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Solid lipid nanoparticles (SLN) were developed by using Precirol ATO 5 as the solid core of the particles
for topical psoralen delivery. Nanostructured lipid carriers (NLC) consisting of Precirol and squalene, a
liquid lipid, were also prepared for comparison. SLN and NLC showed respective mean particle sizes of
~300 and 200 nm, respectively. Viscosity, polarity, and differential scanning calorimetry (DSC) studies
were performed to characterize the physicochemical properties of the SLN and NLC. The viscosity of all
nanoparticulate systems exhibited Newtonian behavior except the NLC with Tween 80 and soybean
phospholipids as the emulsifiers (NLC-Tw). According to the DSC thermograms, the melting peak of Prec-
irol shifted from 58 to 55 °C after incorporating squalene into the solid lipid cores (of NLC), which sug-
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Psoralen
Topical delivery gests defects in the crystalline lattice of the lipid cores and smaller particle sizes. Three psoralen
Psoriasis derivatives for psoriasis treatments were loaded in SLN and NLC to examine their ability to permeate skin.

The permeability of psoralens increased in the order of 8-methoxypsoralen (8-MOP) > 5-methoxypsora-
len (5-MOP) > 4,5,8-trimethylpsoralen (TMP). Enhanced permeation and controlled release of psoralen
delivery were both achieved using the NLC. The in vitro permeation results showed that NLC-Tw
increased the 8-MOP flux 2.8 times over that of a conventional emulsion. Hyperproliferative or psoria-
sis-like skin produced by repeated strippings in the dorsal skin of nude mouse was also used as a perme-
ation barrier. The results showed that the entrapment of 8-MOP in nanoparticulate systems could
minimize the permeation differentiation between normal and hyperproliferative skin compared to the
free drug in an aqueous control.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Solid lipid nanoparticles (SLN) are the new generation of nanop-
articulate active-substance vehicles and are attracting major atten-
tion as novel colloidal drug carriers for topical use. Compared with
other vehicles such as creams, tinctures, and emulsions, SLN com-
bine such advantages as controlled release, negligible skin irrita-
tion, and protection of active compounds [1]. Moreover, the
small particle sizes of SLN ensure that the nanoparticles are in
close contact with the stratum corneum (SC), thus promoting the
amount of the encapsulated agent which penetrates into the skin
[2]. Nanostructured lipid carriers (NLC) are a new generation of
SLN. SLN consist of pure solid lipids, while NLC are made of a solid
matrix entrapping variable liquid lipid nanocompartments [3].
Problems associated with SLN such as limited drug loading
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capacity, adjustment of drug release, and drug expulsion during
storage are avoided by this new generation of carriers.

Psoriasis is one of the most common human skin diseases and
is considered to have key genetic underpinnings. It is character-
ized by excessive growth and aberrant differentiation of keratino-
cytes [4]. Psoriasis almost always recurs after appropriate
therapy. Photochemotherapy with psoralens and long-wavelength
ultraviolet (UV) radiation (psoralen and UVA light therapy, PUVA)
is a therapy which shows a good clearance rate in psoriasis
patients [5]. The psoralens mainly used in PUVA are 8-methoxyp-
soralen (8-MOP), 5-methoxypsoralen (5-MOP), and 4,5,8-trimeth-
ylpsoralen (TMP). Psoralens have strong absorption bands in the
range of 200-350 nm. The planar aromatic structure and hydro-
phobic nature facilitate their intercalation with DNA bases. The
absorption of a photon by a psoralen molecule in the ground state
can promote an electron to the excited singlet state [6]. Upon
photoactivation of the intercalated psoralen molecule, the ad-
ducts with thymine and cytosine can be formed. Psoriasis would
be relieved by the DNA photoadduct formation that would cause
slower cell replication [7]. Studies have shown that the applica-
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tion of an emulsion cream and a microemulsion of 8-MOP
provides good location of the drug [8,9]. However, there is still
a need to develop novel systems formulated with non-irritating
components that can be applied to efficiently treat psoriasis.
Due to the lipophilic nature of their matrices, SLN and NLC are
considered particularly useful for the administration of lipophilic
psoralens.

The aim of this study was to develop SLN and NLC, nanopartic-
ulate lipid-based drug carriers, with increased skin permeation
and controlled release properties for psoralens. In this study, Prec-
irol ATO 5 and squalene were chosen as the solid and liquid cores,
respectively. A variety of different emulsifiers have been used to
prepare SLN and NLC, including Pluronic F68 (PF68), Myverol 18-
04 K, Tween 80, and phospholipids. In addition to the skin perme-
ation of psoralens, especially 8-MOP, the physicochemical
characteristics of the obtained SLN and NLC, such as the drug load-
ing capacity, size, zeta potential, polarity, and differential scanning
calorimetry (DSC) results, were investigated. Moreover, hyperpro-
liferative skin was used as a skin barrier for psoralen permeation
in order to mimic the clinical situation.

2. Materials and methods
2.1. Materials

8-MOP, 5-MOP, TMP, squalene, and Pluronic F68 (PF68) were
obtained from Sigma Chemical (St. Louis, MO, USA). Precirol
ATO 5 was purchased from Gattefossé (Gennevilliers, France).
Myverol 18-04 K was obtained from Quest (Naarden, The
Netherlands). Tween 80 was supplied by Kanto Chemical
(Tokyo, Japan). Hydrogenated soybean phosphatidylcholine
(SPC, Phospholipon 80H) was from American Lecithin Company
(Oxford, CT, USA).

2.2. Preparation of SLN, NLC and lipid emulsion

The oil and aqueous phases were prepared separately. The oil
phase consisted of oils (12% w/v Precirol and/or squalene), lipo-
philic emulsifiers (0.2% w/v Myverol or SPC), and drugs (to reach
a concentration of 4.4 mM in the final product), while the aque-
ous phase consisted of double-distilled water and hydrophilic
emulsifiers (2.4% w/v PF68 or Tween 80). The two phases were
heated separately to 85 °C for 15 min. The aqueous phase was
added to the oil phase and mixed using a high-shear homoge-
nizer (Pro 250, Pro Scientific, Monroe, CT, USA) for 5 min. The
mixture was further treated using a probe-type sonicator
(VCX600, Sonics and Materials, Newtown, CT, USA) for 10 min
at 35°C. The total volume of the final product was 10 ml. The
composition of these nanoparticulate systems is demonstrated
in Table 1.

Table 1
The characterization of the formulations by particle size and zeta potential

2.3. Determination of particle size and zeta potential

The mean particle size (z-average) and zeta potential of the SLN
and NLC were measured by photon correlation spectroscopy (Nano
7590, Malvern, Worcestershire, UK) using a helium-neon laser
with a wavelength of 633 nm. Photon correlations of spectroscopic
measurements were carried out at a scattering angle of 90°. A
1:100 dilution of the formulations was made using double-distilled
water before the measurement.

2.4. Determination of viscosity

The viscosity of the SLN and NLC was measured as a function of
the shear rate (1/s) using a Carri-Med CSL? 100 rheometer (TA
Instruments, New Castle, DE, USA). The diameters of both the cone
and plate spindle were 60 mm. The determination mode was set to
flow-step measurement with shear rates from 0 to 1000 1/s. The
cone angle used for the measurements was 2°.

2.5. The molecular environment of SLN and NLC

The lipophilic fluorescent marker, Nile red, was used as the
model solute, and the molecular environment (polarity) was eluci-
dated by fluorometric spectroscopy based on the solvatochromism
of Nile red. Emission fluorescence spectra were determined with a
Hitachi F-2500 fluorescence spectrophotometer (Tokyo, Japan).
The spectra of the drug carrier systems with Nile red were re-
corded at room temperature with both slit widths set to 10 nm.
The excitation wavelength was fixed at 546 nm, and the emission
spectra were recorded from 550 to 700 nm at a scanning speed
of 300 nm/min.

2.6. Characterization by differential scanning calorimetry (DSC)

The broad water peak (~100 °C) in DSC may largely influence
the judgement of the thermograms of the lipid nanoparticles. To
avoid this interference, the SLN and NLC were freeze-dried before
the DSC measurements [10,11]. DSC analysis was performed using
a Q10 DSC calorimeter (TA Instruments). Powdered nanoparticles
(2.5-3.5 mg) were put into aluminum pans. The thermal analysis
profiles were obtained as the temperature was increased from 30
to 250 °C at a rate of 10 °C/min under nitrogen. The determination
was repeated three times for the formulations from three different
batches.

2.7. High-performance liquid chromatographic (HPLC) analysis of
psoralens

The HPLC system included a Hitachi L-7110 pump, a Hitachi
L-7200 sample processor, and a Hitachi L-7485 fluorescence

Formulation Lipid phase Emulsifiers Size (nm) Zeta potential (mV)
SLN*® Precirol (12%), PF68Y (2.4%) + Myverol (0.2%) 296.6 +49.5 -40.0+5.9
NLC-PF® Precirol (6%) + squalene (6%) PF68 (2.4%) + Myverol (0.2%) 2102+ 14.3 —46.0+2.2
NLC-Tw* Precirol (6%) + squalene (6%) T80° (2.4%) + SPCF (0.2%) 172.7+1.2° —42.3+20

Lipid emulsion Squalene (12%) SPC (6%) 137.1+285" —60.4+83"

Each value represents the mean + SD (n = 3).

@ SLN, the formulation of solid lipid nanoparticles.
b

NLC-PF, the formulation of nanostructured lipid carriers with Pluronic F68 as the main emulsifier.

NLC-Tw, the formulation of nanostructured lipid carriers with Tween 80 as the main emulsifier.

c

4 PF68, Pluronic F68.

¢ T80, Tween 80.

f SPC, Soybean phosphatidylcholine.

" The value is significantly lower (p < 0.05) as compared to the value of SLN.
" The value is significantly higher (p < 0.05) as compared to the value of SLN.
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detector. A 25-cm-long, 4-mm inner diameter stainless steel RP-
18 column (Merck, Darmstadt, Germany) was used. The mobile
phase consisted of methanol: double-distilled water (60:40) at a
flow rate of 1 ml/min. The fluorescence detector was set to an
excitation wavelength of 314 nm and an emission wavelength of
490 nm.

2.8. Capacity factor (logK')

The K' values of the psoralens were determined isocratically
using HPLC. The retention time of each drug was measured and
K’ values were calculated from the following equation:

10g K = log (tr - to)/to;

where t; is the retention time of each drug and t, is the retention
time of the non-retained solvent peak (methanol).

2.9. Determination of psoralen solubility in water

An excess amount of psoralens was added to 1 ml of dou-
ble-distilled water and shaken reciprocally at 37 °C for 24 h.
The suspension was centrifuged at 10,000 rpm for 10 min,
and the drug concentration in the supernatant was determined
by HPLC.

2.10. In vitro skin permeation of psoralens

The skin permeation of the psoralens was measured using a
Franz diffusion assembly. The dorsal skin of female nude mice
(6-8 weeks old) in a full-thickness type was mounted between
the donor and acceptor compartments. The cellulose membrane
(Cellu-Sep® T2, with a molecular weight cutoff of 6000-8000)
was also used as a barrier in the experiments for examining psor-
alen release from the formulations (as shown in Fig. 7). The donor
medium consisted of 0.5 ml of vehicle containing psoralens. The
receptor medium (5.5 ml) was ethanol:pH 7.4 buffer (3:7) to
maintain sink conditions. The available diffusion area between
cells was 0.785cm? The stirring rate and temperature were,
respectively, kept at 600 rpm and 37 °C. At appropriate intervals
(2, 4,6, 8,10, 12, and 24 h), 300-pl aliquots of the acceptor med-
ium were withdrawn and immediately replaced with equal vol-
umes of fresh buffer. The permeated amount of psoralens was
determined by HPLC.

2.11. Induction of hyperproliferative skin for in vitro skin permeation

Epidermal hyperproliferation simulating psoriasis-affected skin
was achieved by a tape-stripping technique [12]. Female nude
mice (6-8 weeks old) were used in this study. The animal experi-
ment was reviewed and approved by the Institutional Animal Care
Committee at Chang Gung University. The dorsal skin of a mouse
was stripped using cellophane tape (3M Scotch®) twice daily for
5 days. The stripping was repeated 10 times for each process. After
5 days, the skin was monitored by examining the transepidermal
water loss (TEWL) with an evaporimeter (TM300, Courage and
Khazaka, Koln, Germany). The skin was excised until the TEWL val-
ues reached 8-10 g/m?/h.

Hyperproliferation of the skin was verified by histology. Each
specimen was dehydrated using ethanol, embedded in paraffin
wax, and stained with hematoxylin and eosin. For each skin sam-
ple, three different sites were examined and evaluated under light
microscopy (Eclipse 4000, Nikon, Tokyo, Japan). The digital photo-
micrographs were then processed with Adobe PhotoDeluxe (Adobe
Systems, San Jose, CA, USA), and the epidermal thickness was cal-
culated using ImagePro-plus 4.0 (Media Cybernetics, Silver Spring,
MD, USA).

2.12. Statistical analysis

Statistical analysis of differences between different treatments
was performed using unpaired Student’s t-test. A 0.05 level of
probability was taken as the level of significance. An analysis of
variance (ANOVA) test was also used.

3. Results
3.1. Particle size and zeta potential of the SLN and NLC

The SLN and NLC were developed by hot homogenization fol-
lowed by ultrasonicaton. Precirol, a glyceryl palmito-stearate,
was used as a core material for the SLN. In the NLC formulations,
squalene as the liquid matrix was mixed with Precirol into which
the drug was incorporated. Squalene is an all-trans isoprenoid con-
taining six isoprene units, which is a naturally occurring substance
found in human skin. The particulate systems were stabilized with
the surfactants PF68 (with a hydrophile-lipophile balance (HLB) of
29) and Myverol (with an HLB of 7). The composition of the nano-
particle shell significantly affects the physicochemical properties
and drug release profiles [13]. Hence another surfactant system
composed of Tween 80 (HLB of 15) and SPC (HLB of 3) was used
for the NLC for comparison.

Particle sizes and surface charges of the developed SLN and NLC
are shown in Table 1. It can be seen that the sizes of the SLN were
significantly larger (p <0.05) than those of the NLC. The particle
sizes of the NLC with Tween 80 as the main emulsifier (NLC-Tw)
were smaller (p <0.05) than those with PF68 (NLC-PF). In order
to elucidate the influence of the solid and liquid matrices on the
performance of the particulate systems, a lipid emulsion with
squalene (12% w/v) and SPC (6% w/v), respectively as the lipid core
and emulsifier was prepared for comparison. As shown in Table 1,
the lipid emulsion exhibited the smallest size (p < 0.05) among the
formulations tested.

As depicted in Table 1, the zeta potentials of the SLN and NLC
were —40 to —46 mV. No effect of the lipid core or shell on the sur-
face charge was observed (p > 0.05). The lipid emulsion showed a
zeta potential of —60mV, which was significantly higher
(p <0.05) than those of the SLN and NLC.

3.2. Viscosity of the SLN and NLC

To develop such controlled-release formulations, rheology or
viscosity is a critical parameter to consider. Furthermore, the vis-
cous and elastic properties of the dispersions are important for
their application to skin [3]. Fig. 1 shows variations in viscosity
with the shear rate for the nanoparticulate systems. The appear-
ance of the curves confirms the Newtonian behavior of the inves-
tigated formulations except for NLC-Tw. A fluctuation of
viscosity between 50 and 130 1/s was observed for NLC-Tw.
The viscosity varied between 0.02 and 0.05Pas according to
the type of formulation. The SLN showed the highest viscosity,
followed by the NLC and lipid emulsion. This trend was similar
to the previous investigation [14], which showed a higher viscos-
ity of SLN than NLC.

3.3. Molecular environment of the SLN and NLC

Nile red is a dye whose absorption bands vary in shape, posi-
tion, and intensity with the nature of the environment. The emis-
sion spectra of Nile red in the nanoparticulate systems are shown
in Fig. 2. Nile red is very soluble in organic solvents such as ace-
tone and strongly fluorescent in a lipophilic environment [15].
Corresponding to high lipophilicity such as with acetone and
squalene, the emission maximum was found to be near 600 nm.
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Fig. 1. Viscosity (Pa s) versus the shear rate (1/s) of the nanoparticulate systems.

When incorporated into the SLN, the increased re-orientation
probability of the surrounding water molecules led to emission
shifts to longer wavelengths. NLC-PF and the lipid emulsion
exhibited a wavelength shift as well as a reduction in the fluores-
cence intensity. This is because the fluorescence is quenched in a
more hydrophilic environment [16]. The results indicate an
increasing trend of hydrophilicity of the lipid emulsion > NLC-
PF > NLC-Tw > SLN.

3.4. DSC characterization

DSC uses the fact that different lipid modifications possess dif-
ferent melting points. Fig. 3 shows DSC curves of Precirol, the phys-
ical mixture, and lyophilized nanoparticulate systems with or
without 8-MOP. The lipid emulsions were not examined by DSC
because liquids such as squalene cannot be registered using the de-
scribed temperatures and analytical conditions. Precirol alone
exhibits a peak at 58 °C with a shoulder at 62 °C as seen in Fig.
3A. Different polymorphs of complex glycerides often show several
diffuse melting maxima or peak shoulders in DSC [17]. 8-MOP

100003
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Fig. 2. Fluorescence emission spectra of Nile red (2.5 x 107%, w/v) in acetone,
squalene, and nanoparticulate systems. SLN, solid lipid nanoparticles; NLC-PF,
nanostructure lipid carriers with PF68 as a hydrophilic emulsifier; NLC-Tw,
nanostructure lipid carriers with Tween 80 as a hydrophilic emulsifier. A.U. in the
x-axis means arbitrary unit.
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Fig. 3. Heating curves of differential scanning calorimetry (DSC) for Precirol, the
physical mixture, and nanoparticulate systems with or without 8-MOP (4.4 mM):
(A) solid lipid nanoparticles (SLN); (B) nanostructured lipid carrier + PF68 (NLC-PF);
and (C) NLC + Tween (NLC-Tw).

showed a melting point at 142 °C. The DSC measurements revealed
no drug peak for any of the particles around 142 °C (Fig. 3A). The
peak of Precirol in the SLN loaded with 8-MOP showed a shift from
58 to 54 °C. Some peaks observed around 45 °C in Fig. 3 were endo-
thermic start-up hooks, which were produced in the initial equilib-
rium process because of the slightly different temperatures
between sample pan and reference pan.

A depression of Precirol’s melting point (58 to 56 °C) was de-
tected in the NLC-PF physical mixture (Fig. 3B). This phenomenon
was not observed for the SLN. This indicates an interaction of liquid
squalene with the crystalline Precirol matrix. The melting point
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was further reduced from 58 to 55 °C for the lyophilized NLC-PF
system. There was no depression of the melting point for the
NLC-Tw physical mixture (Fig. 3C). The endothermic peak at
115 °C is the flash point of Tween 80. The flash point of a liquid
is the lowest temperature at which it can form an ignitable mixture
in air. An interaction between squalene and Precirol occurred after
preparing NLC-Tw, resulting in a depression of the melting point
(58 to 54 °C). The presence of 8-MOP did not influence the thermo-
grams of NLC-Tw.

3.5. Skin permeation of psoralens released from the SLN and NLC

In order to evaluate the skin targeting potential of the SLN and
NLC, the permeation ability of psoralens through the skin was
examined in vitro. A previous study indicated that the total 8-
MOP permeation through the skin corresponds to the accumula-
tion of 8-MOP in the skin [9]. Hence the drug flux permeated across
the skin may be an indicator of the drug deposition within the skin
reservoir in the case of psoralen. The cumulative amounts of 8-
MOP at different times in the acceptor are shown in Fig. 4, and
the steady-state fluxes (nmol/cm?/h) are summarized in Table 2.
The permeation followed zero-order kinetics for the nanoparticu-
late systems (r>0.98). For the aqueous suspension (4.4 mM 8-
MOP in double-distilled water), a biphasic drug release pattern
was observed. A relative burst of drug permeation was found in
the initial 10 h, after which the drug slowly permeated with a lin-
ear relationship on the Higuchi plot. The drug flux was found to be
the highest for both NLC vehicles (p < 0.05). There was no improve-
ment in skin permeation over the aqueous control with the SLN
(p>0.05). The flux with the lipid emulsion was even lower
(p <0.05) than that of the aqueous suspension.

The derivatives of 8-MOP, 5-MOP, and TMP were also chosen as
permeants in the in vitro permeation study. As shown in Table 2,
the permeation ability increased in the order of 8-MOP > 5-
MOP > TMP. The permeation trends of the various vehicles for
the three drugs were similar, with NLC showing the best delivery.
The TMP flux from NLC-PF was significantly higher (p < 0.05) than
that from NLC-Tw, whereas no significant difference (p > 0.05) be-
tween the two vehicles was observed for 8-MOP and 5-MOP.

3.6. Skin permeation of 8-MOP across hyperproliferative skin

8-MOP and related furocoumarins are extensively used for
treating hyperproliferative skin diseases. Fig. 5 depicts representa-

3000 -
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2500 4 | —¥— NLC-PF
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—a— Lipid emulsion
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Fig. 4. In vitro cumulative amount (nmol/cm?)-time profiles of the skin permeation
of 8-MOP (4.4 mM) from an aqueous suspension and nanoparticulate systems. Each
value represents the mean + SD (n =4).

Table 2

The flux (nmol/cm?/h) of psoralens across nude mouse skin

Formulation 8-MOP? 5-MOP® TMP®
Suspension? 60.48 + 15.69" 15.88 +4.48 1.90 £ 0.09
SLN® 67.17 £ 8.89 16.06 £2.14 2.70 £ 0.41
NLC-PFf 96.71 £6.22 20.46 £ 3.60 4.03 £ 0.66
NLC-Tw® 107.51 £ 8.57 25.18 £3.62 2.34+0.31
Lipid emulsion 38.31+5.31 8.77 £ 0.63 1.46 £ 0.26

Each value represents the mean + SD (n = 4).

4 8-MOP, 8-methoxypsoralen.

b 5.MOP, 5-methoxypsoralen.
TMP, 4,5,8-trimethylpsoralen.
Suspension, psoralens (4.6 mM) in double-distilled water.
SLN, the formulation of solid lipid nanoparticles.

f NLC-PF, the formulation of nanostructured lipid carriers with Pluronic F68 as
the main emulsifier.

& NLC-Tw, the formulation of nanostructured lipid carriers with Tween 80 as the
main emulsifier.

" This flux was calculated based on zero-order equation although the Higuchi
model showed a higher correlation coefficient.

c
d
e

tive examples of light microscopic images of vertical skin sections
with or without hyperproliferative induction. As shown in Fig. 5B,
the tape-stripping technique increased the epidermal thickness by
1.5-fold. The estimated thicknesses of the epidermis with and
without tape-stripping were 27.9 + 4.4 and 18.2 + 4.3 um, respec-
tively. Routine light microscopy confirmed the predominant
changes of the psoriasis-like skin.

Fig. 6 compares 8-MOP fluxes across normal and hyperprolifer-
ative skin. The SLN and NLC-Tw showed no significant differences
(p>0.05) in 8-MOP permeation between the two skin types. On
the other hand, hyperproliferative skin exhibited lower drug per-
meation compared to normal skin with the other formulations;
in particular, the aqueous suspension showed the greatest
difference.

4. Discussion

PUVA photochemotherapy is widely used to treat skin diseases
such as psoriasis, mycosis fungoides, and vitiligo. In this study, we
investigated the skin permeation of nanoparticulate systems loaded
with psoralens commonly used in this therapy. This study indicates
that physicochemical characteristics and drug delivery can be
greatly affected by changing the materials used in the SLN and
NLC. We showed that both enhanced and controlled permeation of
psoralens can be achieved by the vehicles developed herein.

Nano- and submicron-sized particles can be obtained for the
prepared SLN and NLC. The crystalline lipid core (of the SLN) pro-
duced a larger particle diameter compared to the amorphous core
(of the NLC). Even though a negative zeta potential provides elec-
trostatic repulsion to maintain the small size of these systems,
Tween 80 also provides steric stability [1,18]. This was the reason
for the smaller size of NLC-Tw compared to NLC-PF.

The lipid emulsion exhibited a higher charge than either the
SLN or NLC. The origin of the negative charge of the emulsion
was the anionic fractions of SPC. SPC used in this study contained
80% PC, which is uncharged. The other components (20%) of SPC
are negatively charged. Profiles of the zeta potential confirm the
smaller size of the lipid emulsion compared to the SLN and NLC,
since greater ionization at the interface tends to increase the elec-
trostatic repulsion and prevent aggregation [19]. Both PF68 and
Tween 80 are non-ionic species. The lipophilic emulsifiers, Myverol
(palmitinic acid monoglycerides) and SPC, in the interface of the
SLN and NLC may be responsible for the negative surface charges.
Measuring the zeta potential allows predictions of the storage sta-
bility [20]. In general, particle aggregation is less likely to occur for
particles with surface charges >30 mV.
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Fig. 5. Histologic examination of nude mouse back skin in (A) the non-treated control group and (B) the group subjected to a tape-stripping technique. Arrows indicate the

thickness of the epidermis (magnification 400x). The bar length indicates 50 pm.

The presence of Precirol in the systems resulted in increased
viscosity. Thus the viscosity increased in the order of
SLN > NLC > the lipid emulsion. The viscosity may be related to
the strength of the interfacial film [21]. This suggests that the
SLN had stronger films, which may have been due to the crystalline
state of the inner lipid phase.

As demonstrated in Fig. 2, the SLN exhibited a more lipophilic
environment than the other systems. The pronounced lipophilic
character of Precirol expressed by a low HLB of 2 may have contrib-
uted to this result. A sufficient amount of emulsifiers is needed for
the lipid core with high lipophilicity or percentage in oil-in-water
systems [22]. A deficit of emulsifiers may cause a larger size of
~300 nm for SLN (Table 1). The lipophilicity decreased following
an increase in the squalene content in the formulations. NLC-Tw
is more lipophilic than NLC-PF. This may have been due to Tween
80 and SPC producing a less-hydrophilic emulsifier system com-
pared to PF68 and Myverol according to the HLB values. This sug-
gests that both the inner core and interfacial film affected the
molecular environment of SLN and NLC.

The DSC thermograms of the lyophilized SLN and NLC did not
show a melting peak for 8-MOP. This absence may have been
due to solubilization of the low amount of the drug (0.1% w/v) in
the molten lipid when the sample was heating up. This result
was confirmed by a physical mixture loaded with 8-MOP, which
also revealed the absence of a drug peak (data not shown). The
thermograms showed that the endothermic peak of Precirol did
not change after being incorporated into the SLN system. This sug-
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Fig. 6. Comparison of the 8-MOP fluxes from an aqueous suspension and
nanoparticulate systems across normal and hyperproliferative skin. Each value

represents the mean + SD (n = 4).

gests a higher-ordered lattice arrangement in the lipid cores. How-
ever, the loading of 8-MOP in the SLN resulted in a depression of
the Precirol peak. The drug present in the lipid matrix seemed to
accelerate the polymorphic transition to a stable modification in
comparison to drug-free particles. This result was attributed to
interactions between the lipids and drug molecules and differences
in the drug deposition within particles [23].

The presence of a glass transition in the DSC thermograms of
the NLC points to the crystalline nature of the NLC particles,
whereas the melting points in the NLC were depressed when com-
pared with that of the corresponding bulk Precirol. Defects in the
crystalline lattice may have contributed to this depression. It
may also have been due to the smaller particle sizes of the NLC
as compared to the SLN. The reduced particle size and increased
surface area led to a decrease in the melting enthalpy compared
with the heat flow through the larger crystals. This was confirmed
by physical mixtures for which this type of depression was insig-
nificant. This depression was especially meaningful for NLC-Tw.
This may have been due to the more lipophilic emulsifiers used
in NLC-Tw. Tween 80 and SPC in the interfacial film may interact
with the lipid core to a great degree, modifying the crystalline
state. Because the melting point of Precirol was depressed, the
phase separation of Precirol and squalene can be excluded.

8-MOP was mainly used as the model drug for the in vitro skin
permeation study. 5-MOP and TMP were chosen as secondary
model drugs in order to elucidate the influences of chemical struc-
ture and lipophilicity. All these drugs have limited water solubili-
ties and high lipophilicities which make them excellent
candidates for SLN and NLC encapsulation (Table 3).

An inverse relation exists between drug permeation and lipo-
philicity (log K') of psoralens permeated from the aqueous suspen-
sion. Since 4.4 mM psoralen could not be completely solubilized in
water, the low level of TMP permeation may have been due to the
poor water solubility of TMP (Table 3). The permeants should pass

Table 3

The logK' and solubility profiles of psoralens

Compound  LogK’® Solubility in water (nmol/ml) K, (cm/h x 1072)°
8-MOP*¢ 030+0.002  229.20 + 14.49 3.58 +0.06
5-MOP¢ 0.56 + 0.004 15.14+£0.99 4.45+0.13

TMP® 1.12 £ 0.002 0.46 £ 0.10 7.50 £2.20

Each value represents the mean + SD (n = 5).

? LogK’, logarithm of t. — to/to, t; is the retention time of product peak, t, is the
retention time of solvent peak.

b Ky, permeability coefficient = flux from water with saturated drug solubility/
drug solubility in water.

¢ 8-MOP, 8-methoxypsoralen.

4 5-MOP, 5-methoxypsoralen.

¢ TMP, 4,5,8-trimethylpsoralen.
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through the skin in a solubilized state. A further permeation exper-
iment was performed by testing the skin permeation at a dose of
saturated solubility in the donor compartment. A saturated drug
solution was used to ensure uniform thermodynamic activities.
The permeability coefficient (K, cm/h) was calculated from the
flux divided by the dose applied to the donor compartment (Table
3). It was observed that the K, values were related to the lipophil-
icity of psoralens. The trend of K, of various psoralens was quite
different from that of the flux from aqueous suspension in a regular
dose (4.4 mM). The result indicates that the solubility in water
dominated psoralen permeation from the aqueous suspension.

Compared to the lipid emulsion and aqueous control, enhanced
psoralen permeation and controlled release were achieved with
the SLN and NLC. For dermal applications, both features are of
interest. Enhanced permeation can be useful to improve drug pen-
etration. Sustained release becomes important to supply the skin
with a drug over a prolonged period of time [17]. The release from
the internal phase supplements depletion of the drug in the exter-
nal phase, supplying sustained and controlled release of the drug
into the skin [24,25]. Factors contributing to the increased skin
delivery by SLN and NLC include solubility enhancement, the large
surface area due to small particle sizes, an occlusive effect, and a
permeation enhancer effect [3,26]. The simplest mechanism for
enhancing permeation is that psoralens can readily be dissolved
in SLN and NLC but not in water. Hence the higher drug loading
in the systems increased the concentration gradient towards the
skin. However, TMP still showed a poorer delivery from the SLN
and NLC compared to the other formulations. The drug should be
released from the internal to the external phase and then from
the external phase to the skin. The extremely low water solubility
may have caused the difficulty of TMP diffusion from the lipid core
to the aqueous phase.

The bioavailability of drugs penetrating the skin can be en-
hanced by using nanoparticulate systems because the small par-
ticle size ensures close contact with the SC. Small droplets have
better chances to adhere to the skin and transport the drugs in
a more controlled fashion [24]. It is difficult for nanoparticles
transport into the skin in an intact form because of the limited
voids in the lipid bilayers of SC. It is assumed that the SLN and
NLC form films of densely packed spheres on the surface of the
skin, which exert an occlusive effect, thus increasing skin hydra-
tion [20,26]. Due to the smaller particle size, NLC may have a
more favorable occlusive effect than SLN. Another possible reason
for the high drug permeation of NLC is the reduced viscosity. In
most cases, the lower the viscosity of the vehicle, the faster is
the drug delivery [24,27]. Although the size reduction, occlusive
effect, and viscosity may explain the greater permeation of NLC
than SLN, they are not general rules in this since the lipid emul-
sion had the lowest particle diameter and viscosity. The perme-
ation of psoralens into skin might not solely be controlled by
these factors.

The lipid emulsion possessed a high zeta potential of —60 mV.
The surface of the skin carries negative charges due to the presence
of negatively charged residues of proteins. It is anticipated that a
delivery system with a highly negative charge that is strongly ex-
cluded by the skin would result in poor permeation [28,29]. An-
other reason is that non-crystalline lipid nanoparticles have no
occlusive properties [30].

The enhanced skin permeation of the nanoparticulate vehicles
was probably due to the additives included in the formulation. Sur-
factants, which can loosen or fluidize the lipid bilayers of the SC,
can act as permeation enhancers. To investigate the enhancing
potential of the surfactants, the skin was pretreated with solutions
of surfactants at the same concentration as in the systems for 2 h,
followed by administrating 8-MOP in an aqueous suspension for in
vitro permeation. The pretreatment method avoids a cosolvent ef-
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Fig. 7. In vitro release percentage (%)-time profiles of 8-MOP (4.4 mM) from an
aqueous suspension and nanoparticulate systems across a cellulose membrane.
Each value represents the mean = SD (n = 4).

fect on the thermodynamic activities of the drugs and enhancers.
The results showed that no surfactant produced any enhancement
of 8-MOP permeation compared to pretreatment with water
(p>0.05, data not shown). Hence the enhancer effect could be
ignored.

The NLC provided higher drug fluxes than the SLN. The incorpo-
ration of liquid lipids into the solid lipid matrix caused the NLC to
become more imperfect as demonstrated by DSC. Thus the loaded
drug was more easily released, increasing the drug release rate. On
the other hand, drug molecules are incorporated into the crystal-
line matrix, and their diffusion mobility is decreased [31,32]. In or-
der to elucidate the mechanism, the ability of the SLN and NLC to
deliver 8-MOP was investigated by determining the release rates
across a cellulose membrane. In the process of skin permeation,
the drug should firstly release from the vehicles, then it can be par-
titioned into or absorbed by the skin. As shown in Fig. 7, the release
of 8-MOP showed an initial burst that gradually leveled off after
12 h of administration. 8-MOP was released to a greater extent
from both NLC vehicles. Although diffusion mobility may be the
possible mechanism for the release profile, it still cannot explain
the relatively low release rate of the lipid emulsion. Since the zeta
potential might not affect drug release across the cellulose mem-
brane, the lack of an occlusive ability for the emulsion is a possible
cause of this low release. The trends of release rates from various
systems were the same as those of the fluxes, suggesting that the
process of 8-MOP permeation into the skin is vehicle-controlled
but not skin-controlled.

It was found that variations in the types of emulsifiers in the
NLC had no profound effects on 8-MOP fluxes or release rates
(p > 0.05). However, NLC-PF provided higher TMP permeation than
did NLC-Tw. The lipophilic interfacial films produced by Tween 80
and SPC may have strongly interacted with TMP, which showed the
most lipophilic nature among psoralens, resulting in difficulty of
TMP being released from the inner phase.

Psoriasis is a disorder triggered when activated immunocytes
infiltrate the skin, subsequently inducing prominent epidermal
thickening. Two methods can induce psoriasis skin in animal mod-
els: xenografts in mice and tape-stripping techniques [12,33]. We
used the latter method to create hyperproliferative skin. It was
confirmed that the tape-stripping method can induce psoriasis-like
skin characterized by epidermal hyperplasia. A similar result was
observed in the study by Denda et al. [34]. Some vehicles showed
a slight but significant reduction in 8-MOP permeation in hyper-
proliferative skin, including NLC-PF and the lipid emulsion.
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A greater reduction in drug permeation across psoriasis-like skin
was observed for the aqueous control. This reduction may have
been due to the increment in thickness of the epidermis, creating
a longer pathway through which the drug had to pass. The result
indicates that the use of nano-sized particles can minimize 8-
MOP permeation differentiation between normal and disordered
skin. This may be especially important for patients with severe
psoriasis who have a relatively thick epidermis. Most research pa-
pers have utilized healthy skin to examine drug permeation, and
results from such studies might not be appropriately applied to
predict the skin targeting ability of a drug on disordered skin.
The skin model used in this study may be useful for resolving this
problem.

5. Conclusions

Psoriasis often reoccurs and is rarely cured, and hence patients
may receive therapy periodically over many years. Hence develop-
ing efficient vehicles for delivering psoralens to treat psoriasis is
especially important. SLN and NLC formulations were developed
in this study to achieve this aim. Nano- to submicron-sized parti-
cles can be achieved with SLN and NLC, and the NLC showed smal-
ler-sized particles. Enhanced permeation and controlled release of
psoralens were obtained with NLC. Enhanced permeation can be
useful for improving the skin absorption of drugs, while sustained
release is important for drugs with irritating effects at high concen-
trations or to supply the skin with drugs over a prolonged period of
time. According to the in vitro study, psoralen permeation can be
controlled by altering the formulation variables. Solubility
enhancement, small particle sizes, and an occlusive effect of NLC
may be possible mechanisms for the enhancement. The results
indicated that the NLC prepared in this study can potentially be
exploited as carriers with improved drug permeation for psoriasis
therapies.
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