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a b s t r a c t

Over the last decade, Lipid NanoCapsules (LNCs) have been intensively used as effective drug deliv-
ery systems; they are classically prepared using a phase-inversion method. Following formulation of
the LNCs, the molecular insertion of commercially-available disteraoylphosphatidylethanolamine-peg
amphiphiles is performed into the LNC shell, using a post-insertion method, more classically applied
vailable online 19 June 2010
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with liposomes. The subsequent LNC interfacial modifications are investigated by using size and elec-
trokinetic measurements. More particularly, the length and the nature of the hydrophilic part of the
post-inserted surfactant are modified. The results are discussed in order to improve our understanding
of post-insertion mechanisms.

© 2010 Elsevier B.V. All rights reserved.

oft-particle analysis
lectrokinetic measurements

. Introduction

In the field of nanomedicine (drug delivery systems formulated
t the nanometric scale), the nanoparticle surfaces are expected
o have several different properties allowing active or passive tar-
eting (Gupta and Gupta, 2005; Pellegrino et al., 2005; Nasongkla
t al., 2006; Byrne et al., 2008) and also preventing their recog-
ition and capture by the immune system (Fang et al., 2009).
mong the available surfactants, a particular class has emerged,

his being surfactants with variable amounts of polyethylene glycol
PEG). However, the introduction of such surfactants into estab-
ished formulation processes forces the scientist to manipulate

any parameters in order to achieve the desired structure, size
ange and polydispersity (Heurtault et al., 2003; Anton et al., 2007).
ue to these constraints, post-formulation strategies have emerged
hereby the nanoparticles are considered as platforms for interfa-

ial modification. Organic chemistry has initiated several strategies
rom classical coupling reactions, such as the creation of amide
Acharya et al., 2009) and ester (Ljubimova et al., 2008) bonds, to

ore recent techniques based on metathesis (Koenig and Chechik,
006; Airaud et al., 2009) or cycloadditions such as the Diels–Alder

eaction (Zhu et al., 2006; Shi et al., 2009). But in most cases, these
rocesses require the use of organic solvents and/or the use of
rgano-metallic compounds, which need to be removed from the
ample at the end of the process. New methods such as a copper-

∗ Corresponding author.
E-mail address: thomas.perrier2@hotmail.fr (T. Perrier).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.06.019
catalysed azide–alkyne coupling reaction, known as CuAAC (Hein
et al., 2008; Lutz and Zarafshani, 2008), have established water as
a reference solvent for the modification of nanoparticles. To date,
efforts have been made to develop re-usable and recoverable cata-
lysts (Sirion et al., 2008).

In a similar way, physical methods have been established; in
particular, post-insertion has been widely used to modify the sur-
face of liposomes (Iden and Allen, 2001; Allen et al., 2002; Moreira
et al., 2002). This consists of incubating liposomes with a micel-
lar suspension of the added surfactant. The result is its transfer
inside the liposomal, lipidic bilayer. To date, no systematic studies
have been published concerning the nature of the surfactants, that
is to say, the required length of the hydrophobic and hydrophilic
elements, and if one or more aliphatic chain is necessary. As
PEG is of great interest in pharmaceutical applications (Kim et
al., 2009; Zalipsky, 1993), due to its ability to increase colloidal
stability and enhance blood circulation time (Vonarbourg et al.,
2006a,b) by decreasing macrophage up-take and complement acti-
vation (Vonarbourg et al., 2006a,b), we chose to use amphiphilic
phospholipids-PEG to test the post-insertion process into LNCs.
These surfactants have molecular weights of between 1000 to
almost 6000 g/mol. Related HLB values vary from 5.44 (hydropho-
bic) to 17.14 (hydrophilic). Here, we propose to study the feasibility
of post-insertion into LNCs and to analyse the effect of the length of

the hydrophilic part. We also discuss the impact of post-insertion
on the structure of the external part of LNCs by using soft-particle
analysis (Ohshima, 1994, 1995, 2007), an electrokinetic method
used to quantify the electrical charge density in the accessible ionic
layer inside the nanoparticle shell.

dx.doi.org/10.1016/j.ijpharm.2010.06.019
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:thomas.perrier2@hotmail.fr
dx.doi.org/10.1016/j.ijpharm.2010.06.019
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Fig. 1. Molecular structure of

Table 1
Surfactant physico-chemical parameters.

Surfactants DSPE-PEG
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MW of surfactants (g/mol) 1131 157 2805 3774 5801
Nb of PEG units 7 16 45 67 113
MW of PEG (g/mol) 308 704 1980 2948 4972
HLB 5.44 9.21 14.11 15.61 17.14

. Experimental

.1. Materials

Labrafac® WL 1349 (Gattefossé S.A., Saint-Priest, France) is
mixture of capric and caprylic acid triglycerides. NaCl was

urchased from Prolabo (Fontenay-sous-Bois, France) and water
as obtained from a Milli-Q-plus® system (Millipore, Paris,

rance). Lipoïd® S75-3 (Lipoïd GmbH, Ludwigshafen, Germany) is
soybean lecithin made of 69% of phosphatidylcholine, 10% phos-
hatidylethanolamine and other phospholipids, and Solutol® HS
5 (BASF, Ludwigshafen, Germany) is a mixture of free polyethy-

ene glycol 660 (PEG) and polyethylene glycol 660 hydroxystearate.
he dialysis membrane was purchased from Spectrapore and has a
olecular weight cut-off point equal to 100,000 Da.
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-

methoxy(polyethylene-glycol)] (see Fig. 1) with a peg length
f between 350 and 5000 g mol−1 (see Table 1), corresponding
o 7–113 units of PEG, was supplied by Avanti® Polar Lipids Inc.
Alabaster, USA).

The hydrophilic lipophilic balance (HLB) was calculated accord-
ng to Griffin’s formula (Griffin, 1949, 1954, 1979):
LB = 20mW

M
(1)

here mW is the molecular weight of PEG and M is the molecular
eight of the whole molecule.

Fig. 2. Post-inserti
the phospholipid-PEGs.

2.2. Preparation of Lipid NanoCapsules (LNCs)

This formulation method has already been well documented
(Heurtault et al., 2002a,b) and can be briefly presented as follows:
all components (Solutol HS-15, Lipoïd S75-3, sodium chloride,
Labrafac CC and water) are mixed under magnetic stirring at an
agitation speed of 200 rpm at room temperature leading to an O/W
emulsion. After progressive heating at 4 ◦C/min, a short interval of
transparency at temperatures close to 70 ◦C can be observed, and
the inverted phase (water droplets in oil) is obtained at 85 ◦C. At
least three temperature cycles alternating from 60 to 85 ◦C at the
same rate are applied near the phase-inversion zone. Thereafter,
the mixture undergoes a fast cooling-dilution process: it is diluted
1:3.5 with 12.5 ml of cold water at 2 ◦C and stirred for 30 min, lead-
ing to the formation of an LNC suspension of the desired size. LNCs
are liquid core nanocapsules made of medium-chain triglycerides
(Labrafac CC) surrounded by a surfactant shell assembled in a mixed
monolayer of Solutol HS-15 and Lipoïd S75-3.

2.3. Preparation of post-inserted LNCs

To reach a high density of PEG at the surface, 1.75 ml LNC
(1015 particles/ml) (Minkov et al., 2005) were incubated for 105 min
at 60 ◦C with 1.3 ml of aqueous micellar solution (variable con-
centration) of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene-glycol)] (DSPE-PEG2000-OCH3) supplied
by Avanti® Polar Lipids Inc. (Alabaster, USA), as shown in Fig. 2. The
suspension was vortexed every 15 min and then quenched in an ice
bath for 1 min. The final DSPE-PEG concentration corresponded to
10 mol% of total surface molecules, as shown in Fig. 2.
2.4. Analysis of the relationship between time and temperature
on the post-insertion process

To determine the effect of temperature on the post-insertion
process, we performed post-insertion with the same LNC batch at

on protocol.
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PEG -OCH is 5%. When [DSPE-PEG -OCH ] is higher than 5%,
Fig. 3. Schematic illustration of a soft particle.

emperatures between 25 and 60 ◦C. Dynamic light scattering mea-
urements were carried out every 5 min to follow the post-insertion
rocess.

.5. LNC size and zeta potential distribution

All particles were characterised in terms of size and zeta poten-
ial using a NanoZS apparatus (Malvern Instruments) after the
ispersion of 50 �l of the mother suspension in 3 ml of the aqueous
edium. Each measurement (size and zeta potential) was carried

ut in triplicate. All experiments were carried out at 25 ◦C and with
imilar conductivity values.

.6. Electrokinetic measurements: soft-particle analysis

To determine the electrokinetic behaviour of LNCs according to
he soft-particle theory (Ohshima, 1994, 1995, 2007), we performed
lectrophoretic mobility measurements using NanoZS instruments.
0 �l samples (LNCs) were diluted into sodium chloride solution
ith variable concentrations up to 40 mol/m3. Reported values are

he mean of five measurements. Experimental values were fitted
y using the following Eq. (2):

= εrε0

�

( 0/�m) + (1/�) DON

(1/�m) + (1/�)
+ �fix

�

(
1
�

)2
(2)

here  0 is the potential for r = b and  DON is the Donnan poten-
ial in the polyelectrolyte layer (see Fig. 3). Both are calculated
ccording to Eqs. (3) and (4). �m and � are given by Eqs. (5) and

6).

0 =  DON + 2nkT
�fix

{
1 −

[(
�fix

2zne

)2
+ 1

]1/2
}

(3)

Fig. 4. (a and b) Variation of HD and ZP with
harmaceutics 396 (2010) 204–209

 DON = kT

ze
ln

{
�fix

2zne
+

[(
�fix

2zne

)2
+ 1

]1/2
}

(4)

�m = � 4

√
1 +

(
�fix

2zne

)2
(5)

� is the Debye length and is calculated using:

� =

√∑N
i=1zi

2e2ni
ε0εrkT

(6)

ε0: electric permittivity of free space; εr: electric permittivity of
water; T: temperature; zi: charge number of ion species i; z: charge
number of the electrolyte (supposed to be symmetrical); e: ele-
mental charge. k: Boltzmann’s constant; n: bulk electrolyte molar
concentration; ni: bulk ion i molar concentration; N: charge unit
molar concentration in the LNC shell; �fix: pseudo charge density
in the electrolyte accessible layer;�−1: depth of the accessible layer.
According to Fig. 3, the particles have a core of radius ‘a’ surrounded
by a polyelectrolyte layer (depth b − a). 1/� represents the accessi-
ble depth accessible to ions (Na+, Cl−) inside the polyelectrolyte
layer; these interact with the ethylene oxide dipoles constitut-
ing the PEG units through the well-known Lifshitz–Van Der Walls
interactions.

3. Results

Narrow size distributions are easily obtained (PDI < 0.1) and in
this case we chose to work with LNCs with a 55 nm hydrodynamic
diameter (HD). As LNC shells contain hydrophilic surfactant with
PEG chains, Solutol HS-15, LNCs display a zeta potential equal to
−10 mV, identical to the previously-obtained value (Vonarbourg et
al., 2005) and very close to the zeta potential (ZP) of other pegylated
carriers such as liposomes (Yang et al., 2007). Post-insertion exper-
iments were carried out by incubating the micellar suspension of
DSPE-PEG2000-OCH3 with the LNCs. The amount of DSPE-PEG2000-
OCH3 was chosen between 0 and 10% (% in Mol of Lipoïd S75-3 and
Solutol HS-15) in order to analyse the effect on LNC size distribution
and zeta potential.

Fig. 4a and b present the evolution of HD and ZP versus the
concentration of DSPE-PEG2000-OCH3. The HD increases from 55 to
70 nm, corresponding to a 27% increase, if the percentage of DSPE-
2000 3 2000 3
the HD does not increase, and 70 nm seems to be the limit. In all
experiments, the polydispersity index (PDI) was lower than 0.2.
The ZP, measured in similar conditions, clearly decreased with the
amount of DSPE-PEG2000-OCH3 with a linear relationship.

the amount of DSPE-PEG2000-OCH3.
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or post-inserted LNCs and DSPE-PEG micelles.
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Fig. 5. (a and b) Variation of HD and PZ f

Control experiments were carried out by treating LNCs under
imilar conditions of temperature and salinity as those related
o the post-insertion, but without the addition of DSPE-PEG2000-
CH3. They clearly show no modification of HD and ZP levels

results not shown). This indicates that LNCs are not modified
nder these experimental post-insertion conditions. Thus, varia-
ions of HD and ZP values correspond to a shell incorporation of
SPE-PEG2000-OCH3 molecules. Further experiments were carried
ut at a constant molar amount of DSPE-PEGX-OCH3 with a varia-
ion of the length of PEG moiety. Fig. 5a and b shows the evolution
f HD and ZP for post-inserted LNCs with the selected surfactants.
D increases with the length of the PEG chain, following a linear
rogression versus PEG length, ranging from 350 to 5000 g mol−1.

This progression is close to that observed for DSPE-PEG-
icelles, as previously reported in the literature (Sezgin et al.,

006). Concerning ZP variations, negative values (−72 mV) were
btained for the shortest PEG chains. From this extreme point, ZP
alues decrease in linear fashion with PEG length until −33 mV for
EG5000.

In order to determine both the pseudo-charge density and the
ccessibility to ions, we performed electrokinetic experiments for
ach post-inserted LNC. Fig. 6 shows the variations of experimen-
al electrophoretic mobility (marked points) versus the sodium
hloride concentration. In all cases, electrophoretic mobility (from
6 × 10−8 to almost 0 m2/V s) corresponded to hyperbolic vari-
tions versus [NaCl]. It is obvious that strong differences occur

or LNC electrokinetic behaviour versus PEG length. For exam-
le, electrophoretic mobility, for high [NaCl] levels, is close to
× 10−8 m2/V s for PEG350 and is almost zero for PEG5000.

Theoretical values (continuous lines) were calculated using Eq.
1). The concordance between the theoretical and experimental

Fig. 7. (a and b) Pseudo-charge density �fix and dep
Fig. 6. Electrokinetic measurements for post-inserted LNCs.

curves was obtained after modification of the fitting parameters
�fix and 1/�.

Subsequently, the different adjusting parameter (�fix and 1/�)
values were determined. Their related variations are presented in
Fig. 7a and b as a function of PEG length.
�fix presents minimal values for PEG2000, −12.8 × 10−5 C/m3.

1/� clearly decreases with the PEG length (10.7 nm for PEG350 to
0.1 nm for PEG5000). The error bars depend on the desired correla-
tion between experimental and theoretical results. We chose 10%
relative error for each value.
4. Discussion

Starting from the formulation of LNCs, we have demonstrated
that we can apply post-insertion for the modification of the outer
part of LNCs. An incubation time of at least 100 min, and a tem-

th (1/�) of the electrolyte penetrating layer.
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Table 2
Relationship between temperature and post-insertion duration.

Post-insertion temperature (◦C) Time to reach completion
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factant forming the shell. This experiment establishes a limit for the
37 240 min
45 180 min
60 90 min

erature of around 60 ◦C have been found to be necessary in order
o see changes in dynamic light scattering and zeta potential mea-
urements (Table 2).

An increase in HD levels cannot be explained by the classi-
al absorption of DSPE-PEG2000-OCH3 micelles (HDmicelles around
5 nm) onto LNCs, since micelle absorption should produce LNCs
ith higher HD values (at least equal to 55 nm + 2HDmicelles). Exper-

mental results indicate that DSPE-PEGs are transferred from
icelles to LNCs during the process. On the other hand, since

P is a linear function of the amount of DSPE-PEG2000-OCH3, the
ost-insertion can be interpreted as a molecular insertion of DSPE-
EG2000-OCH3 into the LNC shell. The post-insertion outcome is a
emperature-dependent molecular transfer. ZP variations can be
ttributed to the increase of pseudo or apparent charges, when the
lobal dipolar moment varies following the density and the spatial
epartition of the ethylene oxide units coming from the transferred
olecules. Therefore we can conclude that the ionic distribution

nside the Stern layer and consequently the ZP is highly depen-
ent on this statistical, dipolar distribution. Control experiments
results not shown) indicate that the HD increase cannot be inter-
reted as classical Ostwald ripening or the coalescence of LNCs,

ndependent of post-insertion phenomena. If this is the case, we
hould obtain respectivelyH3

R (HR: hydrodynamic radius) and 1/H2
R

ariations against time (Taylor, 1998; Izquierdo et al., 2002). In our
tudies, H3

R and 1/H2
R do not vary over a time period greater than

any weeks, even at a temperature close to 60 ◦C.
For amounts of DSPE-PEG up to 5%, HD values remain con-

tant. This is not the case for the ZP values, thereby indicating
hat additional DSPE-PEG molecules are still interacting with the
NC. Nevertheless, for this concentration range, these molecules
an easily be removed by simple dialysis (results not shown).

Nevertheless, HD values are lower than those predicted with
n assumption of linear conformation of PEG (brush structure). In
ther words, if we consider a length of 0.15 nm for a carbon–carbon
ond and a length of 0.14 nm for a carbon–oxygen bond, the length
f PEG moieties (in linear conformation) should produce post-
nserted LNCs with higher HD values (the number of carbon–carbon
nd carbon–oxygen bonds are multiplied by the length of each
ond, respectively), around 80 nm for DSPE-PEG2000. This indi-
ates that PEG chains interact strongly in a compact conformation,
urely similar to a mushroom shape.

In the second set of experiments, the shape of the curves describ-
ng the evolution of HD with PEG length follows the one obtained
or DSPE-PEG micelles. The ZP values, for each post-inserted LNC,
re different from the ZP of DSPE-PEG micelles; this indicates a syn-
rgic contribution between ethylene oxide dipoles of both Solutol
S-15 and additional DSPE-PEGs. Here also, the measured ZP values
re the result of several factors: the number of ethylene oxide units,
he electronic density and the dipolar distribution within the active
egion. To underline these facts, post-insertion with DSPE-PEG350-
CH3 produces LNCs with ZP values equal to −72 mV, much more
egative than that measured for DSPE-PEG5000-OCH3 (−33 mV) and

or DPSE-PEG350-OCH3 micelles (−28 mV). DSPE-PEG350-OCH3 is

horter than Solutol HS-15 (PEG 660), and post-insertion produces
NCs with a high density of dipolar moments confined in a small
olume. The electronic density is increased and, at the same time
he ZP value decreases. On the other hand, DSPE-PEG5000-OCH3 is
harmaceutics 396 (2010) 204–209

longer than Solutol HS-15 and the ZP value is only the result of the
external part of the whole PEG moiety. Similar considerations can
be conducted for experiments with DSPE-PEG750, 2000 and 3000.

In order to detail the robustness of post-inserted LNCs, dialysis
was carried out on each batch. HD levels increased after dialysis
due to changes in the hydration of PEG chains, since dialysis was
conducted with salt-free water. The PEG chains were found to be a
little bit loose, involving a small increase of HD. One particular case
is for DSPE-PEG5000-OCH3, since the HD decreases after dialysis.
Considering that this surfactant is very hydrophilic (HLB = 17.14),
post-insertion should be partially reversible. In addition, to see
if other surfactants could be used, we tried post-insertion with
Solutol HS-15 micelles instead of DSPE-PEG2000-OCH3 ones. No
modification of HD and ZP levels could be obtained, even though
Solutol HS-15 has HLB values (between 14 and 16) close to those
of DSPE-PEG2000-OCH3. This fact indicates that the hydrocarbon
part should be composed of at least two aliphatic chains. We tried
post-insertion with Solutol HS-15 micelles and with cholesterol-
PEG660 (results not shown); no variation of HD and ZP values was
detected under the same experimental conditions. These additional
experiments indicate that post-insertion is not possible with these
surfactants, even if their molecular structure is similar to DSPE-
PEG750. For each PEG length, post-inserted LNCs behave as soft
particles and can be considered as hairy, spherical nanoparticles.

In order to detail the relationship between PEG conformation
and the ZP measurements, we applied soft-particle analysis as pre-
viously described. In a general way, if the [NaCl] concentration is
low, the apparent charge of LNCs is high, and the LNCs are found to
be mobile in the applied electric field. On the contrary, if the [NaCl]
concentration is high, the apparent charge of LNCs is balanced by
ions (ion dipole interactions), and subsequently LNCs are less sen-
sitive to the external electric field. Fitting procedures allowed us to
determine two main parameters: the electronic density �fix (C/m3)
and the accessibility to ions into the shell 1/� (nm). 1/� decreases
when PEG length increases in relation with much higher levels of
intermolecular interaction, until the counter-ions can penetrate the
LNC shells. Long PEG chains rigidify the LNC shells since 1/� is very
small (1/� also provides resistance to the hydrodynamic flow).

This method shows that, without any doubt, DSPE-PEG2000
molecules promote the best intermolecular arrangement at the
interface of the LNCs, as indicated by the maximum level of the
pseudo-charge density. In this case, one can suppose high levels of
enthalpic distribution of PEG chains without intermolecular dipolar
compensation.

5. Conclusion

This work demonstrates that post-insertion works as well on
LNCs as on liposomes. Furthermore, it proposes a method for
the setting-up of post-insertion feasibility domains. From these
experimental constraints, several important points arise: since
post-insertion is a temperature-dependent process, variations of
lipid fluidity on the surface of LNCs, changes in lipid solubility,
and the conformation of PEG chains from Solutol HS-15, should
favour the transfer of DSPE-PEG molecules from micelles to LNCs.
On the basis of the literature, and our own experience, DSPE-PEG
molecules have to be associated into micelles in order for post-
insertion to occur. Initial experiments have established a base for
finding optimal post-insertion conditions. It is obvious that the
maximum amount of inserted DSPE-PEG has to be fixed. In our case,
this value was found to be between 5 and 10% of the amount of sur-
density of inserted molecules. It is also necessary to highlight that
post-insertion conditions can be adapted to specific constraints: in
the case of thermo-sensitive groups, the post-insertion tempera-
ture can be diminished, though more time is required.
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The second batch of experiments, with the variation of PEG
ength and the subsequent purification by dialysis, allowed us to
x the limits for post-insertion in terms of the nature of trans-

erred amphiphiles. Both low-HLB and high-HLB surfactants can
e used for post-insertion. But, in the case of highly hydrophilic
olecules, post-insertion should be reversible and incomplete.

urthermore, the dipolar distribution provided by zeta potential
nd electrokinetic measurements indicates that the conformation
f the PEG chains is not the same for low-HLB and high-HLB
mphiphiles. One can easily understand the impact of this fact for
he use of post-inserted LNCs. As accessibility to ions decreases
ith PEG length, and since the conformation of PEG tends to be

lobular, the length of PEG should be adapted for each applica-
ion. For example, if shell accessibility is important (as in chemical
rafting, organ targeting, etc.) a PEG with a length of 2000 or
000 g mol−1 is well suited. On the other hand, if LNCs have to
e protected from the external medium, longer PEG lengths are
equired.

Interfacial experiments are currently being conducted to assess
he molecular packing of Solutol HS-15 and Lipoïd S75-3 in relation
o temperature.
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