Positively-charged, porous, polysaccharide nanoparticles
loaded with anionic molecules behave as ’stealth’
cationic nanocarriers.
Archibald Paillard, Catherine Passirani, Patrick Saulnier, Maya Kroubi,
Emmanuel Garcion, Jean-Pierre Benoît, Didier Betbeder

To cite this version:
Archibald Paillard, Catherine Passirani, Patrick Saulnier, Maya Kroubi, Emmanuel Garcion, et al..
Positively-charged, porous, polysaccharide nanoparticles loaded with anionic molecules behave as
’stealth’ cationic nanocarriers.. Pharmaceutical Research / Pharmaceutical Research (Dordrecht),
2010, 27 (1), pp.126-33. <10.1007/s11095-009-9986-z>. <inserm-00491864>

HAL Id: inserm-00491864
http://www.hal.inserm.fr/inserm-00491864
Submitted on 14 Jun 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Positively-charged, porous, polysaccharide nanoparticles
loaded with anionic molecules behave as 'stealth' cationic
nanocarriers

Archibald Paillard a, Catherine Passirani a #, Patrick Saulnier a, Maya
Kroubi b, Emmanuel Garcion a, Jean-Pierre Benoît a, Didier Betbeder b, c

a

INSERM U646 Ingénierie de la vectorisation particulaire; Université d’Angers, 10 rue

André Boquel, Angers 49100, France
b

EA 2689, IFR 114 laboratoire de physiologie; Université de Lille 2, 1 place de verdun, Lille

59045 cedex, France
c

#

Université d’Artois, Rue Jean Souvraz, Lens 62307 France

Corresponding author: Catherine Passirani : Institut National de la Santé et de la Recherche

Médicale, Inserm U646 ; 10 rue André Boquel, 49100 Angers, France. Tél. : 33 (0)2 41 73 58
50 –Fax : 33 (0)2 41 73 58 53 ; E-mail : catherine.passirani@univ-angers.fr ; Internet :
www.u646.angers.inserm.fr

Abstract

PURPOSE: Stealth nanoparticles are generally obtained after modifying their surface with
hydrophilic polymers such as PEG. In this study we analysed the effect of a phospholipid
(DG) or protein (BSA) inclusion in porous cationic polysaccharide (NP+) on their physicochemical structure and the effect on complement activation. METHODS: NP+s were
characterised in terms of size, zeta potential (ζ) and static light-scattering (SLS). Complement
consumption was assessed in normal human serum (NHS) by measuring the residual
haemolytic capacity of the complement system. RESULTS: DG-loading did not change their
size or ζ whereas progressive BSA loading decreased lightly their ζ. An electrophoretic
mobility analysis study showed the presence of 2 differently-charged sublayers at the NP+
surface which are not affected by DG-loading. Complement system activation, studied via a
CH50 test, was suppressed by DG- or BSA-loading. We also demonstrated that NP+s could be
loaded by a polyanionic molecule such as BSA, after their preliminary filling by a
hydrophobic molecule such as DG. CONCLUSION: These nanoparticles are able to absorb
large amounts of phospholipids or proteins without change in their size or zeta potential.
Complement studies showed that stealth behaviour is observed when they are loaded and
saturated either with anionic phospholipid or proteins.

Key words: Haemolytic CH50 test, phospholipid, protein, 'soft' electrophoresis,
nanomedicine

1. Introduction

Although new types of drugs (oligonucleotides, peptides, proteins and new anticancer
drugs) are produced daily, their final therapeutic relevance, including their specificity and
safety, is largely dependent on their bioavailability and specific distribution. These drugs need
to be protected from degradation in biological fluids before reaching their targets, and need to
be transported to specific sites prior to release. Colloidal drug carriers such as nanoparticles
(NPs) or liposomes are expected to fulfil these requirements (1, 2). The main route for a large
biodistribution of colloidal drug carriers remains intravenous (i.v.) administration (3).
Unfortunately, many colloidal drug carriers undergo rapid elimination from the bloodstream
and cannot be injected. The reason of this elimination is their recognition by the mononuclear
phagocytic system (MPS) (4). This recognition is enhanced by blood-protein adsorption
(opsonisation) and, in particular, by the presence of proteins of the complement system (5).
Interactions between opsonins and colloidal drug carriers can be evaluated by several tests,
such as the haemolytic CH50 test (6, 7). A greater understanding of complement-system
protein interactions with particles has allowed the development of different strategies to
reduce opsonisation. Normally, without opsonins that are bound or adsorbed on the particle
surface, phagocytes are not able to bind or recognise foreign particles. Indeed, some
nanoparticles are able to circulate for several hours; up to 45h in mice, rats and humans (810). In this case, NPs would have more chance to find their target or to benefit from the
Enhanced Permeability and Retention effect (EPR effect), which is a specific characteristic of
solid tumour (11, 12). The most common strategy is to modify the nanoparticle surface to
create a displayed steric barrier, hence impeding protein adsorption (e.g. polyethylene glycol
(PEG), heparin, dextran etc.). For this reason, most nanoparticles include PEG polymers in

their formulation in order to decrease complement system activation and macrophage uptake
(13).
A drug delivery system based on synthetic polysaccharide nanoparticles has recently been
developed (14). These nanoparticles are made of maltodextrin residues reticulated with
epichlorhydrin. They can also be grafted with cationic ligands (NP+s). Anionic molecules,
such as dipalmitoyl phosphatidyl glycerol (DG) can be inserted inside their structure
(DGNP+)(15). They have been used as a delivery system for proteins, or lipophilic drugs
inserted in the phospholipid core (15-18). These NPs have also been used by intranasal
administration to increase the antinociceptive activity of nasal morphine in mice (19). After
sub-lingual administration these cationic nanoparticles loaded with ovalbumin enhanced an
induction of tolerance on an asthma model (20). Recently these neutral and cationic
nanoparticles have also been shown to cross an in vitro model of the blood brain barrier (14,
21). In the present work, we characterised these cationic nanoparticles in terms of anionic
model drug-loading (lipid or protein), surface charge study and complement protein
activation.

2. Materials and methods
2.1. Materials

Maltodextrin (Glucidex®) was purchased from Roquette (France) and 1,2-dipalmitoyl-snglycero-3-phosphatidylglycerol (DG) from Lipoid® (Germany).
1-chloro-2,3-epoxypropan (epichlorhydrin) and glycidyltrimethylammonium chloride
(hydroxycholine) came from Fluka (Saint-Quentin-Fallavier, France) and bovine serum
albumin (BSA) came from Sigma (Steinheim, Germany). Normal human serum (NHS) was

provided by the Etablissement Français du Sang (Angers, France) and rabbit, anti-sheep,
erythrocyte antibodies were supplied by Biomérieux (Sérum hémolytique, Biomérieux,
France). NaCl was obtained from Prolabo (Fontenay-sous-Bois, France). Deionized water was
obtained from a Milli-Q plus R system (Millipore, Paris, France) and saturated with N2. The
specific conductivity (18.2mΩ.cm-1) and the surface tension (72mN.m-1) of this quality of
water indicated that it was free of surface-active impurities.

2.2. Preparating, loading and labelling nanoparticles

Polysaccharide particles were prepared from US Pharmacopoeia maltodextrin, as
described previously (15, 22). Briefly, 100g of maltodextrin was dissolved in 2N sodium
hydroxide with magnetic stirring at room temperature. Further, 1-chloro-2,3-epoxypropane
(epichlorhydrin), or a mixture of epichlorhydrin and glycidyl-trimethylammonium chloride
(hydroxycholine, cationic ligand) was added to make neutral and cationic polysaccharide gels,
respectively. The gels were then neutralised with acetic acid and sheared under high pressure
in a Minilab homogenisor (Rannie; APV Baker, Evreux, France). The 60nm neutral and
cationic polysaccharide nanoparticles (NP0s and NP+s respectively) obtained were ultrafiltered on an SGI Hi-flow system (hollow fibre module: 30 UFIB/1 S.6/40 kDa; Setric Génie
Industriel, Toulouse, France) to remove low-molecular weight reagents and salts.
Porous cationic nanoparticles (NP+s) into which anionic phospholipids were loaded
(DGNP+), were prepared according to Loiseau et al. by mixing at 60°C polysaccharide
nanoparticles and ethanolic DG for 1 hour at different DG/cationic nanoparticle ratios (w/w)
(10%, 30%, 50% and 70%), named

10, 30, 50

or

70DGNP

+

s (15). The addition of DG was

performed at a temperature above the gel-to-liquid phase transition temperature of the
phospholipid (23).

BSA-loaded nanoparticles (BSANP+s and BSA/70DGNP+s) were made by mixing NP+s or
70DGNP

+

s at 20°C for 10 min. with increasing amounts of BSA at different BSA / NPs ratios

(w/w) (100%, 200%, 300%), named 100, 200 or 300BSANP+s and 100 or 200BSA/70DGNP+s. After
that, NPs were dialysed and packaged after a 0.2µm filtration.
The binding of BSA or DG to the NPs was evaluated using gel permeation
chromatography on Sephadex and was found to be total. Biacore studies confirmed these
results (24). Stability studies also showed that even after five days no protein was released
from the NPs. DGNP+ samples of over a year in solution were found to be stable in term of
size, zeta potential and lipid insertion (data not shown).

2.3. Size and zeta potential determination

The average hydrodynamic diameter and the polydispersity index of nanoparticles were
determined by dynamic light scattering using a Malvern Autosizer 4700 (Malvern Instruments
S.A., Worcestershire, UK) fitted with a 488nm laser beam at a fixed angle of 90°.
Measurements were taken at 25°C, with 0.89x10-2Pa.s viscosity and a refractive index of 1.33.
The nanoparticles were concentrated at 0.5mg/ml in 15mM NaCl solution, to enable
measurements (performed in triplicate), in order to assure a convenient scatter intensity on the
detectors. The zeta potential measurements were carried out using a Zeta Sizer 2000 (Malvern
Instruments, France) equipped with an AZ-4 cell and were based on the laser-doppler effect.
Each sample was properly diluted with 15mM NaCl solution, in order to maintain the number
of counts per second to around 600. Three measurements were carried out for each sample
and mean values with standard deviations were calculated.

2.4. Static Light Scattering (SLS)

Molecular weight measurements were determined by SLS using a Malvern Autosizer
4700 (Malvern Instruments S.A., Worcestershire, UK) fitted with a 488nm laser beam at a
fixed angle of 90°. Measurements used sample time-averaged intensity on a long time-scale
relative to molecular diffusion (seconds to minutes) to determine the molecular weight (Mw)
(in the typical range of 1kDa to 20MDa) (25, 26). They were taken at 25°C, with 0.89x10-2
Pa.s viscosity and a refractive index of 1.33. The nanoparticles were concentrated at 0.5
mg/ml in deionised water.

2.5. Electrophoretic mobility measurements

Electrophoretic mobility (µ) (m².s-1.V-1) measurements of NP+s and

70DGNP

+

s (particle

speed in a given electric field) were performed using a Malvern Zeta Sizer 2000.
Measurements were made as a function of NaCl concentrations in water at 25°C, with a
dielectric constant of 79, a refractive index of 1.33, viscosity of 0.89 x10-2Pa.s, cell voltage of
150V, and a current of 5mA. The nanoparticles were diluted in Milli-Q water and different
NaCl concentrations were used: 1.5, 2, 10 and 50mM. Each particle sample was diluted at the
concentration of 1.16mg of NP/ml in Milli-Q water and the conductivity was measured at
room temperature. Nanoparticle electrokinetic characteristics were determined using 'soft'
particle electrophoresis analysis, as described by Ohshima (27), representing the best curve
fitting the two-layer model. Analysis was carried out as described previously (28).

2.6. Transmission Electron Microscopy (T.E.M.) of nanoparticles

Electron microscopy images were obtained on a JEOL JEM2010 TEM. The direct
observation of 70DGNP+s was carried out by placing 10µL of 70DGNP+ solution onto a copper
grid with a porous carbon film. The copper grid was placed on a piece of filter paper, so that
buffer solution could be removed by filter paper. Negative staining was obtained by placing
10µL of 7 % uranyl acetate solution onto a sample grid for 5 minutes. Excess liquid was then
removed from the sample by lightly touching the edge of filter paper with the edge of the grid.
The sample grids were put in a desiccator overnight before the T.E.M. examination took
place.

2.7. Complement activation

Complement consumption was assessed in normal human serum (NHS) by measuring the
residual haemolytic capacity of the complement system after contact with NP0s, NP+s, 10, 30, 50
and 70DGNP+s or 100, 200 and 300BSANP+s. The technique consisted in determining the amount
of serum required to haemolyse 50 % of a fixed number of sensitised sheep erythrocytes
(CH50 units). A veronal-buffer saline containing 0.15mM Ca2+ and 0.5mM Mg2+ was
prepared as previously described (VBS++) (7). Sheep erythrocytes were sensitised by rabbit
anti-sheep erythrocyte antibodies and suspended at a final concentration of 1.108cells/ml in
VBS++. To assess the consumption of CH50 units in the presence of the particles during a
constant incubation time, increasing amounts of particle suspensions were added to NHS
diluted in VBS++ so that the final dilution of NHS in the reaction mixture was ¼ (V/V) in a
final volume of 1ml. After 60 minutes of incubation at 37°C with gentle agitation, the
suspension was diluted at 1/25 (V/V) in VBS++ then aliquots at different dilutions were added

to a given volume of sensitised sheep erythrocytes. After 45 minutes of incubation at 37°C,
the reaction mixture was centrifuged at 2,000rpm for 10 minutes. The absorption of the
supernatant was determined at 415nm with a microplate reader (Multiskan Anscent,
Labsystems SA, Cergy-Pontoise, France) and compared to the results obtained with the
control serum. After determining the CH50 units remaining in the serum, the results were
expressed as the consumption of CH50 units as a function of the nanoparticle surface area
calculated as described elsewhere (28) in order to compare nanoparticles of different average
diameters.

3. Results and discussion
3.1. Characterisation of DG or BSA insertion in NP+s

Table 1 shows the mean hydrodynamic diameter, size distribution and zeta potential (ζ) of
free NP or NP loaded with DG or BSA. We observed that neutral and cationic NPs had the
same mean size and that DG-loading did not change the cationic NP size. Neutral
nanoparticles (NP0) had, as expected, a zeta potential of 0mV. All cationic NPs had a zeta
potential around 30mV, even when they were prepared with increasing amounts of DG. No
free liposomes were observed since DG liposomes prepared using the same conditions had a
mean diameter of 250nm and a zeta potential of -41.5mV as previously described (29). Taken
together, these results suggest that the anionic lipids strongly interact with the cationic NPs
and penetrate totally within their structure. Indeed DG is an anionic lipid that can strongly
interact with the cationic charges of the porous NP+s. Experimentally we were not able to
prepare NP with higher amounts of DG, since irreversible aggregation occurred, suggesting
that the NP core was saturated by an excess of anionic lipids. NP+s could also absorb large

amounts of BSA (6.8nm, ζ = -5.6mV) without size modification (Table 1). With BSA, the
zeta potential decreased progressively with the increase of BSA loading. So, as for DG
inclusion, no free BSA was observed, suggesting a total encapsulation of BSA.
DG insertion did not inhibit the additional insertion of BSA in DGNP+s (Table 1).
Saturation of the loading of the nanoparticles with BSA was faster in DGNP+s compared to
NP+s (Fig. 1). Maximum BSA incorporation in 70DGNP+s was 200% (w/w, protein/NP). BSA
loading in NPs was confirmed by zeta potential and size analysis. BSA incorporation did not
change DGNP sizes (Table 1). No additional peaks or polydispersity index rises were
observed, indicating that no free proteins were detected. A decrease of zeta potential was
observed when BSA incorporation exceeded 200% for NP+s and 100% for 70DGNP+s (Fig. 1).
These results confirmed that the DG is inside the NP+ core, limiting BSA loading, owing to
the saturation of the NP+ core by DG. The zeta potential decrease reflects the BSA
progression from the inside toward the NP+ surface as the core is progressively saturated (Fig.
1). The negative influence of BSA became more pronounced in DGNP+s than NP+s. Thus
200BSA/70DGNP

+

s had a neutral zeta potential. We observed that zeta potential standard

deviation of free NP+s is high while this standard deviation is lowered when lipids or proteins
are absorbed. This result could be explained by the high mobility of the oligosaccharides on
the surface of the nanoparticles where they are not filled by lipids or proteins. The absorption
of anionic compounds should impair this surface mobility by structuring the inner part of the
nanoparticles therefore lowering these movements and surface charge density.

3.2. T.E.M of nanoparticles and molecular weight determination

The 70DGNP+s were observed by negative staining via T.E.M, in contrast to NP+s and
NP0s (Fig. 2). These experiments, supported by observations made by De Miguel et al.,
indicated that NP might collapse due to dehydration and that its porous polysaccharide matrix
was not dense enough for electron transmission (30).
The static light scattering measurement revealed an approximate Molecular weight of
4,000kDa for unloaded NP+s which increased up to 11,000 kDa after post insertion of DG for
70DGNP

+

s. Finally, T.E.M. observation, size and SLS measurements and zeta potential

variations provided evidence that DG is indeed located inside the NP+s.

3.3. Interfacial structure of NP predicted from 'soft' particle electrophoresis analysis

Electrophoretic mobility (µ) represents the velocity of a particle in a given electric field
and its value is often converted into zeta potential value. 'Soft' particle electrophoresis
analysis has been put into practice to predict NP interfacial structures (31). 'Soft' particle
electrophoresis analysis, as described by Ohshima, has shown that 'soft' particle µ depended
on the volume charge density distribution in the polyelectrolyte layer, particle size and also on
applied oscillating electric field frequency. It depended upon frictional forces exerted on
liquid flow by polymer segments, in the polyelectrolyte layer (27).
'Soft' particle theory allowed Na+ and Cl- penetrability studies in different accessible
layers on the NP surface (32). This theory can be used when µ is influenced by only one
sublayer (33) or when it is influenced by two sublayers (34). Theoretical values of µ were
calculated via soft-particle electrophoresis analysis (28) and compared to experimental data
(Fig. 3). Two sublayers were considered at the NP+ surface (Fig. 3): an outer-sublayer
(sublayer 1) characterised by a charge density Q1 for ionised groups and a thickness d, and an
inner-sublayer (sublayer 2) with a charge density Q2 (34). The parameter λ characterises the

degree of friction exerted on the liquid flow at the surface layer. The reciprocal of λ (1/ λ) has
the dimension of a length and can be considered as a 'softness' parameter. Q1, Q2, 1/λ and d
were determined by a curve-fitting procedure. NP+s and
results. Identical values were found for best NP+ and

70DGNP

70DGNP

+

+

s displayed comparable

curve-fitting analysis. This

showed that their µ might be dependent on two sublayers with different charges (R² = 0.97).
The outer sublayer was found to have a Q1 = 2.40 x106C.m-3 and a thickness d = 2.99 x10-9m.
The inner-sublayer had a Q2 = 4.48 x102C.m-3 and these NPs had a 1/λ = 4.00 x10-9m (Table
2). Despite the incorporation of high amounts of DG in NP+s, these NPs presented no
significant difference in their surface charge accessibility. The presence of these two
sublayers might be surprising, especially because cationic groups are grafted homogeneously
during the synthesis of the NP+ gel. This could be explained by the hypothesis of the presence
of a counter-ion gradient (Fig. 4). During nanoparticle synthesis, cationic groups provided by
a quaternary ammonium graft (RN-(CH3)3+), were associated with anionic counter ions.
During the last step of nanoparticle synthesis, most of the counter ions were eliminated by
ultrafiltration in Milli-Q water.
The BSA and DG incorporation into

70DGNP

+

s and

100

and 200BSANP+s did not modify

the size, the zeta potential nor the electrophoretic mobility curves. This might suggest that DG
and BSA are internalised too deeply inside the NP+ core to influence its µ and consequently
the ζ. This is not the case for high amounts of BSA and for NP+s already filled with DG and
secondly filled with BSA (Table 1).

3.4. Complement activation

Opsonisation is the process whereby foreign organisms or particles become covered with
opsonin proteins, thereby making them more visible to phagocytic cells. The capacity of NPs

to bind opsonin proteins can be appreciated by different assays, one of them being the
haemolytic CH50 test. This test can be considered as an in vitro indicator before intravenous
(i.v.) administration in animals (35). The CH50 test consists in measuring the haemolytic
activity of a human serum versus 50% of sheep erythrocyte concentration remaining after
contact with particles (6, 7, 36). The consumption of CH50 units is measured at a fixed
amount of human serum (HS) in the presence of an increasing surface area of particles.
As shown in Fig. 5, CH50 unit consumption for cationic NP+s without any DG or BSA
was tested and was shown to be a strong activator of the complement system: 100% activation
was obtained for 100cm2/ml of NP+ surface area. This is equivalent to what has already been
observed with synthetic poly (methyl methacrylate) NPs which were found to have a half-life
of only 3 minutes in mice plasma circulation (37). Two factors could be involved in this high
level of activation. The first is the high cationic charge at the NP+ surface. The literature has
described that charged particles, particularly cationic ones, are generally strong activators of
the immune system (38, 39). Any of several attractive forces including Van der Walls,
electrostatic, ionic and hydrogen bonds can be involved in opsonin binding to the NP+ surface
(40). The second is the presence of a polysaccharide backbone including many hydroxyl (OH)
groups. Indeed, the complement proteins C3b were known to bind on dextran particle surfaces
thanks to polysaccharidic OH groups (41, 42). They result from complement proteins C3
cleavage which makes the internal thioester bond available to react with OH groups. Thioester
bond was formerly located inside a hydrophobic pocket (43) and makes visible thanks to the
C3 cleavage. This high level of interaction with the complement protein C3b can trigger
alternative pathways of complement system activity (44). A nucleophilic link between OH
groups and C3b thioester bonds depends on OH electronic density, but also on the polymer
backbone type and polymer conformation (44). This can explain dextran ability to decrease
complement activation depending on their brush or mushroom conformation at NP surfaces

(37). However NP0s, which are made with the same polysaccharide backbone, did not activate
the complement system, even at 250cm2/ml (Fig. 5a), in accordance with the literature (3, 45).
We can conclude that this polymer backbone is not a complement activator despite the
presence of OH groups and that ionic interactions of NP+s play a key role in the complement
activation of these porous nanoparticles.
40% activation was obtained for 22cm2/ml for DG liposomes. These liposomes are rather
rigid with a negative charge at their surface (Fig. 5a) (29, 46). These two parameters are often
associated with high levels of complement activation. However, contrary to what might be
expected, DG incorporation inside NP+s decreased CH50 unit consumption. Nanoparticles
containing 10% of DG were still strong activators (Fig. 5a). When DG percentage was
increased to 30%, no activation was observed for the same surface area. 100% activation was
obtained at around 180cm2. A strong decrease of CH50 consumption units was correlated to
an increase of DG content with a dramatic effect observed when nanoparticles contained 50%
or 70% of DG. Indeed 100% activation was reached for a 222cm2/ml for
70DGNP

50DGNP

+

s and

+

s even at 250cm2/ml did not activate the complement system (Fig. 5a).

To evaluate if the decrease of complement activation was due to the filling of the NP+
frame by any component, or especially by the hydrophobic component, we assessed CH50
consumption units for hydrophilic molecule (BSA)-loaded NP+s. Free BSA did not activate
the complement system even at 250cm²/ml. 100BSANP+s were also strong activator with 90%
activation obtained for a 125cm2 nanoparticle surface area (Fig. 5b). When BSA incorporation
increased to 200% and 300% a large decrease in CH50 unit consumption was observed.
Indeed, the maximum level of activation for

200BSANP

+

s and for

300BSANP

+

s was only of

20% at 190 and 250cm²/ml of particles, respectively (Fig. 5b). These results demonstrated that
filling the NP+ frame with high amounts of anionic model drugs, BSA or DG in our case, led

to stopping the activation of the complement system, whereas BSA- and DG-loading did not
cancel the zeta potential of NP+s.
In contrast to BSA, it seems that opsonins might not be loaded in 70DGNP+s because of their
high molecular weight (over 150kDa) (5, 47). Porous parts of NP+ not filled by DG might be
too small to contain opsonins.
Our study showed an inhibition of complement activation by BSA or DG loading inside
NP+ which might be compared to inhibition obtained after long chain of poly(ethylene glycol)
(PEG) addition to strong activator nanoparticles, as shown by Van Butsele et al., Aqil et al.
and Layer et al. (48-51). Indeed PEG create a steric barrier around particles able to protect
against protein adsorption due to a decrease of surface hydrophobicity and a neutralization of
surface potential. However high BSA or high DG loading inside NP+ inhibit the complement
activation as much as PEG addition on poly (methylmethacrylate-co-methacrylic acid)
nanoparticle surface (52), but without cancelling the surface potential of these nanoparticles.

4. Conclusion

These studies performed on cationic nanoparticles have demonstrated that they behave as
sponges able to absorb high amounts of BSA and DG. This absorption changed neither their
surface nor their size up to a certain amount. The incorporation of DG was characterised by an
increase of NP molecular weight analysed by static light scattering. Studies performed on
complement protein consumption showed that DG insertion progressively lowers the amount
of complement proteins adsorbed up to a level of total inhibition. We have also demonstrated
that NP+s can be loaded by a polyanionic molecule such as BSA despite their preliminary
filling by a hydrophobic molecule such as DG. Thus these NPs could be considered as a

genuine co-delivery system. In contrast to other nanostructured systems (8, 9, 37) in our case,
the loaded drug itself was able to generate stealth NPs and represents an alternative to the use
of PEG. We are currently studying the pharmacokinetics and biodistribution of these
nanoparticles after in vivo administration and their potential as delivery system of a lipophilic
drug
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Table I
Physical characterisation of NP

Mean diameter (nm)

p.i.

Zeta potential
(mV)

DG Liposomes

250.0± 0.20

0.16

- 41.5 ± 5.70

Free BSA

6.80 ± 2.22

0.25

- 5.6 ± 1.9

NP0

60.3 ± 3,11

0.25

0.1 ± 0.90

NP+

63.1 ± 0,40

0.21

25.5 ± 17.50

+
100BSANP
+
200BSANP
+
300BSANP

62.0 ± 0,30
61.1 ± 0.55
61.7 ± 0.23

0.17
0.11
0.17

20.8 ± 10.30
16.8 ± 8.47
12.1 ± 3.89

+
10DGNP
+
30DGNP
+
50DGNP
+
70DGNP

58.4 ± 6.77
60.9 ± 1.64
60.2 ± 5.70
59.0 ± 3.60

0.19
0.14
0.19
0.20

31.1 ± 1.92
29.9 ± 0.81
30.6 ± 0.90
30.6 ± 6.79

BSA/70DGNP+
+
200BSA/70DGNP

61.7 ± 2.31
62.1 ± 3.72

0.15
0.23

16.0 ± 4.94
2.16 ± 3.85

Particle type

100

+

Mean diameters, polydispersity index (p.i.) and zeta potential values of NP ,

10, 30, 50, 70DGNP

free BSA. ± indicates the SD of experimentations.
ction in mice. AUCtot (% dose/min.) : total area under the curve; t1/2 (min.) : half-life time

+

, DG liposomes and

Table II
+

+

Values of surface charge density, softness parameter and thickness of NP and 70DGNP interfacial
structures

Particle
Curve-fitting for NP+
and 70DGNP+

Q1 (C.m-3)

Q2 (C.m-3)

1/λ (m)

d (m)

2.40 x 106

4.48 x 102

4.00 x 10-9

2.99 x 10-9

+

Q1, Q2, 1/λ and d parameters for NP and

70DGNP

+

determined by the calculation of curve-fitting by using
+

Ohshima’s method. The correlation between the experimental and theoretical curves was determined for NP and
70DGNP

+

(R²= 0.97)

Legend to Figures

Figure 1
+

+

Zeta potential evolution for NP and 70DGNP with BSA increasing incorporation in the presence of 15mM NaCl.
***, p < 0.01 (Fisher’s test)

Figure 2
+

Transmission electronic microscopy images of 70DGNP after uranyl acetate treatment; bar represents 50nm.

Figure 3
Evolution of electrophoretic mobility as a function of NaCl concentration at physiologic pH
+

+

(7.4) for NP (○) and 70DGNP (◊). Theoretical curve fitting (-) was obtained from the equation described
previously with ZN and 1/λ, chosen in order to fit as closely as possible the experimental curve.

Figure 4
+

Schematic representation of NP internal organisation with two charged surface sublayers where d is the
thickness of sublayer 1 and (ci) is the remaining counter ions

Figure 5
0

+

Consumption of CH50 units in the presence of single DPPG liposomes (▲), NP (●), NP (■), 10 (∆), 30 (○), 50 (◊),
+

+

(□) 70DGNP (A). Consumption of CH50 units in the presence of single free BSA (●),NP (■), 100 (∆), 200 (◊), 300 (□)
+

BSANP (B).

***
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Figure 3
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