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Lipid nanoparticles, based on nanoemulsion
templates,
are interesting candidates for contrast agent
Thu, 06 Sep
2012 13:40:20
and active ingredient transport and delivery due to their small size, biodegradable nature and high
versatility. An optimized nanosystem for drug delivery should present an important encapsulation
ratio, as well as controlled release kinetics. In this context, the inﬂuence of the lipid nanoparticle
core composition on the encapsulation and release behavior of the Nile Red ﬂuorophore, used as
a model molecule of intermediate lipophilicity, is explored. For that purpose, the lipid nanoparticle
physical state, the encapsulated molecule localization, and the encapsulation/release behavior are
studied. Careful characterization of lipid nanoparticles is performed by DSC and 1 H NMR analysis.
Nile Red localization is evaluated by complementary ﬂuorescence spectroscopy and 1 H NMR techniques. The encapsulation of Nile Red is governed and limited by its solubility in the lipids. A double
localization of the ﬂuorophore at the membrane and in the particle core is observed, resulting in
a two-phase release kinetics: a quick burst release, followed by a slow prolonged release. Adding
wax to the formulation increases the lipid nanoparticle internal viscosity while favoring Nile Red
localization in the core, which results in slower release kinetics.

Keywords: Lipid Nanoparticles, Amorphous Physical State, Localization, Prolonged Release,
Nile Red.

1. INTRODUCTION
A major challenge in nanomedicine is to engineer nanostructures and materials that can efﬁciently encapsulate
drugs at high concentration, cross the cell membrane, and
controllably release the cargo content at the target site
over a prescribed period of time.1 2 Carriers of nanometric size are promising tools to (1) protect, (2) target
and (3) improve intrinsic properties of the encapsulated
molecules. Nanoencapsulation prevents the encapsulated
species from direct biological interactions, thus drug or
contrast agent degradation by enzymes or acid environment, and helps in reducing their potential systemic
toxicity. Moreover, encapsulating active pharmaceutical
∗
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ingredients (API) can allow improving their therapeutic
efﬁciency by controlling their biodistribution and kinetics
of release.
Among a wide variety of nanocarriers, lipid-based systems present numerous advantages over other formulations. These nanocarriers are biocompatible, biodegradable
and can easily be produced by versatile and up-scalable
processes.3–5 Such nanoparticles have been employed for
encapsulating a wide range of active pharmaceutical ingredients and contrast agent.5 Nonetheless, it is still difﬁcult to prepare lipid nanocarriers with high encapsulation
ratios of actives, while controlling their kinetics of release.
The internal physical state of lipid core nanoparticles has
been shown to dramatically affect the encapsulation and
release properties. Nanoemulsions were the ﬁrst lipid core
2164-9634/2012/1/016/010
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The ﬁrst type has been widely reported and used to efﬁciently increase the encapsulation ratios while maintaining signiﬁcant prolonged release.11 Nonetheless, whereas
the other types should theoretically allow better encapsulation/release properties, there is a discrepancy in the conclusions concerning their practical achievement. For instance,
the structureless type could allow high encapsulation ratio
by avoiding lipid organization, while favoring prolonged
release thanks to its solid nature. However, some authors
account that their lipid core is in a super cooled melt state
rather than an amorphous solid.9 12
In this context, our research group has proposed a new
type of very stable amorphous lipid core nanoparticles
(LNP).13 Such a nanoemulsion system can efﬁciently be
produced by ultrasonication and possesses a long-term stability through entropic stabilization.14 In order to use these
LNP as nanocarriers for drug and/or contrast agent encapsulation and delivery, their drug encapsulation and release
behaviors have to be characterized. Highly hydrophobic
contrast agents have already successfully been encapsulated in LNP for imaging purposes.15 16 In this study, the
Nile Red (NR) ﬂuorophore is used as a model molecule
of intermediate lipophilicity (log P ∼ 3–5), such as the
potent chemotherapeutic Paclitaxel, to study the inﬂuence
of the lipid particle core composition on the LNP encapsulation and release behaviors. This low cost molecule,
compared to active pharmaceutical ingredients, possesses
microenvironment-sensitive ﬂuorescence properties relevant for localization purposes.17–19 This molecule is of
J. Colloid Sci. Biotechnol. 1, 16–25, 2012

2.2. LNP Processing
LNP are prepared by emulsion templating through ultrasonication. Both aqueous and lipid phases are separately
prepared before mixing. The lipid phase contains a blend
of solid (Suppocire NB™ ) and liquid (Super reﬁned Soybean oil) glycerides with phospholipids (Lipoid s75™ ),
while the aqueous phase is composed of a PEG surfactant
(Myrj s40™ ) dissolved in PBS aqueous buffer (1× Phosphate Buffer Saline: 10 mM phosphate, 154 mM NaCl,
pH 7.4). Standard LNP formulations are prepared at 10%
weight fraction with 1800 L PBS, 92 mg Myrj s40™ ,
90 mg oil/wax mixture and 18 mg Lipoid s75™ . After
homogenization at 45  C, both phases are crudely mixed.
Then, sonication cycles are performed at 45  C during a
5 min period (VCX750 Ultrasonic processor, 3 mm probe,
Sonics, France; sonication power 25%). Non encapsulated
components are separated from LNP dispersions by gentle
dialysis overnight in 1X PBS against 1,000 times their volume (MWCO: 12,000 Da, ZelluTrans). Before use, LNP
dispersions are ﬁltered through 0.22 m cellulosic membrane (Millipore).
In the case of LNP loaded with 0.1% w/w Nile Red, a
solution of 120 L Nile Red 10 mM in CH2 Cl2 is added
to the oily phase and the solvent is evaporated. Then, this
doped oily phase is used as aforementioned, to produce
LNP encapsulating Nile Red at a local concentration of
2.3 nmol/mg dispersed phase.
17
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nanocarriers to be introduced decades ago, but few of these
interest to cost-effectively get insight into the LNP encapsystems ﬁnally came to market due to formulation issues.
sulation, localization and release behaviors, before propIndeed, these systems suffer from low colloidal stability
erly optimizing the system with the desired API. The
and sustained release is difﬁcult to achieve due to the
present paper aims to understand how internal composition
low viscosity of the dispersed phase.6 This generally leads
inﬂuences NR encapsulation and release proﬁle from the
to the rapid diffusion of the drugs out of the droplets.
lipid nanoparticles. For that purpose, we ﬁrst investigate
Solid lipid nanoparticles (SLN) have thus been proposed
the inﬂuence of core composition on the LNP physicoto overcome these limitations, thanks to their solid core.
chemical properties and the core physical state. We then
However, despite high expectations of such systems for
study how it affects the encapsulation and localization
prolonged release of hydrophobic molecules, SLN have
of NR molecules, and ﬁnally how NR release kinetics is
shown limited controllability. Crystallization of the lipid
modiﬁed.
phase generally leads to drug/lipid phase separation and
subsequent drug expulsion, providing high burst release.7 8
Nanostructured lipid carriers (NLC) were introduced as a
2. MATERIALS AND METHODS
compromise. Composed of a mixture of liquid and solid
2.1. Materials
lipids, the NLC core presents an imperfect crystallization
which favors better encapsulation ratio thanks to lower
The wax Suppocire NB™ (mixture of mono-, di- and tricrystallinity, while allowing control over release kinetics
glycerides of alkyl chain length varying from C12 to C18 
through the solid character of the lipid phase.9 Three difis a kind gift from Gattefossé (Saint-Priest, France). Myrj
Delivered by Ingenta
to:
ferent types of NLC have been developed:
s40™ (polyethylene glycol 40 stearate) and Super-reﬁned
(1) the imperfect type, whose crystallinity
is lowered
by et Chimie Industrielles
Ecole de
Physique
Soybean oil are kindly donated by Croda (Chocques,
creating imperfections in the crystal lattices;
IP : 193.54.89.133
France). The phospholipids Lipoid s75™ (composed of
(2) the structureless type, which is solid butThu,
amorphous;
06 Sep 2012
13:40:20
>75% phosphatidylcholine) are purchased from Lipoid
and
(Ludwigshafen, Germany). Other chemical products are
(3) the multiple Oil/Fat/Water type, in which small
purchased from Sigma Aldrich (Saint Quentin Fallavier,
droplets of liquid lipids are phase separated in the solid
France).
10
matrix.
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Different wax/oil ratios (w/w) in the core have been
used. For simpliﬁcation, LNP samples are quoted NCXX
where XX deﬁnes the weight fraction of wax in the LNP
core (% w/w).

For localization of Nile Red molecules in the LNP structure, the 7–9 ppm spectral window is particularly explored.
In order to amplify the NR signals and then selectively
record them, a selective 90 eBurp proton pulse covering
a spectral range of about 2000 Hz is applied.
In order to localise, at a molecular level, the NR within
2.3. Characterization
the LNP, homonuclear proton–proton dipolar interactions
are looked for. For that purpose, 1 H NOE (Nuclear Over2.3.1. Dynamic Light Scattering (DLS)
hauser Effect) measurements were carried out by applying
The particle size and zeta potential of the lipid nanopara pre-saturation time of 5 s. 1 H NOE difference specticles are measured using a Malvern Zeta Sizer Nano
tra were obtained by alternatively irradiating the peak of
instrument (NanoZS, Malvern, UK). The nanoparticle susinterest and a control point in the spectrum followed by
pensions are diluted 100 folds with 0.1× PBS buffer. At
data acquisition. For each spectrum, 2048 transients were
least three different LNP batches are used per condition.
acquired. Selective pulse was also used to favour the detecResults are expressed in terms of mean and standard devition of NR compound. Data processing was performed
ation of all the samples for each condition, each sample
in the frequency domain by subtracting the on-resonance
result being the mean of three independent measurements
and off-resonance spectra to obtain the so-called NOEDperformed at 25  C.
IFF (Nuclear Overhauser Effect Difference Spectroscopy)
spectra. The interactions of NR with other components
Delivered by Ingenta
to: visualized on the resulting spectrum by the
can be directly
2.3.2. Differential Scanning Calorimetry
Ecole (DSC)
de Physique et Chimie
Industrielles
appearance of NOE signals.
IP : (TA
193.54.89.133
DSC analysis is conducted using a TA Q200 system
13:40:20
2.3.5.
Fluorescence Spectroscopy
instrument, France). Samples are weighedThu,
(2 to065 Sep
mg 2012
for bulk material and 10 to 20 mg LNP dispersion) into
NR localization study is performed using a TECAN Inﬁstandard aluminum sample pans, which are then sealed
nite 1000 spectrometer (TECAN, Lyon, France). First, Nile
with a pinhole-pierced cover and an empty pan is used as
Red ﬂuorescence spectra Xi exc = 505 nm) are recorded
reference. Heating curves are recorded at a scan rate of
separately in the different LNP components i: pure oil


10 K/min from 20 C to 70 C.
(0.1% w/w dye), pure wax (0.1% w/w dye), PEG surfactant aqueous solution (with concentration > critical micelle
2.3.3. Viscosity of Lipid Core Mixtures at 40  C
concentration, 0.1% w/w dye), phospholipid aqueous solution (0.1% w/w dye). Each ﬂuorescence spectrum Xi is
The rheological properties of NC0, NC50 and NC100 bulk
then normalised by the ﬂuorescence intensity integral of
samples are determined using an AR 2000 rheometer (TA
the NR ﬂuorescence spectrum in the component i, to give
instrument, France) with a cone and plate ﬁxture (diameter
normalized
ﬂuorescence spectrum xi .
10 mm, angle 1 ). Measurements are performed at 40  C in
Fluorescence spectra Y (exc = 505 nm) are then
order to avoid macroscopic issues of sample crystallinity.
recorded for the different LNP samples with different
Shear rates ranging from 0.1 to 300 s−1 are applied and
wax/oil core ratios (0.1% w/w dye loading). The ﬂuoresthe viscosity value is extracted from the Newtonian ﬂow.
cence spectrum of each NR-loaded LNP (as displayed in
Fig. 3(a)) is then normalised by the overall ﬂuorescence
intensity under the curve, to obtain “normalized” ﬂuores2.3.4. NMR Spectroscopy
cence spectra y of Nile Red dispersed in LNP, as displayed
1
H NMR spectra are recorded using an Avance DPX
in Figure 3(a) insert. In order to get qualitative information
500 spectrometer (Bruker, Wissembourg, France), operatabout Nile Red localization, each normalized spectrum y
ing at 500 MHz. They are processed and analyzed with
of LNP NCXX is then deconvoluted over the normalized
the MestRe-C v3.0 software. The assignment of the 1 H
NR spectra xi obtained previously in the different LNP
and 13 C NMR resonances of PEG-40-stearate (Myrj s40™ ),
components, using the Excel software. For this purpose,
lecithin and triglycerides mixtures (soybean oil and supthe proper i coefﬁcients allowing minimizing the differpocire NC™  is achieved by standard methods with the
ence between the experimental LNP spectrum and the ﬁt
acquisition of 1 H, 13 C and 1 H–1 H homonuclear correlation
spectrum (y −  i xi  with  i = 1 are determined. i
(COSY) spectra.14 An accurate quantity of 0.1% w/w of
represents the % of Nile Red localized in the i compartsodium 2,2-dimethylsilapentane-5-sulphonate (DSS) (for
ment. Due to the signiﬁcant spectral overlap between the
aqueous samples) or tetramethylsilane (TMS) (for chloroﬂuorescence spectra of Nile Red in oil and wax on one
form dissolved samples) is added as a 0 ppm and resoluside, which represent core compartimentation, and PEG
tion reference. LNP spectra are recorded at temperatures
surfactants and phospholipids on the other side, which represent shell location, qualitative NR localization is then
ranging from 10 to 60  C.
18
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expressed as % of NR localized in the two main LNP
structural compartments: the core (wax and oil) and the
shell (PEG surfactants and phospholipids).
2.4. NR Encapsulation Efﬁciency

The release rate is then given by Eq. (2). Temperaturedependent release kinetics is performed in 1× PBS buffer
at three temperatures (4  C, room temperature (25  C) and
40  C) over 8-day periods.


amount of NR after dialysis
× 100
% release = 1 −
amount of NR before dialysis

J. Colloid Sci. Biotechnol. 1, 16–25, 2012
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Previous to quantiﬁcation of Nile Red payload in nanoparticles, the ﬂuorophore is extracted after destruction of the
(2)
nanoparticles according to the following protocol adapted
from the literature.20 Brieﬂy, extraction is performed by
3. RESULTS
dissolving 200 L LNP dispersion (10% weight fraction)
in tetrahydrofuran (ratio 1/3 v/v) at room temperature, fol3.1. LNP Formulation
lowed by a selective lipid precipitation in methanol (ratio
The nanocarrier system described herein is based on an
1/2 v/v) at 4  C. After centrifugation, the supernatant is ﬁloil-in-water emulsion. The lipid nanoparticles (LNP) are
tered on a Minisart® 0.2 m ﬁlter (Sartorius, Goettingen,
composed of an oily core (mixture of solid and liquid
Germany) and an aliquot of 20 L of ﬁltrate is analyzed by
lipids) which is stabilized by a surfactant shell, combiHPLC-UV method. The efﬁciency of this extraction protonation of hydrophilic (PEG surfactant) and lipophilic surcol is >95%. Chromatographic separation is carried out on
factants (phospholipids). The oily phase contains soybean
a Supelcosil C18 column (250 × 4 6 mm, 5 m) (Supelco,
oil (Superto:
Reﬁned Oil™ ), semi-synthetic wax (Suppocire
Delivered
USA) using a Waters 2495 separation module
with a by Ingenta
™
NB , orIndustrielles
a mixture of both, in which saturated and unsatEcole (Waters,
de Physique
Waters 2487 dual absorbance spectrometer
Saint- et Chimie
urated long-chain triglycerides (saturated C12 –C18 for SupIP : 193.54.89.133
Quentin-en-Yvelines, France) at detection wavelengths
of
pocire
NB™ and unsaturated C16 –C18 for soybean oil)
Sep 2012
13:40:20
227 nm and 552 nm. The elution is performedThu,
with06
an isoare present. Due to their high lipophilic character, these
cratic mixture of Methanol/Water (90/10 v/v) with a ﬂow
species have very low solubility in the continuous phase,
rate of 1 mL/min. With this protocol, NR retention time is
then restraining possible destabilization of the colloidal
7.2 min. Quantiﬁcation is achieved by comparison between
dispersion through Ostwald ripening.13 Moreover, soythe Nile Red observed peak area for n = 3 samples per
bean oil is acknowledged for its biocompatibility, and
formulation, with a calibration curve obtained under the
is FDA-approved for parenteral injection. Such composame conditions.
sition allows obtaining long term stable formulations as
The encapsulation efﬁciency is calculated by dividing
aqueous dispersions.13 14 It was previously demonstrated
the amount of Nile Red still encapsulated in the LNP after
that adding wax to the lipid core increases LNP core
puriﬁcation by dialysis, by the amount of Nile Red inside
viscosity.13 This study is focused on 50 nm-diameter parLNP before puriﬁcation (Eq. (1)). This is performed by
ticles, obtained by optimization through an experimenNR extraction and quantiﬁcation over the puriﬁed samples
tal design.14 This formulation has been selected for its
(right after dialysis) by the previously described HPLC
size and neutral surface charge, ensuring low polydisprotocol. The maximum loading ratio is then given by the
persity, favoring physical stability by Ostwald Ripening
maximum payload achievable without signiﬁcant loss durprevention.13 and passive accumulation in tumors.15 21
ing the puriﬁcation step (encapsulation efﬁciency >80%).
A series of formulations with similar surfactant shell
Encapsulation efﬁciency
composition and constant lipid core weight are ﬁrst prepared. The lipid core composition ranges from NC0 (0%
amount of NR after dialysis
× 100
(1)
=
wax/100% oil) to NC100 (100% wax/0% oil), while NR
amount of NR before dialysis
loading is varied from 0.01% to 0.1% w/w of the dispersed
phase. Changing core composition does not affect the par2.5. In Vitro NR Release Kinetics
ticle surface charge (zeta potential), while great amount
The release study is carried out using a dialysis proof oil in lipid core tends to increase the LNP diameter
tocol. In brief, after preparation, NR loaded LNP sam(Table I). Indeed, a 10% increase in hydrodynamic diamples (300 L of 10% dispersed phase weight fraction)
eter is observed when increasing the amount of oil in the
are placed in 500 L Quix Sep micro-dialysis capsules
core from pure wax to pure oil core nanoparticles. As
(Fisher Bioblock, Illkirch, France) and subjected to intenpreviously detailed, such increase in LNP diameter when
sive dialysis in 1,000 times their volume (MWCO 12,000
varying the oil/wax ratio has to be related to the differences
Da MW, ZelluTrans). The amount of molecules still encapof viscosity between the wax and oil dispersed phases dursulated is determined by dividing the payload of NR in
ing the sonication process.13 Meanwhile, the encapsulation
LNP after different periods of time to the original payload
of Nile Red does not signiﬁcantly affect the surface charge
after LNP preparation/puriﬁcation, following the extracand particle size properties. The zeta potential thus remains
nearly neutral with values close to −6 mV.
tion/HPLC quantiﬁcation protocol previously described.

Encapsulation and Release Behavior from Lipid Nanoparticles: Model Study with Nile Red Fluorophore

Delmas et al.

Table I. LNP physicochemical properties as a function of core composition and Nile Red loading: particle hydrodynamic diameter (d) and zeta
potential (  (average and standard deviation over n = 3 samples).
Core composition
NR concentration
(% w/w dispersed phase)
0
0.01
0.05
0.1

NC0
d (nm)
65.2 ± 1.3
64.5 ± 4.1
66.7 ± 4.2
68.4 ± 3.8

NC50
(mV)
−5.9 ± 2.1
−7.2 ± 2.1
−6.9 ± 2.6
−6.5 ± 2.2

d (nm)
58.9 ± 0.9
61.4 ± 2.9
62.1 ± 3.2
64.4 ± 3.1

NC100
(mV)
−6.0 ± 1.1
−6.5 ± 2.3
−5.9 ± 3.1
−6.8 ± 2.9

d (nm)
50.2 ± 2.5
54.6 ± 1.9
56.3 ± 1.8
55.7 ± 2.1

(mV)
−4.3 ± 0.8
−5.2 ± 1.9
−5.9 ± 2.4
−6.0 ± 3.1
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3.2. Inﬂuence of Core Composition on Internal
Physical State
The LNP internal physical state is investigated by Differential Scanning Calorimetry (DSC) and 1 H NMR
techniques.
DSC analysis allows investigating whether the lipids are
crystallized. As compared to bulk lipid mix, DSC thermoDelivered
grams of 50 nm-diameter particles do not display
any ther- by Ingenta to:
Ecole
de
Physique
mal event along heating from room temperature to 60  C.et Chimie Industrielles
IP :state
193.54.89.133
It therefore indicates that lipids are under amorphous
Thu,
06
Sep
when nanoformulated as LNP, whereas they are in a crys- 2012 13:40:20
talline state as a bulk. This was observed to be true whatever the LNP internal composition from NC0 to NC100
(0% wax to 100% wax) over 8-month storage at both 4  C
and room temperature.
The LNP internal viscosity was monitored by NMR
spectroscopy by following the evolution of LNP 1 H NMR
spectra as function of core composition and temperature.
Indeed, peak resolution is related to molecular mobility:
when increasing the viscosity of a sample, peak resolution
is seen to decrease in liquid-state 1 H NMR through peak
Fig. 1. Particle internal viscosity assessed by 1 H NMR. (a) 1 H-NMR
broadening. In extreme limit for a completely solid matrix,
spectrum of LNP NC75 at room temperature. (b) Peak width ratio at
no signal is expected to appear in spectra recorded under
two different temperatures (10  C and 35  C), as a function of core
liquid-state NMR conditions. As previously described, in
composition (NC0, NC50 and NC100).
the LNP 1 H NMR spectrum, it is possible to assign speciﬁc
signals representative of particle locations.14 Two signals
when looking at a pure wax core LNP (NC100), these two
(labeled by square and triangle symbols) are located at
compositions displaying peak width ratios of respectively
1.3 ppm and 3.7 ppm, respectively attributed to the methyl
0.45 and almost 0.25 (Fig. 1(b)). These differences in peak
protons of alkyl chains and the methylene protons of
resolution account for signiﬁcant differences in viscosities,
PEG surfactant (Fig. 1(a)). Whatever core composition, the
depending on core composition and temperature. The more
width related to PEG chain peaks does not change while
wax in the core and the colder, the more viscous.
temperature decreases from 35  C to 10  C, as depicted by
peak width ratio close to 0.9–1.0 in Figure 1. These chains
3.3. Nile Red Encapsulation Efﬁciency
belonging to the external membrane and being exposed to
water are not signiﬁcantly affected by changes in the lipid
The inﬂuence of core composition on the maximum NR
core internal composition. On the contrary, when looking
payload is investigated by formulating LNP of different
at a peak speciﬁc to the internal lipids (1.3 ppm), sigwax/oil core ratio with increasing amounts of Nile Red.
niﬁcant differences can be observed. Indeed, whereas the
The encapsulation efﬁciency is determined following NR
peak width ratio is close to 0.95, and thus the peak resoextraction from nanoparticles by quantiﬁcation using the
lution only slightly decreases when going from 35  C to
HPLC protocol described in the Materials and Methods
10  C in the case of pure oil core (NC0), loss of resolusection (Fig. 2). The maximum accessible loading ratio is
tion and peak broadening are more signiﬁcant with a core
given by the maximum payload achievable without signiﬁcant loss during the puriﬁcation process. The limit of
composed of 50% oil/50% wax (NC50) and even more
20
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Fig. 2. Nile Red encapsulation: determination of the maximum payload
(mean and standard deviation over n = 3 samples per condition) for different core compositions (NC0: diamond symbol, NC50: square symbol,
NC100: triangle symbol). A picture of LNP encapsulating Nile Red at
increasing concentrations is given at a glance.

Delivered
signiﬁcant loss is ﬁxed at 20% since the LNP
process- by Ingenta to:
Ecole
de
Physique
ing efﬁciency is close to 80–85% due to the low volumes et Chimie Industrielles
IP vials.
: 193.54.89.133
used, which leads to some material loss on the glass
Thu,
06 Sep 2012 13:40:20
All core compositions behave similarly, giving
a maximum
payload of around 0.1% w/w (Fig. 2). Modulating the core
composition by varying the wax/oil core ratio therefore
does not allow modifying the NR loading ratio.
3.4. Nile Red Localization
Nile Red localization is investigated by ﬂuorescence and
1
H NMR studies. As Nile Red ﬂuorescence is known to
be very sensitive to its microenvironment,17 22 this feature
is used to evaluate the dye localization once encapsulated
in LNP of different core compositions. The NR ﬂuorescence spectra while dispersed at 0.1% w/w in pure oil,
pure wax, or in PEG or phospholipid aqueous solutions
are recorded (Fig. 3(a) insert). As already described in
the literature, ﬂuorescence intensity and peak maximum
shift are observed.17 18 Apolar environment (oil and wax)
lead to emission maxima of ≈580–610 nm, whereas more
polar environment (phospholipids and PEG surfactants)
lead to an emission maximum of around ≈630–640 nm.
Fluorescence spectra recorded for the different NR loaded
LNP compositions are reported in Figure 3(a), highlighting
signiﬁcant differences depending on particle core composition. It is also noticed that these ﬂuorescence proﬁles
have a very large bandwidth in comparison to the emission bands observed for NR in the presence of each ingredient taken separately (Fig. 3(a)). Therefore, it appears
that NR loaded LNP emission results from the different
components. Each LNP ﬂuorescence spectrum is therefore deconvoluted over the four different components to
achieve a qualitative analysis of NR localization (Materials
and Methods section). Nevertheless, the signiﬁcant overlapping of NR ﬂuorescence within LNP membrane components (phospholipids and PEG surfactant) and LNP core
J. Colloid Sci. Biotechnol. 1, 16–25, 2012

Fig. 3. Nile Red localization assessed by ﬂuorescence analysis.
(a) Fluorescence spectra of Nile Red-loaded LNP with different core
compositions; insert: deconvolution of the ﬂuorescence spectrum of Nile
Red-loaded LNP NC50, using Nile red ﬂuorescence spectra in the different components of LNP (soybean oil, Suppocire NB™ , phospholipids, Myrj 53™ ). (b) Nile Red localization as a function of LNP core
composition.

components (wax and oil) lead us to consider two-partition
localization for NR molecules (core and shell compartments). This analysis reveals that Nile Red is located both
in the membrane and in the lipid core with various percentages (Fig. 3(c)). Interestingly, the relative proportion
of Nile Red at the particle shell or into the core depends
on the lipid core composition. Indeed, the more wax in the
core, the more NR is located into the core.
To gain further insight into this NR double localization, NR loaded LNP of NC75 core composition (75%
wax/25% oil) are studied by classic 1 H NMR spectroscopy
and NOEDIFF (Nuclear Overhaser Effect Difference Spectroscopy) experiment. First, a temperature study is performed, recording the evolution of peak resolution and
width associated to NR molecules as a function of temperature. As can be seen in Figure 4(a), the resolution of Nile
Red peaks dramatically decreases when cooling the system
from 35  C to 10  C (focus in the 7.0 to 9.0 ppm range, for
which only Nile Red peaks are observed). This decrease
in peak resolution is related to a decrease in molecular
21
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Fig. 4. Nile Red localization assessed by NMR study. (a) Nile Red chemical structure and selective pulse: effect of the temperature. (b) NOEDIFF
spectra at 25  C by irradiation of respectively 3.7, 3.3 and 1.3 ppm signals (Nile Red speciﬁc peaks are marked by an arrow). Formulation used: NC75
encapsulating 0.1% w/w NR.

mobility, due to a microenvironment viscosity increase,
as explained above for core components. Nonetheless,
even at 10  C, it is still possible to observe peaks, even
though they are dramatically broaden. This qualitatively
supports the fact that most NR molecules are localized
in the particle core, but also suggests that a part of them
remains located at the surface, when considering a NC75
core composition. To ﬁnally conclude about NR localization, complementary quantitative NOEDIFF experiments
are performed. The principle is to use NOE transfer to
localize NR molecules in the LNP structure, by evaluating
the efﬁciency of magnetization transfer between LNP components and NR molecules. The characteristic NMR peaks
associated to PEG chains (3.7 ppm), choline heads of
the lecithin (3.3 ppm) and hydrocarbon part (1.3 ppm) of
the core components are thus excited individually and the
effect on Nile Red signals is assessed (Fig. 4(b)). For similar excitation conditions, larger signals are obtained when
exciting core components (hydrophobic chains) compared
to PEG chains or lecithin. Yet, here again, some signals
are still observed with membrane components (lecithin
and PEG). These NOEDIFF results are consistent with
a double localization, already suggested by ﬂuorescence
spectroscopy. These ﬁndings conﬁrm that most of NR
22

molecules localizes in the core while a small amount also
localizes at the membrane of LNP.
3.5. Nile Red In Vitro Release
The inﬂuence of core composition and temperature on Nile
Red release kinetics is then investigated. For that purpose,
LNP formulations with 3 different wax/oil ratios (NCO,
NC50, NC100) at the maximum payload (0.1% w/w NR)
are prepared and puriﬁed, before undergoing in vitro
release under dialysis at different temperatures: 4  C,
25  C and 40  C. The results are displayed in Figure 5.
Each release curve presents two noticeable parts: (1) a
quick burst release, occurring during the ﬁrst 5 hours;
and (2) a slow prolonged release for times >5 hours.
When considering the burst release, no signiﬁcant temperature effect is observed and 20–30% of the encapsulated
molecules escape from LNP during the ﬁrst 5 hours of the
experiments. Temperature has a more pronounced inﬂuence on the prolonged release. Indeed, whereas no signiﬁcant prolonged release is observed over 150 hours at
4  C and 25  C, 70–80% NR molecules are released at
40  C after the same time. More interestingly, whereas
no inﬂuence of core composition is observed at 4  C and
J. Colloid Sci. Biotechnol. 1, 16–25, 2012
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(t0  and after 3-week storage at 25  C: soluble (sol.), insoluble (×) and
appearance of a few crystals (≈.

4. DISCUSSION

NR concentration (% w/w dispersed phase)

4.1. Inﬂuence of Dye Solubility and Localization on
Encapsulation

Bulk lipid
mixtures

LNP core composition does not signiﬁcantly change their
NR loading capabilities, and different core compositions
lead to similar maximum loading of about 0.1% w/w. This

NC0
NC50
NC100
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×
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×
×

×
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has to be related to the NR solubility in the melted macroscopic mixtures of lipid compounds (Table II). Indeed,
NR is slightly more soluble in wax containing mixtures
after 3 weeks storage at room temperature. Nonetheless,
NR crystallizes in all lipid mixtures when at concentrations higher than 0.1% w/w. Both liquid and solid lipids
are triglycerides with similar chemical entities. Soybean
oil is composed of fatty acids with C16 –C18 alkyl chain
length, while Suppocire NB™ is a more complex mixture of mono-, di- and triglycerides with various lengths
of alkyl chain ranging from C12 to C18 with a hydroxyl
value of 20–30%. Therefore, the presence of partial diand monoglycerides and the variation in chain length
could improve the NR solubility in the presence of the
wax. However, all tested lipid mixtures exhibit a solubility limit close to 0.1% w/w in lipid bulks. As NR
has a double localization once nanoformulated (in the
core and in the membrane), this slight variation of core
solubility (lipid solubility) could be compensated by a
Delivered by Ingenta
to:
membrane re-localization, making all LNP samples disEcole de Physique et Chimie
Industrielles
play a similar 0.1% w/w maximum loading capacity. This
IP : 193.54.89.133
low loading can be explained by the low lipophilicity
Thu, 06 Sep 2012
13:40:20
of the NR molecule (logP = 3 5) and is emphasized by
the huge amount of hydrophilic surfactants corresponding
to almost 50% w/w of the dispersed phase. This loading ratio is well below the classical 10% API content,
as encountered in well-established pharmaceutical formulations, which should be sufﬁcient to allow the required
therapeutic dose of API to be administrated. In comparison, loading ratios up to 6–10% w/w in LNP have been
successfully achieved for molecules with higher lipophilic

character such as the DiD ﬂuorophore.16 or photosensiFig. 5. Nile Red in vitro release at different temperatures: (a) 4 C,


tizers used in photodynamic therapy. Although chemical
(b) 25 C and (c) 40 C. LNP of 3 different core compositions loaded
with 0.1% NR w/w are compared: NC0 (diamond symbol), NC50 (square
modiﬁcations of the desired API may be performed in
symbol) and NC100 (triangle symbol).
order to increase its lipophilicity by alkyl chains grafting, the LNP system offers a promising suitability as high
25  C on the burst and prolonged release, signiﬁcant diflipophilicity API delivery systems.
ferences occur at 40  C. Increasing the amount of wax
Yet, whereas not signiﬁcantly impacting the maximum
in the core thus leads to a reduced burst release (up to
loading achievable, changing core composition notably
40% for NC0, 35% for NC50 and less than 25% for
affects NR localization, as demonstrated by ﬂuorescence
NC100) (Fig. 5(c)). Similarly, increasing the amount of
and NMR studies (Figs. 3 and 4). Adding wax to the partiwax in the core leads to slower prolonged release kinetics.
cle core promotes localization of NR molecules inside the
For NC0 LNP, NR release levels off at 80% of total NR
lipid core instead of at the membrane compartment. This
molecules after 75 hours. In parallel, such level of release
is reached after 150 hours for NC50 LNP, and is still not
Table II. Nile Red solubility in bulk lipid mixtures just after preparation
achieved after 150 hours for NC100 LNP samples.
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feature is consistent with the preferential solubility of NR
dye in wax compared to soybean oil.

and could account for the observed burst release. To further support this hypothesis, a complementary NR release
experiment is performed, lowering the osmotic pressure
on the surfactants by saturating the release medium with
4.2. Release Proﬁles
surfactants (with a surfactant PEG concentration > critical
micelle concentration). As shown in Figure 6(b), burst
As evidenced in Figure 5, the NR release proﬁle from
release occurs during the ﬁrst 15 minutes and is signiﬁLNP presents a two-step process: (1) a burst release and
cantly reduced under saturated medium conditions. After
(2) a prolonged release. It has ﬁrst to be noted that LNP
2 hours, both releases become similar, probably due to the
size remains nearly constant along the release experiments,
solubilization of NR in the presence of PEG surfactants
therefore suggesting that NR release does not rely on partimicelles.
cle destabilization. The burst release frees around 20–30%
Meanwhile, the Nile Red prolonged release is notably
of total NR molecules during the ﬁrst 5 hours of experi

affected
by temperature and core composition (Figs. 5, 7).
ments. At 4 and 25 C, the amount of released molecules
Indeed,
whereas
no prolonged release is observed at 4  C
is not signiﬁcantly affected by core composition. How
and 25 C, a signiﬁcant release is obtained at 40  C
ever, at 40  C, increasing the amount of wax in the core
and the kinetics of release is dramatically slowed down
leads to decreased burst release. Interestingly, the amount
when adding wax to the LNP core (Fig. 7(a)). As no
of NR molecules released during the burst phase increases
convection process can exist on such nano-compartment,
with the amount of NR localized at the membrane as
Nile Red release should be related to the diffusion of the
quantiﬁed by the ﬂuorescence measurementsDelivered
(Fig. 6(a)). by Ingenta
to: through the LNP structure, in particular
NR molecules
These NR molecules, belonging to the
shell de
in contact
withet Chimie
Ecole
Physique
Industrielles
through the lipid matrix, as already described for other
the continuous aqueous phase, could easily be IP
released
: 193.54.89.133
lipid nanocarriers.23 24 Since the nanoscale does not allow
due to osmotic pressure exerted on the PEGThu,
surfactant
by 2012
06 Sep
13:40:20
us to
assess the micro-viscosity of the particle lipid core,
high dilution and intensive dialysis in micro dialysis capwe
performed
viscosity measurements on the lipid bulks
sules. This occurrence can lead to surfactant desorption
at 40  C (temperature for which all lipid blends are under

Fig. 6. Nile Red burst release. (a) Correlation between Nile Red membrane localization (assessed by ﬂuorescence spectroscopy) and Nile Red
burst release for 3 different core compositions (NC0, NC50, NC100) at
25  C. (b) Nile Red release from NC100 LNP loaded with 0.1% w/w
ﬂuorophore: release at 40 C in PBS versus release at 40  C in PBS
saturated with PEG surfactants (Mirj s40™ , above their critical micelle
concentration).

24

Fig. 7. Nile Red prolonged release. (a) Effect of temperature and composition on Nile Red prolonged release. (b) Correlation between the viscosity of the bulk lipid mixtures (NC0, NC50 and NC100) and prolonged
LNP release kinetics at 40  C.
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liquid form). As shown in Figures 7(b), at 40  C, the prolonged release kinetics scales as the inverse of the lipid
mixture viscosity, as expected for a diffusion-driven process according to the Einstein-Stokes law. It is indicative
that the prolonged release kinetics mainly depends on the
intrinsic micro-viscosity of the LNP core. Diffusion of
molecules is a temperature-activated process.25 From this
study, it can be stated that it is possible to modify the
release kinetics by varying the core composition and the
temperature release conditions, which affect the microviscosity and the associated local diffusion coefﬁcient of the
encapsulated molecules.
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