN>PL with SN>CL with SN>CL without
SN>NaFI solution without SN. For skin without SN, PL-LI
showed the highest cumulative amount of NaFI, followed by
PL, CL, and NaFTI solution. In our previous study, liposomes
containing Tween 20 (as an edge activator) increased deform-
ability of vesicle bilayer, thus resulting in increased skin
permeability of NaFI. As D-limonene (as skin penetration
enhancers) was incorporated into liposomes containing an
edge activator a synergistic enhancement of skin penetration
of NaFI was observed.?’ In SN-treated skin, the NaFI solution
showed higher cumulative penetration than other formula-
tions. However, there was no significant difference in skin
permeation of NaFI-loaded CL or PL with or without SN.
From these results, the steady-state flux of NaFI was
used to determine the effect of SN on each formulation

>

161
14 1

104

Cumulative NaFlI
permeated (ug/cm?)

Time (hours)

(Figure 2B). SN significantly increased the NaFI flux in
NaFT solution from 0.0058 (without SN) to 0.2999 pg/cm?/h
(with SN), indicating that using SN resulted in a 51.7-fold
enhancement in permeation over passive delivery. SN is a
more effective technique in enhancing transdermal delivery
of small hydrophilic molecules,? as the NaFI solution per-
meated better through the skin with SN than with liposomal
formulations. The mechanism of SN is acoustically induced
cavitation to create intercellular lipid channels and defects
in the stratum corneum both in the lipid bilayer and in the
corneocyte, which induces aqueous permeation pathways
at discrete sites.*>?* In SN, both cavitation and tempera-
ture affect the solute diffusivity. Thermal energy provides
a doubling of permeability for every 10°C of increase in
temperature.? However in this study, there was no significant
rise in temperature of the donor solutions in contact with the
sonicated skin (increased ~1°C—2°C); therefore, the NaFI
diffusity was mainly due to cavitation from SN.

In contrast, SN significantly decreased the NaFI flux
of PL-LI from 0.5380 (without SN) to 0.1914 pg/cm?/h,
indicating that using SN resulted in a 2.81-fold decrease
in skin permeation compared with passive delivery. Simi-
larly to PL, SN decreased the NaFI flux of PL from 0.0600
(without SN) to 0.0427 pg/cm?*h (1.41-fold), while SN
increased the NaFI flux of CL from 0.0250 (without SN) to
0.0418 pg/cm?/h (5.36-fold). However, the NaFI flux of CL
and PL between with and without SN was not significantly
different, indicating that SN had no effect on the penetra-
tion route of CL and PL. According to Vyas et al,”* in the
application of diclofenac-loaded liposomal ointment, with
ultrasound enhancement diclofenac permeated across the
skin better than liposome ointment alone. The improved
diffusion is probably due to the breaking of lamellae on

w

0.7 4
0.6 1
0.5
0.4+
0.3 1
0.2
0.1

Flux (ug/cm?/h)

=77 ﬁ 7]
NaFI CL PL
solution

PL-LI

Figure 2 The skin permeation profile and flux of NaFl solution and NaFl loaded in different liposomal formulation with and without SN.

Notes: (A) The cumulative amount-time profiles of NaFl in different liposomal formulations with and without SN. Symbols: PL-LI with SN (O) and without SN (®), PL with
SN (A) and without SN (A), CL with SN () and without SN (M), and NaFl solution with SN (<>) and without SN (#). (B) Comparison of NaFl flux (lLg/cm?h) of each
liposome formulation with () and without SN (M). Each value represents the mean + SD (n=3). *Indicates significant difference between groups (P<<0.05).
Abbreviations: CL, conventional liposome; NaFl, sodium fluorescein; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; SN, sonophoresis.
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sonication." After releasing the entrapped drug, hydrophilic
molecules were transported through the pore pathway in
the stratum corneum.?’ When sonication energy was termi-
nated, phospholipid bilayer fragments were rapidly fused
and closed to form liposome vesicles.?” Liposomes repair
ultrasound-induced skin disruption by adsorption onto and
fusion with the skin surface defect to reduce permeability.'*
Moreover, the penetration pathway of PL-LI was reported to
be transfollicular rather than intercellular or intracellular.'®
Therefore, if ultrasound can lead to changes in the structure
of the skin surface, the penetration route of NaFI-loaded
PL-LI will also be affected. However, PL-LI showed higher
NaFI permeation through the skin than CL and PL because
D-limonene in PL-LI caused greater skin disruption than that
can be repaired by liposome vesicles.

For skin penetration pathways, the delivery of the sub-
stances into the skin primarily occurs by two routes, the
transfollicular route and the transepidermal routes (intercel-
lular and intracellular penetration).>* The blocked hair fol-
licles skin (blocked by the nail varnish) presented only the
transepidermal route. Therefore, the difference in permeated
flux between the open hair follicles skin (transfollicular and
transepidermal route) and the blocked hair follicles skin (only
transepidermal route) was calculated as the transfollicular
penetration flux." For comparison of the blocked and open
hair follicles skin, the cumulative amount and the flux of
NaFI-loaded PL-LI between with SN and without SN were
evaluated (Figure 3). In the blocked hair follicles skin, the flux
of NaFI in PL-LI using SN and without SN was very small,
thus there was no significant difference in the flux between
using SN and without SN.

>

Cumulative NaFlI
permeated (ug/cm?)
(o]

6 s
4] + o)
e o
2 .. T &
1 e , pmcrmrma)
0 4 8 12 16 20 24

Time (hours)

In the open hair follicle skin, skin without SN exhibited
significantly higher cumulative amounts of NaFI than skin
with SN. According to our previous study, the major pen-
etration pathway of PL with D-limonene is the transfollicular
pathway, while the intercellular and intracellular pathways
are minor pathways.'® Using ultrasound leads to changes
in the corneocyte layers in the uppermost layer of skin
causing opening up of the continuous surface together with
partially sloughing off of the hair follicle orifices, and thus
the follicular route of absorption is reduced.** Therefore,
PL-LI that mainly permeated through the follicular route
had a higher passive permeability than SN. While the flux
of NaFI solution treated with SN and without SN was not
significantly different between the open and blocked hair
follicle skin (data not shown). These might be caused from
that NaFI transported via transepidermal route as a major
route.

Visualization of fluorescence dye
permeation through SN-treated skin

CLSM images were used to visualize the fluorescence
compound, NaFI-loaded liposomes and Rh-PE-probed
phospholipid membrane, and demonstrate their skin penetra-
tion. Figure 4 shows cross sections of the skin after 4 hours
in vitro skin permeation with and without SN of NaFI solu-
tion and NaFI-loaded-Rh-PE-labeled liposomes: CL, PL, and
PL-LI. In these results, the NaFI and Rh-PE accumulated
in the follicle openings, covered the hair and penetrated
into the follicular duct. PL-LI without SN showed brighter
fluorescence intensity of NaFI and Rh-PE in the skin and the
hair follicle than other formulations.

w

0.71

0.6 1 *

0.51

0.4 1

0.3 1

Flux (ug/cm?/h)

0.1

r7Z¥77
PL-LI with SN

ZZZZIA

PL-LI without SN

Figure 3 The skin permeation profile and flux of NaFl-loaded PL-LI through blocked hair follicles skin with SN and without SN.

Notes: (A) The skin permeation profiles of NaFl-loaded PL-LI permeated through blocked hair follicles skin (with SN [M] and without SN [*]) and open hair follicles skin
(with SN [O] and without SN [®]). (B) Comparison of NaFl flux (lg/cm?¥h) of NaFl-loaded PL-LI permeated through blocked hair follicles skin (E) and open hair follicles
skin (M). Each value represents the mean + SD (n=3). *Indicates significant difference from other groups (P<0.05).

Abbreviations: NaFl, sodium fluorescein; PL-LI, PEGylated liposome with D-limonene; SN, sonophoresis.
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Figure 4 Confocal images of the skin cross section obtained at 4 hours after deposition of (A) NaFl solution without SN, (B) NaFI solution with SN, (C) NaFl-loaded-
Rh-PE-labeled liposomes: CL without SN, (D) NaFl-loaded-Rh-PE-labeled liposomes: CL NaFl-loaded-Rh-PE-labeled liposomes: CL with SN, (E) NaFl-loaded-Rh-PE-labeled
liposomes: PL without SN, (F) NaFl-loaded-Rh-PE-labeled liposomes: PL with SN, (G) NaFl-loaded-Rh-PE-labeled liposomes: PL-LI without SN, and (H) NaFl-loaded-Rh-PE-
labeled liposomes: PL-LI with SN.

Notes: In images C to H, it is divided into 3 parts: |) green fluorescence of NaFl; 2) red fluorescence of Rh-PE; and 3) overlay of green fluorescence of NaFl and red
fluorescence of Rh-PE. The scale bar represents 100 pm. All confocal images were obtained at a magnification of x10.

Abbreviations: CL, conventional liposome; NaFl, sodium fluorescein; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; Rh-PE, rhodamine B
|,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt; SN, sonophoresis.
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The skin with SN of NaFI solution, CL, and PL showed
brighter fluorescence intensity for both NaFI and Rh-PE-
labeled liposome membrane than the skin without SN. The
fluorescence was deposited in the stratum corneum surface,
covered the hair and in the follicle opening, but did not pen-
etrate into the deep follicular duct. The skin image of PL-LI
with SN exhibited weaker fluorescence intensity for NaFI and
Rh-PE than skin without SN, which exhibited high intensity
fluorescence on the top of hair outside the skin. While PL-LI
without SN showed bright fluorescence intensity at a depth of
10-40 um of the stratum corneum and exhibited deeper pen-
etration around the hair follicle orifice than other regions of skin
surface, the fluorescence was also observed along the length of
hair inside the skin, indicating the follicular penetration route
was the main penetration route. In addition, the Rh-PE-labeled
PL-LI membrane showed the deposition of fluorescence at the
same region of NaFI and in the deepest layer of skin, suggesting
that the intact vesicles might penetrate into skin. However, the
fluorescence of NaFI was observed in only some parts of the
skin, suggesting that some vesicles might release the entrapped
drug before attaching to any part of the skin. These results indi-
cated three mechanisms of skin penetration for the NaFI-loaded
PL-LI: i) penetration associated with the liposomal bilayer
(intact vesicles), ii) penetration associated with a liposomal
bilayer fragment, or iii) penetration solitarily.?

The fluorescence intensity of NaFI-loaded-Rh-PE-labeled
PL-LI in skin decreased when using SN, indicating that the
mechanical effect of ultrasound changed the transport path-
way of drug-loaded lipid vesicles. Morimoto et al reported
that the differences in the physicochemical properties of
the solutes, such as lipophilicity or hydrophilicity, may
be affected when using low frequency ultrasound, as the
ultrasound increases water transport across the skin. Thus,
the distribution of more lipophilic compounds may not be
influenced,* indicating that PL-LI as a lipid vesicle carrier
might not penetrate through hydrophilic transport routes in
the intercellular space of the stratum corneum. In addition,
liposomes adsorbed onto the skin damage caused by sonica-
tion might cause the high fluorescence intensity of both NaFI
and Rh-PE-labeled CL and PL at the top of the skin layer.

Scanning electron microscopy

Figure 5 shows scanning electron micrographs of the skin
surface for control (PBS), CL, PL, and PL-LI with and
without SN. The surface of skin without SN was observed to
assess the effect of SN on the transport route of NaFI-loaded
liposomal formulations across the skin. Without SN, the sur-
face of the stratum corneum remained relatively flat, intact,

and confluent. However, in skin with SN, the corneocytes
were lifted up and exhibited crack-like structures. The low-
frequency SN induces disruption of the structure of stratum
corneum lipid bilayers and enhances skin permeability for
hydrophilic molecules in solution into the viable epidermis
through an intracellular pathway.** However, the combination
of CL or PL with SN for treated skin showed small corneo-
cytes lifting, indicating that the lipid membrane of liposomes
could fill and cover the skin damage. Although liposomes can
repair the skin damage, the combination of using a chemical
penetration enhancer (D-limonene) in a liposomal formula-
tion (PL-LI) and SN resulted in greater disruption of the skin
stratum corneum so the skin damage could not be repaired
by liposomes.'**

Figure 6 shows scanning electron micrographs of the skin
surface view at the follicular region of the control (PBS), CL,
PL, and PL-LI with and without SN. In the absence of SN,
only PL-LI was clearly found to be deposited on the top of
hair follicles that covered hair follicle orifices (Figure 6G,
white arrow), indicating the use of the follicular route as a
major penetration route. Therefore, SN had a lower amount
of NaFI permeate through the skin than without SN (Figure 2)
because the ultrasound changes the ultrastructure of the stra-
tum corneum, dislocating the top layer of corneocytes. Addi-
tionally, the follicles constitute a very tiny fraction (=0.1%
approximately) of the total skin surface area; therefore, many
detached corneocytes might partially slough off the hair
follicle opening,’ closing the main penetration pathway of
NaFI-loaded-PL-LI. Therefore, the partial plugging of the
hair follicle orifices caused by ultrasound energy altering the
ultrastructure of stratum corneum might reduce the absorp-
tion of NaFI and PL-LI via the follicular route.*

Conclusion

This work demonstrated that low frequency SN (20 kHz
for 2 minutes) affected the skin penetration of NaFI-loaded
PL-LI via the transfollicular pathway. SN significantly
decreased the NaFI flux of PL-LI compared to skin without
SN. In selectively blocked hair follicles, the skin penetration
of NaFI-loaded PL-LI decreased both with and without SN,
indicating that the follicular pathway was a major penetration
pathway. A CLSM study confirmed that a high intensity of
NaFI-loaded PL-LI into the skin and along the length of hair
inside the skin was found in skin without SN, while a high
intensity on the top of hair outside the skin was observed in
the skin with SN. In addition, scanning electron microscopy
images revealed that SN could partially dislocate corneocytes
to plug hair follicle orifices; therefore, it could reduce the
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Figure 5 Scanning electron microscopy (SEM) images of porcine skin surface at nonfollicular region (original magnification x1,000): control (PBS) without SN (A) and with

SN (B), CL without SN (C) and with SN (D), PL without SN (E) and with SN (F), and PL-LIs without SN (G) and with SN (H).
Abbreviations: CL, conventional liposome; PBS, phosphate-buffered saline; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; SN, sonophoresis.
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Figure 6 Scanning electron microscopy (SEM) images of porcine skin surface at follicular region (original magnification x120): control (PBS) without SN (A) and with SN (B),
CL without SN (C) and with SN (D), PL without SN (E) and with SN (F), and PL-LIs without SN (G) and with SN (H).

Note: The white arrows are PL-LI covered hair follicle orifices (G).

Abbreviations: CL, conventional liposome; PBS, phosphate-buffered saline; PL, PEGylated liposome; PL-LI, PEGylated liposome with D-limonene; SN, sonophoresis.
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percutaneous absorption of NaFI and PL-LI. Therefore, SN

might affect the penetration via the follicular pathway.
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