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a b s t r a c t

The production of particulate hybrid carriers containing a glyceryl monostearate (Lumulse® GMS-K), a
waxy triglyceride (Cutina® HR), silanized TiO2 and caffeine were investigated with the aim of produc-
ing sunscreens with UV-radiation protection properties. Particles were obtained using the supercritical
PGSS® (Particles from Gas Saturated Solutions) technique. This method takes advantages of the lower
melting temperatures of the lipids obtained from the dissolution of CO2 in the bulk mixture. Experi-
ments were performed at 13 MPa and 345 K, according to previous melting point measurements. Blends
containing Lumulse® GMS-K and Cutina® HR lipids (50 wt%) were loaded with silanized TiO2 and caf-
feine in percentile proportions of 6 and 4 wt%, respectively. The particles produced were characterized
unscreen
affeine
article design
utectic mixture

using several analytical techniques as follows: system crystallinity was checked by X-ray diffraction and
differential scanning calorimetry, thermal stability by thermogravimetric analysis, and morphology by
scanning and transmission electron microscopy. Further, the UV-shielding ability of TiO2 after its dis-
persion in the lipidic matrix was assessed by solid UV–vis spectroscopy. Preliminary results indicated
that caffeine-loaded solid lipid particles presented a two-step dissolution profile, with an initial burst of
60 wt% of the loaded active agent. Lipid blends loaded with TiO2 and caffeine encompassed the UV-filter

photo
behavior of TiO2 and the

. Introduction

The use of complex lipids composed by different molecules
s currently a common choice in terms of preparation of novel
ontrolled release systems with excellent pharmacological and
herapeutic properties (Savolainen et al., 2002; Davis, 2004;
jusberg-Wahren et al., 2005). For both pharmaceutical and cos-
etic applications, solid lipid particles have advantages over other

arriers, such as liposomes or emulsions, in terms of stability and
rotection of the incorporated active compounds (Müller et al.,
000). The research activity on solid lipid particles has gradually
ocused on cosmetic and topical products (Müller et al., 2002; Puglia

t al., 2008; Pardeike et al., 2009). At the same time, the devel-
pment of dermal formulations for protection from UV-radiation,
ncorporating organic UV-absorbers and inorganic UV-blockers,
as become a topic of increasing concern in human life. Among

∗ Corresponding authors. Tel.: +34 93 5801853; fax: +34 93 5805729.
E-mail addresses: cgarcia@icmab.es (C.A. García-González), conchi@icmab.es

C. Domingo).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.08.033
aging prevention properties of caffeine.
© 2009 Elsevier B.V. All rights reserved.

the used inorganic UV-blockers, nanoparticulate titanium dioxide
(TiO2) is widely employed in creams containing lipids, because
of the broad UV-spectrum coverage of TiO2 (Lowe et al., 1997;
Hexsel et al., 2008), and because solid lipids can also act as UV
sunscreen systems (Yener et al., 2003; Villalobos-Hernández and
Müller-Goymann, 2005; Pardeike et al., 2009). However, one of the
major challenges for preparing homogeneous creams involving dis-
persed inorganic phases is to avoid the segregation of the mineral
component from the oil phase (Chen et al., 2006; Pardeike et al.,
2009). Further, life cycle impact assessment studies of nanometric
materials intended for dermal use give advice of encapsulating the
nanoparticles into larger particles to minimize the potential nega-
tive environmental and health impacts (Klöpffer, 2007; Grobe et al.,
2008). In this context, the use of solid lipid microparticles entrap-
ping TiO2 nanoparticles could accomplish both tasks: to reduce the
risk of nanoparticles toxicity and to help dispersing the nanopar-

ticles into the organic phase; while, simultaneously, contribute
to optimize the UV-filter ability of the mixture. Hence, this work
is primarily focused on the preparation of a composite compris-
ing solid lipid particles and dispersed TiO2 with applications in
sunscreens free of organic absorbers. Moreover, solid lipid parti-

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:cgarcia@icmab.es
mailto:conchi@icmab.es
dx.doi.org/10.1016/j.ijpharm.2009.08.033
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les have a great potential as vehicles for topical administration of
ctive substances, principally owing to the possible targeting effect
nd controlled release in different skin strata (Müller et al., 2000,
002). In the present study, advantageous solid lipid particles fea-
ures for topical administration of caffeine were also considered in
preliminary study. Caffeine was selected as a model hydrophilic

ctive drug because of its protective effects against UV-B radiation
Staniforth et al., 2006), anticellulite activity (Bertin et al., 2001)
nd photoaging prevention capacity (González et al., 2008), all use-
ul features in dermal applications. The long-term aim of our work
s to explore novel lipid formulations with skin targeting effect
or the treatment of skin diseases (e.g., delivery of caffeine for
he treatment of psoriasis (Vali et al., 2005)) or skin cancer pre-
ention (Staniforth et al., 2006) that might benefit from topical
dministration, obtaining a substantial reduction of the systemic
ide effects.

For pharmaceutical and cosmetic products, there is an increased
nterest in developing technologies that allow the production of
articles with controlled particle-size distribution and product
uality (crystallinity, purity, morphology, etc.) under mild and
lean conditions. Current methods of making solid lipid particles
or pharmaceutical applications include fusion processes, cold or
ot high-pressure homogenization and multi-step solvent pro-
esses, such as emulsification and ultrasonication (Gasco, 1997;
üller et al., 2000; Sethia and Squillante, 2004; Chattopadhyay

t al., 2007). Technologies based on supercritical carbon dioxide
scCO2), and in particular the PGSS® (Particles from Gas Satu-
ated Solutions) (Weidner et al., 1995) process, have emerged as
lternative one-step methods to obtain solvent-free solid lipid
articles at low processing temperatures (Weidner et al., 1995;
odrigues et al., 2004; Calderone et al., 2007; Sampaio de Sousa
t al., 2007, 2009; Temelli, 2009). In this study, the PGSS® pro-
ess was first used to disperse TiO2 nanoparticles into solid lipid
icroparticles. The technique consisted in dissolving scCO2 in

he bulk of a melted lipid mixture with dispersed TiO2 nanopar-
icles, and the subsequent quick expansion through a nozzle,
ausing the complete evaporation of the gas and the solidifica-
ion of the liquid suspension. A silane adhesion promoter was
reviously deposited as a primer on the hydrophilic surface of
iO2 to enhance its dispersion capacity (Plueddemann, 1991). The
ipids selected for study were Lumulse® GMS-K and Cutina® HR.
umulse® GMS-K is a glyceryl monostearate with a C18 alkyl
hain. It is used in cosmetics and pharmaceutical dermal prod-
cts as a lipophilic surfactant, emulsifier and humectant agent
Gopala Krishna, 1993). Cutina® HR (hydrogenated castor oil) is

highly hydrophobic waxy triglyceride sterified with three C18
atty acids, which is often used as a drug carrier for topical appli-
ations (Ogunniyi, 2006; Jannin et al., 2008). Progressing on the
omplexity of the designed system, solid lipid particles loaded with
affeine and silanized TiO2 were also processed using the PGSS®

echnique.

. Materials and methods

.1. Materials

Lumulse® GMS-K (GMS) and Cutina® HR (HCO) were kindly
rovided by Lambent Technologies and José M. Vaz Pereira S.A.,
espectively. TiO2 nanometric particles (∼20 nm in diameter) were
upplied by Degussa (TiO2 P25). Octyltriethoxysilane (TiC8) and

ctadecyltrimethoxysilane (TiC18) coated TiO2 nanoparticles were
repared in our laboratory following a scCO2 reported procedure
García-González et al., 2009a,b). Caffeine (Caff, >98 wt% purity)
as purchased from Sigma Aldrich. CO2 (99.998 mol% purity) was

upplied by Air Liquide.
Fig. 1. Process flow diagram of the equipment used for PGSS® lipid particle for-
mation. T1: CO2 reservoir, EX1: CO2 cooling unit, P1: pump, V1–V5: valves, Ve1:
high-pressure mixing chamber, Ve2: collector vessel, T1: heater, N1: nozzle.

2.2. Experimental procedure

Unloaded and loaded (caffeine and/or TiO2) solid lipid parti-
cles were produced using the high-pressure equipment depicted
in Fig. 1. CO2 was fed by a high-pressure piston pump (P1, Haskel
model MCPV-71) to a 0.5 L high-pressure stirred vessel (Ve1, Parr
Instruments) containing the substances to be processed until the
desired working pressure was reached (13 MPa). The autoclave was
heated at 345 K by a thin band heater (T1, Watlow STB3J2J1). After
1 h of stirring, necessary for mixture equilibration, the system was
depressurized by opening valve V3 (Parker 4M4Z-B2LJ) and atom-
ized through a 600 �m cone nozzle (N1, Spraying Systems Co.) into
a 10 L atmospheric collector (Ve2) where particles were recovered.

2.3. Characterization

2.3.1. Lipids melting point determination
The extent of the melting point depression of the studied lipids

due to CO2 dissolution was essential information necessary to set-
tle the operating conditions in the PGSS® process (Hammam and
Sivik, 1993; Kazarian, 2000). For GMS, data of CO2 solubility in the
lipid and its influence in the melting point can be found in the lit-
erature (Sampaio de Sousa et al., 2007). On the other hand, the
influence of CO2 in the melting point of HCO was experimentally
evaluated using a visual method (Fukné-Kokot et al., 2000; Sampaio
de Sousa et al., 2006), since only data of CO2 solubility in HCO were
found reported (Münüklü et al., 2006). Further, the melting points
of two different HCO:GMS mixtures with mass ratios of 1:1 and 3:1
were also measured using a similar method. Data were obtained
using a high-pressure view cell with sapphire windows (∼4 mL,
Parr Instruments), in which a capillary tube containing the lipid was
inserted. Liquefied CO2 was pumped using a piston pump (Haskel
29723-71) into the cell until the desired pressure was reached.

Next, the temperature was gradually increased until the complete
melting of the solid compounds was visually observed. Measure-
ments were taken up to 17 MPa for pure HCO and mixtures of GMS
and HCO (HCO:GMS = 1:1 and 3:1 mass ratio).
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ig. 2. Melting points of GMS (data from Sampaio de Sousa et al., 2007), HCO and
CO:GMS mixtures with mass ratios of 1:1 and 3:1 in the presence of compressed
O2.

.3.2. Solid lipid particles analysis
Thermal stability of obtained samples was estimated using ther-

ogravimetric analysis (TGA, PerkinElmer 7) under Ar atmosphere
aising the temperature at a rate of 5 K min−1. Samples melting
emperatures were measured on a differential scanning calorime-
er (DSC, 822e/400 Mettler Toledo) operating at a heating rate of
0 K min−1 under N2 purge. Crystallinity of obtained samples was
nalyzed by X-ray diffraction (XRD, Rigaku Rotaflex RU200 B instru-
ent). A PerkinElmer Lambda 19 UV/VIS/NIR spectrophotometer,

perating in the diffuse reflectance mode, was used for recording
V–vis spectra of solid samples using BaSO4 as a reference. Micro-
raphs of the samples were taken using both scanning (SEM, JEOL
SM 6300) and transmission (TEM, JEOL JEM-1210) electron micro-
copes. The SEM microscope was equipped with a LINK-ISIS-200
nergy dispersive spectrometer (EDS, Oxford Instruments).

.3.3. Caffeine release profile
Caffeine content within the solid lipid particles was determined

y HPLC using an Agilent 1100 system furnished with a C18 column
Synergy Hydro-RP, Phenomenex, 150 mm × 4.6 mm i.d., particle-
ize 4 �m) according to a method described in literature (Sampaio
e Sousa et al., 2007). Three portions of the caffeine-loaded sample
ere used for analysis. Caffeine was first extracted from the lipidic
atrix using a water:methanol mixture (1:1 in a volume ratio). The

nalyte was detected spectrophotometrically at � = 272 nm. Next,
he release profile of the caffeine-loaded solid dispersion to ultra-
ure water (Millipore, Milford, MA, USA) was performed during
4 h and in triplicate. An accurately weighed amount (20 mg) of
he solid lipid particles was placed in a vessel containing 200 mL of
istilled water at 310 ± 1 K stirred at 70 rpm. Aliquots of the sam-
le, withdrawn at different periods of time, were filtered through
.45 �m pore size and analyzed by HPLC.

. Results and discussion

In this work, we have first evaluated the optimal operating
onditions to produce solid lipid particles of HCO and GMS and
heir mixtures using the PGSS® method by studying their melt-

ng point variations in the presence of CO2 (Fig. 2). For all the
tudied systems, the melting point first decreased as the pressure
ncreased due to the incorporation of gas into the bulk of the sub-
tances (Spilimbergo et al., 2006; Calderone et al., 2007; Sampaio
e Sousa et al., 2007). After a certain pressure value (∼12–16 MPa),
al of Pharmaceutics 382 (2009) 296–304

the melting point was either not modified or increased slightly
with increasing pressure due to the competing hydrostatic pressure
effect. The optimal operating conditions for particles formation
using the PGSS® process were chosen at 13 MPa and 345 K. Under
these experimental conditions, blends with a percentile weight
ratio HCO:GMS 75:25 wt% or lower were completely melted (Fig. 2).
Finally, a mixture of HCO:GMS with a ratio 50:50 wt% was chosen
for PGSS® precipitation, since raising the HCO wax weight per-
centage increased the melting point of the mixture and, thus, the
occurrence of nozzle blockage during experiments.

A second part of the study consisted in producing solid lipid par-
ticles of binary mixtures of HCO and GMS by PGSS®, both alone and
loaded with either silanized TiO2 or silanized TiO2 plus caffeine. In
the PGSS® technique, the quick expansion of the mixture through
a nozzle caused the complete separation of the CO2 from the lipids
along with the solidification of the melt due to Joule–Thomson
effect (Chacín et al., 1999; Calderone et al., 2007). Fast pressure and
temperature drops, occurring simultaneously, led to the formation
of fine free flowing particles.

3.1. Physical state, thermal stability and morphology of
precipitated solid lipid particles

HCO, GMS and the 1:1 mixture were first precipitated using
the PGSS® equipment (samples referred to as sc-HCO, sc-GMS and
sc-HCO:GMS) to evaluate the impact of the physical state of the
studied lipids on the TiO2 and drug incorporation capacity. The
rapid evaporation of CO2 from the lipid droplets formed during
expansion through the nozzle, which in turn caused rapid lipid
solidification, could influence the crystalline structures of sprayed
glyceryls. During rapid cooling, lipids tend to initially crystallize
in the least ordered crystal subcell structure (�-form), but then
transform to a more ordered subcell structure (�′- and �-forms)
(Chapman, 1962; Garti and Sato, 1988). The X-ray diffraction pat-
terns of simple raw lipids displayed three strong reflections at
2� ∼5.4◦, 19.7◦ and 22.1◦, typical of the triclinic � polymorph of
substituted glyceryls (Fig. 3a) (Kodali et al., 1985; Bunjes et al.,
1996; Kumar et al., 2007). In addition, the reflection appearing at
2� = 23.2◦ for GMS was assigned to the orthorhombic chain pack-
ing of the �′ polymorph (Kumar et al., 2007). In the case of simple
lipids precipitated using the PGSS® technique, the only polymor-
phic phase observed by XRD was the � polymorph for both sc-HCO
and sc-GMS lipids. In principle, the cooling rate in the PGSS® pro-
cess seemed to be slow enough to allow the molecules to rearrange
in the most stable � conformation. However, it should be taken into
account that the diffraction patterns shown in Fig. 3a were recorded
after several weeks of samples preparation. During this period, solid
transformation of �- to �-form was also feasible. The X-ray reflec-
tions of crystallized sc-HCO were broader and much weaker than
those of the HCO precursor. On the contrary, for the sc-GMS sam-
ple the reflection due to the �′ polymorph disappeared and the low
angle �-reflection increased in intensity, thus indicating a possi-
ble higher degree of crystallinity than raw GMS. The precipitated
mixed lipid matrix sc-HCO:GMS displayed the reflections of the �-
modification, but the intensity of the peaks decreased with respect
to sc-HCO and sc-GMS, which suggested a less ordered matrix for
the mixture.

Similar results to those of XRD regarding crystallinity of the
blend were derived from DSC measurements (Fig. 3b). The thermo-
grams of raw materials revealed one single endothermic transition
each one with onsets at 329 and 358 K, which corresponded to the

melting of the stable �-modification of GMS and HCO, respectively.
The PGSS® precipitated mixture melted with two broad endother-
mic transitions with onsets at 325 and 345 K. The two separated
thermal maxima, both at lower temperatures than the correspond-
ing bulk materials separately, together with the fact that the DSC
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Fig. 3. Solid characterization of raw and treated lipidic m

hermograms did not show any exothermic cold crystallization
eak corresponding to polymorphic transformation (Siekmann and
estesen, 1994; Bunjes et al., 1996), indicated the formation of an

utectic mixture rather than the creation of a miscible solid solu-
ion (Paoletti and Kritchevsky, 1967; Timms, 1984; Garti and Sato,
988; Bunjes et al., 1996; Neubert et al., 1997; Ohta and Hatta, 2002;
imawan et al., 2006). The first transition was associated with the
elting of the eutectic mixture. The onset temperature of this peak
as ∼325 K and can be rationalized as the dissolution of HCO in
MS, which shifted the melting temperature of the wax to lower
alues. The following peak arose from the melting of the excess
omponent in the eutectic mixture, probably HCO with the high-
st melting temperature of the two studied lipids. Moreover, the
roadening of the melting peaks in the mixture and the reduction
f the melting point also indicated an increased number of lattice
efects. It should be taken into account that the less perfect the

ipid matrix is, the better it will be to ensure more drug loading and
ess drug crystallization.

Fig. 4 shows the weight loss curves obtained by thermogravi-
etric analysis (Fig. 4a) and the derivative of the TGA curves

Fig. 4b). Raw HCO decomposed with a single decay between 600
nd 725 K. The TGA and the derivative curves corresponding to
aw GMS showed three main decomposition steps between 500
nd 725 K. This decomposition behavior could be related to the
omplex composition of Lumulse® GMS-K that contained diglyc-
rides together with the main component glyceryl monostearate
Lumulse® GMS-K Technical Data Sheet in www.petroferm.com).
he thermal stability of the processed sc-HCO slightly decreased
ith respect to raw HCO, since its decomposition occurred between

10 and 670 K. sc-GMS decomposed between 500 and 680 K and
ore gradually than raw GMS. The TGA curve of the treated sc-
CO:GMS mixture had two well resolved weight decays between
00 and 680 K, indicating similar thermal stability than sc-HCO and
c-GMS samples (Fig. 4a). The first decay started at 500 K and had
he offset at 580 K with a weight loss of ∼30 wt%. This weight loss
as assigned to partial decomposition of the less thermally stable

MS. In this temperature interval, the weight losses of GMS and
c-GMS samples were of 30 and 20 wt%, respectively. The second
ecay had the maximum weight loss rate at ∼670 K, a similar tem-
erature to that of the maxima weight loss of both sc-HCO and
c-GMS.
ls: (a) powder XRD patterns, and (b) DSC thermograms.

SEM micrographs indicated that the smooth surface of raw lipids
(Sampaio de Sousa et al., 2007) turned porous after PGSS® pro-
cessing (Fig. 5a). For the mixture sc-HCO:GMS, porous particles of
∼50–100 �m were precipitated. The microstructure observed by
TEM resembled a lamellar structure (Fig. 5b), likely alternating fine
layers of HCO and GMS materials in the eutectic mixture (Iwai et al.,
1996). Black spots in Fig. 5b were associated with HCO precipitated
separately. Lamellar structures are often observed in cases where
a phase transformation front moves quickly, leaving behind two
solid products, as occurred in crystallization during rapid cooling
of eutectic mixtures.

3.2. Incorporation of TiO2

The previous section described studies carried out to obtain lipid
blends from rapid precipitation using the PGSS® technique. The
work was herein extended to precipitate blends consisting of HCO
and GMS loaded also with either bare TiO2 or silanized nanopar-
ticles (TiC8 and TiC18) in a mass ratio of 1:1:0.1 for the system
HCO:GMS:Ti. Since the lipid blend was arranged in a lamellar lattice
structure, it was expected that mineral ingredients could be stored
between these layers. The maximum mass weight of TiO2 compat-
ible with the PGSS® process was ∼5 wt%, since higher percentages
led to nozzle blockage, likely due to the high viscosity of the melt
containing the dispersed nanoparticles (Villalobos-Hernández and
Müller-Goymann, 2005).

The weight of mineral filler (TiO2, TiC8 or TiC18) in the composite
solid lipid particles was quantified using TGA analysis after samples
pyrolysis at temperatures higher than 725 K. In all of the studied
samples, the percentile value of the residue at 725 K corresponded
to ∼6 wt% of the total composite mass (Fig. 6a). Therefore, under
working experimental conditions, the sample percentile compo-
sition was maintained with respect to the initially added to the
mixing chamber for PGSS® processing. TGA curves indicated that
loaded blends decomposed between 500 and 680 K, a similar tem-
perature interval to that observed for sc-HCO:GMS sample (Fig. 4b).

However, slightly different thermal decomposition intervals were
observed for the solid lipid particles loaded with either bare TiO2 or
silanized TiO2. Samples filled with silanized TiO2 had the maximum
rate of thermal decomposition estimated from the derivative TGA
curves at temperatures similar to that of the unfilled blend (∼670

http://www.petroferm.com/
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Fig. 4. Thermogravimetric curves for the decomposition of simple and mixed lipids: (a) TGA, and (b) derivative TGA curves (data are displaced on the y-axis for clarity
reasons).

Fig. 5. Micrographs of sc-HCO:GMS precipitated particles taken by: (a) SEM, and (b) TEM.

Fig. 6. Thermogravimetric curves for the decomposition of unloaded and TiO2 loaded mixed lipids: (a) TGA, and (b) derivative TGA curves (data are displaced on the y-axis
for clarity reasons).
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Fig. 7. Characterization of TiO2 and caffeine-loaded lipidic materials: (a) powder XRD patterns, and (b) DSC thermograms.

Fig. 8. Micrographs of PGSS® precipitated composite particles: (a) SEM with EDS analysis of sc-HCO:GMS:TiC8 sample, (b) and (c) TEM of sc-HCO:GMS:TiC8 sample, (d) SEM
of sc-HCO:GMS:TiC8:Caff sample, and (e) and (f) TEM of sc-HCO:GMS:TiC8:Caff sample.
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nd 655 K for sc-HCO:GMS:TiC18 and sc-HCO:GMS:TiC8, respec-
ively, in Fig. 6b). An exact match at 670 K in the maximum rate
f thermal decomposition was found for particles of sc-HCO:GMS
nd sc-HCO:GMS:TiC18 samples, indicating excellent interaction
etween the C18 alkyl chain of the silane monolayer on the TiO2
urface and the tail groups of the lipids (also sterified with C18 car-
oxylic acids). The most thermally unstable composite was that
onstituted by lipids filled with bare TiO2, which suggested a low
ffinity between the lipids and the hydrophilic surface of TiO2
Albertini et al., 2004).

According to XRD results, no noticeable influence of either bare
r silanized TiO2 nanoparticles on the crystallinity of solid lipids
as observed (Fig. 7a). The presence of TiO2 in the solid lipid parti-

les was confirmed by the anatase peak at 25.3◦. DSC analysis of the
iO2 loaded samples showed the presence of two broad endother-
ic transitions with onsets at ∼325 and 345 K, already observed

or the PGSS® precipitated blend (Fig. 7b).
The macrostructure observed in the SEM pictures of the pre-

ipitated sc-HCO:GMS:TiC8 sample (Fig. 8a) was similar to that
ound in the sc-HCO:GMS blend (Fig. 5a). The presence of TiO2
ithin the lipidic matrix was confirmed by EDS measurements (Ti

ignal appeared at 4.6 keV in Fig. 8a). The microanalytical char-
cterization was carried out in different areas of the precipitated
lend. Results indicated that TiO2 was dispersed with a relative
igh degree of homogeneity throughout the sample, and no seg-
egated spots were observed. TiO2 distribution was also studied
y TEM imaging. Silanized TiO2 particles were evenly distributed
ithin the lipidic matrix, which can be clearly observed in the pores

f some particles (Fig. 8b and c).
UV–vis spectra of samples containing C8 silanized TiO2 (sc-

CO:GMS:TiC8) were recorded (Fig. 9) to study the UV-shielding
bility of TiO2 after dispersion in the solid lipid particles. Results
ndicated that TiO2 and TiC8 nanoparticles exhibited excellent UV-

(� = 280–320 nm) and partial UV-A (� = 320–400 nm) protection
bility. Besides, the nanoparticles showed high transparency in the

isible region due to the marked whiteness of the powder. Similar
V-protection ability was obtained for the silanized TiO2 loaded

ipid.

ig. 9. UV–vis spectra of bare and silanized TiO2 nanoparticles and TiC8-loaded lipid
articles. Vertical dashed lines indicate UV-B to UV-A (left) and UV-A to vis (right)
ransition regions.
al of Pharmaceutics 382 (2009) 296–304

3.3. Incorporation of caffeine and release profile

For lipids that form highly crystalline particles the incorpora-
tion of drugs is difficult to achieve (Westesen et al., 1997; Müller
et al., 2000). The decrease of crystallinity detected for the lipids in
the mixture sc-HCO:GMS:TiC8 with respect to raw lipidic materials
was expected to facilitate the accommodation of active compounds
in the matrix. Hence, preliminary experiments with the mixture of
chemicals HCO:GMS:TiC8:Caff (mass ratio of 1:1:0.1:0.2, which cor-
responded to a content of ∼8 wt% in caffeine) processed by PGSS®

were performed in order to examine the ability of caffeine incorpo-
ration to hybrid HCO:GMS:TiC8 solid lipid particles. HPLC analysis
of the resulting sc-HCO:GMS:TiC8:Caff sample indicated that the
caffeine content was ∼4 wt%, which corresponded to 50 wt% of the
initially added amount of caffeine to the mixing vessel. The caffeine
loss was related with the relatively high solubility of this solute
in scCO2 under working conditions (Saldaña et al., 1999) and fur-
ther precipitation inside the mixing vessel during decompression
(Sampaio de Sousa et al., 2007).

SEM and TEM images of the sc-HCO:GMS:TiC8:Caff sample
showed the presence of needle-like caffeine crystals deposited on
the solid lipid particles surface (Fig. 8d and e). TiO2 nanoparticles
could be also observed in some fractured crystals (Fig. 8f). The pres-
ence of caffeine crystals in the lipidic matrix was also noticed by
means of XRD analysis, in which the peak appearing at 2� = 12◦ was
attributed to the major peak of caffeine crystals (Fig. 7a). Hence,
there was a limited inclusion of caffeine into the lipid particles.
Complementary DSC studies showed that the melting peak of caf-
feine, occurring at ∼510 K in the raw product, was not observed for
the sc-HCO:GMS:TiC8:Caff sample. This finding was due to the dis-
solution of caffeine crystals in the melted lipids during DSC analysis
(Fig. 7b), as previously reported for other drugs (Sheu et al., 1994;
Van den Mooter et al., 1998; Sethia and Squillante, 2002).

In an initial kinetic study, the release of the active com-
pound into distilled water was investigated during 24 h, considered

a regular time for topical sunscreen applications. The sc-
HCO:GMS:TiC8:Caff sample presented a two-step dissolution
profile as shown in Fig. 10. The rapid dissolution burst of ca. 60 wt%
of the caffeine content observed during the first few hours was

Fig. 10. Dissolution profiles in water of caffeine and precipitated lipid particles
loaded with 4 wt% caffeine.
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ollowed by a gradual dissolution of the remaining active agent.
he dissolution profile of pristine caffeine particles in water, which
ccurs in 2 h (Fig. 10), is also given for comparison. The shape of the
elease profile of sc-HCO:GMS:TiC8:Caff sample during the first 1 or
h was explained by the fast dissolution of the needle-like crystals
f caffeine deposited on the solid lipid particles surface occurring
rst, followed by a prolonged dissolution of the caffeine entrapped
ithin the lipids core.

. Conclusions

Lipidic mixtures of HCO and GMS (50 wt%) were used to obtain
omposite powders of lipids, active agents (caffeine) and/or min-
ral fillers (silanized TiO2) in presence of scCO2. The mixed lipidic
atrix crystallized into the � stable modification, but the decrease

f the intensity of the reflection peaks indicated the formation of a
elatively low ordered matrix. The reduction in crystallinity of the
olid mixture of lipids can be strongly correlated with the ability
f incorporating inorganic nanoparticles and drugs in the matrix.
he matrix could be loaded with ∼6 wt% silanized TiO2 and ∼4 wt%
affeine. Initial analysis indicated that caffeine-loaded solid lipid
articles presented a two-step (fast and slow) dissolution profile,
ith an initial burst of 60 wt% of the loaded active agent. Lipid

lends loaded with TiO2 and caffeine have a potential application in
unscreens, since they encompassed the UV-filter behavior of TiO2
nd the photoaging prevention properties of caffeine. However, it
hould be stated that the caffeine release from similar particles
ncorporated in a sunscreen could be considerable different from
hat of the isolated particles analyzed here, which will be the study
f a future work. The obtained lipid matrix has null toxicity for cos-
etics and pharmaceutical dermal applications as well as a certain

kin hydration effect.
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