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1. Introduction

ABSTRACT

Natural bioactive compounds have been studied for along time for their chemopreventive and therapeutic
potential in several chronic inflammatory diseases, including cancer. However, their physicochemical
properties generally result in poor chemical stability and lack of in vivo bioavailability. Very few human
clinical trials have addressed absorption, distribution, metabolism, and excretion of these compounds in
relation to efficacy. This limits the use of these valuable natural compounds in the clinic.

In this study, we examined caffeic acid (derivatives), carvacrol (derivatives), thymol, pterostilbene
(derivatives), and N-(3-oxo-dodecanoyl)-I-homoserine lactone. These are natural compounds with strong
anti-inflammatory properties derived from plants and bacteria. However, these compounds have poor
water solubility or are chemically unstable. To overcome these limitations we have prepared liposomal
formulations. Our results show that lipophilic 3-0x0-C;2-homoserine lactone and stilbene derivatives
can be loaded into liposomal lipid bilayer with efficiencies of 50-70%. Thereby, the liposomes solubi-
lize these compounds, allowing intravenous administration without use of solvents. When compounds
could not be loaded into the lipid bilayer (carvacrol and thymol) or are rapidly extracted from the lipo-
somes in the presence of serum albumin (3-0x0-C;2-homoserine lactone and pterostilbene derivatives),
derivatization of the compound into a water-soluble prodrug was shown to improve loading efficiency
and encapsulation stability. The phosphate forms of carvacrol and pterostilbene were loaded into the
aqueous interior of the liposomes and encapsulation was unaffected by the presence of serum albumin.
Chemical instability of resveratrol was improved by liposome-encapsulation, preventing inactivating
cis—trans isomerization. For caffeic acid, liposomal encapsulation did not prevent oxidation into a vari-
ety of products. Still, by derivatization into a phenyl ester, the compound could be stably encapsulated
without chemical degradation.

Despite the instability of liposome-association of 3-0xo0-C;,-homoserine lactone and resveratrol, intra-
venous administration of these compounds inhibited tumor growth for approximately 70% in a murine
tumor model, showing that simple solubilization can have important therapeutic benefits.

© 2011 Elsevier B.V. All rights reserved.

to have chemopreventive and therapeutic properties in several
chronic inflammatory diseases (Nobili et al., 2009; Pan et al.,

Nature’s chemical diversity and complexity form a unique
source of molecules for a wide range of therapeutic targets (Balunas
and Kinghorn, 2005). Several natural compounds are long known
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2009). These agents generally target multiple signal transduc-
tion pathways and broadly modulate gene expression resulting
in a wide-ranging spectrum of anti-inflammatory, antioxidant,
immunomodulatory, pro-apoptotic, and anti-angiogenic activities
(Guptaetal., 2010; Kimura, 2006; Pan et al., 2009). In the past, these
agents have been chemically modified to increase the potency of
the pharmacophore and increase the specificity of the molecule.
At present, it seems that we are experiencing a countermovement
where the natural compounds are appreciated because of their
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Fig. 1. Structural formulas of natural compounds used in this study with corresponding calculated pKa and log p values (MarvinView 5.3.2, ChemAxon Ltd.).

broad spectrum of activities making them more appropriate to
interfere in multifactorial diseases, such as cancer (Balunas and
Kinghorn, 2005; Harvey et al., 2010; Kimura, 2006).

In addition, compared to synthetic compounds, natural bioac-
tive compounds generally have better safety profiles, are well
accepted by the public (opinion) and are usually relatively cheap
(Gupta et al., 2010). However, their physicochemical properties are
generally not drug-like. In addition, the lack of human clinical trials
that address their absorption, distribution, metabolism, and excre-
tion in relation to efficacy, pose a number of challenges that need
to be overcome for their establishment as effective therapeutics
(Gupta et al., 2010; Nobili et al., 2009; Shoji and Nakashima, 2004).

First of all, some natural compounds tend to be biolog-
ically unstable and prone to degradation or oxidation (Shoji
and Nakashima, 2004). For example, caffeic acid, an abundantly
present phenolic acid in fruits, wine and coffee, is described
to be rapidly oxidized into several oxidation products (Arakawa
et al., 2004). Besides chemical stability, drug solubility is an
issue since most natural therapeutic agents have limited water
solubility (Shoji and Nakashima, 2004). Third, limited distribu-
tion to target sites and poor bioavailability are additional factors
complicating the use of natural compounds in a clinical setting
(Shoji and Nakashima, 2004). Finally, because of their modest
potency, relatively high local drug concentrations are required
for an effect. Carvacrol, thymol, resveratrol, pterostilbene, N-(3-
oxo-dodecanoyl)-l1-homoserine lactone, caffeic acid and caffeic acid
phenethyl ester are examples of natural compounds that have no or
low water solubility, but have known anti-inflammatory properties
(structural formulas are provided in Fig. 1).

In this study, we take advantage of liposomes to improve the
solubility, stability and bioavailability of these compounds, there-
fore addressing the particular challenges associated with each of
these natural agents.

2. Materials and methods
2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC), egg-phosphatidyl-
choline-35 (EPC-35) and poly(ethyleneglycol)-2000-
distearoylphosphatidylethanolamine (PEGyggo-DSPE) were a
generous gift from Lipoid GmbH (Germany). Cholesterol, caffeic
acid, caffeic acid phenethyl ester (CAPE), carvacrol, N-(3-oxo-
dodecanoyl)-I-homoserine lactone (3-0x0-Cq2-HSL), thymol,
bovine albumin (BSA) in cross-linked 4% beaded agarose and triflu-
oroacetic acid (TFA) were provided by Sigma-Aldrich (Germany).
Resveratrol was purchased from Chengdu Biopurify Phytochemi-
cals Ltd. (China). Pterostilbene disodium phosphate and carvacrol
disodium phosphate were synthesized by Syncom BV (Groningen,
The Netherlands). Sodium chloride, sodium hydroxide, ammo-
nium acetate, acetic acid and sodium dihydrogen phosphate were
provided by Merck (Germany). Methanol and acetonitrile (ACN)
were purchased from Biosolve (The Netherlands). Citric acid and
disodium hydrogen citrate were provided by Fluka. Phosphate
buffered saline (PBS) was purchased from B. Braun (Melsungen),
perchloric acid (PCA) from Mallinckrodt Chemicals (Belgium), and
HEPES from Acros Organics (Belgium). Methanol (MeOH; LC-MS
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Chromasolv), formic acid (LC-MS grade), ammonium hydrox-
ide solution (NH40H; 25%, LC-MS grade) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water was produced
by a Synergy UV water delivery system from Millipore (Billerica,
MA, USA).

2.2. Liposome preparation

2.2.1. Preparation of liposomes encapsulating natural compounds

Depending on the solubility of the different compounds in aque-
ous solutions, incorporation of the drug was either obtained in
the aqueous core (caffeic acid, carvacrol phosphate, pterostilbene
phosphate) or within the lipid bilayer (CAPE, carvacrol, 3-0x0-Cq5-
HSL, thymol, resveratrol).

Liposomes were prepared by the lipid film hydration method.
Appropriate ratios of lipids and compounds for entrapment in the
bilayer were dissolved in ethanol. A lipid film was formed by rotary
evaporation (Buchi, Switzerland) and flushed with a stream of
nitrogen until dryness. The lipid film was hydrated at 50 °C with
PBS or a solution of a natural compound in water to form lipo-
somes. Liposome size was reduced by sequential extrusions steps
(Lipex high pressure extruder, Northern Lipids) through polycar-
bonate membranes (Whatman, Nuclepore) of different pore sizes
and with a final pore size of 100 nm or 50 nm. The mean particle size
and polydispersity of the liposomal dispersions were determined
by dynamic light scattering (DLS) using a Malvern ALV CGS-3 sys-
tem, with a scattering angle of 90° at 25 °C. Unencapsulated drugs
were removed by dialysis against PBS or 0.9% NaCl in water using
a Slide-A-Lyzer cassette (Thermo Scientific, USA) with molecular
weight cut-off of 10kD at 4°C with repeated changing of dialysis
medium. Total lipid content of the liposomal dispersion was deter-
mined with a phosphate assay described by Rouser et al. (1970),
performed on the organic phase after extraction of the liposomes
with chloroform. Briefly, the destruction of the liposomes with PCA
leads to the formation of an organic phosphate, which in turn can
be quantified by a colorimetric determination. By adding a hexa-
ammoniummolybdate solution, an organic phosphate is converted
to phosphomolybdate acid which is quantitatively converted to a
blue coloured compound due to reduction of ascorbic acid upon
heating. The colour change can be detected using colorimetric anal-
ysis at 797 nm (Shimadzu UV mini 1240).

The amount of drug entrapped in the liposomal formulation
was determined on the aqueous phase after chloroform extrac-
tion or after solubilization of the liposomes in ethanol with, either
High Performance Liquid Chromatography (HPLC, Waters) or Ultra
Performance Liquid Chromatography (UPLC, Waters Acquity UPLC-
TUV system) using a Acquity BEH C18 1.7 um column (2.1 x 50 mm)
(Waters).

2.2.1.1. 3-0x0-Cq-HSL liposomes. 3-0Ox0-Cq,-HSL liposomes were
prepared by entrapment in the liposomal bilayer. DPPC, PEGyggo-
DSPE and cholesterol were dissolved in a ratio of 1.85:0.15:1 in
ethanol. Subsequently, 3-0x0-Cq,-HSL was dissolved in ethanol and
added to the lipid solution to a final molar concentration of 1.7% of
total lipid (TL). Liposomes were formed by film hydration with PBS
and characterized as described above; dialysis was done against
PBS. The amount of encapsulated 3-0x0-C;,-HSL was quantified by
UPLC using Acquity® BEH C18 1.7 um column (2.1 x 100 mm). The
mobile phase consisted of ACN, water and acetic acid (50:50:0.1
(v/v/v)). 3-0x0-C;,-HSL was detected using an ultraviolet detector
set at a wavelength of 210 nm.

2.2.1.2. Resveratrol liposomes. Resveratrol liposomes were pre-
pared by entrapment in the liposomal bilayer. DPPC, PEG,0gp-DSPE
and cholesterol were dissolved in a ratio of 1.85:0.15:1 in ethanol.
Subsequently, resveratrol was dissolved in ethanol and added to

the lipid solution to prepare different liposomal dispersions with
resveratrol with a final molar ratio ranging from 0.3 to 11 mol%
TL. Liposomes were formed by film hydration with PBS and char-
acterized as described above; dialysis was done against PBS. The
amount of encapsulated resveratrol was quantified by HPLC using
XTerra® RP18 5 m column (4.6 x 25 mm). The mobile phase con-
sisted of methanol, ACN, water and acetic acid (75:22.5:2.4:0.1
(v/v/v|v)). Resveratrol was detected using an ultraviolet detector
set at a wavelength of 306 nm (trans resveratrol) and 288 nm (cis
resveratrol).

2.2.1.3. Carvacrol liposomes. Carvacrol liposomes were prepared
by entrapment in the liposomal bilayer. DPPC, PEG,ggo-DSPE and
cholesterol were dissolved in a ratio of 1.85:0.15:1 in ethanol. Sub-
sequently, carvacrol was dissolved in ethanol and added to the lipid
solution to a final molar of 8.1%, 4% and 2% of TL. Liposomes were
formed by film hydration with PBS and characterized as described
above; dialysis was done against PBS. The amount of encapsulated
carvacrol was quantified by UPLC using a mixture of methanol and
water (25:75 (v/v)), brought to pH 2 with TFA as mobile phase.
Carvacrol was detected using an ultraviolet detector set at a wave-
length of 254 nm.

2.2.1.4. Thymol liposomes. Thymol liposomes were prepared by
entrapment in the liposomal bilayer. EPC-35, cholesterol and
PEG3000-DSPE, in a molar ratio of 1.85:1:0.15 respectively were
dissolved in ethanol in a round bottom flask. Subsequently, thy-
mol was dissolved in ethanol and added to the lipid solution to a
final molar of 12.5% of TL. Liposomes were formed by film hydra-
tion with 20 mM Hepes buffer (pH 7.5), 0.8% NaCl and characterized
as described above; dialysis was done against 0.9% NaCl. The lipo-
somes were then filtrated through a 2.0 um filter and extruded.
The amount of encapsulated thymol was quantified by HPLC. The
mobile phase consisted of methanol, water and PCA (75:25:0.1
(v/v[v)). Thymol was detected using an ultraviolet detector set at
a wavelength of 210 nm. A sample of the liposomal dispersion was
taken after preparation of multilamellar liposomes, after filtration,
after extrusion and after dialysis. These samples together with a
sample of the first dialysate were treated as described previously
for thymol quantification by HPLC.

2.2.1.5. Carvacrol disodium phosphate liposomes. Carvacrol dis-
odium phosphate liposomes were prepared by encapsulation in
the aqueous core. DPPC, cholesterol and PEG;(go-DSPE, in a molar
ratio of 1.85:1.0:0.15 respectively, were dissolved in ethanol in a
round-bottom flask. Liposomes were formed by film hydration with
a solution of 50-100 mg/ml carvacrol disodium phosphate in water
and characterized as described above; dialysis was done against
0.9% saline.

The amount of encapsulated carvacrol disodium phosphate was
quantified by UPLC using a mixture of methanol and water (25:75
(v/v)), brought to pH 2 with TFA as mobile phase. Carvacrol dis-
odium phosphate was detected using an ultraviolet detector set at
a wavelength of 254 nm.

2.2.1.6. Pterostilbene disodium  phosphate liposomes. Long-
circulating liposomes incorporating pterostilbene phosphate
disodium salt were prepared by encapsulation in the aqueous
core. DPPC, cholesterol, and PEGyqoo-DSPE, in a molar ratio of
1.85:1.0:0.15 respectively, were dissolved in ethanol in a round-
bottom flask. Liposomes were formed by film hydration of a
40 mg/ml pterostilbene phosphate in 0.9% NaCl and characterized
as described above; dialysis was done against PBS. The amount of
encapsulated pterostilbene phosphate was quantified by HPLC. The
mobile phase consisted of ACN and water (35:65 (v/v)), brought
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to pH 2 with TFA. Pterostilbene phosphate was detected using an
ultraviolet detector set at a wavelength of 312 nm.

2.2.1.7. Caffeicacid liposomes. Long-circulating liposomes incorpo-
rating caffeic acid were prepared by encapsulation in the aqueous
core. DPPC, cholesterol, and PEGqgg-DSPE, in a molar ratio of
1.85:1.0:0.15 respectively, were dissolved in ethanol in a round-
bottom flask. Caffeic acid was solubilized by dropwise addition
of 6 M sodium hydroxide under constant stirring while control-
ling the pH (pH<7.5). Liposomes were formed by film hydration
of a 50 mg/ml caffeic acid solution and characterized as described
above; dialysis was done against PBS.

The amount of encapsulated caffeic acid was quantified by UPLC
using a mixture of methanol and water (25:75 (v/v)), brought to
pH 2 with TFA as mobile phase. Caffeic acid was detected using an
ultraviolet detector set at a wavelength of 324 nm.

2.2.1.8. Caffeic acid phenethyl ester (CAPE) liposomes. Two different
liposome compositions containing CAPE were prepared by bilayer
entrapment. EPC-35, cholesterol and PEG,ggo-DSPE, in a molar ratio
of 1.85:1.0:0.15 respectively, were dissolved in ethanol in a round
bottom flask. Subsequently, CAPE was dissolved in ethanol and
added to the lipid solution to a final molar concentration of 38.6%
and 20.7% of TL. Liposomes were formed by film hydration with
buffered saline and characterized as described above; dialysis was
done against 0.9% saline.

The amount of encapsulated CAPE was quantified by HPLC; the
mobile phase consisted of ACN and water (50:50 (v/v)), with 0.1%
PCA as a modifier. CAPE was detected using an ultraviolet detector
set at a wavelength of 330 nm.

2.3. Stability studies of the liposomal formulations

To study the chemical stability of liposomal drugs at 4°C and
37°C, samples of liposomal 3-0x0-C;,-HSL and liposomal resvera-
trol were placed in the fridge or oven and aliquots were taken at
different time points. These samples were diluted 1:1 in the respec-
tive eluent for HPLC or UPLC, quantified in non-degraded drug and
chromatograms were analyzed for presence of extra peaks.

The physical stability of liposomal 3-0x0-C;,-HSL and liposomal
resveratrol was studied in the presence of albumin (BSA agarose
beads) for 48 h. Resveratrol and 3-oxo-Cq,-HSL liposomes were
added to BSA-SepCL-4B (50%, v/v in PBS) or an equal volume of only
PBS and tubes were kept in a shaking water bath at 37 °Cin the dark.
Aliquots were taken at multiple time points up to 48 h. Samples
were centrifuged at 10,000 x g for 5 min; the supernatant was col-
lected and stored at 2-8 °C until further analysis. The supernatant
was used for the quantification of resveratrol and 3-0x0-C;5-HSL
levels by means of UPLC using the methods previously described.

The photostability of resveratrol in liposomes was studied
by exposing a liposomal dispersion of resveratrol to UV light.
Samples of liposomal resveratrol and resveratrol solution (in the
eluent used for HPLC) were exposed to UV light in a dark cabinet
(5982 mW/cm?, distance to light source 65 mm). Another sample
of resveratrol solution was not exposed to UV light, but kept in the
dark. Aliquots were taken after 0.1, 0.5, 1, 2, 4, 6, 8 and 16 min of
UV light exposure and quantified in amount of trans resveratrol
according to the method previously described.

The chemical and physical stability of carvacrol phosphate
encapsulated liposomes was studied by incubating the liposomes
at 37 °C for 96 h. At a number of time points samples of the liposo-
mal dispersion were taken, carvacrol phosphate was quantified by
means of UPLC using the method described previously and chro-
matograms were examined for presence of extra peaks.

2.4. Induction of cellular HSP70 expression by carvacrol and
carvacrol disodium phosphate

To study the effect of the carvacrol derivative on mammalian
APC, primary murine bone marrow derived dendritic cells (BMDC)
were isolated from the bone marrow of 9-12-week-old BALB/c mice
and cultured for 7 days in the presence of 10 ng ml~! GM-CSF (Cyto-
gen) according to Lutz et al. (1999). BMDC were used on day 8
for in vitro assays. Cells were seeded in 24- or 48-well plates at
1-2ml per well (2 x 108 cells ml~1). Subsequently, cells were incu-
bated overnight with carvacrol, carvacrol-disodium phosphate (0.1
or 0.2 mM) or vehicle (ethanol at a final concentration of 0.2%) at
37 °Cfollowed by FACS analysis of Hsp70 expression as described by
Wieten et al.(2010b). To study the co-inducing capacity of carvacrol
and carvacrol phosphate, the same protocol was followed, however
cells were only incubated with treatments for 2 h. The plates were
then sealed and placed for 1 h in a waterbath preheated at exactly
42.5°C; cells were allowed to recover at 37 °C followed by FACS
analysis.

2.5. Caffeic acid stability study

Caffeic acid solutions were prepared at different pH and kept in
the dark at 4°C or 37 °C. Solutions of the maximal concentration of
caffeic acid in the different buffers were used: 0.2 mg/ml in 120 mM
citrate buffer pH 4, 1.6 mg/ml in 150 mM acetate buffer pH 5.5 and
150 mM phosphate buffer pH 7.2. Samples of each solution were
stored for 35 days in the dark at 4°C or 37 °C. Aliquots were taken
at different time points and stored at —20°C before quantification
of caffeic acid by UPLC.

Caffeic acid degradation products were identified with HPLC
coupled to mass spectrometry (MS) on an 1100 series ion trap MS
equipped with an electrospray source (Agilent Technologies). Com-
pounds were detected as negative ions and identified by their mass
and fragmentation spectrum.

2.6. Murine tumor model

Nude Balb/c female mice (20-25 g) were obtained from Charles
River and kept in standard housing with rodent chow and water
available ad libitum, on a 12 h light/dark cycle. Experiments were
performed in compliance with the national regulations and were
approved by the local animal experiments ethical committee. The
head and neck squamous-cell carcinoma was induced by subcu-
taneous inoculation of 1 x 108 14C-tumor cells, a head and neck
squamous-cell carcinoma line, in the flank of the mice. Tumors
were measured with a digital calliper, and the tumor volume
was calculated according to the formula: V=1/6ma%b, where a is
the smallest and b the largest superficial diameter. When tumors
reached 50-100 mm?3, mice were included in the study, consist-
ing of 6 mice per treatment group. At this time, mice received
3 mg/kg liposomal 3-0x0-Cq,-HSL, 5 mg/kg liposomal resveratrol
or equivalent dose of empty liposomes intravenously via the tail
vein. Injections were repeated each 3 days. All differences between
the overall effects of liposomal treatments on tumor growth were
analyzed by one-way ANOVA using vehicle as a reference. A value
of p<0.05 was considered significant.

3. Results and discussion

In the field of drug discovery and development there has been a
shift in interest from synthetic, high affinity, high potency, highly
selective agents to natural (or natural-based), multiple target, low
affinity and intermediate potency compounds (Harvey et al., 2010).
The multi targeting properties of these natural compounds are



M. Coimbra et al. / International Journal of Pharmaceutics 416 (2011) 433-442 437

attractive characteristics for therapies where a multitude of patho-
physiological pathways are affected, like cancer (Gupta et al., 2010;
Pan et al.,, 2009). At the same time the translation to the clinic is
not straightforward as these molecules suffer from specific short-
comings. Most natural compounds have limited stability as they
are prone to degradation or are highly metabolized to inactive
derivates in circulation (Shoji and Nakashima, 2004). Furthermore,
they generally have a poor solubility and bioavailability (Shoji and
Nakashima, 2004). The use of delivery systems may help overcome
these issues as reviewed recently by Li et al. for the particular case of
traditional Chinese medicine or by Nair et al. for anti-inflammatory
nutraceuticals for the prevention and treatment of cancer (Li et al.,
2009; Nair et al., 2010). Liposomes have been extensively stud-
ied for such purposes and offer the potential to formulate both
hydrophilic and hydrophobic molecules. Furthermore, liposomal
encapsulation of natural compounds can increase drug solubility
and stability, may allow systemic drug administration, and can
enhance drug bioavailability and offer control over the absorp-
tion and distribution profiles (Shoji and Nakashima, 2004). There
are several studies described in the literature, in which liposomal
formulations of natural compounds were prepared to overcome
solubility for in vivo application. One of the most studied natu-
ral compounds is curcumin, a principal component of turmeric,
with potent biological activities but limited value as therapeutic
agent due to poor water solubility and stability, which translate
in low bioavailability (Teiten et al., 2010). Beyond, nanoemulsions,
microspheres, solid lipid nanoparticles, polymeric nanoparticles,
also liposomal formulations of curcumin were developed in order
to increase its circulation time, resistance to metabolic stress and
make it amenable for systemic administration (Teiten et al., 2010).
Several in vitro and in vivo studies have revealed promising results
with curcumin nanoparticles being more biologically active com-
pared to free drug (Chen et al.,, 2009; Mach et al., 2009; Nair
et al,, 2010; Wang et al., 2008). In this study we have specifically
addressed the issues of limited water solubility and chemical insta-
bility of a number of natural compounds by nanoformulation in
liposomes.

3.1. Limited solubility overcome by bilayer solubilization

3-0x0-Cq-HSL has been shown to have immune suppressive,
anti-inflammatory and apoptotic effects in vitro, which can be of
value for the treatment of chronic inflammatory diseases, such as
cancer (Cooley etal.,2008). It is a small signalling molecule secreted
by Pseudomonas aeruginosa to attenuate host immune responses
and help infect pulmonary tract (Kravchenko et al., 2008). Like the
majority of the natural compounds, 3-0xo0-C;-HSL is not water
soluble. The structural formula of this 297.4 Da molecule presents
three structural segments: a 3-oxo-acyl group, a heterocyclic ring,
and a side chain (Fig. 1). Despite the large apolar domain of the
molecule, the resemblance of the 12 carbon acyl side chain with a
(lyso)phospholipid side chain suggested that this molecule could
be easily entrapped within the lipid bilayer of liposomes. Thereby
solubilization for pre-clinical investigation would be enabled. A
similar approach has been described for a labdane-type diter-
pene, which has structural similarities to cholesterol. This has led
Matsingou et al. (2006) to hypothesise that this molecule would
stabilize the lipid bilayer in a similar manner as the steroid. Long
circulating liposomes encapsulating 3-0xo-C;,-HSL were prepared
with an average loading efficiency of 70%, a hydrodynamic diam-
eter of 0.1 wm and low polydispersity (PDI<0.1). Liposomal drug
was found to be stable for up to three months at 4°C (data not
shown). However, when liposomes in PBS were incubated at 37 °C,
the liposome-associated drug decreased to 20% within 45 h (Fig. 2).
Despite the long side chain of 3-0x0-C1,-HSL which confers some
resistance to ring opening, the molecule may undergo lactonolysis
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Fig. 2. Stability of 3-0x0-C;2-HSL and resveratrol in liposomes in the presence or
absence of BSA. Liposomes containing 3-0xo-C;,-HSL (black) and resveratrol (white)
were incubated in the dark with (squares) or without (circles) BSA agarose beads
in PBS for up to 48 h at 37 °C. Results are presented as average percentage of initial
liposome-associated intact drug =+ SD.

by raising the temperature from 22 °C to 37 °C (Yates et al., 2002).
It has been described before a decrease in quorum-sensing activ-
ity to 50% after incubation at 37 °C in cell culture medium (Ritchie
et al., 2005). In the presence of bovine serum albumin (immobi-
lized on agarose beads), the decrease in intact drug associated with
liposomes was even more pronounced and may be due to pres-
ence of an acceptor for lipophilic molecules such as BSA (Fig. 2).
The reversible nature of molecule-BSA binding allows transport of
hydrophobic molecules in circulation and its release, making BSA
a natural carrier for hydrophobic molecules (Kragh-Hansen, 1981).
Within 24 h, all the 3-ox0-Cq,-HSL was either degraded or bound to
albumin. These results imply that the liposomes can act as solubi-
lizers for 3-ox0-Cq2-HSL enabling intravenous drug administration.
This is important as this compound has not been pharmaceutically
formulated, as yet.

In a similar set-up we studied resveratrol. Resveratrol is a
natural stilbene that exhibits a strong antioxidant activity and inhi-
bition of hydroperoxidase, protein kinase C, Bcl-2 phosphorylation,
Akt, focal adhesion kinase, NF-kB, and matrix metalloprotease-
9 (Kraft et al., 2009). A number of in vitro and in vivo studies
revealed multiple intracellular targets of resveratrol which affect
cell growth, inflammation, apoptosis, angiogenesis, invasion and
metastasis and show that effects are dose-dependent (Fulda, 2010;
Juhasz et al., 2010; Kelkel et al., 2010; Kristl et al., 2009). All these
potential therapeutic applications of resveratrol are hampered
by its low solubility, weak absorption after oral administration
and extensive metabolism (Walle et al., 2004). Liposomes were
prepared with different amounts of resveratrol in the lipid film.
Maximum incorporation was ~5 mg/pmol TL, which was reached
when 10 mg/pmol TL was added (Fig. 3). This formulation was used
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Fig. 3. Liposomal association of resveratrol depending on initial drug-lipid ratio.
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Fig.4. Influence of carvacrol and its derivative on cellular Hsp70 expression. Primary mouse bone marrow-derived dendritic cells (BMDCs) were incubated overnight at 37°C
with carvacrol (0.1 mM or 0.2 mM), carvacrol disodium phosphate (0.1 mM or 0.2 mM) or vehicle (0.2% ethanol), followed by FACS analysis of intracellular inducible Hsp70
expression. To assess the co-inducing Hsp70 expression capacity of both treatments, cells were incubated with drugs for 2-h at 37 °C, followed by 1 h of heat shock at 42.5°C
and overnight recovery at 37 °C. Histograms are representative for at least 2 independent experiments.

for subsequent studies. Incubation in buffered saline showed that
liposomal drug was stable for 28 days at 4°C (data not shown).
Also at 37°C, more than 95% of intact resveratrol was retained
within the liposomes (Fig. 2). Unfortunately, similar as for 3-oxo-
Ci2-homoserine lactone, resveratrol was rapidly extracted from the
liposomes upon incubation at 37 °Cin the presence of BSA, reaching
~10% after 24 h (Fig. 2). It has been shown by Cao et al. (2009) that
the existence of strong electrostatic binding forces between resver-
atrol and BSA occur in a spontaneous thermodynamic process. This
fact, together with the preferential localization of resveratrol at the
liposomal surface, suggests that resveratrol is extracted from the
lipid bilayer to form BSA-resveratrol complexes. Therefore, similar
to 3-0x0-Cq,-HSL, liposomal formulation of resveratrol is primarily
active as solubilizer.

3.2. Limited solubility overcome by derivatization into a
water-soluble prodrug

The solubilization strategy was also tested for other natural
compounds. Liposomal formulations of carvacrol and its isomer
thymol could circumvent difficulties related to the lipophilicity
to improve their biological activities. Carvacrol and thymol are
found in many essential oils, are recognized as safe food additives
and have been extensively studied, mainly for their antimicrobial
and antioxidant activities (Baser, 2008). Liposomes were prepared
by adding the compounds to the lipid film. Three different for-
mulations of carvacrol were prepared with final molar ratio of
0.125, 0.063 and 0.31 drug:total lipid. Only liposomes with the
lowest content of carvacrol could be extruded. At higher carvacrol
contents the liposomal structure was disrupted by interaction
with the lipids, similarly as the compound disrupts the microbial

cytoplasmatic membrane (Ultee et al., 2000). This restricted the
maximum amount encapsulated, with a final drug/lipid ratio of
0.002 (<0.1 mg/ml). Similar results were reported by Liolios et al.
(2009), which show that only 4.16% (0.045 mg/ml) of the starting
amount of carvacrol could be incorporated in liposomes. In the case
of thymol, the quantification of the liposomal dispersion showed
that only 6% (0.25 mg/ml) of the initial thymol was present in the
final liposomal dispersions (data not shown). The quantitative anal-
yses of thymol during the different steps of liposomal preparation
shows that most of the drug content (80%) is lost during the dialysis
step for removal of free drug, which could be recovered from the
dialysate, partially as crystals (data not shown). In contrast to 3-
0x0-Cq,-HSL and resveratrol, the solubility of carvacrol and thymol
could not be increased by liposomes.

As an alternative, a phosphate derivative of carvacrol was
synthesized in an attempt to increase its solubility and thereby
entrapment in the aqueous core of long-circulating liposomes. The
preparation of synthetic analogues of natural compounds is known
to be a solution for solubility, potency and bioavailability limi-
tations. For example, a water-soluble prodrug of d-y-tocopherol
was synthesized to overcome the insolubility and oxidation of
d-y-tocopherol (Takata et al., 2002). Carvacrol disodium phos-
phate liposomes were prepared by lipid film re-hydration followed
by extrusion and were found to be 0.12um in diameter and
monodisperse (PDI<0.1). The increase in hydrophilicity resulted
in successful encapsulation in the liposomal core with a final car-
vacrol phosphate concentration of 6 mg/ml. Furthermore, a stability
study at 37°C for 100 h indicated that the carvacrol derivative was
stably entrapped with particle size remaining constant during the
study, without any extra peaks appearing in the chromatograms
(data not shown). A risk of modifying the structure of a pharma-
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cophore is that it may compromise its biological activity (Mastelic
et al., 2008; Torres de Pinedo et al., 2007). As shown by Ultee
et al. (2002) the phenolic hydroxyl group of carvacrol is essential
for its antimicrobial effect. To study whether the biological activ-
ity of carvacrol is maintained after derivatization, we assessed the
capacity of both compounds to induce cellular Hsp70 expression in
vitro (Fig. 4). Carvacrol is a newly identified co-inducer of Hsp70
and may, by amplification of the Hsp70-specific regulatory T cell
response, protect against the development of chronic inflamma-
tory diseases (Wieten et al.). Overnight incubation of primary BMDC
at 37 °C with both carvacrol and carvacrol disodium phosphate did
not influence the expression of Hsp70, as compared to vehicle incu-
bated cells (Fig. 4). This results have already been described before
for carvacrol, and this study shows that also carvacrol phosphate
seems not to induce cell stress alone (Wieten et al., 2010a). Pre-
vious studies showed that carvacrol amplifies HSP70 expression
induced by a bona fide stress signal, such as heat shock (Wieten
et al., 2010b). When cells were incubated for 2h with 0.1 mM of
the same compounds, followed by heat shock at 42.5°C, carvacrol
phosphate co-induced the expression of Hsp70 in BMDC to the
same extent as carvacrol (Fig. 4). Furthermore, our results suggest
that the capability of Hsp70 co-induction by carvacrol phosphate is
concentration dependent, which was not observed with the parent
compound. These results show that the derivatization of carvacrol
with a phosphate group does not cause loss of biological activity; in
fact it may improve its biological activities. Furthermore, the high
drug levels reached in the final formulation are suitable for further
therapeutic in vivo evaluation and the long-circulating property
of liposomes will likely increase local drug concentrations which
may translate in improved therapeutic effect. This will be subject
of future investigations.

One of the most studied derivatives of resveratrol is a dimethy-
lated analog, pterostilbene, which has been shown to have stronger
biological activities over the parental compound (Fulda, 2010).
However, the structural differences between both compounds lead
to a higher lipophilicity of pterostilbene compared to resveratrol.
In order to increase the solubility of pterostilbene, a phosphate
disodium salt derivative was synthesized. Pterostilbene phosphate
encapsulating liposomes were prepared by hydration of the lipid
film with a solution containing 100 mg/ml pterostilbene phosphate
in 0.9% NaCl. Liposomes were found to be 0.12 um in diameter,
monodisperse (PDI<0.1)and contain 10 mg/ml pterostilbene phos-
phate (10% encapsulation efficiency). Indeed, these results suggest
that creating a phosphate derivative of a lipophilic natural com-
pound is a valuable strategy to overcome the low water solubility
and to allow pre-clinical investigation of therapeutic applicabil-
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Fig. 5. Chemical stability of resveratrol associated liposomes at 37 °C. Resveratrol
solution and liposomal dispersion were exposed to UV light. Levels of trans resvera-
trol present were monitored up to 16 min of UV light exposure. Results are presented
as percentage of initial trans resveratrol & SD.

ity. Furthermore, besides the encapsulation of the molecule in the
aqueous core of the liposomes which renders more stability to
the system, liposomes have long circulating property which may
translate in high local dose concentrations in vivo.

3.3. Poor chemical stability overcome by derivatization or lipid
protection

Liposomal encapsulation of natural compounds reduces drug
contact and reactivity with the environment and thus may pro-
tect drugs from light and other types of degradation (Habib and
Asker, 1991; Monfardini and Veronese, 1998). For example cur-
cumin, known to degrade rapidly in buffer solutions at 37 °C (84%
degraded after 180 min), is fully protected by encapsulation in lipo-
somes at 37 °C for 180 min (Chen et al., 2009; Wang et al., 1997).
Resveratrol is also relatively unstable as it converts easily to its
cis form under the influence of light. In general, the stilbene back-
bone in cis configuration shows increased activity, except in the
case of resveratrol which trans isomer is biologically more active
(Fulda, 2010; Rius et al., 2010). The liposome association of resver-
atrol protects its trans—-cis isomerization, since the amount of intact
drug (trans isomer) remains constant when liposomes are kept at
4°C (not shown) and 37°C (Fig. 5) in the dark. Lipids also protect
resveratrol under UV light exposure, with 70% trans resveratrol still
present after 16 min of UV light exposure compared to 10% when
resveratrol is exposed in the free form (Fig. 5).

Fig. 6. Macroscopic degradation of caffeic acid. Fresh caffeic acid solution (left); caffeic acid liposomes after extrusion (middle); caffeic acid liposomes after 48 h at 4°C (right).
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Fig. 7. Degradation products of caffeic acid. Base peak chromatogram of a degraded
caffeic acid solution (0.2 mg/ml) containing dihydroxybenzaldehyde (1), caffeic acid
ortho-quinone (2), caffeic acid (3) and caffeic acid tetramers (4-7).

The required therapeutic doses of caffeic acid are high, and due
to its poor solubility and, more importantly, chemical instability,
its practical application in the clinic appears limited. Caffeic acid
is an attractive natural compound, with biological effects ranging
from antioxidative and anti-inflammatory as well as antiprolifer-
ative effects (Jiang et al., 2005). Therefore, to circumvent caffeic
acid’s chemical instability and to improve solubility, the formula-
tion into liposomes seemed to be a logical approach. Liposomes
were prepared by lipid film re-hydration method. By DLS the mean
particle size of the liposomes prepared was found to be 0.1 pm and
monodisperse (PDI<0.1). However, liposomes prepared at physio-
logical pH acquired a brown colour over time, which suggests that
liposomes do not prevent caffeic acid oxidation (Fig. 6). Indeed,
HPLC-MS/MS analysis of caffeic acid samples at pH 6.1 revealed
several degradation products (Fig. 7). The main degradation prod-
uct, caffeic acid ortho-quinone, is responsible for the browning
of degrading caffeic acid solutions and is formed by oxidation of
the phenolic groups of caffeic acid (Cilliers and Singleton, 1990;
Pierpoint, 1966). Several structures of tetramers could be observed
in the chromatogram. The polymeric forms of caffeic acid eluted
after the caffeicacid as reported by Lutter etal.(2007). Furthermore,
trace amounts of the oxidation product dihydroxybenzaldehyde
were found in the samples, which can be a contributor to the
polymerization of phenolic compounds. In conclusion, LC-MS data
shows that the oxidation of caffeic acid leads to the formation of
several oxidation products and renders such formulation unsuit-
able for further studies. Additional stability studies with caffeic
acid show that when it is stored at low pH and temperature, caf-
feic acid is less prone to oxidation (Fig. 8). However, at such pH
values, the solubility of caffeic is low which turns the liposome
preparation of no beneficial value since these drug levels would
not translate in a potent therapeutic activity. Similar as resveratrol
and its naturally occurring derivative pterostilbene, there are natu-
ral derivatives of caffeic acid. Caffeic acid phenethyl ester (CAPE) is
a major component of propolis extract, described in the literature
as having similar or even stronger biological activities than caffeic
acid (Chung et al., 2004). CAPE is more stable i.e. less prone to oxi-
dation. One of the few studies examining the in vitro and in vivo
stability of CAPE, showed that it is enzymatically hydrolyzed to caf-
feic acid in rat plasma, but not in human plasma (Celli et al., 2007).
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Fig. 8. Caffeic acid stability at different pH and temperatures. Caffeic acid solutions
prepared at different pH were kept at 4°C (top) and 37 °C (bottom) for up to 34 days.
Results are presented as average percentage of initial intact caffeic acid.

However CAPE is also sparingly soluble in water. Once more, in an
attempt to increase CAPE solubility, two different long-circulating
liposomes encapsulating CAPE were prepared. Similar to 3-oxo-
Cq2-HSL, CAPE could be quantitatively entrapped within the lipid
bilayer, with encapsulation efficiency of ~90%. The stable encapsu-
lation of CAPE into liposomes allows further in vivo investigation
by systemic administration, without the need of organic solvents.

3.4. Overcoming low bioavailability of natural compounds
translates into therapeutic effects in vivo

To assess the effects of 3-0x0-C;-HSL on subcutaneous head
and neck squamous-cell carcinoma growth, mice received intra-
venous injections of 3mg 3-o0xo0-C;>-HSL or 5mg liposomal
resveratrol per kg bodyweight or an equivalent dose of lipid at the
moment tumors reached 50 mm?3. The solubilization of the com-
pounds in liposomes allowed intravenous drug administration and
did not cause apparent toxicity. Tumor volumes were significantly
smaller for 3-0x0-C;5-HSL and resveratrol as compared to vehicle-
treated controls (p<0.05, Fig. 9). In a study by Narayanan et al.
(2009), a liposomal resveratrol formulation was used to improve
bioavailability after oral gavage administration of 50 mg/kg in a
genetically modified mouse model for prostate cancer. Liposomal
resveratrol inhibited tumor growth by approximately 50% in this
study. Others had similar results using solid lipid nanoparticles,
zinc-pectinate or micelles to solubilize the compound (Das et al.,
2010; Lu et al., 2009; Teskac and Kristl, 2010).

Besides the resistance to cis-trans isomerization by liposome
encapsulation, the intravenous administration of resveratrol is
likely to increase in vivo resveratrol concentrations leading to dif-



M. Coimbra et al. / International Journal of Pharmaceutics 416 (2011) 433-442 441

1500
—e— 3-oxo0-C12-HSL
?")E\ —O— vehicle
[0
S
2
S
o}
IS
=]
|_
0 T T T T T
0 5 10 15 20 25 30
Time (days)

Fig. 9. Antitumor effect of liposomal 3-0xo-C;2-HSL and resveratrol. Head and neck
squamous-cell carcinoma-bearing mice received 3 mg/kg liposomal 3-ox0-Cq,-HSL,
5 mg/kg resveratrol (RSV) or an equivalent dose of liposomes (vehicle) when tumor
size reached 50 mm? (day 0). Comparison of area-under-the-tumor-growth-curves
showed that tumor proliferation was decelerated after liposomal drug treatments
compared to vehicle control (*p <0.05, one-way ANOVA).

ferent metabolism and different pleiotropic effects that ultimately
translate in an effective antitumor response (Calamini et al., 2010).

4. Conclusions

Taken together, these results show that many poorly soluble
natural compounds can be incorporated into liposomes. Com-
pounds that are in the bilayer tend to be extracted in the presence
of albumin, limiting the function of the liposome to that of a solu-
bilizing excipient, simply allowing drug delivery. So far, the in vivo
studies show that this may still be a valuable approach to obtain
therapeutic benefits. However, if drugs can be stably encapsulated
into long circulating liposomes, a targeted drug delivery can take
place, which may further enhance biological activities of the com-
pounds.
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