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a b s t r a c t

In this study, nanoemulsions (NE) of medium chain triacylglycerols (MCT) and nanostructured lipid car-
riers (NLC) of cetyl palmiate/MCT were produced to load coenzyme Q10 (Q10) and characterized for their
stability before and after incorporation into xanthan gum hydrogels. After storage at 4, 25 and 40 ◦C, the
particles remained in the nanosize range for 12 months, with zeta potential higher than |40 mV|. Similar
results were found in xanthan gum-based hydrogels containing NE or NLC. The crystallinity index of Q10-
loaded NLC increased after being incorporated into hydrogels. The Q10 entrapped in NLC and NE remained
anostructured lipid carriers
LC
10

hemical stability
n vitro skin permeation

higher than 90% at all temperatures for 12 months but dramatically decreased when exposed to light.
From the rheological studies, both NLC and NE dispersions possessed pseudoplastic flow having more
liquid characteristics, whereas NLC and NE hydrogels exhibited plastic flow with thixothopy, showing
more elastic rather than viscous properties. The occurrence of a spatial arrangement of lipid molecules
was observed in the matrix of NLC when entrapped into hydrogels. From in vitro permeation studies, it
could be stated that the amount of Q10 released and occlusiveness were major keys to promote the deep

e skin
penetration of Q10 into th

. Introduction

Skin drug delivery systems have been widely used nowa-
ays for several purposes, e.g. to provide surface effects (e.g.,
unscreens, cosmetics, and anti-infectives), dermal effects (e.g.,
orticosteroids), and systemic effects (e.g., nicotine patches) as
ell as deeper tissues (e.g. nonsteroidal anti-inflammatory drugs)

Williams, 2003). However, several problems have been reported
hen the drug is applied via topical/dermal route by the conven-

ional formulations, for instance, low uptake rates due to the barrier
unctions of stratum corneum and absorption to systemic circu-
ation leading to unwanted systemic side effects (Williams, 2003;
hoi and Maibach, 2005). This can be avoided by the use of spe-
ial approaches that are able to enhance the drug absorption and
elivery to the target site. Those are the colloidal drug delivery

ystems such as liposomes, niosomes, nanoemulsions (NE), solid
ipid nanoparticles (SLN) and nanostructured lipid carriers (NLC)
Choi and Maibach, 2005; Müller et al., 2002). SLN and NLC have
een introduced as alternative colloidal carrier systems to tradi-

∗ Corresponding author. Tel.: +66 26448677x5730; fax: +66 26448694.
E-mail address: pyvbp@mahidol.ac.th (V.B. Junyaprasert).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.05.020
.
© 2009 Elsevier B.V. All rights reserved.

tional carriers (e.g. NE, liposomes and polymeric nanoparticles), for
both pharmaceutical and cosmetic applications (Müller et al., 2002,
2000). In several publications, many research groups have focused
on the application of SLN/NLC for topical/dermal routes (Müller et
al., 2002; Wissing et al., 2001; Wissing and Müller, 2001, 2003a;
Kalariya et al., 2005; Schüfer-Korting et al., 2007; Üner et al., 2005a).
Advantages of SLN/NLC for such purposes include skin occlusion
(Wissing and Müller, 2003b; Wissing and Müller, 2002), modu-
lation of drug/cosmetic release (Teeranachaideekul et al., 2007;
Souto et al., 2004; Jenning et al., 2000), increase of skin hydra-
tion and elasticity (Wissing and Müller, 2003b; Üner et al., 2005a),
UV blocking effects (Wissing and Müller, 2001), drug targeting
(Schüfer-Korting et al., 2007; Chen et al., 2006; Liu et al., 2007), and
enhancement of stability of chemically labile drug/actives (Üner et
al., 2005b; Dingler, 1998; Dingler et al., 1999; Jenning and Gohla,
2001; Souto and Müller, 2005). In our previous study, Q10-loaded
NLC prepared from different ratios of cetyl palmiate/medium chain
triglycerides (oil, MCT), i.e. 95:5, 90:10 and 85:15 were success-

fully produced by high pressure homogenization (HPH) technique
and their physicochemical properties and in vitro drug release were
compared to the NE solely composed of oil (Teeranachaideekul et
al., 2007). The obtained results demonstrated that increasing oil
content did not show impact on the mean particle size of NLC but

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:pyvbp@mahidol.ac.th
dx.doi.org/10.1016/j.ijpharm.2009.05.020
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ather on the inner structure of NLC and release profiles. Similar
nding was reported by Hu et al. (2005, 2006). The higher oil load-

ng led to less order structure of lipid matrix and faster release
t the initial stage (Hu et al., 2006, 2005; Teeranachaideekul et
l., 2007). However, the data obtained from in vitro drug release
ight not be a relevant method to evaluate the performance of SLN

nd NLC due to the special feature of occlusiveness described for
hese particles (Teeranachaideekul et al., 2008). It should be kept in

ind that occlusive effect promotes the drug penetration into skin
wing to the reducing corneocyte packing and subsequently lead-
ng to increasing the inter-corneocytes gaps (Schüfer-Korting et al.,
007). Consequently, enhancement of drug penetration could be
acilitated. However, the influence of oil content on the long-term
hysical and chemical stability of drug entrapped in NLC, as well as
n in vitro skin permeation using human skin as a membrane have
ot been elucidated yet. Therefore, the aim of this study was to

nvestigate the effect of increasing the oil loading on the long-term
hysical and chemical stability of NLC based on cetyl palmitate and
TC. Particle size, zeta potential and degree of crystallinity, as well

s viscoelastic properties of aqueous NLC and NE dispersions, were
valuated during storage for 12 months at different temperatures
4, 25 and 40 ◦C). These properties were monitored after entrapping
he carriers into hydrogels, stored for 6 months at 25 ◦C. The long-
erm chemical stability of Q10-loaded NLC and NE stored at 4, 25 and
0 ◦C was monitored for 12 months whereas accelerate stability of
10-loaded NLC and NE was performed by day light exposure for 28
ays. In vitro skin permeation studies of Q10-loaded NLC assessed
y Franz diffusion cells were evaluated in comparison to Q10-loaded
E.

. Materials and methods

.1. Materials

Precifac® ATO (cetyl palmitate), Labrasol® (PEG-8 caprylic/
apric triacylglycerols) and Miglyol® 812 (caprylic/capric triacyl-
lycerols) were purchased from Gattefossé (Cedex, France). Tego®

are 450 (Polyglyceryl-3 methylglucose distearate) was obtained
rom Goldschmidt (Essen, Germany). Q10 and xanthan gum were
rovided by Sigma–Aldrich (Deisenhofen, Germany). Methanol and
etrahydrofuran were obtained from Merck (Darmstadt, Germany).
ltrapurified water was obtained from a MilliQ Plus system, Milli-
ore (Schwalbach, Germany).

.2. Preparation of NLC and NE

The HPH technique was applied to produce NLC dispersions
ccording to Müller et al. (2000). Briefly, Q10 was dissolved in the
ixtures of solid and liquid lipids melted approximately 10 ◦C above

he melting point of lipid. Then, the lipid phase was dispersed

nd admixed to a hot aqueous surfactant solution (80 ◦C) using
n Ultra-Turrax T25 (Janhke & Kunkel GmbH and Co KG, Staufen,
ermany) stirred at 8000 rpm for 1 min. Afterwards, the obtained
re-emulsion was homogenized at 80 ◦C by a high pressure homog-
nizer for three cycles at 500 bar using an APV Micron Lab 40 (APV

able 1
ompositions of the developed NLC and NE formulations % (w/w).

ormulations Cetyl palmitate Miglyol® 812

10-loaded NE1 – 7.60
10-loaded NLC 1 7.23 0.38
10-loaded NLC 2 6.84 0.76
10-loaded NLC 3 6.46 1.14
10-loaded NLC 4 14.45 0.75
of Pharmaceutics 377 (2009) 207–214

system, Unna, Germany). The hot o/w nanoemulsion was cooled to
room temperature leading to the lipid phase recrystallization and
finally the NLC were formed. In the case of NE, it was produced
in the same manner; nonetheless, the solid lipid (cetyl palmitate)
was replaced by MCT. The composition of the developed formula-
tions is shown in Table 1. For the formulation of Q10-loaded NLC
or NE containing hydrogels, firstly, 2% xanthan gum gel was pre-
pared by dispersing the 2 g of xanthan gum powder in 2.5 ml of
propylene glycol, 1% Germaben® and 5 ml of glycerin and subse-
quently sterile water was added to adjust the final weight. Then
2% xanthan gum gel was formed. To prepare NLC or NE gels, aque-
ous NLC or NE dispersions were admixed with 2% xanthan gum
gel using Ultra-Turrax T25 at the ratio of 10:90 (w/w) (dispersion
gel).

2.3. Particle size analysis

Analysis of the particle size was performed by PCS with a
Malvern Zetasizer IV (Malvern Instruments, UK). PCS yields the
mean particle size (z-ave) and the polydispersity index (PI) which
is a measure of the width of the size distribution. The z-ave and PI
values were obtained by averaging of 10 measurements at an angle
of 90◦ in 10 mm diameter cells at 25 ◦C. Prior to the measurement,
all samples were diluted with bidistilled water to have a suitable
scattering intensity. The real refractive index and the imaginary
refractive index were set at 1.456 and 0.01, respectively. The par-
ticle size analysis was determined using the Mie theory. To detect
the possible presence of microparticles, the laser diffractometry
(LD) (Coulter®LS 230, Beckmann-Coulter Electronics, Krefeld, Ger-
many) with polarization intensity differential scattering (PIDS) was
applied. The LD data obtained were evaluated using volume distri-
bution as diameter (d) values of 50%, 90% and 99%. The diameter
values indicate the percentage of particles possessing a diameter
equal or lower than the given value.

2.4. Zeta potential analysis

Zeta potential (ZP) was measured by determining the elec-
trophoretic mobility using Malvern Zetasizer IV. The measurements
were performed in distilled water adjusted conductivity to
50 mS/cm with sodium chloride solution (0.9%, w/v). The ZP was
calculated using the Helmholtz–Smoluchowsky equation. The mea-
surements were repeated five times at 25 ◦C with field strength of
20 V/cm. The pH was in the range of 5.5–6.0.

2.5. Differential scanning calorimetry (DSC)

Thermal analysis was performed using a Mettler DSC 821e appa-
ratus (Mettler Toledo, Gieben, Switzerland). The samples were
weighed in 40 ml aluminum pans for approximately 1–2 mg based

on the lipid content. Heating curves were performed from 25 ◦C to
85 ◦C and cooled down to 25 ◦C at the heating rate of 5 K/min. An
empty aluminum pan was used as a reference. The DSC parameters
including onset, melting point and enthalpy were evaluated using
STARe Software (Mettler Toledo, Switzerland). The crystallinity

Tego® Care 450 Q10 Water q.s.

1.8 2.4 100
1.8 2.4 100
1.8 2.4 100
1.8 2.4 100
1.8 4.8 100
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ndex (CI) was computed using Eq. (1) (Souto and Müller, 2005;
reitas and Müller, 1999).

I (%) =
(

�HNLC aqueous dispersion

�Hbulk material × Concentrationlipid phase

)
× 100 (1)

here �HNLC and �Hbulk material are the melting enthalpy (J/g) of
LC dispersion and bulk lipid, respectively.

.6. Viscoelastic behavior

The viscoelastic analysis of NLC and NE and gels was performed
sing a rheometer Rheo Stress RS 100 (Haake Instrument, Karl-
ruhe, Germany) equipped with a cone-and-plate test geometry
plate diameter 20 mm, cone angle 4◦). All measurements were per-
ormed at the temperature of 20.0 ± 0.1 ◦C. Oscillation stress sweep
ests were performed at a constant frequency of 1 Hz with a stress
etween 0 Pa and 100 Pa. Oscillation frequency tests were run over
frequency range of 0.1–10 Hz at a constant stress amplitude under

he viscoelastic region (1 Pa) which was previously determined by
he oscillation stress sweep tests.

.7. Long-term chemical stability studies

All samples were kept in siliconized glass vials at different tem-
eratures (4, 25 and 40 ◦C). The percentage of Q10 remaining in NLC
nd NE formulations was quantified by HPLC at the predetermined
ime intervals. Briefly, HPLC analysis was performed using a Shi-

adzu (Kyoto, Japan) running in the isocratic modus. The system
onsisted of a Shimadzu pump, a Sil-10A Shimadzu auto-injector
PLC and a UV detector. The system consisted of a �Bondapack®

18 RP column (Water, Ireland). The mobile phase consisted of 95
arts of methanol and 5 parts of tetrahydrofuran. The injection
olume was 20 �l, the flow rate 1 ml/min. The running time was
0 min. All samples were preformed in triplicate. For sample prepa-
ation, approximately 100 mg of sample was weighed and dissolved
n 10 ml of acetone. Then, it was sonicated in an ultrasonic bath
t 20 ◦C for 10 min for dissolving Q10 and lipids. Afterwards, the
olution was cooled down to room temperature and it was further
njected to the HPLC column.

.8. In vitro skin permeation studies

.8.1. Skin preparation
The skin permeation study was carried out with the approval

f the Committee on Human Rights Related to Human Experi-
entation, Mahidol University, Bangkok, Thailand. Human skin

amples obtained by abdominoplasty surgeries from female rang-
ng in age from 25 to 60 years were kindly provided by Yahee
ospital, Bangkok, Thailand. The excess adipose layer was sectioned
ff from the received tissues by dissecting with the surgical scis-
ors. Then, the skin composed of epidermis and underlying dermis
as further used for the in vitro skin distribution study. For the

n vitro permeation study, the epidermis was separated from the
nderlying dermis using the heat separation technique. Briefly, the
kin was immersed into a hot water controlled temperature at 60 ◦C
or 1 min. Then, the epidermal layer was carefully separated from
he dermis using blunt forceps to produce intact sheets ready for

ounting on diffusion cells. The obtained epidermis was wrapped

ith aluminum foil and stored at −20 ◦C until used. The stored

pidermis was allowed to thaw, cut into 4.5 cm × 4.5 cm pieces
nd hydrated by placing in isotonic phosphate buffer overnight
n a refrigerator (at about 4 ◦C) before use (Songkro et al., 2003;
unyaprasert et al., 2007).
of Pharmaceutics 377 (2009) 207–214 209

2.8.2. In vitro permeation study
Prior to in vitro permeation studies, skin integrity was evalu-

ated by checking electrical resistance. It has been reported that
human epidermal membrane with electrical resistance of higher
than 15–20 k� cm2 can be indicative of good integrity (Kasting and
Bowman, 1990; Chantasart et al., 2007; Chantasart et al., 2009).
Therefore, human epidermal membrane with electrical resistance
of higher than 15 k� cm2 was used in this study. In vitro permeation
studies through human epidermis were investigated using Franz
diffusion cells. The diffusion cells were thermo-regulated with a
water jacket at 37 ◦C. The epidermis was excised from human skins
and mounted on Franz diffusion cells. The acceptor fluid was col-
lected for 0.5 ml at 8 and 24 h. The amounts of active compound in
acceptor fluids and in the epidermis were analyzed by HPLC. At the
end of the experiment, the human skins were removed and rinsed
with water, isopropanol and subsequently gently dried with a cot-
ton swab. This procedure was done for three times. Then, Q10 in
human skin was extracted by using the mixtures of chloroform and
methanol (2:1, v/v) due to the high solubility of both the Q10 and the
intercellular lipids of epidermis. Briefly, skins were cut into small
pieces and soaked in 3 ml of such mixture for 12 h in a closed tube.
Subsequently, the skin pieces were subjected to an ultrasonic for
three cycles of 15 min to avoid the raise of the temperature dur-
ing extraction process. To ensure sufficient extraction of Q10 from
skin pieces, the residual extracted skin was performed in the same
manner as mentioned above. It was found that no HPLC peak signal
of Q10 was detected in the final extracted solution (LOD = 20 ng/ml)
indicating a suitable extraction procedure.

2.9. Statistics

In the present paper, all data were reported as the
mean ± standard deviation (SD). Significance of differences
was evaluated using Student’s t-test and one way ANOVA at the
probability level of 0.05.

3. Results and discussion

3.1. Particle size analysis by PCS

Fig. 1 shows the mean particle size (z-ave) of Q10-loaded NE
and NLC evaluated by PCS after production and after storage for 12
months at different temperatures. After production, the z-ave of all
developed formulations was in the range of 180–250 nm with the
PI values of lower than 0.2 indicating a relatively narrow size distri-
bution. Concerning the long-term physical stability of Q10-loaded
NLC and NE stored at different temperatures (4, 25 and 40 ◦C) for 12
months, the z-ave of NLC and NE was in the nanosize range and less
than 300 nm as well as the PI values of less than 0.3 were obtained at
all conditions indicating a good physical stability of these colloidal
systems. With respect to the effect of storage temperature on the
long-term physical stability of NLC and NE, it was observed that no
major difference in the mean particle size of NLC and NE stored at
different conditions was detected. From the above results, it could
be deduced that both NLC and NE containing Q10 were stable at least
for 12 months at 4, 25 and 40 ◦C. Due to the low viscosity of NE and
NLC dispersions, it could be assumed that they were not suitable for
topical or dermal delivery systems. To cope with this problem, one
possibility would be incorporation into hydrogels or creams. In this
study, 2% xanthan gum was selected as a gelling agent to increase

the viscosity of the dispersions since a low degree of nanoparticle
aggregation after incorporation into xanthan gum was reported as
compared to other hydorgels (Jenning et al., 2000). Based on the
above results, storage temperatures did not affect the mean parti-
cle size of Q10-loaded NLC and NE. Thereby, 2% xanthan gum gels
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Fig. 1. Mean particle size (z-ave) of Q10-loaded NE and NLC dispersions eva

ontaining Q10-loaded NLC or NE dispersions were only stored at
oom temperature (25 ◦C) so as to evaluate the effect of hydrogels
n the mean particle size. The z-ave and the PI of Q10-loaded NLC
nd NE slightly increased after their incorporation into hydrogels in
omparison to their original dispersions as seen in Fig. 2. This indi-
ates that the particle aggregation and/or particle growth might
ccur. After 6 months of storage at room temperature (25 ◦C), the
-ave and the PI of all developed NLC and NE gels were of the same
agnitude, i.e. less than 300 nm with a PI of 0.450 (Fig. 2). Conclu-

ively, Q10-loaded NLC and NE after incorporation into hydrogels
ere stable according to the mean particle size analysis by PCS.

.2. Particle size analysis by LD

Due to the slow movement and precipitation of large particles,
herefore, PCS cannot be applied for detecting the particle size of
igher than 6 �m. The large particles can be detected by using LD.
he d50% determined by LD of 10% Q10-loaded NLC (NLC1, NLC2, and

LC3) and NE (NE1) was less than 150 nm whereas 20% Q10-loaded
LC (NLC4) was less 190 nm after production (data not shown).
omparing the mean particle size by LD (d50%) and PCS (z-ave),
he particle size obtained from LD was smaller than that from PCS.
ifferences in the mean particle from both methods are due to the

Fig. 2. Mean particle size (z-ave) of NLC and NE gels evaluated by P
by PCS after production and after storage for 12 months at 4, 25 and 40 ◦C.

fact that PCS measures the intensity fluctuation at hydrodynamic
layer of the particle while LD detects the light scattering from the
particle surface (Jores et al., 2004). As such, the mean particle size
obtained from LD is smaller than that from PCS, particularly when
the particle size distribution is narrow. After 12 months of storage
at 4, 25 and 40 ◦C, the d50% of all developed NLC and NE disper-
sions slightly increased, especially for NLC4 (20% lipid phase). The
d50% of 10% Q10-loaded NLC and NE was less than 165 nm, while
that of 20% Q10-loaded NLC (NLC4) was less than 280 nm (data
not shown). The presence of considerable amounts of microme-
ter particles can be excluded for all samples under investigation
from the LD results as demonstrated by d99% particles which was
lower than 450 nm after production. The d99% is a good indicative
for determining the particle aggregation during storage. After 12
months of storage at different temperatures, the d99% of all for-
mulations slightly increased inferring the aggregation of particles.
However, the d99% was less than 600 nm for all developed formu-
lations as demonstrated in Fig. 3. Concerning the d50% of NLC-and

NE-based semisolid formulations before and after being incorpo-
rated into hydrogels and storage for 6 months at room temperature
(25 ◦C), the d50% of all formulations before and after incorpora-
tion into hydrogels for 6 months was in the same range (data not
shown). This is due to the fact that the samples were stirred during

CS after production and during storage for 6 months at 25 ◦C.
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Fig. 3. d99% of Q10-loaded NLC and NE dispersions determined by LD after produc-
tion and after storage for 12 months at 4, 25 and 40 ◦C.
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ig. 4. d99% of NLC and NE gels determined by LD after production and after storage
or 6 months at 25 ◦C.

he measurement by LD promoting particle deaggregation. Conse-
uently, the increase in the z-ave of NLC-and NE-based semisolid
ormulations during storage determined by PCS was due to the par-

icle aggregation (particle bridging by hydrogels) rather than the
article growth. Fig. 4 depicts the d99% of NLC and NE dispersions
efore and after incorporation into hydrogels, the incorporation of
LC and NE dispersions into hydrogels increased the d99% infer-

ing that the particle aggregation was promoted. However, the d99%

able 2
SC parameters of Q10-loaded NLC dispersions obtained after production and storage for
ydrogels and storage for 6 months at 25 ◦C.

ormulation Parameter After production 12 months

25 ◦C 4 ◦C

LC1

Melting point (◦C) 47.79 47.87
Enthalpy (J/g) 14.39 15.70
Onset (◦C) 45.04 45.06
CI [%] 64.58 70.45

LC2

Melting point (◦C) 47.36 47.47
Enthalpy (J/g) 14.29 15.79
Onset (◦C) 44.76 44.66
CI [%] 64.13 70.86

LC3

Melting point (◦C) 47.32 47.08
Enthalpy (J/g) 12.45 14.86
Onset (◦C) 44.90 44.20
CI [%] 55.87 66.68

LC4

Melting point (◦C) 48.30 48.32
Enthalpy (J/g) 31.49 32.80
Onset (◦C) 45.36 44.96
CI [%] 70.66 73.60
of Pharmaceutics 377 (2009) 207–214 211

was less than 600 nm for all developed formulations after incorpo-
ration into hydrogels for 6 months at room temperature (25 ◦C).
Thus, it can be concluded that both NLC and NE containing Q10
showed a good long-term physical stability before and after being
incorporated into hydrogels.

3.3. Zeta potential analysis

In the present study, the ZP values of all developed NLC and NE
dispersions after production and storage at different temperature
(4, 25 and 40 ◦C) for 12 months were higher than |−40 mV| indicat-
ing a good physical stability of lipid nanoparticles (data not shown).
With regard to the ZP values of NLC and NE after incorporation into
2% xanthan gum and storage for 6 months, it was observed that
the ZP values of NLC-and NE-based semisolid formulations after
production and after storage for 6 months were in the range of
|−40 mV| to |−55 mV| similar to the original dispersions (data not
shown). From the aforementioned discussion, the ZP values were
not affected by the adsorption of hydrogels at the surface of particle
leading to the shift of the shear plane and subsequently reduction
of ZP values. This might be due to the similar negative charge of
particle surface and hydrogels leading to the occurrence of repul-
sive forces and, as a result, the hydrogels could not be adsorbed on
the particle surface.

3.4. DSC investigations

Table 2 shows the DSC parameters, i.e. melting endotherm,
onset, enthalpy, and crystallinity index of Q10-loaded NLC after
production (day 0) and after storage for 12 months at differ-
ent temperatures, and of hydrogels containing Q10-loaded NLC
after storage at 25 ◦C for 6 months. After production, the melt-
ing point of nanoparticles was lower than that of bulk material
(<52 ◦C) and of the physical mixtures of three components before
and after tempering (data not shown). The decrease in the onset
and maximum temperature as compared with the bulk material
and physical mixtures of three components could be attributed
to the effect of the small particle size, which was explained by

the Gibbs–Thomson equation. In addition, crystallization can also
be affected by the presence of surfactants (Wissing et al., 2004,
Zimmermann et al., 2005). During storage for 12 months at 4, 25
and 40 ◦C, the CI [%] of almost developed NLC dispersions increased
but remained below 100%. No gel formation was observed in all

12 months at 4, 25 and 40 ◦C and of NLC gels determined after incorporation into

(NLC dispersions) NLC gel (day 1) NLC gel (month 6)

25 ◦C 40 ◦C 25 ◦C 25 ◦C

47.83 48.15 48.82 50.06
15.60 16.53 1.70 2.03
45.00 44.90 44.87 43.91
70.01 74.18 76.29 91.09

47.47 47.59 48.12 50.06
15.70 16.34 1.55 1.91
44.49 44.36 43.90 43.07
70.45 73.33 69.56 85.71

47.11 44.73 48.23 49.12
11.94 12.84 1.32 1.56
44.64 44.73 44.26 42.62
53.58 57.62 59.24 70.00

48.32 50.41 49.53 49.57
30.90 38.79 3.49 3.89
44.94 48.82 46.28 45.08
69.33 87.04 78.31 87.28
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results point out the occurrence of spatial arrangements within NLC
matrix during storage time, particularly after their incorporation
into hydrogels.
ig. 5. Rheological measurement of Q10-loaded NLC1 after production: (A) shear
tress as a function of shear rate at 20 ◦C and (B) oscillation frequency sweep test at
stress of 1 Pa at 20 ◦C.

eveloped formulations. Concerning the CI [%] values of hydro-
els containing Q10-loaded NLC, incorporation of particles in the
eveloped hydrogels noticeably accelerated the lipid recrystalliza-
ion as indicated by an increase in the CI [%]. Similar findings have
lso been reported for ascorbyl palmitate-loaded SLN or NLC after
ncorporation into Carbopol-based hydrogels (Üner et al., 2004).
his behavior indicates that hydrogels can accelerate the organiza-
ion of inner structure of NLC. In a previous report, polymorphic
ransitions can be accelerated by the presence of a drug in the
arrier (Schwarz and Mehnert, 1999). In the present work, it has
een shown that the inner structure of NLC is also influenced
y the viscosity enhancer, i.e. xanthan gum, which might further
ead to the drug expulsion from lipid nanoparticles. By means
f polarized optical microscopy, however, no Q10 crystals were
etected in xanthan gum-based hydrogels containing Q10-loaded
LC and NE after 6 months of storage at room temperature (data
ot shown).

.5. Rheological analysis of Q10-loaded NLC and NE dispersions

From continuous shear rheometry, Q10-loaded NLC and NE
ispersions revealed pseudoplastic flow where the shear rate

ncreased with the increasing shear stress with a yield value of
ractically zero (Fig. 5A). Moreover, a weak structure had been char-
cterized after applying an oscillation test, revealing high liquid
roperties indicated a higher loss modulus (G′′) in comparison to
he storage modulus (G′) at the low frequency (Fig. 5B). After being
ncorporated into hydrogles, NLC and NE gels showed a plastic flow.
he shear rate increased with the increasing shear stress followed
y a thixotropic behavior where ascending and descending flow
urves did not overlap (Fig. 6A).
Concerning the G′ and G′′ of the NLC and NE gels within the lin-
ar viscoelastic region (1 Pa), all developed formulations showed
he G′ values much higher than the G′′ values, indicating a more
lastic rather than viscous behavior. Besides, the �* depended on
Fig. 6. Rheological measurement of Q10-loaded NLC gels after production: (A) shear
stress as a function of shear rate at 20 ◦C and (B) oscillation frequency sweep test at
a stress of 1 Pa at 20 ◦C.

the frequency, i.e. decreased with the increasing frequency which
is typical for plastic materials (Fig. 6B). Fig. 7 depicts the G′ val-
ues of NLC and NE gels during storage time of 6 months. It can
be seen that G′ measured at a frequency of 1 Hz of all NLC gel for-
mulations slightly increased. The change in the G′ was not caused
by a change in the mean particle size (Fig. 2) but rather by the
spatial arrangement of the lipid molecules in NLC matrix. This is
related to the increasing CI [%] of NLC gels during storage. Fur-
thermore, this event was not observed for NE gels. As mentioned
above, the increase in CI [%] of Q10-loaded NLC dispersions was
accelerated after incorporation into hydrogels. According to the
applied oscillation test, it has been detected an increase in G′ of
hydrogel containing Q10-loaded NLC during storage time at the
applied frequency of 1 Pa. This was not observed for hydrogels con-
taining Q10-loaded NE dispersions as well as for Q10-loaded NLC
and NE dispersions during storage (data not shown). Again, these
Fig. 7. Storage modulus (G′) of NLC and NE gels recorded after production, 3 months
and 6 months at a frequency of 1 Hz at 20 ◦C.
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Table 3
Percent Q10 remaining after 12 months of storage at 4, 25 and 40 ◦C and after exposure to the day light for 14 and 28 days.

Formulation % Q10 remaining after 12 months % Q10 remaining after exposure to day light

4 ◦C 25 ◦C 40 ◦C 14 days 28 days

NE1 96.87 ± 0.45 98.82 ± 0.35 91.49 ± 1.14 77.35 ± 0.54 46.00 ± 0.41
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after applying NLC dispersions onto the human skin. The film for-
mation was completely visualized for 2, 3, and 5 h after applying
Q10-loaded NLC1, NLC2 and NLC3, respectively. This film formation
could promote the penetration of Q10 released from NLC into the
LC1 101.17 ± 0.38 100.30 ± 1.50
LC2 99.26 ± 0.59 100.66 ± 4.31
LC3 96.81 ± 0.47 97.60 ± 1.71
LC4 97.51 ± 0.61 101.02 ± 0.22

.6. Long-term chemical stability of Q10-loaded NLC and NE
ispersions

With regard to Q10 entrapped in NLC and NE, a good chemi-
al stability of all formulations was observed, i.e. the percentage
f active remaining within the systems was higher than 90% when
tored at 4, 25 and 40 ◦C for 12 months. Nevertheless, these results
ere highly influenced by the storage temperature (Table 3). The

hemical stability of Q10 in all formulation stored at 40 ◦C was lower
han at 4 and 25 ◦C. Comparing the effect of oil content in the NLC,
he chemical stability of Q10 stored at 40 ◦C tended to decrease when
ncreasing the oil content, which can be attributed to the accumula-
ion of Q10 at the surface of lipid nanoparticles. This observation was
onfirmed with the previous study of in vitro release studies using
ranz diffusion cells (Teeranachaideekul et al., 2007). In order to
hallenge the system, the chemical stability of Q10 was investigated
nder stress conditions, e.g., exposure to the day light. The acceler-
ted chemical stability of Q10 entrapped NLC and NE was assessed
y exposing the formulations to day light at 25 ◦C (Table 3). The
esults demonstrated that the chemical stability of Q10 in both NLC
nd NE dramatically decreased, especially for NE. The percentage
f Q10 remaining after exposure to day light for 28 days formulated
n NLC was higher than that of NE (p < 0.05). Comparing the results
mong NLC formulations, the percentage of Q10 depended on the
il content in the formulation. The obtained data from accelerated
hemical stability test by exposing the formulations to day light are
n agreement with those from long-term chemical stability analy-
is. During storage under day light exposure, the viscosity of all NLC
ispersions increased as observed visually and finally gel formation
ccurred. In a previous study, gel formation was reported by expo-
ure of SLN to the light, being also dependent on the light intensity,
.g., the higher the intensity, the higher the velocity (Freitas and
üller, 1999). From the above results, it can be concluded that the

nhancement of chemical stability of Q10 can be achieved when it
s formulated preferentially in NLC than in NE.

.7. In vitro permeation study

Q10 penetration into excised human skin (epidermis) treated
ith Q10-loaded NLC and NE was analyzed after 8 and 24 h. The

mount of Q10 was quantified in skin and in a suitable acceptor
edium. Due to lipophilic characteristic of Q10, phosphate buffer

H 7.4 and Labrasol® in the ratio of 95 and 5 (w/w) was used as the
cceptor medium in order to achieve sink conditions. Fig. 8 shows
he amount of Q10 in the epidermis and in the acceptor medium
fter applying the formulations for 8 and 24 h. The amount of Q10
n the epidermis and in the acceptor medium relied on the col-
oidal type for 10% lipid dispersion (NE1, NLC1, NLC2 and NLC3). No
ignificant differences were observed in the total amounts of Q10
Q10 in the epidermis plus in the acceptor medium) after apply-

ng the formulations for 8 h (p > 0.05) (Fig. 8). However, from the
n vitro drug release studies as reported in our previous study,
he cumulative amount of Q10 released from Q10-loaded NLC1 was
ower than that of Q10-loaded NLC2, NLC3 and of Q10-loaded NE1
Teeranachaideekul et al., 2007). This means that not only the high
96.86 ± 0.98 83.02 ± 0.94 51.94 ± 0.52
95.80 ± 2.71 86.74 ± 0.50 51.03 ± 0.35
92.20 ± 0.07 84.37 ± 1.07 48.22 ± 0.34
93.54 ± 0.62 90.03 ± 1.55 75.04 ± 0.71

amount of Q10 released from carriers but also occlusiveness can be
pointed out as the major keys to promote and subsequently enhance
the drug penetration into the deep skin (acceptor medium). Q10-
loaded NLC3 provided the higher amount of Q10 in the acceptor
medium than Q10-loaded NE1 (Fig. 8A). This was due to the higher
Q10 released from Q10-loaded NLC3, as well as to the film formation
of NLC enhancing the Q10 penetration into the acceptor medium.
After 24 h, the highest total amount of Q10 was found when apply-
ing Q10-loaded NE1 (Fig. 8B). This is due to the fact that the high
amount of Q10 was released from NE in comparison to NLC whereas
Q10-loaded NLC revealed sustained release patterns. Therefore, the
high amount of Q10 released from NE promoted the penetration of
Q10 into the skin. Nonetheless, the amount of Q10 in the acceptor
medium was not significantly different after applying NE and NLC
for 24 h due to the lower occlusiveness of NE as compared to NLC.
Since Q10 has been quantified in the acceptor medium, occlusive
effect could therefore enhance the penetration of drug into deep
skin. Concerning the in vitro skin permeation study of Q10-loaded
NLC, after 8 h the total amount of Q10 was not significantly different
after applying Q10-loaded NLC1, NLC2 and NLC3 (p > 0.05). During
the in vitro skin permeation studies, film formation was observed
Fig. 8. In vitro skin permeation study of Q10-loaded NLC and NE dispersions after
applying for 8 and 24 h (A): amount of Q10 in an acceptor medium and (B): amount
of Q10 into skin (n = 6–8).
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kin, particularly from Q10-loaded NLC1. This might be the reason
hy the total amount of Q10 (Q10 in the epidermis plus the accep-

or medium) from Q10-loaded NLC1, which showed the lowest Q10
eleased according to in vitro drug release (Teeranachaideekul et
l., 2007), was similar to that from Q10-loaded NLC2 and NLC3. The
mount of Q10 in the acceptor medium after applying Q10-loaded
LC3 on the skin for 8 h was higher than that from Q10-loaded NLC2
nd NLC1, respectively. This was attributed to the high amount of
10 released from the Q10-loaded NLC3, together with the occlu-

iveness leading to the deeper penetration of Q10 detected in the
cceptor medium. Comparing the in vitro permeation of Q10-loaded
LC1 and NLC4, it was found that the former one showed the
igher total amount of Q10 (Q10 in the epidermis plus in the accep-
or medium) after applying for 8 and 24 h (Fig. 8). This is due to
he difference in the encapsulation models, i.e. drug-enriched core
or Q10-loaded NLC4 and drug-enriched shell for Q10-loaded NLC1
eading to the difference in Q10 penetration (Teeranachaideekul et
l., 2007). Moreover, the mean particle size of Q10-loaded NLC4
∼230 nm) was larger than that of Q10-loaded NLC1 (∼190 nm)
p < 0.05) resulting in a lower occlusive effect.

. Conclusion

The Q10-loaded NLC dispersions composed of varying solid
ipid/oil ratios demonstrated good long-term physical and chemi-
al stability as indicated by the particle size determined by PCS and
D, the zeta potential value and the percentage of Q10 remaining in
he formulation. From the accelerate chemical stability results, the
hemical stability of Q10 entrapped in NLC was higher than that in
E and relied on the amount of oil content in NLC, i.e. the higher
il content, the lower percent Q10 remaining. The increase in CI
%] and storage modulus (G′) during storage time of Q10-loaded
LC dispersions was accelerated when incorporation into hydro-
els demonstrating that the crystallization process and the spatial
rrangement of NLC dispersions could be induced by incorpora-
ion of NLC into hydrogel. With respect to the in vitro permeation
tudy, the amount of Q10 in the skin and acceptor medium was
ffected by the amount of oil content in NLC and the occlusive
ffect.
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