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Purpose. To determine whether and how encapsulation of lipophilic
compounds in polymeric nanoparticles is able to improve topical de-
livery to the skin.

Methods. The penetration of octyl methoxycinnamate (OMC; Parsol
MCX), a highly lipophilic sunscreen, into and across porcine ear skin
in vitro was investigated, subsequent to encapsulation in poly(e-
caprolactone) nanoparticles, using tape-stripping. Confocal laser
scanning microscopy (CLSM) was used to visualize the distribution of
nanoparticles, charged with Nile red (NR), a lipophilic and fluores-
cent dye.

Results. Quantification of OMC in the skin using tape-stripping dem-
onstrated that nanoparticulate encapsulation produced a 3.4-fold in-
crease in the level of OMC within the stratum corneum (SC), al-
though the use of nanoparticles did not appear to increase skin per-
meation (it was not possible to detect OMC in the receiver
compartment after 6 h). The confocal images showed that the fluo-
rescence profile observed in the skin after application of NR-
containing nanoparticles was clearly different from that seen follow-
ing application of NR dissolved in propylene glycol. Two hours post-
application of NR-containing nanoparticles, fluorescence was
perceptible at greater depths (up to 60 wm) within the skin.
Conclusions. i) Nanoparticulate encapsulation of OMC increased its
“availability” with the SC. ii) The altered distribution of NR when
delivered via nanoparticles was due, at least in part, to its altered
thermodynamic activity (relative to that in propylene glycol) and, as
a result, an increase in its partition coefficient into the SC.

KEY WORDS: CLSM; fluorescence; nanoparticles; skin; tape strip-
ping.

INTRODUCTION

The composition and excellent barrier function of the
skin limits the number of suitable drugs for transdermal de-
livery to small, moderately lipophilic, and highly potent mol-
ecules. Although moderate lipophilicity (log K, ~2) is fre-
quently advantageous for partitioning of the drug from a for-
mulation into the skin, highly lipophilic molecules do not
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transfer well from the lipidic stratum corneum into the more
aqueous viable epidermis and, as a result, are often poorly
permeable. Although strategies for improving cutaneous de-
livery, including complex physical enhancement methods, for
example, iontophoresis, sonophoresis, and electroporation,
have been developed, these techniques are more suited to
hydrophilic, water-soluble substances. With respect to passive
enhancement methods, supersaturated formulations or novel
vehicle systems, for example, microemulsions, liposomes, and
colloidal polymeric suspensions, have also been investigated
as alternatives to the more “classic” chemical penetration en-
hancer systems. Nevertheless, the percutaneous penetration
of highly lipophilic molecules remains problematic.

Drug encapsulation, through judicious choice of the
polymeric material, is a useful pharmaceutical strategy for
modifying the physicochemical properties of the encapsulated
molecule and offers a means to facilitate the percutaneous
delivery of difficult-to-uptake substances. A limited number
of biodegradable, polymer microparticles (1,2) and solid-lipid
nanoparticles (SLN) (3-6) have been investigated with re-
spect to their potential for transdermal drug administration,
for example, for adapalene, acyclovir, and vitamins A and E.
The use of PLGA-microparticles as vehicles for topical drug
delivery, providing a reservoir system for release into the
skin, has also been studied (7). However, a more fundamental
understanding of i) the mechanism(s) of interaction between
these novel drug delivery systems and the skin, and ii) the
transport pathways within the membrane, is required to es-
tablish the feasibility of using such polymeric nanoparticles to
optimize the transport process.

Confocal laser scanning microscopy offers the possibility
of visualizing the distribution of a fluorescent probe in the
sample by optical sectioning without cryofixation or embed-
ding the tissue. Hence, this non-intrusive technique is a valu-
able method for reporting on the extent of penetration of
molecules into the skin and for identifying transport pathways
as evidenced by hotspots of fluorescence intensity.

The objective of this study was to investigate the passive
skin penetration and permeation of highly lipophilic sub-
strates encapsulated within biodegradable poly(e-capro-
lactone) nanoparticles, prepared by the solvent displacement
procedure. In the first part of the study, standard permeation
experiments and a tape-stripping technique were used to in-
vestigate the distribution of encapsulated OMC across ex-
cised porcine skin. In the second phase, confocal laser scan-
ning microscopy was used to visualize the permeation of bio-
degradable poly(e-caprolactone) nanoparticles containing
Nile red, a lipophilic, fluorescent probe.

MATERIALS AND METHODS

Chemicals

The polymer poly(e-caprolactone) P(CL), (MW: 10 000),
was supplied by Fluka (Saint Quentin Fallavier, France). Oc-
tyl methoxycinnamate (Parsol MCX), OMC, was obtained
from Givaudan-Roure (Vernier, Switzerland). Polysorbate
85, P-85, (Tween 85) was purchased from Atlas Chemie, Ger-
many. Polysorbate 80, P-80 (Tween 80), Nile red (NR), pro-
pylene glycol (PG), and phosphate buffer were supplied by
Sigma-Aldrich Chimie (Saint Quentin Fallavier, France). Ac-
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etone, ethanol (EtOH), and isopropyl myristate (IPM) were
purchased from Fluka (Saint Quentin Fallavier, France).

Preparation and Characterization of the Drug
Carrier Systems

OMC-loaded P(CL) nanoparticles (NP) were prepared
by the solvent displacement procedure previously described
(8). An acetone solution containing 125 mg of P(CL) and 510
mg of OMC was injected into 50 ml of an aqueous solution
containing 3% (w/v of the aqueous phase) of polysorbate 85.
The aqueous phase immediately turned milky with bluish
opalescence due to the formation of a nanoparticulate sus-
pension (OMC-NP). The acetone was then removed under
reduced pressure at 35-40°C for approximately 10 min. The
OMC-NP suspension was concentrated to the desired final
volume (10-20 ml) by removal of water under the same con-
ditions. An OMC-emulsion (OMC-EM) was prepared by the
same method as the nanoparticles, omitting the polymer.
Fluorescent-nanoparticles (NR-NP) were prepared using the
same procedure as for the OMC-NP, replacing OMC with
0.02% (w/w) of NR in the organic phase. Two fluorescent
control solutions were used: a NR-solution in PG (NR-PG) at
the same NR concentration as in the nanoparticles and a
saturated solution of NR in PG (NR-S).

The mean size and polydispersity (index from 0 to 9) of
the nanoparticle formulations were measured with a Coulter
Nano-sizer (Coulter Electronics, Margency, France). A
higher value indicates a less homogeneous nanoparticle size
distribution. Measurements in monomodal distribution were
made in triplicate for all prepared batches. Total OMC was
determined after dissolution of NP in acetonitrile. The
amount of un-encapsulated OMC was determined in the clear
supernatant following separation of the NP from the aqueous
medium by a combined ultrafiltration-centrifugation tech-
nique (Ultrafree-MC, Millipore, Bedford, MA, USA) (9).
The equivalent acetonitrile volume was added in the super-
natant. The OMC content in the NP was calculated by deter-
mining the difference between the total and free estimated
drug concentrations. Measurements were made in quintupli-
cate by HPLC. Final concentration of OMC was 84 + 5 umol/
ml and 83 + 2 wmol/ml, respectively, for OMC-NP and OMC-
EM. In the case of NR-NP, the measurements were made
by spectrofluorimetry (Perkin-Elmer LS-3B, Rodgau-
Jiigesheim, Germany). The excitation and emission were per-
formed at wavelengths of 543 nm and 630 nm, respectively.
The detection limit was 2.1 pmol/ml. Final concentration of
NR was 5 + 0.8 nmol/ml for NR-NP.

The in vitro release behavior of NR from the NR-NP and
NR-PG was also studied. A small vial (cross-sectional area =
1.13 cm?) containing ~5.5 ml of either an aqueous suspension
of NR-NP, or an equivalent volume of NR-PG was placed in
a flask containing 200 ml of receptor medium (IPM). The
system was thermostatted at 37 + 2°C under constant stirring
(200 rpm). The receptor medium was sampled at fixed time
intervals and assayed for NR by spectrofluorimetry in order
to establish the release rate of NR from the two formulations.

Skin Permeation Experiments

Full-thickness porcine ear skin was obtained from the
slaughterhouse (S.0.D.E.X.A., Annecy, France). The subcu-
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taneous fat was removed from the skin and the tissue was
stored frozen for a maximum of two weeks before use. The
skin was thawed and clamped into position between the do-
nor and the receptor compartment of a vertical diffusion cell.
The epidermal surface (area = 3.14 cm?) was hydrated for 1
h with phosphate buffer (pH 7.4) and subsequently dried with
a cotton swab. The donor compartment was then filled with 3
ml of the OMC carrier systems (80 pmol/ml of OMC encap-
sulated in NP or 83 pmol/ml of OMC in EM) and covered to
prevent evaporation. The receptor medium consisting of
phosphate buffer incorporating Tween 80 (5% v/v), was ther-
mostatted at 37 + 2°C under constant magnetic stirring. The
solubility of the OMC in the receptor medium was deter-
mined prior to the experiments. The receptor medium was
collected from the diffusion cell at 6 h and analyzed by HPLC.
Experiments were performed in quintuplicate.

Tape Stripping

At the end of the permeation experiment, the excess
formulation was removed from the skin surface. The skin was
washed 3 times with phosphate buffer (pH 7.4) and dried
gently with a cotton swab. Serial tape-stripping involving the
removal of 15 strips using adhesive tape (polypropylene back-
ing and acrylic adhesive; Scotch 845 Book Tape, 3M, St.
Louis, MO, USA) was then conducted. Each tape was care-
fully weighed before and after the procedure with a 10 pg
precision balance (Mettler AT 261, Greifensee, Switzerland).
The OMC in the adhesive tapes was extracted, using a mix-
ture of acetonitrile and water (85:15 v/v) and analyzed by
HPLC. Validation of the extraction (in quintuplicate) was
carried out using the same procedure, by spiking tape
stripped samples of untreated SC with 250 pl of an OMC
emulsion (350 nmol/ml). Validation of the OMC-NP extrac-
tion was performed with the same method. Compound recov-
ery was 99 + 1% and 86.4 + 2%, respectively, for OMC-EM
and OMC-NP in the HPLC analyses.

HPLC Analyses

All OMC samples from the permeation experiments (re-
ceptor medium and tapes) were quantified by HPLC analysis
(Dionex, Sunnyvale, CA, USA) with UV detection at 310 nm,
using a Hypersil BDS C8 (5 wm) 150 x 4.6 mm column (Su-
pelco, Bellefonte, PA, USA). The mobile phase consisted of
acetonitrile and water (85:15 v/v), acidified with orthophos-
phoric acid (pH 2.5), which was delivered at a flow-rate of
1 ml/min. The retention time for OMC was 4.1 min. The
detection limit was 0.34 nmol/ml.

Solubility Determination of NR

Saturated solutions of NR were prepared by stirring an
excess of the molecule in water, IPM or PG at room tempera-
ture (25 + 1°C) for 24 h. The samples were centrifuged at 3000
rpm for 10 min, and the supernatants were subsequently fil-
tered through a Nylon membrane (pore size 0.45 pwm), then
diluted with the respective vehicle and analyzed by spectro-
fluorimetry. Five replicate measurements in each solvent
were made and revealed the following solubilities: water,
0.018 + 0.003 pg/ml; PG, 174.7 £ 11.9 pg/ml; IPM, 340.6 + 15.7
pg/ml.
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Permeation Experiments Using NR-Carrier Systems

The skin was thawed and clamped into position between
the donor and the receptor compartment of a vertical diffu-
sion cell. The donor side of the skin (area = 3.14 cm?) was
hydrated for 1 h with phosphate buffer (pH 7.4) and subse-
quently dried with a cotton swab. The donor compartment
was then filled with 3 ml of one of the NR-carrier systems: 6.3
nmol/ml of NR-NP, NR-PG, or NR-S. The receptor medium,
consisting of PB and Tween 80 (5% v/v), was thermostatted at
37 + 2°C under constant, magnetic stirring. The free or en-
capsulated NR formulations were placed in contact with the
skin for 0.5, 1 and 2 h.

Confocal Laser Scanning Microscopy

At the end of the NR permeation experiments, the ex-
cess formulation was removed from the skin surface. The skin
was then washed three times with phosphate buffer and dried
gently with a cotton swab. The membranes were directly
mounted, SC side up on a glass slide, and examined micro-
scopically without additional tissue processing.

An LSM 410 Invert Laser Scan Microscope (Carl Zeiss,
Gottingen, Germany) was used for imaging. The system is
equipped with an argon-krypton laser (excitation lines at 488
and 568 nm). Confocal images were obtained using a Plan-
neofluar 100x/0.30 oil immersion objective. The excitation
and emission wavelengths were 543 nm and 630 nm, respec-
tively. To determine the autofluorescence properties of the
skin, samples were first investigated with the confocal micro-
scope in the absence of the fluorescent probes. The autofluo-
rescence of porcine skin was corrected at the confocal settings
used in this study (data not shown). To visualize the distribu-
tion of NR fluorescence, confocal images were first obtained
as xy-planes (i.e., parallel to the plane of the skin surface).
The skin surface (z = 0 pm) is defined (by the user) as the
imaging plane of brightest fluorescence with a morphology
characteristic of the stratum corneum surface. To generate an
xz-section, a horizontal line is “drawn” across a region of
interest in the z = 0-pm xy-plane and is then “optically
sliced” through the digitized image data of the successive xy-
sections; the results are (xz-planar) optical cross-sections. All
images were the average of four scans, and were obtained
with the same optical aperture, lens and scan speed.

The images presented in the figures are necessarily rep-
resentative and attempt to capture what was typically ob-
served under each control and treatment condition. To assure
an appropriate “representativeness,” each image chosen was
selected from a minimum of 90 and a maximum of 120 rep-
licates.

RESULTS AND DISCUSSION

Table I shows the physical parameters of the nanopar-
ticle formulation used in the in vitro permeation experiments.
The results indicate that the solvent displacement method
enabled the preparation of nanoparticles with high OMC
loading efficiency (>90%), as expected from the high log
Ko ct/water Of the sunscreen (10). This result is consistent with
other studies, in which similar, high loading efficiencies were
obtained upon encapsulation of lipophilic drugs in NP, for
example, >90% for indomethacin (11) and ~80% for primi-
done (12).
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Table I. Physical Parameters of OMC-Nanoparticles (OMC-NP)
Used in the Tape-Stripping Study and of Fluorescent-Nanoparticles
(NR-NP) Used in Confocal Laser Scanning Microscopy

Mean size % encapsulated
Formulation +SD* (nm) PI” + SD* +SD? (%)
OMC-NP 255+5 2x1 98 +1
NR-NP 250+ 8 2+1 802

“SD, standard deviation (n = 3).
b P1, polydispersity index of the size distribution (expressed using a
0-9 scale).

In vitro passive permeation experiments involving a 6 h
occlusive application of OMC-NP and OMC-EM revealed
that the amount of OMC in the receptor compartment was
below the limit of detection. Parenthetically, in the case of
OMC, this result is quite propitious since OMC, a sunscreen
agent, is intended to act on the surface of the skin and is
required to permeate as little as possible into the deeper skin
tissue in order to ensure its photoprotective function while
avoiding systemic toxicity. Similar findings have been re-
ported in the literature; for example, Potard et al. (10) showed
that negligible amounts of OMC permeated across freshly
dermatomed human skin and into the receptor fluid after a
16 h exposure. This absence of OMC permeation is likely due
to its extremely high octanol-water partition coefficient (10).
However, the absence of detectable permeation with OMC-
nanoparticles in this study suggests, at first sight, that encap-
sulation does not facilitate transport into and across the por-
cine epidermis.

It is clear that skin penetration depends strongly on the
physicochemical properties of the active compound and the
vehicle in which it is applied; for example, particle size, type
of vehicle (3). As mentioned above, this property is particu-
larly important for sunscreens because it has been suggested
that the amount of sunscreen inside the stratum corneum
(SC) may be directly related to its sun protection factor value
(13,14). In order to determine the OMC distribution in the
skin, we used a stripping technique consisting of the progres-
sive removal of SC with an adhesive tape (15). Figure 1 shows
the total quantity of OMC recovered in the SC after 6 h of
permeation from the emulsion and nanoparticles. The results
revealed that the penetration of OMC into SC from the nano-
particulate formulation was 3.4-fold greater than that from an
emulsion. This difference in the areas under the curves in Fig.
1 was highly significant (Student’s ¢ test, p < 0.05).

Though it is true that the level of surfactant in the NP
appears to be rather high, this concentration is the same as
that found in the conventional emulsion. The tape stripping
results demonstrate clearly i) that this level of surfactant does
not induce a catastrophic derangement of SC barrier function,
and ii) that the better performance of the NP cannot simply
be attributed to a skin penetration-enhancement effect of the
surfactant alone.

This result was in agreement with previous studies, which
reported that the use of particulate drug carriers (micropar-
ticles and nanoparticles) appeared to improve the drug resi-
dence in the skin without increasing transdermal transport.
For example, Jenning et al. (6) demonstrated that vitamin A
loaded solid lipid nanoparticles effectively delivered the vita-
min to the upper skin layers, but did not appear to increase
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Fig. 1. Concentration profiles of OMC in porcine SC following de-
livery from an emulsion (OMC-EM) and from nanoparticles (OMC-
NP) following a 6-h applications (n = 5; mean + SD).

vitamin concentrations in the deeper skin strata. In addition,
De Jalon et al. (7) reported that although PLGA-fluorescent
microparticles were clearly visualized in the stratum corneum,
epidermis and dermis, they were not able to reach the recep-
tor compartment of the diffusion cells, even after a period of
24 h. The localization and quantification of particulate drug
carriers are, therefore, of substantial interest in furthering our
understanding of their mechanism of action.

A number of studies employing different techniques in-
cluding diffusion experiments (16-23) visualization studies
with electron microscopy (1), light microscopy (6,24), and
fluoromicrography (7,25) have been conducted to investigate
skin-particulate drug carrier interactions. A disadvantage of
these microscopic techniques is that the tissue needs to be
cryofixed, which may either change skin lipid organization or
may result in redistribution of the label (26).

In order to visualize the nanoparticles in the skin, we
chose to use confocal laser scanning microscopy (CLSM),
since it allows the tissue to be optically sectioned and the
distribution of the fluorescent probe in the sample to be ob-
served in images parallel to the surface of the sample, without
the need for tissue fixation.

However, because OMC is not fluorescent (and thus can-
not be visualized by CLSM) a substitute model molecule, with
similar physicochemical properties, was sought for encapsu-
lation in the nanoparticles. We chose to load the P(CL) nano-
particles with Nile red, a powerful and highly lipophilic stain-
ing agent that been used for visualizing the intracellular lipids
in the skin (27) . Like OMC, the high log K, of NR (~4)
(28), ensures a high encapsulation efficiency in NP. Table I
presents the physical parameters of the fluorescent formula-
tion that was developed to perform the CLSM experiments.
In the case of the Nile red nanoparticles (NR-NP), the high
NR-encapsulation efficiency ensures that the fluorescence
signal is sufficiently strong to allow detection by confocal mi-
Croscopy.

The NR-nanoparticles were further characterized by in-
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vestigating the in vitro release of NR from this system into
IPM (Fig. 2). IPM was selected as a “receptor medium” which
mimics the lipidic nature of the stratum corneum (SC) (29). A
NR-propylene glycol solution (NR-PG) at the same Nile red
concentration as the NR-nanoparticles was used as the con-
trol. As shown in Fig. 2, Nile red release from nanoparticles
was greater than that from the PG solution. This difference in
the extent of release of NR is probably due to a combination
of various related factors. Because the Nile red—containing
nanoparticles are surrounded by an aqueous milieu, the re-
lease of Nile red from the nanoparticles is influenced by the
partitioning of the dye between the polymer-water and water-
isopropyl myristate interfaces. However, the presence of
nanoparticles at the aqueous:IPM interface enables the Nile
red to be in close proximity to the IPM phase and circumvents
the need for the dye to first partition into and then diffuse
through an aqueous phase; furthermore, previous studies
have shown that the NP polymer coat does not impede the
release process: P(CL) is highly permeable to low molecular
weight molecules (<400 Da) such as Nile red (MW = 318).
Hence, once the NR-nanoparticles are in contact with the
IPM phase, transfer of the dye from the interior of the nano-
particle into the IPM should be relatively rapid (30). More-
over, differences in thermodynamic activity due to different
degrees of saturation of the dye in each formulation may also
play an important role—an individual nanoparticle could be
considered as a saturated system, that is, the maximum quan-
tity of NR was encapsulated during nanoparticle preparation
in contrast to NR-PG, which was not saturated—hence, the
superior thermodynamic activity of the NR in the nanopar-
ticles is expected to increase partitioning. Further, a saturated
solution of the dye in PG (NR-S) was also tested in subse-
quent CLSM studies.

In the CLSM study, we microscopically observed the skin
after the in vitro permeation of NR-NP and the two NR-
control solutions: NR-PG and NR-S. The skin surface was
defined as the imaging plane of brightest autofluorescence
with a morphology characteristic of the SC surface. In the
images of the SC surface (Fig. 3a, xy-direction,), the corneo-
cyte groups form distinct “island-like” structures, separated
by lipids that appear as dark furrows. Within the “island
group,” the corneocytes appear as polygonal shapes with a
size of 10-30 wm, which corresponds to values reported in the
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5
T 300
o
2
Z 200
5]
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3 100
£
f
0 100 200 300 400
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Fig. 2. Cumulative amounts of Nile red released from nanoparticles
(A) and from propylene glycol (A) as a function of time (mean + SD,
n = 8).
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Fig. 3. CLSM images of porcine skin in the plane of the stratum corneum. (a) xy-direction, corneocytes
are visualized due to the high auto-fluorescence of the tissue. The horizontal white line represents the
position along which the xz-image in (b) was generated.

literature (31,32). Figure 3b is an optical image of the skin in
the xz-direction.

The contribution of skin autofluorescence to the total
fluorescence detected was corrected with the black level set-
ting. Images of the skin pretreated with blank P(CL) nano-
particles did not reveal any fluorescence signal (results not
shown). Figures 4, 5, and 6 consist of four representative,
optical cross-sections, selected from several images and sev-
eral different zones obtained in the xz-mode, of skin after
application of NR-preparations for 0.5, 1, and 2 h, respec-
tively. The fluorescence after NR-PG, NR-NP, and NR-S ap-

plication can be observed in the lefthand, center and right-
hand images, respectively.

The fluorescence distribution across the SC observed af-
ter treatment with NR-PG and NR-S is relatively homoge-
neous, as one might expect for a molecule that is extremely
lipophilic. The images after application of the NR-
formulations for 30 min are shown in Fig. 4 and there are no
obvious differences in the fluorescence intensity observed af-
ter 30 min of NR permeation from each formulation. After a
1-h application of NR-NP (Fig. 5), an increased fluorescence
intensity was observed; furthermore, the fluorescence also

Fig. 4. Cross-sectional images obtained following 30 min of passive permeation. (a) Nile red solution in
propylene glycol at the same concentration as Nile red in nanoparticles (NR-PG); (b) Nile red nano-
particles (NR-NP) and (c) Nile red saturated solution in propylene glycol (NR-S). Note that in this
figure, the fluorescence distribution from the three formulations is not different.
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Fig. 5. Cross-sectional images obtained following 1 h of passive permeation. (a) Nile red solution in
propylene glycol at the same concentration as Nile red in nanoparticles (NR-PG); (b) Nile red nano-
particles (NR-NP) and (c) Nile red saturated solution in propylene glycol (NR-S). The fluorescence
intensity subsequent to treatment with the NR-NP formulation is higher and present to a greater skin

depth compared to the other formulations.
I

Fig. 6. Cross-sectional images obtained following 2 h of passive permeation. (a) Nile red solution in
propylene glycol at the same concentration as Nile red in nanoparticles (NR-PG); (b) Nile red nano-
particles (NR-NP) and (c) Nile red saturated solution in propylene glycol (NR-S). Note that in this
figure, the fluorescence distribution from the NR-NP was much more marked with fluorescence per-
ceptible down to 60 pm.
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persisted to a greater depth in the skin. In the NR-PG and
NR-S images, the fluorescence intensity diminishes rapidly
with depth. After 2 h (Fig. 6), the increased distribution and
much greater permeation from the NR-NP was marked, with
fluorescence perceptible down to 60 pm.

The increased fluorescence intensity and greater extent
of penetration observed following NR-NP application is in
agreement with the release data presented in Fig. 2, which
show significantly higher dye release from the nanoparticles.
Other phenomena present in the skin, may also increase the
partitioning and penetration of Nile red from the nanopar-
ticles in the membrane. It is conceivable that the furrows
between the corneocyte islands provide a place into which the
nanoparticles may accumulate within the skin. Therefore, in
the case of a highly lipophilic molecule, the nanoparticles
(e.g., NR-NP) facilitate transport of the molecule to deeper
layers in the skin from where the molecule is released into the
lipid matrix and can diffuse further into the tissue. Additional
studies are obviously needed to test these hypotheses.

CONCLUSIONS

The encapsulation of a highly lipophilic molecule (OMC)
using polymeric nanoparticles significantly enhanced the pen-
etration of the molecule into the stratum corneum layers,
compared to a non-particulate formulation at the same con-
centration, without detectable permeation into the receiver
phase. To probe further the mechanism of this enhancement,
a surrogate lipophilic molecule (Nile red) was encapsulated in
an identical nanoparticulate system. By virtue of its fluores-
cence, the cutaneous distribution of NR delivered from vari-
ous formulations could be visualized using CLSM. The con-
focal images clearly demonstrated the enhanced distribution
of NR (greater quantities of NR delivered to deeper regions)
when delivered from P(CL) nanoparticles. These studies did
not permit us to determine unequivocally whether the fluo-
rescence observed in the CLSM images originated from NR
associated with the nanoparticle or from free NR (released
from the nanoparticle) and this is the subject of further in-
vestigation in our laboratory. It is plausible that skin struc-
tures provide channels that enable the nanoparticles to access
deeper tissue layers from where the permeant is gradually
released by passive diffusion into the neighboring environ-
ment. As a result of the relatively uniform and intense distri-
bution of NR fluorescence, it was not possible to identify
specific skin structures, for example, hair follicles, which
might have served as shunt pathways for transport across the
skin. The molecules contained in the nanoparticles may also
be at higher thermodynamic activity relative to solution for-
mulations, which would also facilitate their partitioning into
the membrane. The physical effect of a high specific surface
area of the nanoparticles may also play an important role in
dermal penetration. This high specific surface area of nanom-
eter-sized particles facilitates contact of encapsulated mol-
ecule with the stratum corneum. Such a system offers the
potential for targeted delivery to the skin surface—as may be
desired for substrates such as sunscreen agents.
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