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Purpose. To develop from an original process, a novel generation of stealth lipidic nanocapsules in order
to improve the lipophilic drug delivery in accessible sites.

Materials and Methods. Nanocapsules covered by PEGjs(, stearate were obtained by a low energy
emulsification method. Conductivity measurements and ternary diagram were performed to describe the
formulation mechanism. Hemolytic dosage CH50 and pharmacokinetic study in rats have been achieved
in order to study the stealth properties of nanocapsules.

Results. Transition from an O/W emulsion to a w/O/W emulsion was necessary to produce PEGqs0
stearate nanocapsules. Interestingly nanocapsules with a size around 26 nm and a polydispersity index
inferior to 0.1 were obtained. The CHS50 test has revealed a very weak complement consumption in the
presence of such nanocapsules. Moreover, after intravenous injection into rats, PEGisy, stearate
nanocapsules exhibited long circulating properties. The experimental data support the concept of steric
repulsion of the surface towards proteins, displayed by nanocapsules covered with PEGso stearate.
These in vivo results were in agreement with the PEG 5 density calculated at the nanocarrier surface.
Conclusions. Injectable drug carriers have been developed. Their long-circulating properties could
confer them a strong potential for lipophilic drug targeting.

KEY WORDS: lipidic nanocapsules; PEG chain density; polyethylene glycol; “stealth” colloids;

transitional inversion.

INTRODUCTION

For 40 years, drug carriers in the nanometer range have
been in development. Most of them are used in the field of
cancer therapy and diagnosis. Indeed, these submicronic
systems, after intravenous administration, are expected to
improve the targeting and release of the encapsulated drug.
Liposomes and more recently, nanocapsules represent an
important part of these carriers. They are composed of
nonionic surfactants, macromolecules and / or phospholipids.

Unfortunately, following intravenous injection, these
nanocarriers are rapidly cleared from the blood. Macrophages
of the mononuclear phagocytic system, particularly Kuppfer
cells in the liver, recognized and removed them from the
bloodstream. The adsorption of plasma proteins at the surface
of these particles (opsonization process) seems to be respon-
sible of the short lifetime in the bloodstream because of their
interaction with specific plasma membrane receptors on
monocytes and various subsets of tissue macrophages (1).
Therefore, to increase the circulating half-time of nano-
carriers, some studies have shown the impact of grafting
polyethylene-glycol (PEG) derivatives at their surface (2).
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Indeed, the presence of such polymers reduces the protein
adsorption by ensuring an efficient steric stabilization. The
PEG density, corona thickness and PEG chain length are
important parameters to consider to avoid opsonization (3).

In this context, lipid nanocarriers covered with PEGgg
hydroxystearate have been developed by Heurtault et al. (4)
over the last five years. These standard nanocapsules were
prepared according to an organic solvent-free process using
the Phase Inversion Temperature (PIT) method (5). When an
oil-in-water (O/W) emulsion prepared with a nonionic surfac-
tant of the ethylene oxide type is heated to a critical
temperature (PIT), the emulsion inverts to a water-in-oil
emulsion (W/O) (6). During a rapid cooling at PIT, the
system crosses a point of zero spontaneous curvature pro-
moting the formation of submicron-scale particles. Despite of
the presence of PEG, these lipid nanocapsules exhibit an
early disappearance half-time of 21 min after injection in the
bloodstream (7). In order to extend the disappearance half-
time, a novel long-circulating particle with longer PEG chain
(PEG 50 stearate) based on low-energy emulsification meth-
od, without phase inversion, was developed.

In this study, the formulation process of these nanocarriers
was investigated. The nanocapsule structure was then explored
by cryo-transmission electron microscopy (Cryo-TEM). The
influence of the PEG length on the electrokinetic properties of
the particles was compared to the standard nanocapsules de-
veloped by Heurtault ef al. (8). The ability of the PEGysy
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stearate (density and length) to inhibit the in vitro activation of
the complement system and to prolong the lifetime of the nano-
capsules after intravenous injection in rats was also evaluated in
comparison with PEGgeg hydroxystearate nanocapsules.

MATERIALS AND METHODS

Lipoid® S75-3 (soybean lecithin at 69% of phosphatidyl-
choline and 10% phosphatidylethanolamine) and DUB
SPEG 30S® (PEGs0 stearate) were kind gifts from Lipoid
GmbH (Ludwigshafen, Germany) and Stearinerie Dubois
(Citron, France), respectively. Due to its complex composi-
tion, the brand name of soybean lecithin will be used in the
following. The lipophilic Labrafac® WL 1349 (caprylic-capric
acid triglycerides) was generously provided by Gattefossé S. A.
(Saint-Priest, France). NaCl was purchased from Prolabo
(Fontenay-sous-bois, France). Deionised water was obtained
from a Milli-Q plus® system (Millipore, Paris, France).

Formulation of Stearate PEGy59) Nanocapsules

An aqueous phase containing deionised water, NaCl,
and hydrophilic non-ionic surfactant (DUB SPEG 30S®) was
added to the oil phase (Labrafac®) and lecithin (Lipoid®)
(Table I under magnetic stirring at an agitation speed of
200 rpm. As for the preparation of standard nanocapsules, at
least three temperature cycles alternating from 60 to 95°C at a
rate of 4°C/min were realized to obtain stable nanocapsules
(9). During the last cooling, the formulation reaching 80°C,
was rapidly diluted (1:3.5) with 12.5 ml cold water to form
particles, and then continuously stirred for 30 min.

Conductivity Measurement

The conductivity of the bulk phase was measured using a
conductimeter LF 325B (WTW, Weilheim, Germany) with
two platinum plate attachments. Conductivity was deter-
mined during heating, between 60 and 100°C, under magnetic
stirring at an agitation speed of 200 rpm. The conductivi-
meter mode used was the nonlinear temperature compensa-
tion (nLF). Four different compositions corresponding to
high, low and intermediate water fraction F, (0.85, 0.66, 0.5
and 0.33) have been studied with F,, described as:

Vwaler
(Vwater+ Voil )

Where Vyaier and V; were the volumes of water and oil,
respectively, in the nanocapsule suspension before dilution.
Moreover, concentration of PEG 5o stearate was fixed at

Fp= (1)

Table I. Composition of PEG 5, Stearate Nanocapsules A

PEG; 5 stearate nanocapsules (26 nm)

Constituents Quantity (g)
PEG 5 stearate 1.403
Lipoid® 0.075
NaCl 0.250
Labrafac® 0.468
Deionized water 2.805
Deonized water at 0°C 12.50
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30% w/w. The conductivity measurements were performed in
triplicate indicating an accuracy around 1.5%.

Feasibility Domain

In order to optimize constituent proportions, a ternary
diagram was built. For each plot, the preparation process was
unchanged but the proportions of water, oil and PEGjsg
stearate were modified. The sum of the amounts of these three
components was considered to be 100% (w/w). Concentra-
tions of Lipoid® S75-3 and NaCl in water were fixed at 1.5%
(w/w) and 5% (w/w), respectively. The feasibility domain was
defined as an area that allowed the formation of nanocapsules.
After dilution, the hydrodynamic diameter range and the
polydispersity index of each formulation were characterized
by dynamic light scattering spectroscopy.

Particle Characterization
Size Measurements

The average hydrodynamic diameter and the polydisper-
sity index (PI) of nanocapsules were determined by dynamic
light scattering using a Malvern Autosizer 4700 (Malvern
Instruments S.A., Worcestershire, United Kingdom) fitted
with a 488 nm laser beam at a fixed angle of 90°. The polydis-
persity index was used as a measurement of the size distri-
bution. A small value of PI (< 0.1) indicates an unimodale size
distribution, while a PI > 0.3 indicates a higher heterogeneity.
The temperature of the cell was maintained at 25°C. Nano-
capsules were diluted 1:100 (v/v) in deionised water in order to
assure a convenient scattered intensity on the detector.

Cryo Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM observations were performed at —170°C on a
Philips CM120 electron microscope operating at —120 kV fol-
lowing the method previously developed by Lambert et al. (10).

Determination of the Proportion of Free PEG)sy Stearate
in the Nanocapsule Suspension

We assumed that the whole quantity of Labrafac® and
Lipoid® used in the preparation was confined into spherical
particles. On the contrary, a release of the PEGysq stearate
from the nanocapsule shell has been noticed. So, an assess-
ment of PEGy5¢ stearate amount in the external phase of the
suspension was performed. The free hydrophilic polymer was
separated from the nanocapsules by steric exclusion chroma-
tography. Nanocapsule suspension was deposited on 1.5 x 40
cm Sepharose CL-4B column and was eluted with distilled
water. About 200 fractions of 400 pl were successively col-
lected and the PEG concentration was determined from a
colorimetric method taking advantage of the formation of a
complex between PEG and iodine (11). 50 ul of KI/I, solution
was added to 100 pl of sample diluted at 1:4 (v/v) and the tur-
bidity of the medium was then detected spectrophotometri-
cally at 492 nm. Three measurements by fraction were
performed to evaluate the PEG concentration indicating a
1% accuracy. After chromatography, the amount of PEGj 5
stearate adsorbed on the Sepharose gel was determined
according to the same method.
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Measurement of the Electrophoretic Mobility

Electrophoretic mobility measurements of nanocapsules
were carried out using a Zetasizer 2000, (Malvern Instru-
ments S.A.) based on the laser Doppler effect. Measurements
were made in water at pH 7.4 with cell voltage 150 V. The
nanocarriers were diluted in water at 1:10 (w/w) and seven
NaCl concentrations were chosen: 1, 2, 10,15, 25, 50 and
100 mM. The electrophoretic mobility measurements were
carried out in triplicate. All the values were measured with a
relative accuracy of 1%.

From these experimental electrophoretic mobilities, a
soft particle analysis theory (12) was applied. It aimed at
characterizing the surface electric properties of PEGjsg
stearate nanocapsules (13). Two physical constants ZN and
1/2 were then determined: ZN (C.m?®) represented spatial
charge density in the polyelectrolyte region and 4~ (m) was
the depth of the layer accessible by counterions like Na™.

Complement Consumption Studies

Complement consumption was assessed in human serum
(HS) by measuring the residual hemolytic capacity of the
complement system after contact with nanocapsules. Various
amounts of the nanocapsule suspension (50,100, 125, 150, 200,
250 pl) were diluted with VBS®* (Veronal Buffer Saline) in
order to obtain a total volume of 300 ul for each sample.
After addition of 100 ul of HS, the suspensions were incu-
bated at 37°C for 60 min, under gentle agitation. Simulta-
neously, sheep erythrocytes were sensitized with hemolysine
diluted at 1:1,600 (v/v) in VBS?** and suspended to a final
concentration of 1.10° cells/ml. After incubation, nanocap-
sules in HS were diluted to 1:24 (v/v) and different amounts
of the mixture nanocapsules/serum (0.2, 0.25, 0.3, 0.35, 0.4,
0.6 ml) were diluted with VBS** to reach a total volume of
0.8 ml. The sensitized sheep erythrocytes (0.2 ml) were also
added and the sample were incubated at 37°C for 45 min.
After addition of 2 ml of NaCl, unlysed erythrocytes were
separated by centrifugation. The lysis of cells measured at
405 nm allowed to determine the level of residual active
complement in HS previously exposed to nanocapsules.
Zymosan particles, a strong complement activator (14),
were used as a positive control. Results were expressed as
CHS50 units consumption (15). The CH50 units represent the
concentration of serum of hemolytic complement units per
ml of serum able to cause 50% hemolysis of a fixed volume
of these sheep red cells.

In Vivo Studies
Preparation of Radiolabeled Nanocapsules

Nanocapsules were labeled by incorporating in their oily
core a lipophilic complex: “™T¢ (S3CPh),(S,CPh) or **™Tc-SSS
complex, prepared according to Mevellec ef al. (16). **™Tc was
obtained from a *’Mo/**™Tc generator purchased from CIS bio
International/Schering (Gif sur Yvette, France). 1 ml of
deionised water was added to a vial containing 7.5 mg
sodium gluconate and 0.075 mg SnCL.2H,0 in a freeze-dried
form. Pertechnetate (370 Mbqg, 0.5 ml) was mixed with this
solution at room temperature for 10 min. 4 mg of a sodium
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dithiobenzoate and trithiobenzoate mixture in 0.5 ml of
deionised water were finally added and heated for 30 min at
100°C. The radiochemical purity of the lipophilic complex was
determined by thin layer chromatography and the migration
was evaluated using a phospho-imager apparatus (Packard,
Cyclone™ storage phosphor system). The chromatography was
carried out on silica/alumina 60 F,s4 gel plates (Merck), using a
solution of petroleum (6/4) as eluant (Rf 0.7). PEGys stearate
nanocapsules were prepared in adding **™Tc-SSS complex to
the raw materials. Its volume was deduced of the total amount
of deionised water before dilution. The rest of the preparation
process previously described remained then unchanged. The
nanocapsules were finally dialyzed against distilled water (2 1),
at room temperature during 2 h.

Animal Experimentation

Animal studies were carried out in accordance with the
French regulation (law 0189.4 of January 24, 1990) on male
Wistar rats (400450 g). The °’™Tc nanocapsules (500 pl,
0.2 MBq) were injected intravenously in the penile vein under
gaseous isoflurane anesthesia. Blood samples (0.5 ml) were
withdrawn on four animals intracardially at 15, 45, 90 min, 2, 4,
6, 16, 24, 41 and 48 h after injection. They were then intro-
duced into vials, weighted and counted in a gamma counter
(Packard Auto-Gamma 5000 series) for activity. Nanocapsule
concentrations in blood at the various time points were
calculated based on the assumption that blood represents 7%
of rat body weight and were expressed as percent of the
injected dose.

Data Analysis

The pharmacokinetic data were analyzed by a non-
compartmental analysis. The time corresponding to the
disappearance of 50% of the total injected dose was deter-
mined by linear interpolation. The AUC|y_24; and AUCg_4g
calculations were performed by the trapezoidal method
during the experimental period.

RESULTS AND DISCUSSION
Conductivity Measurements

The conductivity study was performed on four formula-
tions containing a constant PEGsy, stearate concentration
(30% w/w) and different F,,. The conductivity evolutions
were determined under magnetic stirring while the tempera-
ture was increased. Two different behaviors were observed
for systems with high and low water proportions. In order to
describe these profiles, two representative preparations
(Table IT) among the four were chosen: the formulation A
(Fyw = 0.85) and the formulation B (Fy = 0.5).

The conductivity of the system A as a function of the
temperature was exhibited in Fig. 1A. A constant conductiv-
ity around 33 mS/cm corresponding to a O/W emulsion was
observed until 76°C. Then, the conductivity exhibited a
variation zone between 76 and 90°C to attain afterwards a
threshold value of 29 mS/cm. This significant conductivity
above 90°C denoted an aqueous external phase. So, this
behavior was not suggestive of a phase inversion but of a
transition from a O/W emulsion to a w/O/W emulsion (17) by
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Table II. Composition of Preparations Used for Conductivity
Studies

Quantity (g) Formulation A Formulation B

PEG 5 stearate 28.05 28.05
Lipoid® 1.5 1.5

NaCl 5 2.92
Labrafac® 9.35 32.73
Deionized water 56.1 32.73

The water fractions (F,,) for formulations A and B were 0.85 and 0.5,
respectively. For each preparation, the NaCl concentration in
aqueous phase was constant (89 g/l).

passing through a transitional zone characterized by conduc-
tivity changes (in gray on the graph). The proportion of inner
water (F,, ) contained in the multiple emulsion was calculat-
ed from the difference between the experimental conductiv-
ity and the expected one predicted by Bruggeman’s law
described below:

K =Ky X FJJ? (2)

Where x was the emulsion conductivity and xy, the
aqueous phase conductivity with the same NaCl concentra-
tion. For temperatures below 76°C corresponding to a O/W
emulsion, this equation was applied. The experimental
conductivity was around 33 mS/cm and the conductivity
calculated from Bruggeman’s law was 33.7 mS/cm with «y, =
43 mS/cm. On the contrary, after the transitional zone, the
conductivity measured (29 mS/cm) was lower than the one
determined from Bruggeman’s law suggesting the presence of
water within the oil drops. The inner water amount was
determined from these conductivity differences to be about
8% (w/w) and the total internal phase of the w/O/W
emulsion was around 25% (W/w).

The conductivity of the composition B containing equal
amount of oil and water (F,, = 0.5) is illustrated in Fig. 1B. As
in the case of the system A, the conductivity stayed constant
(i.e., 8.5 mS/cm) for temperatures below 75°C. This conduc-
tivity value was in agreement with the one determined with
the Bruggeman’s equation (i.e., 8.1 mS/cm with xy, = 23 mS/
cm). Between 75 and 95°C, a rapid conductivity decrease was
observed until 0 mS/cm corresponding to an external phase
inversion. Indeed, during the temperature increase, the inner
oil phase moved to the external phase in crossing a
transitional zone and the O/W emulsion became a W/O
emulsion. This behavior is representative of classical PIT
method used by Heurtault ef al. (9).

The conductivity changes observed for each formulation
occurred at the same range of temperature, between 75 and
90°C into a transitional zone corresponding to the gray
region in Fig. 2. For emulsions composed of 30 to 65% of
water, the interfacial curvature was inverted with tempera-
ture increase according to the Bancroft’s rules (18) while
crossing the transitional zone. Phase inversion was not
possible for systems with higher water fraction because the
oil amount is too small, and their interfacial curvature is
opposite to the one naturally induced by the non-ionic
surfactant leading to multiple emulsion w/O/W (19). During
the temperature cycles, these morphology changes were due
to the variation of surfactant affinity for aqueous and oily
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phases defined by an empirical formulation variable so-called
the hydrophilic-lipophilic deviation (HLD). HLD > 0 and
HLD < 0 correspond to surfactant affinity for oil and for
water, respectively (20). A HLD value equal to 0 represents
an optimum formulation where an uniform repartition of
surfactant between the two phases occurs. A formulation-
composition map introduced 20 years ago described the
variations of the emulsion morphology according to the water
fraction F,, and the HLD (21). Thus, making a correlation
between this map and the Fig. 2, we hypothesized that the
transitional zone corresponds to the optimum formulation of
system with a HLD value close to 0. In this narrow domain,
the spontaneous curvature of the PEGysg, stearate is near
zero leading to the disappearance of droplets (22). Then, a
bicontinuous microemulsion phase with excess water and/or
oil takes place (23).

After three temperature cycles, the preparations A and
B were diluted with cold water and were analyzed by photon
correlation spectroscopy (PCS). Some nanocapsules exhibit-
ing a small hydrodynamic diameter (26 nm) and a mono-
modal distribution (PI < 0.1) were produced from the
composition A. On the contrary, despite of the inversion
phase observed during the temperature increase, no structure
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Fig. 1. Evolution of the conductivity as the temperature increases.
The PEGjsq stearate concentration was 30% (w/w). The conductiv-
ity variations occurred in the transitional zone represented in gray on
the graphics. (A) For the system A composed of a water fraction (Fy)
of 0.85, the crossing of the gray zone corresponded to a transition
from a O/W emulsion to a multiple w/O/W emulsion. (B) For system
with a lower water fraction (Fy, = 0.5), the conductivity when
temperature increased, sharply decreased up to 0 mS/cm denoting a
phase inversion.
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Fig. 2. Morphology evolutions as a function of temperature for four
systems containing 30% (w/w) of PEGqsq, stearate and different
water fractions: Fy, = 0.33; 0.5; 0.66; 0.85. Transitional zone (in gray
on the graphic) represented conductivity variations denoting a
morphology change. For preparations composed of high water frac-
tions (Fy > 0.6), temperature increase led to a transition from a O/W
emulsion to a multiple w/O/W emulsion. For systems with lower water
proportions, phase inversion took place in the transitional zone.

was obtained for the formulation B. These results could be
correlated with the work of Wadle ef al. (24) who had
demonstrated that the occurrence of phase inversion was not
a guaranty of the nanocapsule formation. Moreover, accord-
ing to Morales et al. (25), the preparation of nano-emulsion
implies a complete solubilization of the oil phase in a bicon-
tinuous microemulsion, at PIT. Thus, we could suppose that
for low F,, inducing phase inversion during temperature
cycles, the oil is not entirely soluble. Concerning the standard
nanocapsules developed by Heurtault et al., their preparation
required the crossing of a phase inversion zone between 70
and 85°C (9). These formulations composed of PEGyggs
hydroxystearate were characterized by lower water fractions
leading to phase changes (8). Hence, for these systems, a
significant oil solubilization occurs within the bicontinuous
microemulsion.

Feasibility Domain

A ternary diagram was established to define the
constituents proportions of salted water, Labrafac® and
PEGys0 stearate allowing the formation of submicron
particles with a monodisperse size distribution. The formula-
tion process, previously described, was applied for each point
of the diagram (Fig. 3). Particle size and distribution were
then determined for each formulation. A feasibility domain,
in gray on the graphic, corresponding to the formation of
nanocapsules with a size comprised between 20 and 150 nm
and an polydispersity index inferior to 0.3 was revealed. It is
described as a parallelogram whose relative proportions are
comprised between 20 and 40% (w/w) of non-ionic surfac-
tant, 40 and 75% (w/w) of salted water and 5 and 20% of
Labrafac®. Furthermore, as in the case of system A, we
noticed that the particle formation occurred only at Fy, above
0.65. Thus, we could suppose that for all the systems within
the feasibility domain, the process of particle formation is
similar to the one occurring during the preparation of A: no
phase inversion but a transition from a W/O emulsion to a
w/O/W emulsion by passing through a zone corresponding to
a bicontinuous phase allowing the formation of nanocapsules.

In conclusion, the complete process leading to the
nanocapsule formation is illustrated in Fig. 4, where the

Béduneau er al.

morphology changes of systems occurring during the tem-
perature cycle is exhibited. A transition from a O/W
emulsion into a w/O/W is induced when the temperature is
increased to 95°C and vice-versa. Three temperature cycles
were applied and a rapid cooling was performed inside the
transitional zone.

The previously mentioned system (A) was subjected to
Cryo-TEM observation (Fig. 5). The capsules analyzed by
using electron beam at different angles (results not shown)
were spherical. The size observed was around 25 nm,
similarly to the hydrodynamic diameter determined by PCS
(26 nm). The narrow size distribution characterized by both
Cryo-TEM and PCS (PI < 0.1) contributed to improve the
stability of the suspension by reducing the Ostwald ripening
(6). This hypothesis was confirmed by macroscopic observa-
tions at 4 and 37°C and at different pH (6, 7.4 and 8) showing
a stability of the suspension over three months.

The next studies have been carried out on the system A
which exhibited a monomodal granulometric distribution and
an interesting size (26 nm) for drug delivery. Each experi-
ment was performed immediately after the preparation of
nanocapsules.

Influence of the PEG5(, Stearate on the Stealthiness
of Nanocapsules

The capacity of PEGsqo stearate into the nanocapsule
shell to reduce complement consumption has been exhibited
in Fig. 6. The results were then compared to a previous study
of Vonarbourg et al. (26) concerning the evaluation of the
complement activation by 50 nm PEGgq hydroxystearate
nanocapsules. Complement activation expressed as CHS50
units consumption was evaluated as the residual lytic capacity
of the serum after contact with nanocapsules. A strong
complement activation occurred in the presence of very
small amount of Zymosan particles. On the contrary, nano-
capsules did not induce any response of the complement

AN, \
\ NS \

300
0.0 O,I‘l 0.2 03 04 05 06 0.7 08 09 10
Labrafac®

Fig. 3. Ternary diagram allowing the determination of feasibility
domain comprising nanocapsules with a size smaller than 150 nm and
a polydispersity index inferior to 0.3. The composition A character-
ized by a water fraction F,, = 0.85, led to the formation of
nanocapsules with a size around 26 nm and a monomodal distribu-
tion. On the contrary, the formulation B composed of a lower water
amount (F,, = 0.5) was located outside of the feasibility domain.
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Fig. 4. Formulation process of lipid nanocapsules composed of a
high water fraction and description of morphology changes during
the temperature cycles.

system for a surface area lower than 1,000 cm?. For higher
surface area, between 2,000 and 5,000 cm?, the complement
consumption took place reaching a maximum of 20% and
15% for PEGqsp, stearate and PEGgq, hydroxystearate
nanocapsules, respectively. This very weak complement
activation observed for each type of nanocapsules was
mainly due to the synergistic effect between the nanocapsule
size and PEG layer. Indeed, the complement cascade involv-
ing a chain reaction of several complement components
requires a certain local area on the nanocapsule surface.
Ishida et al. (27) reported that the surface area of liposomes
recognized by complement surface (SRC) was proportional
to their diameter. Thus, the small size of nanocapsules limits
the recognition of complement system (28). In addition to the
size, the PEG layer surrounding the particle plays a major
role in the weak complement activation observed in this
study. The steric repulsion exerted by the PEG reduces
adsorption of complement fragments (29). This protein-
resistant effect was dependent on both polymer chain
length and polymer surface density (1). However, Jeon et
al. (30) demonstrated that the PEG surface density had a
greater effect than length on steric repulsion.

In this context, the stearate PEGjso density at the
surface of nanocapsules has been assessed. The method used

2195

Fig. 5. Cryo-TEM image of nanocapsules A.

to evaluate the number of nanocapsules by volume unit
(Ncaps) has been developed by Minkov et al. (31) and was
applied to PEGggo hydroxystearate nanocapsules. The
authors hypothesized that the thickness of the particle shell
was mainly influenced by the Lipoid® and corresponded to a
4.5 nm bilayer membrane. As a consequence, the shell thick-
ness of 26 nm nanocapsules was estimated to about 4.5 nm
and the diameter of the Labrafac® core (d) to about 17 nm.
Moreover, the free PEG 5o stearate contained in suspension
was separated by Sepharose CL-4B column chromatography.
Its assessment was performed by a colorimetric method. Two
peaks were observed from the chromatogram in Fig. 7, the
nanocapsules were first eluted, their diameter analyzed by
dynamic light scattering was about 30 nm. The free PEGys
stearate corresponding to the second peak was composed of
43% (w/w) of the total amount of PEG contained in the
nanoparticle suspension. Moreover, a negligible amount of
PEG509 adsorbed on the Sepharose gel was determined after
chromatography. Thus, we could consider that the nano-
capsule shell contained 57% (w/w) of the total PEGysgg
stearate amount incorporated in the formulation. From this
value (Pg peGisoo = 0.57) and the other approximations, the
surface of one PEGs( stearate molecule confined into the
nanocapsule corona (Sg pegiseo) Was calculated by the
following equation:

—— 26 nm PEG1500 stearate nanocapsules

840 —e— 50 nm PEG660 hydroxystearate nanocapsules

£ —=-—Zymosan

% 30

=

L]

520

£,

£ 10

o
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5 0 b d s T T T 1
0 1000 2000 3000 4000 5000

Surface (cmf)

Fig. 6. Consumption of CH 50 units in the presence of 26 nm
PEG s stearate nanocapsules A , 50 nm PEGgg, hydroxystearate
nanocapsules and Zymosan particles as function of surface area.
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(Ncaps X Scaps)
st PEG1500 X Ps¢ PEG1500)

3)

Sst PEG1500 = W

Where Ng pegisoo Was the total number of PEGsy
stearate molecules per unit volume in the preparation,
Py pEG1500 Was the proportion of surfactant molecules in
the nanocapsule shell, Sc.p,s was the surface area of one
nanocapsule and N,,s was the number of nanocapsules per
unit volume, N, Was given by:

Niab
Hjab

N, caps= (4)
Where Ny, was the total number of Labrafac® mole-
cules per unit volume and #n,,, was the number of Labrafac®

molecules confined in the nanocapsule core, n,, was given
by:

(5)

Where V... was the volume of the Labrafac® core and Vi,
(32,33) was the volume of one Labrafac® molecule. The
numerical data used:

Psl PEG1500 = 0.57

Ny pEG1500 = 2.7 x 10%
Scaps = 2124 nm®

Niap = 3.4 x 10"

Vcore = 2572 nm3

Vlab =154 nm3

The surface covered by one molecule of PEGysn
stearate was then estimated to about 2.8 nm?, corresponding
to a distance D between two PEG chains of about 1.7 nm.
From previous studies about interactions between protein
adsorption and PEG density, the polymer surface density is
believed to be sufficient to prevent the opsonization process.
Indeed, Jeon et al. (30) demonstrated that D =1 nm and D =
1.5 nm were the optimal distances to prevent the adsorption
of small and large proteins, respectively. Furthermore, Gref
et al. (3) have shown that nanospheres made from copolymer

Béduneau er al.

block PEG-PLA allowed a maximum protein repelling when
D = 14 nm. A weak complement consumption has been
obtained for nanocapsules possessing on their surface some
PEG chains separated by a distance D of about 2 nm (34).
Therefore, these results are in agreement with previous as-
sessments of the complement consumption. Indeed, the com-
plement system was weakly activated by the nanocapsules
because of the optimal PEGisq stearate density surface
which prevented the adsorption of complement protein frag-
ments. The presence of such a surfactant strongly reduced
Van Der Vaals forces and increased steric repulsion between
particles and proteins. Concerning the standard nanocapsules,
the PEG density has not been assessed. However, Vonarbourg
et al. (35) showed that PEGgg hydroxystearate was organized
in brush conformation suggesting a high PEG density on the
particle surface.

The electrokinetic properties of the PEGsq, stearate
nanocapsules have also been assessed from a soft particle
electrophoresis analysis (12). The electrophoretic mobilities
of nanocapsules as a function of the salt concentration were
observed in Fig. 8. The best fit between experimental points
and those corresponding to the theoretical model was
obtained when ZN = —1.12 x 10° Cm > and 27" = 1.0 x
10~° m with R?> = 0.97. ZN corresponded to spatial charge
density and 17! represented the depth of the layer accessible
to the counterions. The correlation coefficient > 0.95 proved
that nanocapsules verified the theory of soft particle. These
results have been compared to the values obtained for stan-
dard lipid nanocapsules (LNC) with PEGgg hydroxystearate
and the same Lipoid® amount (Table III ). We noticed that
the charge density of PEGysy stearate nanocapsules was
three-fold higher than LNC. Vonarbourg et al. (35) demon-
strated that PEG chains own negative dipolar charges playing
a major role in the particle electrokinetic properties. So, this
important ZN value could explain a higher PEGy5, stearate
density into the nanocapsule shell. Furthermore, in spite of
the longer PEG chain, the thickness of the accessible layer to
Na* ions was thinner for PEGs0y nanocapsules than for
LNC. We could hypothesize that 1~ was weaker because of
the short distance between two polymer chains, preventing
the penetration of counterions into the accessible layer. In
consequence, both ZN and A~' suggest, as the previous study,
a high PEG 5 stearate density at the nanocapsule surface.
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Fig. 8. Evolution of the electrophoretic mobility as a function of
NaCl concentration for PEGysq stearate nanocapsules A.
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In a last part, the PEGy50 stearate nanocapsule phar-
macokinetics were investigated in healthy rats in order to
study the correlation between the low complement consump-
tion by the particles and their circulation time in the blood-
stream. The nanocapsule concentration in the bloodstream
was determined versus time (Fig. 9). The results were com-
pared to a pharmacokinetic study realized on standard **™Tc-
labelled nanocapsules (7). The free *™Tc-SSS complex in the
suspension was previously removed by dialysis. The half
disappearance time of PEG1500 stearate nanocapsules was
observed around 5.5 h. Moreover, 20% of the dose was still
present in the blood 24 h after injection. These pharma-
cokinetic characteristics are more advantageous in compari-
son with standard LNC. Indeed, Ballot et al. demonstrated the
rapid clearance from blood of nanocarriers composed of
PEGggo hydroxystearate with a 1, of 21 min. Although these
capsules activate very weakly the complement system, they
are rapidly recognized by the reticulo-endothelial system
(RES) organs. These results could be explained by the change
of physicochemical properties of standard nanocapsules after
their intravenous administration. Indeed, we could hypothe-
size a possible leakage of PEGggo hydroxystearate from shell
and / or a modification of the surfactant organization after
injection in the blood. Moreover, by grafting DSPE-PEG;
and DSPE-PEGsy, on the surface of these nanocapsules,
Hoarau et al. (2) showed a significant improvement of their
circulation time. This pharmacokinetic behavior was due to
the length of PEG chains which reduced protein adsorp-
tion (36). Gref et al. (37) reported that the blood circulation
time for nanospheres composed of PLA-PEG copolymers
was significantly improved with increasing of molecular
weight of PEG chains. Nevertheless, although the nano-
capsules modified by Hoarau et al. were composed of PEG
chains with a molecular weight superior to 1,500 g/mol, their
AUC[924] blooa (796%dose.h) corresponded to only 75% of
that of PEGys stearate nanocapsules (1,053% dose.h). So,
this difference suggested that the protein-resistant effect of
the PEG density was greater than the length of the polymer
chain. Moreover, this experiment allowed to correlate the
low complement activation by the nanocapsules with their
long-circulating properties. Indeed, by reducing the comple-
ment proteins consumption, the injected nanocapsules were
not rapidly recognized by macrophages, increasing their
residence time in the bloodstream (38,39). Thus, decreasing
the recognition by complement system, the PEG density and
the size of colloids represent essential parameters to confer
stealth properties to particles. Nevertheless, an other param-
eter, the lecithin presence, could be taken into account.
Mosqueira et al. (40) has compared nanocapsules composed
of PLA-PEG,y oo copolymers and of lecithin with nano-
spheres without phospholipids and characterized by a higher

Table III. ZN and 1/ Parameters for Classic Lipid Nanocapsules
Prepared with PEG, Hydroxystearate and Novel Nanocapsules A
Composed of PEG 5 Stearate

Type of LNC ZN (10°cm™) 1/2 (10°m) R2?
PEGgg0 nanocapsules 20 nm —0.32 £ 0.08 25+0.5 0.99
PEGj 500 nanocapsules 26 nm —1.12 £ 0.08 1+05 0.97

R? corresponded to the correlation coefficient obtained from the
fitting.
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Fig. 9. Blood concentration-time profile for PEG;sg, stearate nano-
capsule A. Formulation was intravenously injected at a dose of 500
ul nanocapsules/rat and evolution of blood activity was expressed in
percentage of injected dose. The results were compared to 50 nm
PEGgg0 hydroxystearate nanocapsules.

PLA-PEGyy goo density. The results showed that liver as-
sociation of nanocapsules was 2- to 3-fold lower for nano-
capsules in spite of their low PEG density. The authors have
explained this phenomenon by the presence of lecithin that
confers hydrophilic properties to the nanocapsule surface.
Indeed, hydrophilic coating is known to decrease the op-
sonization process (41). However, their AUCjy—24] blood Was
sharply lower in comparison with PEGysy, nanocapsules
(190%dose.h) probably due to their larger size (197 nm).
Consequently, the Lipoid® inside the PEGys( stearate shell
could contribute to long-circulating properties. Furthermore,
the lipidic nanocapsules show an other advantage for lipo-
philic drug delivery in comparison with submicron lipid emul-
sions. Lundberg et al. (42) reported that the rapid clearance
of 44 nm nanoemulsion composed of triolein (TO), dipal-
mitoyl phosphatidylcholine (DPPC) and polyethylene glycol
modified phosphatidylethalonamine (PEG-PEG) was main-
ly due to the lypolis of the TO and not by uptake of whole
emulsion droplets. In our case, the enzymatic degradation
of nanocapsules was prevented by the polymeric shell pro-
tecting the oily core.

CONCLUSIONS

In this study, we have developed a new generation of
nanocapsules composed of an oily core surrounded by a
PEG50p stearate layer with phospholipids and where no
coating was necessary to make them stealthy. Their prepara-
tion did not allow the crossing of an inversion zone as in the
case of the PIT method, but a transition from a O/W emul-
sion into a w/O/W multiple emulsion. In vitro and in vivo
studies have revealed the long-circulating properties of these
novel nanocapsules. Indeed, the complement system playing
a major role in phagocytosis of colloidal drug carriers was
only slightly activated in the presence of nanocapsules. This
in vitro behavior also corroborated in vivo results. When
nanocarriers were injected intravenously to rats, 20% of the
total dose was still in the bloodstream 24 h after administra-
tion. Hence, we could suppose that these capsules prevented
the opsonization process, consequently reducing their uptake
by the mononuclear phagocytic system. The optimal protein-
resistant effect of PEGysg stearate on nanocapsule surfaces
was considered to be dependent on both chain length and
surface density. The PEGsg stearate density calculated on
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the nanocapsule surface was consistent with the literature
findings. Indeed, the distance of 1.7 m between each PEG
chain corresponded to a threshold value for optimal protein
resistance. Moreover, the small size (26 nm) and the presence
of lecithin on the nanocapsule surface contribute also to their
stealth properties.

So, these PEGsq, stearate nanocapsules characterized
by long-circulating properties allowed a potential application
for delivery of lipophilic drugs to solid tumors. Indeed, con-
trary to the standard colloidal carriers that were rapidly
recognized by macrophages, the stealth properties of these
nanocapsules could lead to an important accumulation of
drugs in accessible sites.
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