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bstract

Dermal therapy is still a challenge due to the difficulties in controlling the active pharmaceutical ingredient (API) fate within the skin. Recently,
ipid nanoparticles have shown a great potential as vehicle for topical administration of active substances, principally owing to the possible
argeting effect and controlled release in different skin strata. Ketoprofen and naproxen loaded lipid nanoparticles were prepared, using hot high
ressure homogenization and ultrasonication techniques, and characterized by means of photo correlation spectroscopy and differential scanning
alorimetry. Nanoparticle behavior on human skin was assessed, in vitro, to determine drug percutaneous absorption (Franz cell method) and, in
ivo, to establish the active localization (tape-stripping technique) and the controlled release abilities (UVB-induced erythema model). Results
emonstrated that the particles were able to reduce drug penetration increasing, simultaneously, the permeation and the accumulation in the horny

ayer. A prolonged anti-inflammatory effect was observed in the case of drug loaded nanoparticles with respect to the drug solution. Direct as well
s indirect evidences corroborate the early reports on the usefulness of lipid nanoparticles as carriers for topical administration, stimulating new
nd deeper investigations in the field.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The treatment of skin diseases as well as of musculoskeletal
isorders might benefit from topical administration, obtain-
ng a substantial reduction of the systemic side effects and an

mprovement of the patient compliance. Drug topical adminis-
ration is still a challenge in pharmaceutics and drug delivery
ue to the difficulties in controlling and, not less important,

Abbreviations: API, active pharmaceutical ingredient; DSC, differential
canning calorimetry; EI, erythema index; HPLC, high-performance liquid chro-
atography; HPH, hot high pressure homogenization; KET, ketoprofen; MED,
inimal erythemal dose; NLC, nanostructured lipid carriers; NAP, naproxen;
SAIDs, non-steroidal anti-inflammatory drugs; PIE, percentage of inhibition
f the erythema; Pm, permeability coefficient; PCS, photo correlation spec-
roscopy; RP, reverse phase; SLN, solid lipid nanoparticles; SCE, stratum
orneum epidermis; SC, stratum corneum; US, ultrasonication.
∗ Corresponding author. Tel.: +39 0755855133; fax: +39 0755855163.

E-mail address: kaolino@unipg.it (P. Blasi).
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etermining the exact amount of drug that reach the different
kin layers (Schäfer-Korting et al., 2007). The API as well as
he vehicle physicochemical characteristics are retained to be
he main features responsible for the drug differential distri-
ution in the skin (Beetge et al., 2000; Jacobi et al., 2006;
eichmann et al., 2007). The analytical issues are mostly due

o technical and ethical reasons. In fact, blood or urine sam-
ling are not useful since the data cannot be correlated with the
mount of drug deposited in the skin while the direct analysis
ould require skin sampling with obvious problems of compli-

nce and ethics (Wagner et al., 2002). Less invasive techniques,
uch as the SC stripping, by means of adhesive tape, and the
uantification of the residual active in the applied formulation
ermit a non-complete but valuable evaluation (Wagner et al.,
002).
KET and NAP are two NSAIDs used for the treatment of mus-
uloskeletal disorders (e.g., rheumatoid arthritis, osteoarthritis
nd ankylosing spondylitis) with non-optimal characteristics to
e delivered through the skin (Swart et al., 2005). Different

mailto:kaolino@unipg.it
dx.doi.org/10.1016/j.ijpharm.2008.01.045
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trategies have been used to increase local soft tissue bioavail-
bility of KET and NAP topically administered (Rautio et al.,
998; Bonina et al., 2001). Formulation of API within nano-
etric particulate carriers, in particular of lipid origin, has been

sed elsewhere with this aim (Maia et al., 2000; Mei et al.,
003). Lipid nanoparticles, due to the safety of the component
aterials and the controlled release abilities, possess a great

otential and have generated a large interest in the industrial
nd academic worlds (Müller et al., 2002a; Müller, 2007). In
act, they have been proposed and investigated for many differ-
nt applications and all the administration routes (Blasi et al.,
007; Chattopadhyay et al., 2007; Hauss, 2007; Müller et al.,
007; Schäfer-Korting et al., 2007).

In the scientific literature, a first generation of lipid nanopar-
icles can be found with the common name of SLN (Müller,
007). Recently, SLN features have been considered advanta-
eous for topical administration of active substances. The great
otential of SLN to improve prednicarbate absorption through
he skin was demonstrated (Maia et al., 2000). Another recent
tudy reported that triptolide topical anti-inflammatory therapy
as favored by its entrapment in SLN. This strategy guaranteed

n improved availability of the drug at the site of action, reduc-
ng contemporary the needed dose and thus, dose dependent side
ffects like irritation and staining (Mei et al., 2003).

A second generation of lipid nanoparticles (Müller, 2007),
nown as NLC, have been recently developed and investigated
or the same application. NLC are innovative vehicles introduced
o overcome some limitations of SLN (Müller et al., 2002a; Hu
t al., 2006). Particularly, NLC, composed of a solid lipid and
certain content of liquid lipid (oil), show an improved drug

ntrapment efficiency (Hu et al., 2005; Ricci et al., 2005) and
n increased stability during storage with respect to SLN (Souto
nd Müller, 2006). When optimized, NLC exhibit high physical
tability (Wissing and Müller, 2002), protection of loaded labile
PI against degradation (Jenning et al., 2000b), and excellent

n vivo tolerability (Müller et al., 2002b). Furthermore, NLC,
aintaining their solid state, can control the API release from

he matrix (Müller et al., 2002b).
In a previous work regarding the evaluation of indomethacin

ercutaneous absorption from NLC, a decreased API permeation
as observed and the formation of a drug reservoir in the SC,
wing to the interaction between nanoparticles and SC lipids,
as hypothesized (Ricci et al., 2005).
Even though the role of the vehicle in the API dermal or trans-

ermal fate of topically administered formulations is known, this
tudy may provide additional features to state if the abovemen-
ioned effect is general or just a particular case. This work may
onfirm the great potential of lipid nanoparticles as carriers for
rolonged and targeted topical delivery.

To this aim, KET and NAP loaded NLC were prepared and
haracterized in vitro and in vivo. HPH and US methods were
valuated as possible preparation techniques, while PCS and
SC were employed for their characterization. Percutaneous
bsorption has also been studied, in vitro, using excised human
kin membranes (i.e., SCE) and, in vivo, by determining the
nti-inflammatory activity. Finally, in order to quantify the drug
resent in the SC, tape-stripping was performed.

p
w
s
u

Pharmaceutics 357 (2008) 295–304

. Materials and methods

.1. Materials

Compritol® 888 ATO (glyceryl behenate, tribehenin), a mix-
ure of mono-, di- and triglycerides of behenic acid (C22), was a
ift of Gattefossé (Milan, Italy). Miglyol® 812 (caprylic/capric
riglycerides) was provided by Eingemann & Veronelli S.p.A
Milan, Italy). Lutrol® F68 was a gift of BASF ChemTrade
mbH (Burgbernheim, Germany). Xanthan gum, KET and NAP
ere purchased from Sigma Aldrich corporation (St. Louis, MO,
SA). Carbopol® 934P (CTFA: Carbomer) was obtained from
FGoodrich (Cleveland, Ohio, USA). HPLC grade acetonitrile
nd water were purchased from CarloErba reagents (CarloErba,
ilan, Italy). When not specified, chemicals and reagents were

f the highest purity grade commercially available.

.2. NLC Preparation

.2.1. Ultrasonication method
Blank and drug loaded NLC were prepared following the

rocedure reported elsewhere (Ricci et al., 2005). Briefly,
ompritol® 888 ATO (4 g) was melted at 80 ◦C and Miglyol®

12 (1.52 g) and KET or NAP (80 mg) were added. The melted
ipid phase was dispersed in the hot (80 ◦C) surfactant solution
Lutrol® F68, 1.35%, w/v) by using a high-speed stirrer (Ultra
urrax T25, IKA-Werke GmbH & Co. KG, Staufen, Germany) at
000 rpm. The obtained pre-emulsion was ultrasonified by using
UP 400 S (Ultraschallprozessor, Dr. Hielscher GmbH, Ger-
any) maintaining the temperature at least 5 ◦C above the lipid
elting point. After US, the obtained dispersion was cooled in

n ice bath in order to solidify the lipid matrix and to form NLC.
lank and drug loaded SLN were prepared and characterized as
ell.

.2.2. Hot high pressure homogenization method
NLC were also prepared using the elsewhere reported HPH

echnique, slightly modified (Müller et al., 2002a). Briefly,
he pre-emulsion was obtained following exactly the same
rocedure reported for the US method. The pre-emulsion
as then homogenized using a homogenizer EmulsiFlex-C5

Avestin, Ottawa, Canada) thermostated at 80 ◦C at a pressure
f 100,000 kPa. Three homogenization cycles were performed.
he hot dispersion was then cooled in an ice bath to obtain NLC.

.2.3. Preparation of gel formulations
NLC were formulated into hydrogels using glycerol and xan-

han gum as excipients (Ricci et al., 2005). Briefly, hydrogel
ormulations were produced adding to KET or NAP loaded
LC suspensions (89%, w/w) 10% (w/w) of glycerol and 1%

w/w) of xanthan gum. Control hydrogel formulations were pre-

ared in the same way by using KET or NAP solutions (89%,
/w) instead of the NLC suspensions (Table 1). Hydrogels were

tirred at 1000 rpm for 5 min and then stored at 4 ◦C before
se.
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Table 1
Composition (%, w/w) of KET (A and B) and NAP (C and D) formulations

Constituents Formulation code

A Ba C Db

KET solution in distilled water – 89 – –
NAP solution in distilled water – – – 89
KET loaded NLC suspension 89 – – –
NAP loaded NLC suspension – – 89 –
Glycerol 10 10 10 10
Xanthan gum 1 1 1 1

Hydrogels were stirred at 1000 rpm for 5 min and then stored at 4 ◦C before use.
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a KET amount was correspondent to KET content in formulation A.
b NAP amount was correspondent to NAP content in formulation C.

.3. Determination of KET and NAP loading

The percentage of KET and NAP entrapped in the lipid
atrix was determined as follows: NLC dispersion was filtered

y using a Pellicon XL tangential ultrafiltration system (Milli-
ore, Milan, Italy) equipped with a polyethersulfone Biomax10
embrane. An amount of retained material was freeze-dried,

issolved in chloroform and analyzed by UV spectrophotometry
t 257 and 270 nm for KET and NAP, respectively (Lambda 52,
erkinElmer, MA, USA). Calibration curves for the validated
V assays of KET and NAP, were performed on five solutions

n the concentration ranges of 3–15 and 3–45 �g/ml, respec-
ively. Correlation coefficient was >0.990. Each point represents
he average of three measurements and the error was calculated
s standard deviation (±S.D.). KET and NAP incorporation
fficiency was expressed as drug content, calculated from
q. (1).

rug content (%) = Mass of drug in nanoparticles

Mass of nanoparticles
× 100 (1)

ossible lipid interferences during UV determination of
ET and NAP were also investigated by comparing the

wo standard curves of each drug alone and in pres-
nce of lipids. The differences observed between the
tandard curves were within the experimental error, thus
nferring that no lipid interference occurred (data not
hown).

.4. Particle size distribution

Mean particle size of the lipid dispersions was measured by
CS. A Zetamaster (Malvern Instrument Ltd., Sparing Lane
outh, Worcs, England), equipped with a solid state laser hav-

ng a nominal power of 4.5 mW with a maximum output of
mW 670 nm, was employed. Analyses were performed using

◦ ◦
90 scattering angle at 20 ± 0.2 C. Samples were prepared
iluting 10 �l of NLC suspension with 2 ml of deionized water
reviously filtered through a 0.2 �m Acrodisc LC 13 PVDF fil-
er (Pall-Gelman Laboratory, Ann Harbor, MI, USA). During
he experiment, refractive index of the samples always matched
iquid (toluene) to avoid stray light.
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.5. Differential scanning calorimetry

In order to characterize the thermal behavior of the lipid
anocarriers, DSC was performed using a heat flux instrument
DSC 2920, TA Instruments, USA) equipped with a refrigerated
ooling system. A nitrogen purge at a flow rate of 60 cm3/min
as used to provide an inert gas atmosphere in the DSC cell.
he system was calibrated using an indium standard and the
ample was run against a hermetic empty reference pan. Prior to
eating, the sample was equilibrated in the DSC pan (hermetic
rimped aluminum pans) at 20 ◦C for 10 min. In all cases, a heat-
ng or cooling rate of 10 ◦C/min were used. Data were treated
ith Thermal Solutions software (TA Instruments, USA) and

he results expressed as the mean of three determinations.

.6. In vitro studies

.6.1. Skin membrane preparation
Samples of adult human skin (mean age 36 ± 8 years) were

btained from breast reduction operations. Subcutaneous fat
as carefully trimmed and the skin was immersed in distilled
ater at 60 ± 1 ◦C for 2 min (Kligman and Christophers, 1963),

fter which SCE were removed from the dermis using a dull
calpel blade. Epidermal membranes were dried in a desiccator
t ∼25% relative humidity. The dried samples were wrapped in
luminium foil and stored at 4 ± 1 ◦C until use. Previous research
orks demonstrated the maintenance of SC barrier characteris-

ics after storage in the reported conditions (Swarbrick et al.,
982). Besides, preliminary experiments were carried out in
rder to assess the barrier integrity of SCE samples by measuring
he in vitro permeability of [3H]water through the membranes
sing the Franz cell method described below. The value of cal-
ulated permeability coefficient (Pm) for [3H]water agreed well
ith those previously reported (Bronaugh et al., 1986; Puglia et

l., 2006).

.6.2. In vitro skin permeation experiments
Samples of dried SCE were rehydrated by immersion in dis-

illed water at room temperature for 1 h before being mounted
n Franz-type diffusion cells supplied by LGA (Berkeley, CA).
he exposed skin surface area was 0.75 cm2 and the receiver
ompartment volume was of 4.5 ml.

The receptor compartment was filled with a water–ethanol
olution (50:50) (to allow the establishment of the sink condi-
ions and to sustain permeant solubilization) (Touitou and Fabin,
988), stirred at 500 rpm and thermostated at 35 ± 1 ◦C during
ll the experiments.

Approximately 100 mg of each formulation (A–D) were
laced on the skin surface in the donor compartment and the
atter was covered with Parafilm®. Each experiment was run
n duplicate for 24 h using three different donors. At predeter-

ined intervals, samples (200 �l) of receiving solution were
ithdrawn and replaced with fresh solution. The samples were
nalyzed for drug content by HPLC as described below. KET
nd NAP fluxes through the skin were calculated by plotting the
umulative amounts of drug penetrating the skin against time
nd determining the slope of the linear portion of the curve and
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he χ-intercept values (lag time) by linear regression analysis.
rug fluxes (�g/cm2 h−1), at steady state, were calculated by
ividing the slope of the linear portion of the curve by the area
f the skin surface through which diffusion took place.

.7. In vivo studies

.7.1. Volunteers recruitment
In vivo experiments were performed on two groups of ten vol-

nteers: group A enrolled for the first in vivo experimentation
evaluation of anti-inflammatory activity) and group B enrolled
or the second one (tape-stripping). The volunteers were of both
exes in the age range 25–35 years and they were recruited after
edical screening including the filling of a health questionnaire

ollowed by physical examination of the application sites. After
hey were fully informed on the nature of the study and on
he procedures involved, they gave their written consent. The
articipants did not suffer from any ailment and were not on
ny medication at the time of the study. They were rested for
5 min prior to the experiments and room conditions were set at
2 ± 2 ◦C and 40–50% relative humidity.

.7.2. In vivo anti-inflammatory activity
UVB-induced skin erythema was monitored by using a

eflectance visible spectrophotometer X-Rite model 968 (X-
ite Inc. Grandville, MI, USA), calibrated and controlled as
reviously reported (Esposito et al., 2005; Ricci et al., 2005).
eflectance spectra were obtained over the wavelength range
00–700 nm using illuminant C and 2◦ standard observer. From
he spectral data obtained, the erythema index (EI) was calcu-
ated using Eq. (2) (Dawson et al., 1980):

I = 100

[
log

1

R560
+ 1.5

(
log

1

R540
+ log

1

R580

)

− 2

(
log

1

R510
+ log

1

R610

)]
(2)

here 1/R is the inverse reflectance at a specific wavelength
560, 540, 580, 510 and 610).

The skin erythema was induced by UVB irradiation using a
VM-57 ultraviolet lamp (UVP, San Gabriel, CA, USA) whose

pecific parameters are reported elsewhere (Ricci et al., 2005).
he MED was preliminarily determined, and an irradiation dose
orresponding to twice the value of MED was used throughout
he study.

For each subject (group A), seven sites on the ventral surface
f each forearm were defined using a circular template (1 cm2)
nd demarcated with permanent ink. One of the seven sites of
ach forearm was used as control, three sites were treated with
00 mg of formulation A and the remaining three with 100 mg
f formulation B. The preparations were spread uniformly by
eans of a solid glass rod and then the sites were occluded for
h using Hill Top Chambers (Hill Top Research, Cincinnati,

H). After the occlusion period, the chambers were removed

nd the skin surfaces were gently washed to remove the gel and
llowed to dry for 15 min. Each pre-treated site was exposed to
V-B irradiation 1, 3 and 6 h (t = 1, t = 3 and t = 6, respectively)

2

V
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fter gel removal and the induced erythema was monitored for
2 h. EI baseline values were taken at each designated site before
pplication of gel formulation and they were subtracted from the
I values obtained after UV-B irradiation at each time point to
btain �EI values. For each site, the AUC was computed using
he trapezoidal rule.

The volunteers were again recruited to complete the exper-
mentation after a wash-out period of two weeks and the same
xperimental procedure was repeated for the formulations C and
.
To better outline the results obtained, the PIE was calculated

rom the AUC values using Eq. (3):

IE = AUC(C) − AUC(T)

AUC(C)
× 100 (3)

here AUC(C) is the area under the response/time curve of the
ehicle-treated site (control) and AUC(T) is the area under the
esponse/time curve of the drug-treated site.

.7.3. Tape-stripping
The first steps of the experimental protocol previously

escribed were employed in this second in vivo study (Ricci
t al., 2005). For each subject of group B, six sites (2 cm2) on
he ventral surface of each forearm were defined and 200 mg
f formulations A and B were applied uniformly on the site by
eans of a solid glass rod and were then occluded for 6 h. After

he occlusion period, the residual formulations were removed
y gently wiping with cotton balls (different for each pre-treated
ite). Twenty individual 2 cm2 squares of adhesive tape (Scotch®

ook Tape 845, 3M) were utilized to sequentially tape-strip the
C from the application sites. To obtain a realistic comparison
etween the experiments, the removal of SC in each pre-treated
ite was effected at 1, 3 and 6 h (t = 1, t = 3 and t = 6, respectively)
fter gel removal.

Since this experimental procedure had required the total sur-
ace of their forearms, the volunteers were recruited again, after
wash-out period of two weeks, to complete the in vivo exper-

mentation. Again, for each subject, six sites (2 cm2) on the
entral surface of each forearm were treated with 200 mg of for-
ulations C and D and, after that, the same protocol, previously

escribed, was performed.
In order to quantify the amount of drug contained in the SC,

dhesive squares were weighed on a Sartorius balance (model
E415S, sensitivity 1 �g), before and after tape-stripping, to

uantify the weight of SC removed. API were extracted from the
ape (acetonitrile, 16 h) and KET and NAP contents were deter-

ined by HPLC. The recovery of KET and NAP was validated
y spiking tape-stripped samples of untreated SC with 100 �l of
10mg/ml solution of drug in acetonitrile (∼1 mg/tape of drug).
he extraction efficiency was 90.9 ± 0.7% for KET (n = 3) and
4.3 ± 0.2% for NAP (n = 3).
.8. High-performance liquid chromatography

The HPLC apparatus consisted of a Shimadzu LC10 AT
p (Milan, Italy) equipped with a 20 �l loop injector and
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Table 2
Particle size and drug loading of SLN and NLC containing KET and NAP

Batch Sample Preparation method Mean particle size ± S.D. (nm) Drug content (%)

1 KET loaded NLC US 335.1 ± 12.9 1.12
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of about 10 ◦C (Table 3). The loading of the drugs, namely
KET and NAP, did not provoke any considerable effect in the
lipid matrix thermal behavior under these experimental condi-
tions.

Table 3
DSC data of the different lipid nanoparticle preparations

Sample Onset (◦C) Melting point (◦C)

Compritol® 69.69 ± 0.09 72.26 ± 0.28
Blank SLN 67.24 ± 0.38 71.78 ± 0.12
Blank NLC 58.93 ± 0.72 68.49 ± 0.12
KET loaded NLC HPH
NAP loaded NLC US
NAP loaded NLC HPH

SPD-M 10 A Vp Shimadzu photodiode array UV detec-
or.

Chromatography was performed using a Jupiter Phenomenex
18 RP column (particle size, 5 �m; 250 × 4.6 mm i.d.;
henomenex, Torrance, CA, USA). The mobile phase was com-
osed of 30% water (pH 3 adjusted with phosphoric acid) and
0% acetonitrile and the detection was effected at 257 and
70 nm for KET and NAP, respectively. The flow rate was set at
ml/min. The retention time was 4.1 min and 3.2 min for KET
nd NAP, respectively.

.9. Statistical analysis

Statistical analysis of in vitro data was performed using the
tudent’s t-test. Statistical differences of in vivo data were deter-
ined using repeated measure analysis of variance (ANOVA)

ollowed by the Bonferroni-Dunn post hoc pair-wise compari-
on procedure. A probability, P, of less than 0.05 was considered
ignificant in this study.

. Results and discussion

.1. NLC preparation and characterization

KET and NAP loaded NLC were successfully prepared with
bout 30% of oil within the solid lipid matrix. The inclusion
f oils, such as Miglyol®, �-tocopherol or others (Souto and
üller, 2006), is useful both in NLC formulation optimization

Müller et al., 2002a) and in enhancing the dermal/transdermal
elivery (Müller et al., 2002b). The oil, because of its liquid
tate, may also hold higher amounts of drugs and, behaving as an
mpurity in the solid lipid, reduces the particle crystallinity con-
erring better stability and higher suitability for the controlled
elease (Müller et al., 2002a,b).

The structure of these particles, i.e., the presence or not of
anocompartments or nanostructures within the matrix, is still
atter of debate (Müller et al., 2002a; Jores et al., 2003, 2005;
astelli et al., 2005). It should be kept in mind that the chem-

cal nature, purity, and concentration of every ingredient (e.g.,
ipid, surfactant, and active), in addition to the preparation pro-
edure, will strongly influence the structure of NLC. Afterward,
ost unlikely it will be possible to have a general statement on

his topic and considerations on the single case would be more
uitable (Schäfer-Korting et al., 2007).
In this specific case, the use of Miglyol® was useful to
ncrease the drug loading with respect to SLN. These find-
ngs can be ascribed to the higher solubility of KET and NAP
n Miglyol® compared to the drug solubility within the sole

K
N
K
N

215.7 ± 89.9 0.66
380.0 ± 13.6 1.25
404.2 ± 49.9 1.39

ompritol®. Furthermore, Miglyol® addition tends to promote
he formation of a small particle population as result of a higher

olecular mobility of the matrix.
Table 2 shows the particle size and drug loading of the pre-

ared batches. Both preparation methods were suitable for the
roduction of lipid particles in the nanometer scale range. These
wo procedures are very versatile and have the advantage to avoid
he use of organic solvents, leading to potential toxic contamina-
ions. Metallic particle contamination, that can occur with probe
onication, may be avoided adopting appropriate instrumenta-
ion. Besides, HPH is generally the most suitable procedure
ecause of its easy scalability. In this specific case, HPH pro-
uced similar or even smaller particles compared to US but,
ccording to the drug content values, the latest appeared more
ppropriate. For these reasons, the batches 1 and 3 (Table 2)
ere chosen for further in vitro and in vivo investigations.
Table 3 and Fig. 1 show the DSC data of the differ-

nt batches. Blank and drug loaded SLN were also prepared
nd characterized for comparison. Bulk Compritol® showed
sharp endothermic event, ascribing to the melting, around

2 ◦C (minimum) with an extrapolated onset of the melting
eak ∼69 ◦C (the difference between onset and minimum can
e taken as a measure for the width of the peak). When the
aw material was formulated as nanoparticles, the endothermic
eak was broader and happened at a slightly lower temper-
ture (Table 3). These differences are generally ascribed to
he nanometric size of the particles, having then a high spe-
ific surface area (Westesen and Bunjes, 1995; Bunjes et al.,
000). A certain effect due to the surfactant should be taken
nto account as well (Jenning et al., 2000c). The addition of
il (i.e., Miglyol®) into the matrix provoked an additional
hift of the melting point to lower temperatures, with the
ifference between the onset and the minimum of the peak
ET loaded SLN 67.61 ± 0.04 71.72 ± 0.01
AP loaded SLN 67.60 ± 0.04 71.89 ± 0.04
ET loaded NLC 61.23 ± 0.28 68.81 ± 0.09
AP loaded NLC 60.76 ± 0.62 68.67 ± 0.33
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ig. 1. DSC data of the raw lipid materials (i.e., Compritol® 888 ATO and Mi
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.2. In vitro skin permeation experiments

Fig. 2 shows the cumulative plots of the amount of KET and
AP permeated through human SCE membranes as a function
f time. Drug flux values for formulations A–D are reported
n Fig. 3. Statistical analysis revealed a significant difference
P < 0.01) between the steady-state flux values obtained for A
nd C. Moreover both A and C showed flux values considerably
ower than B and D (P < 0.01), respectively.
As expected, KET and NAP formulated in NLC showed a
ecreased permeation through the skin that can be explained
ypothesizing a drug accumulation in the horny layer. In fact,
ither lipidic or polymeric nanoparticles have shown the pecu-

p
n
K
f

ig. 2. Permeation profiles of KET (panel I) and NAP (panel II) from different formula
containing KET loaded NLC; �, formulation B containing free KET; �, formulati
812), crystalline API (i.e., KET and NAP), as well as blank and drug loaded

iarity to reduce and/or suppress the permeation (transdermal
elivery) through the skin while enhancing the penetration (der-
al delivery) into the upper skin layers (Jenning et al., 2000a; de

alón et al., 2001; Alvarez-Román et al., 2004; Lombardi Borgia
t al., 2005; Chen et al., 2006; Liu et al., 2007). The obtained
esults confirm the key role of the vehicle in determining the API
ermal or transdermal fate for topically applied formulations.

The differences observed between A and C may be ascribed
o the different drug physicochemical characteristics (e.g.,

Ka, solubility, log P) originating diverse interactions with the
anoparticle and/or SC lipids (Beetge et al., 2000; Schäfer-
orting et al., 2007). Indeed, a similar difference was also seen

or the gels containing the free drugs. In particular, log P (KET

tions through SCE membranes using Franz-type diffusion cells.�, Formulation
on C containing NAP loaded NLC; �, formulation D containing free NAP.
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Fig. 3. Steady-state fluxes of KET (panel I) and NAP (p

og P, 0.97; NAP log P, 3.22), exhibiting a larger difference
han pKa values (KET pKa, 4.45; NAP pKa, 4.20), seems to be
he main parameter responsible for this behavior (Beetge et al.,
000). It is estimated that a therapeutic molecule should posses
log P equal or smaller than 2 to be a potential candidate for

ransdermal delivery. NAP, having higher log P value, tends to
ccumulate in the SC and, afterward, to be less available in the
eceptor compartment.

It is argued that this feature could be responsible for drug
ccumulation to the upper skin layer explaining, at least in
art, the lower penetration observed with the formulation C
Lombardi Borgia et al., 2005). This hypothesis agrees well with
he results obtained for the tape-stripping experiments and the
n vivo anti-inflammatory activity reported below.
.3. Tape-stripping

Approximately, the same amount of SC was removed by
ach tape-stripping experiment. As previously reported, the SC

e
d
i
b

ig. 4. Total amount of KET (panel I) and NAP (panel II) within the tape-stripped st
epresent the mean for ten subjects. n.d. (not detectable).
I) through excised human skin from A–D formulations.

mount was higher in the initial ten strips while, gradually,
eached a constant amount for the latter strippings (data not
hown) (Jacobi et al., 2005). The amounts of drug recovered
n the SC at each time point for NLC based formulations (A
nd C) were significantly higher than those recovered from the
orresponding formulations containing the free drugs (P < 0.05)
Fig. 4). It can be hypothesized that the detected amounts of
rugs were stored in the upper half of the SC. In fact, the first
0 tape-strips have been shown to correspond to about 66% of
he SC (Jacobi et al., 2005).

After 6 h, neither KET or NAP were detectable in the horny
ayer of the skin treated with the gels containing the free drugs
hile, still ∼about 10 �g/cm2 were measurable in the case of
LC containing gels (Fig. 4). These findings confirm the pre-
ious assumption that NLC provoke the accumulation of the

mbedded API into the upper skin layers, reducing thus the
rug flux and creating a reservoir able to prolong the skin res-
dence time. The epidermal reservoir was first hypothesized
y Malkinson and Ferguson (1955) for hydrocortisone and

ratum corneum after 1, 3 and 6 h from the removal of A–D formulations. Data
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as later confirmed by other evidences (Hadgraft, 1979). In
he specific case of corticosteroids, two main characteristics
ere accounted as possible accumulation mechanisms, i.e., the
asoconstriction and the lipophilic character (SC/water parti-
ion coefficient). Even if vasoconstriction is generally absent in
SAIDs, a short-term reservoir may be considered possible due

o the drug/vehicle physicochemical properties.
Similar results have been previously reported (Jenning et

l., 2000a; de Jalón et al., 2001; Alvarez-Román et al., 2004;
ombardi Borgia et al., 2005; Chen et al., 2006; Liu et al.,
007). For instance, vitamin A penetrated more efficiently the
orny layer when applied as SLN formulation with respect to
anoemulsion (Jenning et al., 2000a). Isotretinoin loaded SLN
ere found to increase the amount of drug in the skin when com-
ared to the control tincture; additionally, the active did not reach
he receptor chamber in detectable amounts as it was seen for the
incture (Liu et al., 2007). Analogous results were reported for
rednicarbate and coenzyme Q10 loaded SLN when compared
o conventional formulations (Maia et al., 2002; Müller et al.,
002b).

The mechanism by which this happens is not clear and differ-
nt hypothesis have to be accounted. In general, intact particles
re not considered to permeate the horny layer and, due to the
igid nature of NLC, drug penetration mechanism should be sim-
lar to that of drugs within gel-state liposomes (Bouwstra et al.,
003; Schäfer-Korting et al., 2007). The follicular pathway, gen-
rally neglected due to the low number of follicles present in the
uman skin (i.e., ∼0.1% of the skin surface), may be more con-
iderable in the case of particulate drugs or carriers (3–10 �m
n size) but this should not be the case because of the small
article size. The contribution of the lipophilicity on follicular
rug absorption is a complex subject in and of itself and cannot
e addressed with this experimental setup (Ogiso et al., 1996;
rum et al., 2007). The effects due to water loss (e.g., crystal
odification, drug expulsion and/or concentration) can be also
gnored because the formulations were applied with occlusion.
On the contrary, the lipid bioadhesive properties have to be

ccounted as they may play a relevant role. It can be specu-
ated that NLC adhesion to the horny layer might be, at least in

o
t
m
i

able 4
UC0–52 values obtained pre-treating skin sites with different topical formulations

t = 1), 3 h (t = 3) or 6 h (t = 6) from their removal

ubjects AUC0–52

t = 1 t = 3

Form A Form B Form C Form D Form A Form B F

944.8 585.3 887.6 499.4 634.9 941.6 7
857.4 498.4 890.1 497.3 596.6 1121.3 8
790.8 611.2 918.4 578.9 711.3 898.4 7

1011.3 590.3 802.3 563.4 700.1 925.6 7
926.4 583.4 898.7 642.2 629.6 1148.3 7
828.3 726.6 1087.4 509.4 594.4 1022.1 8
893.2 599.2 872.4 555.1 644.4 1009.5 6
798.6 602.4 826.3 561.6 627.9 1107.3 7
803.1 594.6 1019.8 520.4 606.3 1024.1 8
908.2 623.3 1048.6 496.3 708.4 987.9 7

ean 876.2 601.5 925.1 542.4 645.4 1018.6 7
Pharmaceutics 357 (2008) 295–304

art, responsible for the observed effect. However, it cannot be
xcluded that the tight adhesion made less efficacious the formu-
ation washing and a certain amount of NLC was not removed
nd its content quantified.

At this point, a reflection on the similarities between the com-
osition of NLC and the skin is also needed. The SC is mainly
omposed by three classes of lipids, i.e., ceramides, free fatty
cids and cholesterol. The most abundant acyl chain lengths
re C24–C26 in ceramides and C22–C24 in free fatty acids
Bouwstra et al., 2003). Compritol® 888 ATO is a mixture of
ono-, di- and triglycerides (monoglycerides, 15–23%; diglyc-

rides, 40–60%; triglycerides, 21–35%) of behenic acid (C22)
behenic acid content >83%) (COMPRITOL® 888 ATO Data
heet). These analogies (i.e., C22) might reasonably play a role
n the NLC/SC interaction and, consequently, on the adhesion
nd reservoir formation. Moreover, the presence of other fatty
cids (COMPRITOL® 888 ATO Data Sheet), together with the
resence of Miglyol®, may enhance the capacity of NLC com-
onents to mix with the SC and to retard the active permeation
n deeper skin strata (Bouwstra et al., 2003). Since drug local-
zation in the particles seems also to play a significant role in skin
argeting, this feature should be accounted as well. For example,
rug targeting was achieved when betamethasone valerate, due
o its physicochemical characteristics, accumulate on the parti-
le surface. On the contrary, no targeting was achieved with the
lucocorticoid monoester homogenously distributed within the
atrix (Sivaramakrishnan et al., 2004). This effect seems to be

elated to the burst release due to drug superficial location.

.4. In vivo anti-inflammatory activity

KET and NAP delivery into the skin following topical
pplication of A–D formulations was indirectly evaluated in
ivo by monitoring the effect on UVB-induced erythema. Skin
eflectance spectrophotometry was used to determine the extent

f the erythema and to assess the A–D inhibition capacity after
heir preventive application onto the skin. The AUC was deter-

ined for each subject plotting �EI values versus time. An
nverse relationship was found between the AUC and the inhibi-

containing KET (A–B) or NAP (C–D) and applying UVB radiations after 1 h

t = 6 Control

orm C Form D Form A Form B Form C Form D

63.4 928.8 610.2 1034.2 617.2 1118.6 1158.6
16.2 891.3 598.4 1286.3 590.1 979.3 1326.2
62.1 794.5 863.3 1021.4 641.4 998.3 1215.6
81.3 834.4 641.6 946.2 599.3 935.6 1018.2
07.4 961.1 597.2 1018.7 631.1 1067.4 1012.3
81.6 795.6 600.4 1115.9 622.4 1082.1 984.4
89.3 950.9 651.7 1070.4 618.5 1035.1 1119.2
40.5 978.2 623.1 994.3 606.3 986.8 1217.1
50.3 939.4 616.6 965.8 600.1 1025.3 1029.3
87.3 848.8 684.6 1009.9 617.6 917.6 1218.0

77.9 892.3 648.7 1046.3 614.4 1014.6 1129.9
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ig. 5. Percentage of inhibition of the erythema by the different topical formula
ubjects.

ion of UVB-induced erythema (Table 4). Fig. 5 reports the PIE
alues.

Formulations B and D showed to be more effective than A
nd C in inhibiting the induced erythema 1 h after gel removal
P < 0.05), while at 3 and 6 h the situation was reversed (Table 4
nd Fig. 5). The higher drug fluxes registered for the gels con-
aining the free drugs may plausibly explain this behavior. Since
VB radiation penetrates only the upper layers of the epi-
ermis, NSAID concentrations in the strata underling the SC
ill matter for the anti-inflammatory activity (Matsumura and
nanthaswamy, 2004; Young, 2006). The higher drug fluxes
ight be responsible for a quicker achievement of NSAID ther-

peutic concentrations within the interested skin layers and for
he fast disappearance of the effect.

Formulation A and C showed a different behavior (Fig. 5).
ormulation A reached a PIE of about 40% after 3 h that was
aintained for additional 3 h, although C gradually increased

rom ∼20% (t = 1) to ∼45% within the 5 remaining hours
Fig. 5). The same but opposite trend was observed in the
ecrease of the PIE for the gel containing the free drugs. Even
hough the explanation of this behavior will not be easy due to the
ndirect evidence, an attempt of elucidation was made. Since this
ehavior was observed with and without the lipid carrier, it might
e reasonably ascribed to the diverse physicochemical, pharma-
okinetic, and pharmacodynamic properties of KET and NAP.
or instance, log P (KET log P, 0.97; NAP log P, 3.22), that was
een to influence both the drug residence time in the depot (even-
ually formed in the SC) and the skin penetration, may generate
hese differences (Hadgraft, 1979; Beetge et al., 2000). Besides,
iverse pharmacokinetic characteristics, together with a dissim-
lar anti-inflammatory activity (in part linked to a more complex

echanism of action than the sole inhibition of cyclooxyge-
ases) (Bizzarri et al., 2001; Kladana et al., 2006), have to be
ccounted as well.

. Conclusions
The obtained results confirmed the potential of NLC as car-
iers for topical administration demonstrating drug penetration
eduction and, at the same time, its accumulation in the horny

C

containing KET (A and B) or NAP (C and D). Data represent the mean for ten

ayer. Even though, the mechanisms by which this phenomenon
ccurs are not completely understood, the particles were able
o extend the anti-inflammatory effect of the embedded active

olecules providing their prolonged release in the epidermis.
his study provides supplementary evidences that NLC have a

argeting and prolonged release effect with great potentials in
ermal delivery.
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