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Purpose. Biodistribution of intravenously administered nanoparticles depends on opsonization. The aim
of this study was the evaluation of complement activation induced by nanoparticles coated with different
polysaccharides. Influences of size and configuration of dextran, dextran sulfate, or chitosan bound onto
nanoparticles were investigated.

Method. Core-shell nanoparticles were prepared by redox radical or anionic polymerization of
isobutylcyanoacrylate in the presence of polysaccharides. Conversion of C3 into C3b in serum incubated
with nanoparticles was evaluated.

Results. Cleavage of C3 increased with size of dextran bound in “loops” configuration, whereas it
decreased when dextran was bound in “brush.” It was explained by an increasing steric repulsive effect
of the brush, inducing poor accessibility to OH groups. The same trend was observed for chitosan-coated
nanoparticles. Nanoparticles coated with a brush of chitosan activated the complement system lesser
than nanoparticles coated with a brush of dextran. This was explained by an improved repelling effect.
Dextran-sulfate-coated nanoparticles induced a low cleavage of C3 whereas it strongly enhanced protein
adsorption.

Conclusion. Complement activation was highly sensitive to surface features of the nanoparticles. Type of
polysaccharide, configuration on the surface, and accessibility to reactive functions along chains are
critical parameters for complement activation.

KEY WORDS: complement activation; core-shell nanoparticles; poly(isobutylcyanoacrylate);

polysaccharide; surface properties.

INTRODUCTION

Many types of nanoparticles have been developed for
drug delivery, but the fate of these systems after intravenous
administration was usually not fully controlled. Thus, under-
standing the relationships between the properties of nano-
particles and their in vivo biodistribution has been an active
field of investigation. Several authors reported that the fate
of nanoparticles depended greatly on their surface proper-
ties’ changing the interactions with serum proteins (1-9).
Protein deposition and nonspecific recognition, i.e., opsoni-
zation, of nanoparticles as foreign bodies led usually to a
short blood lifetime and fast accumulation in organs of the
mononuclear phagocyte system, including the liver and the
spleen (10). The complement system and especially protein
C3 are strongly involved in the opsonization process (11).
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The most common strategy to increase the blood
circulation time of colloidal drug delivery systems is to coat
their surface with poly(ethylene oxide) (PEO), inducing a
steric repulsive effect toward protein adsorption. For in-
stance, this can be achieved by preparing amphiphilic block
copolymers containing at least one block of PEO. Then, by
tailoring the copolymer in such a way that it may self-
organize as core-shell nanoparticles when it is dispersed in
aqueous solution, long circulating nanoparticles can be
prepared (12). Concerning nanoparticles coated with PEO,
the important parameters resulting in long circulation
through steric repulsion have been shown to be the density,
the length, and the conformation of the PEO chains on the
nanoparticle surface (6,13-15).

Core-shell nanoparticles could be prepared from various
amphiphilic copolymers, including those containing poly
(alkylcyanoacrylate) (PACA). The first biodegradable nano-
particles obtained with PACA by Couvreur et al. (16) were
prepared by anionic emulsion polymerization (AEP-pH 2.5)
of alkylcyanoacrylate (ACA) in the presence of dextran.
They were reported to accumulate massively in liver and
spleen a few minutes after intravenous administration
(10,16,17). The biodistribution of PACA nanoparticles could
be modulated by binding PEO on the surface (18,19).
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Other hydrophilic polymers have been proposed as
steric repulsive agents. For instance, the effects of dextran
coatings in end-on or side-on configurations toward adsorp-
tion of fibrinogen were compared with PEO by Osterberg et
al. (20). Side-on dextran was found to be as effective as end-
on PEO in preventing fibrinogen adsorption. However, the
effects toward other blood proteins and especially comple-
ment were not tested yet. Polysaccharides have a high
potential as constituents of drug delivery systems. Some of
them can be used as active agents, whereas others may be of
interest in modifying the surface properties of nanoparticles
and in preparing core-shell nanoparticles. In the latter case,
testing the interactions between polysaccharide-coated nano-
particles and complement is of prime importance. Indeed,
whereas complement is generally not activated by soluble
polysaccharides, the immobilization of the polysaccharide on
a surface endowed the resulting surface with complement-
activating properties, increasing in turn the probability of a
strong interaction with phagocytes. When the coating-sur-
face-activating complement is on nanoparticles, the nano-
particles are quickly endocytosed by phagocytes. Although
the mechanisms of complement activation by polysaccharide-
coated surfaces are not fully understood, it is clear that a
strong activation can be induced by reaction of the active
form of C3 with nucleophilic groups present on a surface in
contact with serum in the presence of divalent ions (21).
However, it also appears that the activation depends on the
conformation of the polysaccharide chains arranged at the
surface of polymer particles. Indeed, the capacity of bound
dextran to activate complement tested with cross-linked
dextran particles, i.e., Sephadex®, showed a strong activation
(22), whereas nonbiodegradable nanoparticles coated with a
dextran “brush” only showed a weak activation of comple-
ment in vitro (9). After intravenous administration to mice,
these particles remained in the bloodstream longer than
corresponding uncoated systems (8).

In previous works (23,24), we showed that the activation
of complement induced by dextran-coated biodegradable
nanoparticles may depend on the method of preparation of
the nanoparticles, which affected the conformation of the
dextran chains at the nanoparticle surface. To better under-
stand this effect, the aim of this study was to examine the
activation of the complement system produced by a series of
core—shell nanoparticles prepared from different types of
polysaccharides having different molecular weights and
different surface morphologies. The nanoparticle core was
made of poly(isobutylcyanoacrylate) (PIBCA), and the shell
was composed of either dextran, dextran sulfate, or chitosan.
The nanoparticles were prepared by two emulsion polymer-
izations of isobutylcyanoacrylate (IBCA) in aqueous medi-
um. The polymerization was initiated on the polysaccharide
either through anionic (AEP-pH 2.5) or redox radical
emulsion polymerization (RREP) mechanisms (25). As
assumed in previous papers (24), AEP-pH 2.5 led to the
formation of branched copolymers with a polysaccharide
backbone and PIBCA side chains. These copolymers self-
associate into nanoparticles with polysaccharide chains
arranged in “loops and trains,” or side-on, at the nanoparticle
surface. In the case of the RREP, radicals are created at the
end of the polysaccharide chain after reaction with cerium
(IV) ions at pH 1, leading to the formation of block copol-
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ymers. These copolymers self-associated into nanoparticles,
with the polysaccharide attached by only one point on the
PIBCA core surface. The polysaccharide chains are arranged
as a brush, or end-on, at the nanoparticle surface. For the
first time, this study investigates in detail the incidence of the
polysaccharide-coating properties of biodegradable nano-
particles on the complement activation induced by those
nanoparticles. It is expected that the results of this study will
impact the design of nanoparticles for intravenous delivery of
drugs in the future.

MATERIALS AND METHODS
Materials

Isobutylcyanoacrylate, kindly provided as a gift by
Loctite (Dublin, Ireland), was used as monomer. Dextran
(10, 66.9, 71, and 73.2 kDa) and dextran sulfate (10 and 500
kDa) were purchased from Sigma (Saint-Quentin Fallavier,
France). Dextran (1.5, 15-20, 40, 60, and 100 kDa), dextran
sulfate (5 kDa), and chitosan (medium molecular weight)
were purchased from Fluka (Saint-Quentin Fallavier, France),
and dextran sulfate (36-50 kDa) was supplied by ICN
Biomedicals (Orsay, France). Cerium (IV) ammonium ni-
trate, nitric acid, and trisodium citrate dihydrate were
purchased from Fluka. Polyclonal antibody to human C3 was
purchased from Sigma. Other chemicals were of reagent grade
and used as purchased.

Preparation of Chitosan of Various Molecular Weights
Depolymerization of Chitosan

Chitosan was selectively depolymerized by reaction with
sodium nitrite at various concentrations (26). Typically, a
chitosan solution (100 mL, 2% w/v) in acetic acid (6% Vv/v)
reacted for 1 h at room temperature and under magnetic
stirring with 10 mL of sodium nitrite, in a range of con-
centration between 15 and 89 mmol/L. Chitosan was precip-
itated by raising the pH to 9 with sodium hydroxide. The
precipitate was recovered by filtration and washed extensive-
ly with acetone before it was dried. Chitosan dissolved in 0.1
M acetic acid was further purified by dialysis against water
for 24 h. The prepared solutions were freeze dried before
storage.

Measurement of Molecular Weight

The molecular weight of chitosan was determined by
capillary viscosity measurements. Briefly, the reduced viscos-
ity of chitosan solutions of various concentrations (0.1 to 2.5
g/L) in 0.1 M acetic acid and 0.2 M NaCl was measured in a
Ubbelohde tube (53710/1 Schott Gerite) at 25°C (Bath
CT1450 Schott Gerdte and cooling system CK100 Schott
Geriite) using a viscometer AVS400 (Schott Gerite). The
intrinsic viscosity (77) was then deduced from the reduced
viscosity measured for each solution of chitosan by extrapo-
lation at zero concentration. The molecular weight was
determined by using the Mark Houwink Sakurada equation:
(n) = K x M® with K = 1.81 x 1072 and a = 0.93 (27).
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Determination of Deacetylation Degree

Deacetylation degree was calculated from nuclear mag-
netic resonance (NMR) spectra obtained in D,0/CD;COOD
according to Hirai et al. (28).

Deacetylation degree(%) = (1 — (1/3 x Icus/1/6 Ina—n6))
x 100

where I3 is the intensity of proton of acetyl group at 2 ppm
and Iy e is the intensity of signals of protons of glucose
ring at 3.7-4 ppm.

Polymerization Procedure
Redox Radical Emulsion Polymerization

Redox radical emulsion polymerization was carried out
according to the method described by Chauvierre et al. (25).
A polysaccharide (dextran, dextran sulfate, or chitosan;
0.1375 g) was dissolved in 8 mL of aqueous 0.2 M nitric acid
in a glass tube at 40°C under gentle stirring and argon
bubbling. After 10 min, 2 mL of a solution of 8 x 107> M
cerium (IV) ammonium nitrate in 0.2 M nitric acid was
added. Then, IBCA (0.5 mL) was immediately added under
stirring, which was vigorous enough to create a vortex. Argon
bubbling was maintained for 10 min. The reaction was left to
continue under gentle stirring for 50 min. After cooling down
to room temperature and in the cases of polymerizations
performed with dextran or dextran sulfate, 1.25 mL of an
aqueous solution of 1 M trisodium citrate dihydrate was
added. The pH of all the preparations was adjusted to 7.0
with 1 M aqueous NaOH. A milky suspension of polymeric
particles was obtained.

AEP-pH 2.5

The anionic emulsion polymerization was performed
according to the procedure described by Couvreur et al. (16).
Dextran (0.05 g) was dissolved in 10 mL of aqueous 3 x 1073
M hydrochloric acid at room temperature. Then, 100 puL of
IBCA was added dropwise under vigorous stirring. After 3 h,
the pH was adjusted to 7.0 with 1 M aqueous NaOH. A milky
suspension of polymeric particles was obtained.

AEP-pH 1

In the presence of chitosan, anionic polymerization was
performed at pH 1 in 0.2 M nitric acid. The procedure was
identical to that one described for RREP but without cerium
and argon bubbling. Briefly, chitosan (0.1375 g) was dissolved
in 8 mL of 0.2 M nitric acid at 40°C and under magnetic
stirring. After total dissolution, IBCA (0.5 mL) was added
under agitation, which was vigorous enough to create a
vortex. The reaction was left to continue under magnetic
stirring for 1 h. After cooling down to room temperature, the
pH of the preparations was adjusted to 7.0 with 1 M aqueous
NaOH. A milky suspension of nanoparticles was obtained.
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Purification of Nanoparticles

The polymer suspensions prepared from the different
polymerizations were purified by dialysis (Spectra/Por®
membrane, molecular weight cutoff 100,000 Da; Biovalley,
Marne la Vallée, France) twice against 1 L of distilled water
for 90 min and once overnight. The purified suspensions were
stored at 4°C until use.

Freeze Drying

The suspensions were frozen at —18°C and freeze dried
during 48 h (Christ Alpha 1-4 freeze dryer, Bioblock
Scientific, Illkrich, France) without the use of a cryoprotect-
ing agent.

Nanoparticle Characterization
Particle Size

The hydrodynamic diameter of the nanoparticles was
measured at 20°C via quasielastic light scattering using a
Nanosizer N4 PLUS (Beckman-Coulter, Villepinte, France)
operating at 90°. The samples were diluted in MilliQ® water
by 1:300 (v/v) for nanoparticles made via RREP and by 1:150
(v/v) for nanoparticles formed via AEP-pH 2.5. Measure-
ments of the hydrodynamic diameter at various temperatures
were performed after 10 min of equilibration.

The results were expressed as the average of the mean
hydrodynamic diameter of the dispersed particles obtained
from three determinations. The standard deviation of the size
distribution and the polydispersity index were also given. The
polydispersity index given by the apparatus is equivalent to
the variance of the lognormal distribution. The dispersion
was considered as monodisperse when the polydispersity
index was lower than 0.1.

Zeta Potential

The electrostatic surface charge of the polymer particles
was determined from the electrophoretic mobility using a
Zetasizer 4 (Malvern Instruments Ltd., Orsay, France).
Dilution of the suspensions [1:200 (v/v)] was performed in 1
mM NaCl.

Morphology of Nanoparticles

The morphology of the nanoparticles was observed by
scanning electron microscopy (SEM; LEO 9530, France) with
a Gemini Column. The nanoparticles were freeze dried and
then mounted on supports and coated with a Pt/Pd layer
(Cressington, 208 HR) under an argon atmosphere.

Redispersion after Freeze Drying or Ultracentrifugation

The ability of the nanoparticle to be redispersed was
tested after freeze drying and ultracentrifugation. The nano-
particles were ultracentrifuged (Optima LE 80K, Beckman
Coulter, Villepinte, France) at 30,000 rpm for 30 min.

Redispersion in water after ultracentrifugation or freeze
drying was obtained by using ultrasound bath and vortex.
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Concentration of Nanoparticles

The nanoparticle suspensions were concentrated to
obtain a surface of 2000 cm? in 200 pL for complement
activation. Nanoparticles prepared via RREP were
concentrated by freeze drying, and nanoparticles prepared
via anionic polymerizations, i.e., AEP-pH 2.5 and AEP-pH 1,
were ultracentrifuged (Optima LE 80K, Beckman Coulter) at
30,000 rpm for 30 min. Thereafter, the concentration of the
suspensions was adjusted with the addition of ultrapure water
(MilliQ®).

Evaluation of Complement Activation by 2-D
Immunoelectrophoresis of C3

Protein C3 is a major plasma protein of the complement
system circulating in functionally inactive form and is
involved in the nonspecific recognition, i.e., opsonization, of
foreign bodies. A critical step of complement activation
consists in the cleavage of C3 into a large fragment, C3b, and
a small fragment, C3a. Functionality of complement needs
the presence of divalent ions. Thus, complement activation is
assessed in human serum.

The complement activation of different nanoparticles
was determined by studying the conversion of C3 into C3b by
2-D immunoelectrophoresis using a polyclonal antibody to
human C3, according to the method of Laurell (29). Human
serum was obtained after calcifying plasma from healthy
donors and stored at —80°C until use. Veronal-buffered
saline (VBS), VBS containing 0.15 mM Ca®" and 0.5 mM
Mg?** ions (VBS?*), and VBS containing 40 mM
ethylenediaminetetraacetic acid (VBS-EDTA) were
prepared as described previously by Kazatchkine et al. (30).
Nanoparticle suspensions (200 pL) were incubated under
gentle agitation for 1 h at 37°C with 100 pL human serum and
100 uL. VBS**. To ensure a valid comparison of the different
nanoparticles, the 200-uL sample volume of nanoparticles
contained an equal surface area of hydrated particles
corresponding to 2000 cm?, calculated from the average
hydrodynamic diameters according to Vittaz et al. (13).

After incubation, 5 pL of each sample was subjected to a
first electrofocusing electrophoresis on 1% agarose gel. The
2-D electrophoresis was carried out on Gelbond® films in
agarose gel plates containing a polyclonal antibody to human
C3 (complement C3 antiserum rose in goat; Sigma, Lyon,
France), recognizing both C3 and C3b. The films were finally
stained with Coomassie blue to reveal the presence of C3 and
C3b, which have reacted with the antibody (Sigma, Lyon,
France). Serum diluted in VBS-EDTA (1:4 v/v) was used as
negative control of complement activation. Serum diluted in
VBS?* was used as control of the spontaneous activation of
complement occurring in the experimental conditions used.
Sephadex®™ G 25 superfine (Pharmacia, Orsay, France),
incubated in serum diluted in VBS?**, was used as a positive
control. Each sample of nanoparticles was analyzed three
times across the whole process. The height of the peaks,
shown on the immunoelectrophoretic plate, corresponding to
C3 and C3b, respectively, was measured. The activation of
complement was expressed as the ratio of the peak height of
C3b detected on the plate regarding the sum of the peak
heights of C3 and C3b (C3b/(C3 + C3b)). In serum diluted in
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VBS-EDTA, the ratio was equal to zero. In the presence of
nanoparticles incubated with serum diluted in VBS?*, an
increase of the ratio meant that the activating capacity of the
nanoparticles increased.

RESULTS

Influence of the Method of Polymerization
on Nanoparticle Characteristics

Nanoparticles of PIBCA coated with dextran were
prepared from dextran of increasing molecular weight either
via AEP-pH 2.5 according to Couvreur et al. (16) or via
RREP according to Chauvierre et al. (25). Their hydrody-
namic diameter is reported in Fig. 1A. When dextran of
molecular weight lower than 6 kDa was used, polymeric
particles of large diameter were formed and polydispersity
index was high. The results were consistent with the fact that
these suspensions also contained aggregates. Stable polymer-
ic nanoparticle dispersions with well-defined diameters were
prepared with dextran of higher molecular weight. For
nanoparticles made via RREP, the diameter of the nano-
particles increased with molecular weight of the dextran
chains higher than 10 kDa. For nanoparticles made via AEP-
pH 2.5, the diameter was almost constant with the molecular
weight of dextran. The difference in the relationships
between the diameter of the nanoparticles and the molecular

>
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Fig. 1. Diameter (A) and zeta potential (B) of the nanoparticles
produced via redox radical (filled symbols) and anionic (open
symbols) emulsion polymerization. Hatched area: unstable polymeric
particle suspensions.
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weight of dextran for each type of polymerization could be
explained by the different configurations of the dextran
chains at the nanoparticle surface. It can be suggested that
the dextran layer forming “loops and trains” on the surface of
the nanoparticles made via AEP-pH 2.5 was more compact
than the dextran layer arranged in brush at the surface of the
nanoparticles made via RREP. Indeed, in this last configu-
ration, dextran chains can be stretched and the thickness of
the layer can increase with molecular weight as demonstrated
by de Gennes (31).

As shown in Fig. 1B, differences on the nanoparticle
characteristics due to the effects of the polymerization
methods appeared more clearly considering the zeta poten-
tial of the nanoparticles. Indeed, the zeta potential of
nanoparticles prepared via AEP-pH 2.5 was not affected by
the molecular weight of dextran and remained close to
neutrality. In contrast, the zeta potential of nanoparticles
obtained via RREP increased with molecular weight of
dextran to reach values close to neutrality for dextran of
high molecular weight. The modification of the zeta potential
observed for the nanoparticles obtained via RREP can be
explained by the fact that the dextran layer that forms at the
nanoparticle surface shields the negative charge of the
nanoparticle PIBCA core and that the shield effect varies
with the molecular weight of the dextran chains forming the
polysaccharide brush at the nanoparticle surface. According
to the results, it clearly appeared that the shield effect
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produced by the dextran chains, arranged as loops and trains
at the surface of the nanoparticles obtained via AEP-pH 2.5,
was more efficient than the effect obtained by the dextran
chains arranged as a brush at the surface of the nanoparticles
prepared via RREP.

The aforementioned results are consistent with the
hypothesis that the outermost structure of the nanoparticles
obtained via AEP-pH 2.5 in the loops-and-trains structure
was more compact than the brush structure of the nano-
particles obtained via RREP.

Freeze-dried samples of nanoparticles obtained by using
both methods were observed via SEM (Fig. 2). At high
magnification, individual nanoparticles were clearly observed
from freeze-dried samples of the nanoparticles prepared via
RREP. In contrast, freeze-dried nanoparticles obtained from
AEP-pH 2.5 strongly adhered to each other, appearing as
soft spheres. The different morphologies of the powders may
be due to differences in surface properties of the nano-
particles, depending on the method of synthesis that affected
the interactions between nanoparticles during the freeze-
drying process.

Differences in the surface properties of the nanoparticles
were also highlighted by investigating the redispersion of the
nanoparticles into aqueous suspensions after either freeze
drying or ultracentrifugation. After freeze drying, the diam-
eter of the nanoparticles prepared via RREP could be
recovered, indicating that these nanoparticles could be

Fig. 2. Scanning electron micrographs at different magnifications of nanoparticles
prepared with 66.9 kDa dextran via redox radical (A, B, C) and anionic (D, E, F)
emulsion polymerizations after freeze drying.
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Fig. 3. Effect of the nature of the polysaccharide on the size (A) and
zeta potential (B) of nanoparticle suspensions prepared via redox
radical emulsion polymerization. The polysaccharides used were
dextran (squares), chitosan (triangles), and dextran sulfate (circles).

completely redispersed. This was in agreement with the SEM
observations of well-individualized nanoparticles. However,
the pellet recovered from the ultracentrifugation of this
nanoparticle suspension could not be redispersed, as shown
by the presence of remaining aggregates even after redis-
persion with ultrasounds. Opposite results were obtained
from redispersion assays of either freeze-dried nanoparticles
prepared via AEP-pH 2.5 or pellet obtained from ultracen-
trifugation of these nanoparticles.

Influence of Type of Polysaccharide
on Nanoparticle Characteristics

To further investigate the influences of both the nature
and the configuration of the polysaccharide layer at the
nanoparticle surface, we attempted to prepare nanoparticles
coated with either dextran sulfate or chitosan by redox
radical and anionic polymerization. At neutral pH, these
polysaccharides are negatively charged (dextran sulfate,
pK, < 2) and at least partially positively charged (chitosan,
pK. ~ 6.2). Polymerization was initiated on polysaccharides
of various molecular weights, and nanoparticles coated with
either chitosan or dextran sulfate could be obtained via
RREP. Nanoparticles coated with chitosan could also be
obtained via anionic polymerization of IBCA in the presence
of chitosan at pH 1 and in the absence of cerium (IV) ions
(AEP-pH 1). This type of polymerization performed in the
presence of dextran sulfate did not lead to nanoparticles but
to the formation of a bulk precipitate. Diameter and zeta
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potential of the nanoparticles, which could be obtained, were
measured as depicted in Fig. 3. When nanoparticles were
prepared via RREP, the diameter increased with the
molecular weight of the polysaccharide, as observed in the
case of dextran-bearing nanoparticles, but it was higher for
the charged polysaccharides, especially chitosan. This is
consistent with the electrostatic repulsion between the chains
and with the higher persistence length of chitosan (5 nm in
0.2 M acetic acid, 0.15 M ammonium acetate) (32), when
compared with the persistence lengths of dextran (1.8 nm in
0.1 M NaNOs) (33) and dextran sulfate (1.6 nm in 0.1 M
NaNOj) (33). The zeta potential was not influenced by the
molecular weight of charged polysaccharides and depended
only on the polysaccharide used.

The diameter of the chitosan-coated nanoparticles
synthesized by anionic polymerization at pH 1 was lower
than the equivalent nanoparticles made via RREP, showing
that the chitosan layer was more compact at the surface of
the nanoparticles, as expected for a loops-and-trains config-
uration when compared with a brush configuration. Con-
cerning zeta potential, surface charge of AEP-pH 1 chitosan
nanoparticles was slightly higher when compared with RREP
nanoparticles. It can be suggested that the chitosan layer was
more compact at the surface of these nanoparticles and
formed a more efficient shield to the contribution of the
negative charge of the nanoparticle core to the zeta potential
value (Table I).

Influence of the Structure of the Dextran Shell
on the Activation of Complement

Complement activation was assessed in the presence of
suspensions of dextran-bearing nanoparticles incubated in
human serum diluted in VBS®* for 1 h at 37°C. The amount
of nanoparticles in contact with serum was adjusted to obtain
equivalent contact surface areas. Cleavage of protein C3 was
evidenced by 2-D immunoelectrophoresis, and the height of
the peaks corresponding to C3 and C3b was measured
(Fig. 4). Activation of complement was expressed as the
ratio of the height of the C3b peak to the sum of the heights of
the C3 and C3b peaks. The ratio was plotted vs. the molecular
weight of dextran used in preparing the nanoparticles, and
the results are shown in Fig. 5. In the presence of the
nanoparticles made from 10 kDa dextran via RREP, about
half of C3 present in serum was activated. Activation still
decreased slowly even if molecular weight of dextran is
increased. About 25% of C3 was activated in the presence of
the nanoparticles made from 100 kDa dextran. When the
molecular weight of dextran used in preparing nanoparticles
was below 20 kDa, activation of C3 in the presence of similar

Table 1. Characteristics of Nanoparticles Coated with Chitosan
Obtained via AEP-pH 1

Chitosan
(70,000 g/mol)

Chitosan
(30,000 g/mol)

Diameter (nm) 210 £ 21 250 £25
Polydispersity index 0.2 0.3
Zeta potential (mV) 323+05 338+ 0.5
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Fig. 4. Profile of complement activation for nanoparticles prepared via RREP (A,
B, C) or AEP-pH 2.5 (D, E, F) from 10 kDa dextran (A, D), 67 kDa dextran (B, E),

or 100 kDa dextran (C, F).

surface areas of the nanoparticles made via either AEP-pH
2.5 or RREP was in the same range. However, contrary to
what was observed in the case of nanoparticles made via
RREP, C3 activation increased with increasing molecular
weight of dextran when the nanoparticles were prepared via
AEP-pH 2.5. Protein C3 was even fully activated in the
presence of the nanoparticles made from 100 kDa dextran. It
can be noticed that the size of nanoparticles was not a
relevant parameter to modulate complement activation
because no correlation can be established between the level
of complement activation measured and the size of the
nanoparticles.

Influence of the Type of Polysaccharidic Shell
on the Activation of Complement

To investigate the influence of the nature of the
polysaccharide layer on nanoparticles, complement activa-
tion experiments were performed in the presence of nano-
particles coated with chitosan or dextran sulfate and obtained
via RREP. Differences in complement activation were
observed as a function of the nature of the polysaccharide.
In the presence of 2000 cm” surface area of nanoparticles
prepared with dextran sulfate, a high adsorption of proteins
leading to aggregation of the sample was observed regardless
of the molecular weight of dextran sulfate. In the case of
nanoparticles prepared with dextran sulfate of low molecular
weight (10 kDa), a small peak corresponding to C3 was found
in the serum supernatant (Fig. 6). For nanoparticles made
with dextran sulfate of medium molecular weight (35-50
kDa), a peak corresponding to C3 was detected only when
the surface area of nanoparticles in contact with serum was
decreased by at least four times. A small peak corresponding

to C3b or to further degraded fragments was also detected. It
can be concluded from these results that nanoparticles
prepared with dextran sulfate via RREP were weak
complement activators but adsorbed a large amount of
proteins, which led to aggregation. This high-protein
adsorption is in agreement with previous works of different
authors considering surfaces bearing sulfate groups (34-36).

In the presence of 2000 cm?® surface area of the
nanoparticles prepared via RREP with a 6-kDa chitosan,
about half of C3 present in serum was activated. Increasing
molecular weight of chitosan led to a strong decrease of
complement activation (Figs. 7 and 8). The level of spon-
taneous activation was reached for nanoparticles prepared
with chitosan above 70 kDa. When compared to nano-
particles prepared via RREP with dextran in a similar range

1,2

0,6 fmmmmmmmmmmm e P

C3b/(C3+C3b)

04 ~%——$ ———————— R 7S
02 b s*s & ]

0 20000 40000 60000

Mw (g/mol)
Fig. 5. Evolution of the ratio C3b/(C3 + C3b) as a function of the
dextran molecular weight for nanoparticles obtained via RREP

(filled diamond) and AEP-pH 2.5 (open diamond); spontaneous
activation of the serum (black dashed line).

80000 100000 120000
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B C

Fig. 6. Profile of complement activation for nanoparticles prepared with dextran
sulfate via RREP with different molecular weights [10 kDa (A), 35-50 kDa (B, D,
E), 500 kDa (C)] and different contact surfaces [2000 cm?® (A, B, C), 500 cm? (D),

200 cm? (E)].

of molecular weight, nanoparticles coated with chitosan
appeared as weaker activators of the complement system.
As it was not possible to prepare nanoparticles from
dextran sulfate by anionic polymerization at pH 1, the
influence of configuration of charged polysaccharide on
complement activation could be tested only in the case of
chitosan. Complement activation measured in the presence
of nanoparticles prepared with chitosan at 30 and 70 kDa by
anionic polymerization was markedly higher than comple-
ment activation measured with nanoparticles prepared via
RREP with the same chitosans. However, it was lower than
the activation measured in the presence of nanoparticles
prepared via anionic polymerization with dextran in a similar

range of molecular weight (Figs. 6 and 8). From our results,
neither the size of chitosan-coated nanoparticles nor the
degree of deacetylation of chitosan within the range of
35-60% affected clearly the level of complement activation
produced by the corresponding nanoparticles.

DISCUSSION

Influences of Method of Polymerization and Type
of Polysaccharide on Nanoparticle Characteristics

The results obtained regarding size and zeta potential
determinations are consistent with the assumption that the

C R

P

Fig. 7. Profile of complement activation for nanoparticles prepared with chitosan via RREP (A-E) or
AEP-pH 1 (F, G) with different molecular weights: 6000 g/mol (A), 13,000 g/mol (B), 30,000 g/mol

(C, F), 36,000 g/mol (D), 70,000 g/mol (E, G).
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Fig. 8. Evolution of the ratio C3b/(C3 + C3b) as a function of the
chitosan molecular weight for nanoparticles obtained via RREP
(filled circle) and AEP-pH 1 (open circle); spontaneous activation of
the serum (black dashed line).

coating on the nanoparticles was in a brush configuration
when prepared through redox radical polymerization of
IBCA initiated by cerium (IV) in the presence of dextran,
chitosan, or dextran sulfate. Size of the nanoparticles directly
depended on size and charge of polysaccharide used in
preparing them. Similarly, results obtained with nanopar-
ticles prepared through an anionic polymerization of IBCA
initiated in the presence of either dextran or chitosan are
consistent with the assumption that the coating was in a more
compact loops-and-trains configuration. The influence of the
different surface morphologies on stability of dextran-coated
nanoparticle suspensions was already obvious when concen-
trating them either by freeze drying or by ultracentrifugation.

Influence of Dextran Configuration on Complement
Activation Induced by the Nanoparticles

Our results showed that complement activation was in
the same range for nanoparticles prepared either via RREP
or AEP-pH 2.5 with dextran of molecular weight lower than
20 kDa. This can be explained by the combined effects of the
low efficiency of the short brush of dextran to cover the
PIBCA core of the nanoparticles, as suggested by the zeta
potential measurements, and by the availability of the OH
functions of the dextran loops and trains arranged at the
surface of nanoparticles prepared via AEP-pH 2.5 (21). The
opposite effects observed when increasing the molecular
weight of dextran can be explained by an increase in the
thickness of the brush of the nanoparticles prepared via
RREP, which led to an improved steric barrier against
protein adsorption at the surface of the nanoparticles. In
addition, it can be suggested that the OH groups of the
dextran chains located inside the brush were less available for
reaction with complement proteins, reducing capacity of the
brush to induce complement activation. In the case of the
nanoparticles prepared via AEP-pH 2.5, diameter and zeta
potential of the nanoparticles remained constant despite the
increase in the molecular weight of dextran, indicating that
thickness of the dextran shell in loops and trains was not
increased. Thus, the repelling effect was probably not
improved, whereas the availability of the OH groups of
dextran increased with “loops” length, leading to higher
activation of complement. These results obtained from
nanoparticles coated with dextran in two different config-
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urations can be compared with the results published on
surfaces bearing poly(ethylene glycol) (PEG) chains bound
either end-on, i.e., brush, or side-on, i.e., loops and trains.
Above 5 kDa, end-on bound PEG was highly efficient for
repelling proteins, and increasing the molecular weight did
not result in an increasing repelling effect (6,20). A dense
brush of 2 kDa PEG was also sufficient to repel complement
proteins (13). Compared to the fact that a minimal molecular
weight of 10,000 g/mol was necessary to reduce complement
activation with end-on bound dextran, end-on PEG is more
efficient than dextran bound in a similar way for repelling
proteins, including complement proteins. The apparent
discrepancy with the results published by Osterberg (20)
concerning an efficient steric repulsion of fibrinogen by side-
on dextran-coated surfaces can be easily explained by the
absence of reactivity of fibrinogen toward OH-bearing
surfaces. This is in contrast, considering that the proteins of
complement, in which the major component, protein C3,
strongly reacts with OH groups found on polymer surfaces,
are responsible for the activation of the complement system.
Our results emphasize the prime importance of the configu-
ration of the dextran chains in the surface-coating layer to
modulate the reaction of the OH groups with complement
proteins. Thus, depending on this configuration, dextran
chains with the same molecular weight and containing the
same amount of OH groups may or may not induce
complement activation. Such morphological differences may
explain why some researchers working on complement
activation induced by cellulose and regenerated cellulose
membranes sometimes find inconsistent results.

Influence of Type of Polysaccharides

Concerning the possibility of using nanoparticles coated
with dextran sulfate, results were clearly disappointing. It was
not possible to obtain nanoparticles through anionic poly-
merization, at least in the conditions that were used in the
present work. Nanoparticles could be obtained via RREP,
but despite an apparently low complement-activating capac-
ity, a very high adsorption of proteins leading to aggregation
was observed. This strong protein adsorption on the nano-
particle surface hampered the use of the 2-D immunoelec-
trophoresis method to analyze complement activation
produced by the corresponding nanoparticles.

The results obtained with chitosan-coated nanoparticles
were rather unexpected. Indeed, the literature reporting
interactions between chitosan and the complement system
was not very clear. Chitosan was described as a complement
activator. The complement activation was shown to increase
with the number of NH, groups included along the chitosan
chain (37,38). Other studies reported that chitosan-bearing
surfaces exhibited an adsorption of proteins but no comple-
ment activation (39). In another way, chitin and chitosan
were reported to activate the alternative complement path-
way when they were bound on solid surfaces, but as water-
soluble materials, they did not activate the complement
system (39,40). After intravenous administration, chitosan-
based nanoparticles were shown to avoid in vivo recognition
by the mononuclear phagocyte system (41-43). In our
experiments, complement activation by chitosan-coated
nanoparticles clearly depended on configuration of chitosan
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chains at the surface of nanoparticles in agreement with the
results obtained with dextran-coated nanoparticles.

In the case of nanoparticles obtained via RREP, it can
be assumed that chitosan chains present at the surface of the
nanoparticles behaved like solubilized chitosan. Indeed, the
diameter of the nanoparticles prepared via RREP continu-
ously increased with the molecular weight of the chitosan,
which indicated the presence of an extended hydrated layer
of chitosan chains at the nanoparticle surface. Additionally,
the nanoparticle suspensions were long-term stable (at least 2
years at neutral pH). Concerning complement activation, the
deacetylation degree of chitosan was not an important
parameter, at least in the range of 35-60% used in this study.
As shown with dextran-coated nanoparticles, complement
activation was also strongly influenced by molecular weight
of chitosan and its configuration on the nanoparticle surface.
However, a brush of chitosan obtained with polysaccharide
chains with a molecular weight of more than 30 kDa was as
efficient as a brush of 100-kDa dextran. The higher protec-
tion against complement activation observed with chitosan
could be due either to an improved steric repulsion or to an
inhibition of complement activation by chitosan. Some poly-
anions and polycations were described as inhibitors of
complement (44,45), but this was not the case for chitosan,
which was described to be an activator of the alternative
pathway of complement (37,39,40). Thus, it appears that an
improved steric repulsion, rather than an inhibition of
complement, is more likely to explain the increased capacity
to reduce complement activation by the chitosan brush at the
nanoparticle surface. As highlighted by Osterberg et al. (20),
the great efficiency of surface-bound PEG in reducing pro-
tein adsorption is consistent with the large molecular exclusion
volume due to a high hydration of this polymer. This has not
been studied in the present work, but aqueous solutions of
chitosan, which is a polyelectrolyte, are more viscous than
solutions of dextran of the same molecular weight and at the
same concentration, suggesting that chitosan has probably a
higher hydrodynamic volume. Concerning steric repulsion of
proteins, it means that protein adsorption should be more
difficult on a chitosan layer than on a dextran layer of similar
molecular weight and configuration.

CONCLUSION

In serum, the complement system is known to play a
significant role in the nonspecific recognition of foreign bodies
by the immune system of the organism. In the case of
nanoparticles circulating in the bloodstream, a strong activa-
tion of complement generally results in extensive opsonization
of the nanoparticle surface and fast uptake by activated
phagocytes in vivo. In this article, the activation of comple-
ment was evaluated in vitro on a large series of nanoparticles
composed of a PIBCA core and a polysaccharide shell
showing various properties. Complement activation was
shown to depend on the type of polysaccharide, length of the
chain, and, overall, on the configuration of the polysaccharide
chain on the nanoparticle surface. By increasing the length of
side-on bound, i.e., loops and trains, dextran and chitosan
resulted to an increase of complement activation. Conversely,
by increasing the length of end-on bound, i.e., brush, dextran
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and chitosan resulted to a decrease of complement activation;
the effect was more pronounced with chitosan. These
opposite effects were attributed to the combined effects of
the repelling brush of the polysaccharide and to the
availability of polysaccharide-reactive groups to the comple-
ment protein C3 in the loops-and-trains configuration of the
polysaccharide chains. This work provides a clear under-
standing of the relationships between the complement
activation produced by a series of polysaccharide-coated
nanoparticles and properties of the nanoparticle surface. It
may also clarify the contradictory results that were reported
in the past in the literature. Relationships between comple-
ment activation and in vivo fate of the nanoparticles are
currently investigated.
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