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Linalool (LN) is a monoterpene found in essential oils of plants and herbs that produces multiple effects
on the mevalonate pathway and interesting antiproliferative activity in cancer cells. However, due to its
poor aqueous solubility, an efficient vehicle is needed to improve its administration and bioavailability
in physiological media.

LN encapsulation in solid lipid nanoparticles (SLN) with different compositions was explored and
in vitro tested in two cancer cell lines. SLN of myristyl myristate (MM), cetyl esters (SS) and cetyl palmi-
tate (CP) were prepared by sonication in the presence of Pluronic® F68 as surfactant. Nanoparticle size,
morphology and distribution were determined by dynamic light scattering in combination with optical
and transmission electron microscopy (TEM). SLN showed spherical shape and mean diameters in the
range of 90-130 nm with narrow size dispersion (PDI values lower than 0.2) and Z potentials around
—4.0mV. The encapsulation percentages of LN in SLN were higher than 80% for all tested formulations
and exhibited in vitro LN controlled release profiles for at least 72 h. The nanoparticles were physico-
chemically characterized by FTIR, XRD, DSC and TGA, and the incorporation of LN into SLN was higher
than 80% in tested matrices. The developed formulations, and in particular SLN (MM)-LN, showed in vitro
antiproliferative effects on hepatocarcinoma (HepG2) and lung adenocarcinoma (A549) cell lines in a
dose-dependent response, and higher inhibitory effects were found in comparison with free LN. The cel-
lular uptake of SLN was demonstrated by fluorescence microscopy, enhancing the ability of nanoparticles
to intracellularly deliver the cargo molecules.
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1. Introduction

Nowadays, cancer is the second leading cause of death in the
world after cardiovascular diseases. Cancer is a complex disease
characterized by the accumulation of mutations that lead to a
sustained proliferation of cells capable of evading different phys-
iological control mechanisms. It was responsible for 8.2 million
deaths peryearin2012 and 11.4 million cancer deaths are predicted
for 2030. Among the most common causes of cancer death, lung
(1.59 million) and liver (745,000) are the two most frequent [1].
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For that reason, there is an increasing interest in the discovery and
development of novel alternatives and more effective therapies.

In the last few years, the use of natural compounds has been
rediscovered, and more than 60% of the currently used anti-
cancer drugs are, or are derived from, natural compounds [2]. The
therapeutic potential of phytochemicals becomes an interesting
alternative since the commercially available cancer drugs tend to
show high systemic toxic effects due to many factors such as high
dispersion in the body, high toxicity, low bioavailability, lack of
drug concentration in the range of the therapeutic window associ-
ated in some cases with high dispersion of the drug in the body, and
absence of drug controlled release delivery devices. Interestingly,
phytochemicals have emerged as inexpensive and potent selective
cytotoxic agents in cancer cells with minimum alteration of normal
cells [3,4].
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In particular, linalool (3,7-dimethyl-1,6-octadien-3-ol) is an
acyclic monoterpene alcohol commonly found in essential oils of
more than 200 species of plants and herbs including lavender,
basil, rosemary, citric fruits, green and black tea, among others.
This natural isoprenoid is widely used in cosmetics and in the
food industry as a fragrance and flavor agent, respectively, with
an annual world consumption higher than 1000 m3 [5,6]. In addi-
tion, several reports evidence the pharmacological properties of
linalool both in vivo and in vitro as sedative, anxiolytic, analgesic,
anesthetic, anti-inflammatory [ 7], antioxidant [8], neuroprotective
[9], antimicrobial [10], and antitumor agent. In this sense, linalool
could be used as a mono-drug agent [4,11,12] or combined with
traditional drugs to potentiate the anticancer effects [13].

Despite their proven chemopreventive and chemotherapeutic
efficiency, monoterpenes show poor water solubility, high volatil-
ity and require relatively elevated doses to fit inside the therapeutic
window, which has limited their use in regular therapies. Some
solubilizing agents, such as dimethyl sulfoxide (DMSO), usually
improve their bioavailability but can also elicit cell toxicity, and
harmful undesirable side effects can be found after prolonged expo-
sure [14].

To overcome these drawbacks, several drug delivery systems
have been proposed [15]. Among them, solid lipid nanoparticles
(SLN) are colloidal carrier systems widely use since the 1990s
for the encapsulation of lipophilic compounds as an alternative
to traditional colloidal carriers, such as emulsions, liposomes and
polymeric nanoparticles [16,17]. The main advantages of SLN
include a good physical stability, controlled drug release profile,
surface modification ability/capability in order to improve cell-
targeting, and protection of drugs from environmental degradation.
Also, they are nontoxic, biocompatible, and can be prepared at lab-
oratory or large scale [18-20]. The SLN can be designed for oral,
transdermal and intravenous administrations with the advantage
that their particular structure favors their intratumoral accumu-
lation [16]. It was demonstrated that the encapsulation of LN in a
nanostructured lipid carrier improves the pharmacokinetic param-
eters and increases its bioavailability compared with the free drug
[15].

The aim of the present study is the design of linalool-loaded SLN
composed of different lipids, i.e., myristyl myristate, cetyl esters or
cetyl palmitate, in order to obtain high encapsulation efficiencies,
a controlled release profile of LN, narrow size particle distribu-
tion and stability during storage. The SLN were characterized by
biophysical methods (TEM, DLS, FTIR, XRD, TGA, DSC), and the anti-
tumoral activity of the developed formulations was tested against
human lung- and liver-derived tumor cell lines.

2. Materials and methods
2.1. Materials

The lipids myristyl myristate, cetyl esters and cetyl palmitate
(Crodamol™ MM, SS, and CP, respectively) were kindly donated by
Croda (Argentina). Linalool (purity > 95%), 3—(4,5—dimethglthiazol—
2-yl)-2,5-diphenyltetrazolium bromide (MTT), Pluronic” F68, and
3,3’-dioctadecyloxacarbocyanine perchlorate (DiOC18) were pro-
vided by Sigma-Aldrich (Buenos Aires, Argentina). Other reagents
were of analytical grade from available commercial sources and
used as received from Merck (Darmstadt, Germany) or similar
brand.

2.2. Preparation of solid lipid nanoparticles

SLN containing linalool (LN) were prepared by sonication [21].
Briefly, 400 mg of lipids (2.0%, w/v) was melted in a water bath at

60-70° C and mixed with 500 pl of LN. After 10 min, a hot aque-
ous solution (20 ml) containing 3.0% (w/v) of Pluronic”F68 was
added to the lipid phase. Immediately, the mixture was sonicated
for 30 min (50% amplitude) using an ultrasonic processor (130W,
Cole-Parmer, USA) equipped with a 6 mm titanium tip. Then, the
dispersion was cooled at room temperature and stored at 5°C.

2.3. LN detection

Linalool detection was performed by UV-vis spectroscopy. Two
wavelengths at Aax1 =233 nm (intense, but with interference) and
Amax2 =275 nm (weak, but stable) were found. LN calibration curves
were performed in the range from 1.0 to 30.0 mg/ml dissolved in
90% ethanol at the two selected wavelengths (Fig. S1).

2.4. Measurement of loading efficiency

The volume of the formulation was measured after finishing
the preparation, and the concentration of free LN was determined.
Briefly, samples of 500 .1 were transferred to an ultrafiltration cen-
trifugal device (MWCO 10,000, Microcon, Millipore, MA, USA) and
centrifuged at 5000 x g at 5 °C for 10 min. The filtrate was ten times
diluted in ethanol and the non-encapsulated LN was measured by
UV-vis spectroscopy (Amax =275 nm). The encapsulation efficiency
(EE) was calculated as follows:

(Qo — (Cr x V))X 100
Qo

where Qg is the initial amount of LN, Cr is concentration of LN in
the filtered solution, and V is the final volume after preparation.

EE(%) = (1

2.5. Particle size, zeta potential (Z pot) and polydispersity index
(PDI)

The mean diameter and size distribution were measured by
photon correlation spectroscopy (Nano ZS Zetasizer, Malvern
Instruments Corp., UK) at 25°C in polystyrene cuvettes with a
path length of 10 mm. The zeta potential was determined by laser
Doppler anemometry also using the Nano ZS Zetasizer. Measure-
ments were performed in capillary cells with path lengths of
10 mm, using deionized water obtained from a Milli-Q system. Also
the PDI value was determined. All the measurements were carried
out in triplicate.

2.6. Physical stability

The physical stability of the nanoparticle dispersion was evalu-
ated by examining changes in mean particle size, Z pot, PDI and EE
during storage at 4°C and protected from light.

2.7. Release studies

Molecular release experiments were performed using a dialy-
sis membrane (MWCO 10 kDa, Spectra Pore, USA). The membrane
was soaked in distilled water for 24 h and filled with 3.0 ml of each
formulation (LN loaded SLN: MM, SS and CP) followed by incuba-
tion in 30 ml of 10 mM phosphate buffer (pH 7.4) with 10% (v/v)
ethanol at 37°C and 150 rpm [22,23]. Every 1h, samples of 10 ml
were withdrawn, and LN concentration was measured at 275 nm
using a UV-vis spectrophotometer (Shimadzu, Japan). Then, the
vial was replenished with 10 ml of fresh media to keep a constant
release volume.
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2.8. Microscopic studies

2.8.1. Optical microscopy (OM)
Optical microscopy observations of the nanoparticles were per-
formed in a Leica DM 2500 microscope (Germany).

2.8.2. Transmission electron microscopy (TEM)

The nanoparticle dispersion was ten times diluted with ultra-
pure water, and a drop of the dispersion was spread onto a
collodion-coated Cu grid (400-mesh). Liquid excess was drained
with filter paper, and for contrast enhancement a drop of phospho-
tungstic acid was added to the SLN dispersion. Finally, TEM analysis
was performed using Jeol-1200 EX II-TEM microscope (Jeol, MA,
USA).

2.9. Fourier transformed infrared spectroscopy (FTIR)

The FTIR spectra of the samples were scanned in the range of
450-4000 cm~! at a resolution of 2 cm~! (JASCO FT/IR- 4200 spec-
trometer) with background correction at 256 number scans, against
a high energy ceramic source and DLATGS detector. Pellets were
prepared by mixing the samples at 5% (w/w) with potassium bro-
mide (KBr, Pike Technologies).

2.10. Differential scanning calorimetry (DSC) analysis

The thermal properties of linalool, SLN-CP, SLN-SS, SLN-MM and
LN-loaded nanoparticles were determined by differential scanning
calorimetry (DSC Q100 V9.9 Build 303) under nitrogen atmosphere.
Scans were carried out at a heating rate of 10°C min~! in the tem-
perature range from 0°C to 250 °C (modulate mode).

2.11. Thermo-gravimetric analysis (TGA)

TGA was conducted to study the thermal stability of linalool,
SLN-CP, SLN-SS, SLN-MM and LN loaded nanoparticles. TGA data
were obtained using a thermo-gravimetric analyzer (TGA-50 Shi-
madzu, Japan). Samples of 5.0-10.0 mg were accurately weighed in
aluminium pans, and the TGA measurements were conducted at a
heating rate of 10°Cmin~! under nitrogen atmosphere.

2.12. X-ray diffraction (XRD)

X-ray diffraction patterns were taken on PANalytical X‘Pert PRO
diffractometer equipped with an X-ray source (Philips PW 1830,
PANalytical BV, the Netherlands) using CuKa radiation at 40 kV
and 40 mA. Diffraction patterns were collected over the 26 range
of 5°-75° with an acquisition time of 1 s at each step of 0.02°. Scat-
tering angles were transformed into short spacings using Bragg’s
equation: 2d (equipped with X-ray source (Philips PW 1830, PAN-
alytical BV) using CuK measurement.

2.13. Cytotoxicity

HepG2 (human liver carcinoma cells) and A549 (human alveo-
lar adenocarcinoma basal epithelial cells) cell lines were obtained
from the American Type Culture Collection (ATCC). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Invitrogen Corporation, USA) supplemented with 10% FBS (Nato-
cor, Cérdoba, Argentina) and antibiotics (100 U/ml penicillin and
100 wg/ml streptomycin; Gibco, Invitrogen Corporation, USA) in
a humidified incubator at 37°C under 5% CO, atmosphere. Cell
viability was determined by the MTT assay [24]. A549 (4 x 103)
and HepG2 (5 x 103) cells were seeded in a 96-well plate and
incubated for 24 h under standard conditions. Then, the medium
was discarded and replaced with different concentrations of blank

SLN, free LN (dissolved in DMSO) or LN-loaded SLN in serum-free
DMEM (final concentration of DMSO below 0.1%) for 24 h and 48 h.
The medium was removed, and 100 .l of MTT solution (0.5 mg/ml
MTT in supplemented DMEM medium) for 3 h. Later, the MTT
solution was discarded, and the resulting formazan crystals were
dissolved in 150 pl DMSO. The plates were shaken for 10 min, and
the absorbance was read at 560 nm, and at 640 nm for background
subtraction, in a microplate reader (Beckman Coulter DTX 880 Mul-
timode Detector). Cell viability was expressed as a percentage of the
untreated control (100% survival).

2.14. Cellular uptake

The cellular uptake of SLN was studied by incorporation of the
green fluorescent dye DiOC18 (484/501 nm) to the nanoparticles.
Briefly, 1.0 mg of the lipophilic tracer was mixed with the melted
lipid phase (at 70°C) until total dissolution and protected from
light. The nanoparticles were prepared as previously described by
addition of Pluronic F68 and sonication for 30 min at 50% potency.
As a result, the dye was 100% encapsulated into the SLN.

The cellular uptake of fluorescent-labeled SLN was evalu-
ated by fluorescence microscopy. A549 and HepG2 cells were
plated onto cover slides of six-well plates at a density of
4x10° and 5 x 10° cells per well, respectively. After 24 h, cells
were treated with serum-free DMEM containing 0.3 mg/ml SLN-
MM-DiOC18 (0.75 pg/ml DiOC18) for 1, 2, 4, 8 and 24h. After
then, cells were washed three times with 2.0ml PBS, fixed
with paraformaldehyde 4.0% for 30 min at room temperature
and mounted with ProLong® Gold Antifade Reagent with 4/,6-
diamidino-2-phenylindole dihydrochloride (DAPI, 350/470 nm) for
nuclear staining (Life Technologies, Carlsbad, CA, USA). Slides
were examined under an Olympus BX51 fluorescence microscope
(Tokyo, Japan) equipped with an Olympus DP70 digital camera,
and the images were analyzed using ImagePro Plus v. 5.1 software
(Media Cybernetics, Silver Spring, MD, USA).

2.15. Statistical analysis

Experimental data are expressed as the means + SD. Statistical
analysis was performed through the use of the one-way analysis
of variance (ANOVA) and the Tukey-Kramer multiple-comparison
test with the significance level set at p <0.05 or the unpaired t-test.

3. Results
3.1. Linalool encapsulation into SLN

Encapsulation of LN into SLN was performed by dissolution of
the monoterpene in the molten lipid phase and emulsification by
the ultrasonication method [25]. The encapsulation efficiency was
high for all tested formulations, reaching values of 92, 80 and 91%
for SLN composed of MM, SS and CP, respectively (Table 1).

The potential changes in the initial EE of the SLN formulations
due to crystallization of the lipid phase during storage were fol-
lowed for one month at 5°C. All the SLN-LN formulations were
highly stable during the tested period and no significant changes
in the EE values after 24 h, one week and 30days (p > 0.05) were
observed. These results suggest not only a good incorporation of
LN into the lipid matrix, but also good stability by nanostructura-
tion of the nanoparticles. The nanostructuration of SLN is based
on the presence of the monoterpene phase that reduces the crys-
talline degree of the solid lipids [26]. The final LN concentrations
were reported in Table 1 to be considered for further dilutions in
citotoxicity assays.

Optical microscopy was used to detect the presence of
nanoparticles after immediate preparation of the different SLN for-
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Table 1
Encapsulation efficiency (EE) of Linalool in the different solid lipid nanoparticle formulations. Data are mean+ SD (n=3).

SLN Melting point* (°C) EE(%) Final LN concentration
Initial 24 h 7 days 30days

MM 41 92.1+8.1 93.6+7.4 87.0+7.5 94.8+5.6 159.8 +£6.5

SS 45 80.0+8.0 82.3+45 79.4+6.2 81.7+3.5 159.9+7.7

CcP 53 90.6+5.6 87.7+49 829458 92.8+24 149.0+2.8

*Of the pure lipid.

mulations. It was possible to observe the presence of nanoparticles
as small dots in a narrow size distribution, confirming the develop-
ment of a stable nanoemulsion (image not shown).

3.2. Nanoparticle morphology and size distribution

The SLN morphologies and size distributions were analyzed by
TEM (Fig. 1). The SLN-MM formulation showed nanoparticles with a
size smaller than 200 nm, and after the incorporation of LN, a signif-
icant decrease in size was observed. Furthermore, the presence of
structures smaller than 50 nm, which can be produced by micelle
formation between the surfactant and the non-encapsulated LN,
was detected. A similar behavior was observed for the SLN-SS and
SLN-CP formulations with the presence of nanoparticles mainly in
the range of 100-200 nm and also a small fraction of nanoparti-
cles with a diameter smaller than 50 nm. The SLN images showed
spherical structure as expected for SLN systems.

In order to determine the size and distribution of the different
SLN formulations, the mean particle size, polydispersity index (PDI)
and zeta potential (Z pot) were analyzed by DLS (Table S1).

It was observed that the increase of the lipid melting point
(MP) can be correlated with the increase in the mean diameter of
nanoparticles under our experimental conditions data not shown).
Also, the incorporation of LN into the SLN decreases SLN sizes by
22%, 27% and 21% for MM, SS and CP, respectively. Furthermore,
a linear relationship between the increase in the lipid MP and the
decrease in the PDI values was observed. A similar trend between
the MP and the Z potential of nanoparticles was found (data not
shown). Among the different formulations, SLN-MM exhibited the
smallest diameter (118 nm and 92 nm for empty and LN-loaded
SLN, respectively), but SLN-CP showed the lowest PDI values, indi-
cating a narrow size distribution. In all cases, the incorporation of
LN not only reduces the nanoparticle size but also the PDI values
and the Z-potential (Table S1).

3.3. Physicochemical characterization of SLN-LN

The DSC curves of linalool, nanoparticles and LN-loaded SLN
are displayed in Fig. 2. Linalool showed an intense endothermic
peak at 159°C, attributed to the decomposition and volatilization
of monoterpene [27]. The DSC profile of SLN-MM exhibited two
endothermic peaks at 38°C and 45°C, which correspond to the
melting of the solid lipid [28]. Also, a degradation peak (exothermic)
appeared at around 132 °C. The incorporation of LN into the lipid
matrix produced some effects on the thermogravimetric behavior.
A displacement of about 1-2° was observed in the first endother-
mic peaks, but the most relevant change was clearly seen in the
exothermic peak, shifting the degradation process at 142 °C. SLN-SS
nanoparticles showed smaller shifts after LN incorporation, and the
main peak was endothermic and observed in the range of 46-48 °C,
which can be attributed to the melting point of the pure raw mate-
rial. In the case of SLN-CP an endothermic peak at 52 °C may result
from the melting of the lipid matrix but no peak shift after LN
incorporation was found. Besides, a slight shift in the degradation
(exothermic) peak at 147 °C was observed. In all cases, the sharp
endothermic peak was absent in the range of volatilization of pure

LN, which can be explained considering the dissolution of LN in the
molten lipid during encapsulation [25]. Also, the changes in lipid
matrix after loading suggest modifications of the polymorphic state
of the lipid from crystalline to amorphous, which may enhance the
drug accommodation associated with high drug encapsulation [29].

TGA analysis was performed in order to visualize changes in the
thermal properties of nanoparticles due to linalool incorporation
(Figure S2 and Table S2).

LN suddenly began to degrade in the range of 32 °Cto 150°C, the
decomposition ending at 250 °C. On the other hand, in the three SLN
formulations (MM, SS and CP) the mass-loss event began at temper-
atures above 146 °C, 152 °C and 174 °C, respectively, following the
trend observed in their respective melting points. The incorpora-
tion of LN clearly changed the thermal properties of SLN, indicating
the presence of monoterpene dispersed into the lipid matrix. A
reduction in the starting peak of mass loss temperature at 63 °C,
39°C and 51°C was observed for SLN MM-LN, SLN SS-LN and SLN
CP-LN, respectively. These results indicate not only the effective
encapsulation of LN into all SLN tested, but also suggest a reduction
in the crystalline degree of nanoparticles, since the melting of sub-
stances in a less-ordered arrangement requires much less energy
than the crystalline structures that need to overcome lattice forces
[30].

The FTIR analysis of the samples was carried out to elucidate
potential interactions between the cargo and the matrix (Fig. 3).
Linalool showed absorption bands at 3410cm~1, 2974cm~! and
2930cm~!, which are attributed to the O—H stretching vibrations,
the C—H stretching and the C—H aliphatic bands. Also, some peaks
were observed at 1844cm~1, 1642 cm~! (C=C stretching vibration
of theallyl group), 1451 cm~! and 1000 cm~! (C—O stretching band)
[27].

Solid lipid nanoparticles (SLN-MM, SLN-SS and SLN-CP)
showed characteristic peaks in the range of 2915-2918 cm~! and
2848-2849cm~! due to the v,c—y and vsc—y in CH2 vibration
modes, respectively. Other bands related to the ester structures
were observed in the region of 1731-1735cm™! (v g in ester);
1464-1466 cm-1 and 1342cm-1 (8 -y in CH2) [25]. The band
ranging from 1103 to 1114cm™! could be assigned to the vc—g—c
stretching vibrations of —OCH,CH, residues repeated along the
Pluronic F68 structure [31].

The IR spectrum of LN-loaded SLN was also determined. For SLN-
MM-LN formulation, a shift of 4cm~! was observed for the peak
related to the § .y in —CH, of the ester structure (1464cm™1)
and another shift of 9 cm~1 for the band associated with the struc-
ture of Pluronic F68 (C—O—C stretching vibrations at 1103cm™1).
SLN-SS-LN also exhibited a displacement (5cm~1) in the peak at
1106cm~! (due to Pluronic vibrations) in addition to a strong
shift in the band associated with the O—H stretching vibrations (at
3361 cm~1). On the other hand, LN-loaded SLN—CP nanoparticles
showed a shift of 5cm~! in the peak of Pluronic (at 1114 cm~') and
of 6cm~! in the band at 2918 cm~! (v 5c—y). Other smaller peak
shifts (from 1 to 3cm~!) were observed after LN incorporation,
suggesting the presence of weak interactions between LN and the
lipid matrixes, possibly by the formation of hydrogen bonds and/or
hydrophobic interactions. The displacement in the Pluronic F68
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Fig. 1. TEM images of MM, SS and CP SLNs: empty (left) and LN loaded (right).

band (mainly located at the surface) could be due to the presence of
non-encapsulated LN that forms micelles with the surfactant [32].

The X-ray diffraction technique was employed to confirm the
solid crystalline structure of SLN and to identify the polymor-
phism of the lipid matrix after preparation and LN incorporation
(Fig. S3). It was previously established that fats can crystallize in
three main polymorphic forms, in which the « form is unstable,
the B is the most stable, and the Bi is a metastable form that
still possesses disorder regions and maintains a partial amorphous
state [33]. The solid lipid nanoparticles of different lipid nature
(MM, SS and CP) prepared by the sonication method showed a
mixture of polymorphs, displaying characteristic short spacing at

0.46/0.38/0.37 nm (typical of the 3 modification) and 0.42/0.38 nm
(Bi form) [34]. The SLN of MM exhibited sharp peaks at 2&z.Theta;
scattered angles of 19.1°, 20.7°, 21.6°, 23.3° and 23.9°, confirming
the lipid crystalline nature. The incorporation of LN produced slight
changes in those peaks, but the absence of the peak at 20.7° sug-
gests the modification of the crystal structure due to a less ordered
matrix. In the case of SLN-SS, a similar pattern was observed with
peaks at 19.1°, 21.4°, 23.3° and 23.6° for empty nanoparticles, but
the last two peaks fused when LN was encapsulated, which suggests
a predominance of the 31 architecture. Finally, the SLN-CP diffrac-
tion pattern displayed the same typical structure, with peaks at
19.1°, 21.6°, 23.3°, and a weak peak at 23.8°. After LN incorpora-
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Fig. 3. FTIR analysis of Linalool (LN), solid lipid nanoparticles (SLN) and LN loaded SLN.

tion, the same peaks were observed, but the intensity of the peak
at 23.8° increased, indicating a transition from the metastable form
(B1) to the more stable 3 polymorphism. However, this transition
was incomplete since the peak at 0.42 nm still remained detectable.

The observed patterns were characteristic of complex triglyc-
eride mixtures showing different polymorphic forms in the same
sample [35]. It is important to establish the crystalline structure of
lipid nanoparticles since the release properties of the encapsulated
drugs and the stability during storage are significantly influenced.
Particularly, complete transitions from [’ to 3 forms indicate a
higher crystal order packing, and hence could lead to a not desirable
faster drug expulsion [36].

3.4. Release studies of LN from SLN

The release profiles of LN from the SLN formulations were eval-
uated at neutral pH and 37°C, simulating the physiological media
of the body (Fig. 4). SLN containing LN showed a biphasic behavior
with a fast initial release during the first 6 h, followed by a slow
release afterwards. In all cases, the LN controlled release profiles
remained for at least 72 h (Fig. 4).

One of the factors contributing to the initial fast release could
be attributed to the presence of free LN (non-entrapped) that could
be solubilized by the surfactant micelles. Another factor could be
the location of encapsulated LN near the surface of nanoparticles.
Results also suggest a nanostructuration of the matrix due to the
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Fig. 4. Release profile of LN from SLN formulations at pH 7.4. The experimental values are the mean +SD, n=3).

incorporation of monoterpene. The presence of liquid lipids within
the solid lipid produced an imperfect crystal lattice, causing high
mobility of the loaded molecules and subsequently increasing the
drug diffusion outside the nanoparticle [26].

3.5. Cytotoxicity assay

In order to analyze the potential benefits of LN encapsulation,
the antiproliferative activity of free and linalool-loaded SLN was
evaluated on two different cancer cell lines (HepG2 and A549 cells).
Cells were treated with a range of LN concentrations (0.5-2.0 mM)
for 24 and 48 h based on results obtained previously [11]. First, cell
survival was assessed in the presence of the different formulations
of unloaded SLN at different concentrations (0.15-0.30 mg/ml)
equivalent to those for SLN-LN (1.0-2.0 mM LN). It was observed
that cell viability was affected depending on the nature of the
lipid matrix. Meanwhile, the myristyl myristate and cetyl ester
based nanoparticles showed no toxicity in the range of concentra-
tions evaluated, but those synthesized with cetyl palmitate resulted
cytotoxic in both cell lines (Table 2). The cytotoxicity results for
SLN-CP are in agreement with previous reports elsewhere for other
cell lines [37,38]. The MTT assay showed that free LN, as expected,
as well as SLN-MM-LN and SLN-SS-LN suppressed HepG2 and A549

Table 2

cell proliferation in a concentration- and time-dependent manner.
However, no differences in cell survival were observed between LN-
loaded and unloaded SLN at concentrations up to 1.0 mM (Fig. 5).

In A549 cells, only SLN-MM-LN exhibited higher cytotoxicity
than free LN. This phenomenon was observed at 1.5 and 2.0 mM,
and potentiated in a time-dependent manner, significantly enhanc-
ing antitumoral activity between 11% and 15% (Fig. 5a). On the other
hand, both SLN-MM-LN and SLN-SS-LN improved the inhibitory
efficiency of free LN in HepG2 cells. The most outstanding results
were observed for SLN-MM-LN (2.0 mM, 48 h), where LN-loaded
nanoparticles showed stronger anticancer activity than free LN,
inhibiting cell growth by 76% rather than by 43% as in the last one
(p=0.0005) (Fig. 5b).

3.6. Cellular uptake of SLN

In order to evaluate the cellular uptake, the highly hydropho-
bic fluorescent probe DiOC18 was selected for labeling myristyl
myristate SLN. The fluorescent probe was 100% encapsulated, and
no release was observed under the experimental conditions tested
(data not shown). HepG2 cells and A549 cells were incubated with
labeled SLN for 1, 2, 4, 8 and 24 h and analyzed by fluorescence
microscopy (Fig. 6).

Cytotoxicity of empty SLN formulations. Data are expressed as the means & SD (n=3). Significant differences at p<0.05 (*), p<0.01 (**), p<0.001 (***) levels vs. control

untreated cells (ANOVA test).

SLN formulation Concentration (mg/ml)2.1.2.4 2.1.2.4

Cell viability (%)

HepG2 A549
24h 48h 24h 48h
0.15 114.7+13.8 130.0+11.7* 101.7 £7.4 101.0+4.8
MM 0.23 103.1+8.1 1203+13.9 1154 £7.0 103.5+5.1
0.30 114.9+638 111.7+£10.6 1145+7.6 98.3+2.5
0.15 59.9+7.4** 78.9+7.5% 84.6+10.0 81.4+7.3*
cp 0.23 52.1+£7.9%* 66.9+12.6% 65.1+£8.4" 724+7.7%
0.30 58.7 £8.5** 71.5+£3.7%* 53.7+£52% 66.9+5.1*
0.15 123.6+16.6 120.7 +11.4* 110.7£12.0 99.3+4.8
ss 023 113.4+£21.2 124.5+9.3* 105.7£10.3 92.6+6.1
0.30 118.8+14.6 121.8+7.7% 110.6+5.9 102.7+9.5
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Fig. 5. Cytotoxicity assay of LN-loaded SLN formulations in HepG2 and A549 cells. Concentration-dependent cytotoxicity of free and loaded-SLN linalool in HepG2 (a) and
A549 (b) cells for 24 h and 48 h. The control bars for the blank SLN formulations correspond to the maximum concentration evaluated (0.3 mg/ml). Data are expressed as the
means + SD of three independent experiments performed in at least triplicate; (*) p<0.05, (**) p<0.01, (***) p<0.001 vs. the same treatment with free linalool.

The cellular uptake of SLN occurs in a time-dependent man-
ner. As was also observed in living cells under inverted florescence
microscope (data not shown), the fluorescence signal began to be
detectable after 1h incubation in A549 cells, and SLN penetration
kinetics was evident in time, reaching a maximum at 8 h, when
the green signal was predominantly cytoplasmic (Fig. 6a). A sim-

ilar behavior was noticed for HepG2 cells, but in this case, the
fluorescent label was slightly evident after 2 h treatment, and the
maximum intensity was reached after 24 h (Fig. 6b). This is a very
interesting result since it demonstrates the ability of SLN to pene-
trate into the cell and transport the loaded drug to the cytoplasm
region similarly as previously reported [39]. It also reveals differ-
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ences in the metabolism of each cell type, since the incorporation
of SLN by A549 cells was faster than in HepG2 and it was in con-
cordance with the cell proliferation rate commonly found for these
cell lines [4,11,12].

4. Conclusions

High encapsulation of LN into solid lipid nanoparticles was suc-
cessfully achieved in three different formulations: MM, SS and CP
matrices, which becomes an interesting approach to improve the
bioavailability of monoterpene and also avoid the use of toxic vehi-
cles such as DMSO. Nanoparticles with a mean size around 100 nm
and a narrow size distribution were able to release LN in a con-
trolled release manner. The formulations were stable for at least
30days kept at 5°C and protected from light.

The physicochemical analysis revealed the good incorporation
of LN into the lipid carriers, and weak interactions between the
components were established, changing the thermal and struc-
tural properties of empty lipid nanoparticles. The results suggest
a nanostructuration of the SLN after LN incorporation due to the
properties of the natural isoprenoid in the matrix crystal structure.

The cytotoxic effect of LN on human lung- and liver-derived
tumor cells (A549 and HepG2, respectively) was exacerbated when
it was incorporated into SLN at concentrations higher than 1.0 mM
in a dose/time manner. This is an interesting approach to enhance
the antitumoral activity of novel or common drugs currently
used in cancer therapy. In addition, to potentiate the therapeutic
treatments while reducing the undesirable side effects, combined
encapsulation with monoterpenes and conventional drugs is under
study.

Finally, the present study demonstrates the uptake of the devel-
oped nanoparticles to be intracellular and opens the gate to explore

DAPI SLN-MM-DiOC18 MERGE

Fig. 6. Cellular uptake of DiOC18- loaded myristyl myristate SLN in A549 (a) and HepG2 (b) cells. Fluorescence microscopy was used to monitor the cellular uptake of labeled
nanoparticles (green) at different time points (1-24 h). Nuclei were stained with 4,6-diamino-2-phenylindole DAPI (blue). Representative images of triplicate experiments
are shown. Magnification 600 x. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

new synergistic effects by delivering hydrophobic drugs, (e.g., some
anticancer drugs) into SLN in an efficient manner.
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