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1. Introduction

Polymer nanoparticles are considered as nanomedicine

ABSTRACT

The aim was to synthesize and characterize fucoidan-coated poly(isobutylcyanoacrylate) nanoparticles.
The nanoparticles were prepared by anionic emulsion polymerization (AEP) and by redox radical
emulsion polymerization (RREP) of isobutylcyanoacrylate using fucoidan as a new coating material.
The nanoparticles were characterized, and their cytotoxicity was evaluated in vitro on J774 macrophage
and NIH-3T3 fibroblast cell lines. Cellular uptake of labeled nanoparticles was investigated by confocal
fluorescence microscopy. Results showed that both methods were suitable to prepare stable formulations
of fucoidan-coated PIBCA nanoparticles. Stable dispersions of nanoparticles were obtained by AEP with
up to 100% fucoidan as coating material. By the RREP method, stable suspensions of nanoparticles were
obtained with only up to 25% fucoidan in a blend of polysaccharide composed of dextran and fucoidan.
The zeta potential of fucoidan-coated nanoparticles was decreased depending on the percentage of fuco-
idan. It reached the value of —44 mV for nanoparticles prepared by AEP with 100% of fucoidan. Nanopar-
ticles made by AEP appeared more than four times more cytotoxic (ICso below 2 pg/mL) on macrophages
J774 than nanoparticles made by RREP (ICso above 9 pg/mL). In contrast, no significant difference in cyto-
toxicity was highlighted by incubation of the nanoparticles with a fibroblast cell line. On fibroblasts, both
types of nanoparticles showed similar cytotoxicity. Confocal fluorescence microscopy observations
revealed that all types of nanoparticles were taken up by both cell lines. The distribution of the fluores-
cence in the cells varied greatly with the type of nanoparticles.

© 2011 Elsevier B.V. All rights reserved.

delivery during the last few years [6-12]. One reason can be that
oligo and polysaccharides are spread at the surface of many living
entities including eukaryote cells, bacteria, viruses where they play

presenting high potential for diagnosis and therapeutical purposes
with possibility to achieve site-specific drug delivery [1-3]. It is
now well established that the in vivo fate of such types of nano-
carriers is governed by their surface properties [4,5].

Instead of PEG, polysaccharides are interesting materials to use
making possible the obtaining of biomimetic nanoparticles with
tunable surface properties. Their interest is growing considering
the increased number of publications reporting the use of polysac-
charides as coating material to design new nanoparticles for drug

* Corresponding author. Université Paris-Sud, UMR 8612, 5 Rue ].B. Clément, F-
92296 Chatenay-Malabry Cedex, France. Tel.: +33 1 46 83 56 03; fax: +33 146 83 53
12.

E-mail address: christine.vauthier@u-psud.fr (C. Vauthier).

0939-6411/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2011.02.013

a major role in recognition and signaling functions [13]. However,
the incorporation of glycomics in nanomedicine appears challeng-
ing because of the wide variety of oligo and polysaccharides and
the various biological functionalities they have. Although incorpo-
rating oligo and polysaccharide at the surface of a polymer nano-
particle was shown to be feasible, changes in the presentation of
the polysaccharides on the nanoparticle surface were reported to
induce dramatic changes in the biological response adding more
in the challenge [7,14,15].

Until now, dextran, chitosan, and heparin were used as coating
material of nanoparticles. Although dextran and chitosan have un-
known specific biological properties in human, heparin has anti-
clotting activities and is an inhibitor of the complement activation
phenomenon. Interestingly, the biological activity of heparin was
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preserved after grafting at the nanoparticle surface [16]. Many
other types of polysaccharides having biological activities may be
interested to be used. Among them, fucoidan appears to be an
excellent candidate. Fucoidan is a sulfated polysaccharide also
named fucan or sulfated fucan. It is isolated from brown algae
and displays many biological properties [17]. Its biological activi-
ties include anti-oxidant [18], anti-coagulant [19-22], anti-viral
[23,24], anti-inflammatory [20], anti-angiogenic [20], anti-tumor
activities [25,26], inhibition of complement activation [27], and
anti-proliferative effect on cells [28,29]. Fucoidan can also be ap-
plied for its ability to sequester toxic heavy metals such as Cd?*,
Cu?*, Zn?*, Pb?", Cr*", and Hg?* [30]. For pharmaceutical applica-
tions, it was used as scaffold for antibiotic immobilization [30]
and as fucospheres® in the treatment of dermal burns [31]. Inter-
estingly, fucoidan can bind to type Al and Il transmembrane glyco-
protein receptors, found on the macrophage surface. These
receptors, also called macrophage scavenger receptors (MSR), are
modulators of the protein kinase signal transduction pathways,
which regulate the atherogenesis-related inflammatory cytokines
TNF and IL-1 [32,33]. Thus, fucoidan may be used to promote
specific interactions of a drug carrier with macrophages. Such an
approach could be worth to deliver large amount of antibiotics to
macrophages infected by Mycobacterium tuberculosis. Another
interesting property of fucoidan is its ability to adhere on Helico-
bacter pylori. This property, which was already proposed to reduce
the adhesion of the bacteria on the gastric mucosa, could be used
to target antibiotics to the bacteria cell [34].

The aim of the present work was to design new core-corona
poly(isobutylcyanoacrylate) (PIBCA) nanoparticles with a corona
composed of fucoidan and to investigate if the incorporation of
fucoidan in the nanoparticle corona would be a relevant method
to modulate interactions of the nanoparticles with cells including
macrophages. In this study, the nanoparticles were prepared by
two methods, the redox radical emulsion polymerization (RREP)
and the anionic emulsion polymerization (AEP) of isobutylcyano-
acrylate (IBCA). These methods provide with core-corona nanopar-
ticles in which the polysaccharide corona is covalently linked to
the PIBCA core of the nanoparticles [7]. The two methods give
nanoparticles with a different conformation of the polysaccharide
chains in the corona [35,36], which were shown to affect interac-
tions of the nanoparticles with proteins and cells [8,37-40].

2. Materials

Isobutylcyanoacrylate (IBCA) was kindly provided as a gift by
Henkel Biomedical (Dublin, Ireland). Dextran (Mw 66900) was
purchased from Sigma (Saint Quentin Fallavier, France). Cerium
(IV) from cerium ammonium nitrate and tri-sodium citrate
dihydrate was purchased from Fluka (Saint Quentin Fallavier,
France). PolyFluor® 570: methacryloxyethyl thiocarbamoyl
rhodamine B (N-[9-(2-carboxy-x-methacryloxy-ethylthiolcarba-
moyl-phenyl)-6-diethylamino-3H-xanthen-3-ylidene]-N-ethyl-
ethanaminium chloride) was supplied from Polyscience (Biovalley,
Marne la Vallée, France). The brown algae Sargassum cymosum
from which fucoidan was extracted and purified was collected on
the south coast of Recife, PE, Brazil.

3. Methods
3.1. Extraction and purification of fucoidan

Fucoidan was extracted from brown algae Sargassum cymosum
following the method adapted by Aradjo et al. [41]. The algae sam-
ples were firstly triturated. Then, the material was washed twice
with acetone under magnetic stirring for 12 h, in order to remove

pigments and lipids. The solid residue was dried. Then, it was
dispersed in NaCl 0.15 M, the pH was adjusted to 8.0 with NaOH
(0.1 M), and proteolysis was performed by adding papain
(15 mg/g of solid residue) at 40 °C. The mixture was maintained
under magnetic stirring for 24 h. Subsequently, the material was
separated by filtration, the filtrate was centrifuged (1000 rpm,
4 °C, 15 min), and the supernatant was collected and lyophilized.
Finally, the brown lyophilized powder obtained was dissolved in
acetic acid (2%) and purified by gel filtration on a Sepharose CL
4B column (Sigma-Aldrich, US) (20 cm x 2 cm) using acetic acid
2% as an eluent. Fractions of 1 mL were collected and analyzed
by spectrophotometer at 265 nm. Fractions corresponding to the
second elution peak (MW 53 kDa) were pooled and lyophilized.
The lyophilized powder was stored at room temperature until use.

3.2. Preparation of fucoidan-coated poly(isobutylcyanoacrylate)
nanoparticles

The obtaining of fucoidan-coated nanoparticles was investi-
gated by applying two emulsion polymerization methods
[7,42,45].

3.3. Redox radical emulsion polymerization (RREP)

The methods described by Chauvierre et al. [35] and by Bertho-
lon et al. [7] were adapted to prepare fucoidan-coated nanoparti-
cles. A total amount of polysaccharide (110 mg) including a blend
of fucoidan and dextran in different proportions was dissolved in
4 mL of 0.2 M nitric acid. The solution was placed under magnetic
stirring at 40 °C with nitrogen bubbling for 10 min. Then, 1 mL of
cerium (IV) ammonium nitrate (8 x 1072 M) in 0.2 M nitric acid
and 250 pl of the monomer IBCA were added successively under
vigorous magnetic stirring (1000 rpm). The polymerization system
was then composed of 5 mg/mL of polysaccharides, 50 pL/mL of
IBCA, and 1.6 x 1072 M CelV in 0.2 M nitric acid. The system was
maintained under magnetic stirring for 1 h. After cooling down
to room temperature, 1 mL of an aqueous solution of tri-sodium
citrate dihydrate (1 M) was added to complex the remaining
cerium ions. The nanoparticles prepared by this method were
named RREP-Fuc-X% with X indicating the percentage of fucoidan
in the blend of polysaccharides used in the synthesis. To prepare
fluorescent-labeled nanoparticles, the same procedure was
followed except that 1 mL of a PolyFluor® 570 solution in acetoni-
trile (4 mg/mL) was added to the polymerization medium 2 min
after the addition of the monomer (IBCA).

3.4. Anionic emulsion polymerization (AEP)

The preparation of fucoidan-coated PIBCA nanoparticles by AEP
was adapted from a previously reported method [42]. Briefly, fuco-
idan was first dissolved in pure water (5 mL). This solution was
used in turn to dissolve dextran to reach a total amount of polysac-
charide of 50 mg. Subsequently, the pH was decreased to 2.5 with
HCI (1 N). Then, 50 pl of monomer IBCA was added drop wise un-
der vigorous magnetic stirring. The system was left to polymerize
for 3 h at room temperature. The polymerization system was com-
posed of 10 mg/mL of polysaccharides including a blend of fucoi-
dan and dextran at different proportions, 10 pL/mL of IBCA, and
of a diluted solution of HCl at pH 2.5. The nanoparticles prepared
by this method were named AEP-Fuc-X%, where the X indicated
the percentage of fucoidan in the blend of polysaccharides used
in the synthesis of the nanoparticles. The labeled nanoparticles
were prepared following the same method but by adding 50 pl of
a PolyFluor® 570 solution in acetonitrile (5 mg/mL) 5 min after
the addition of the monomer (IBCA).
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3.5. Purification of nanoparticles

All nanoparticle suspensions were purified by dialysis (Spectra-
por® membrane 100,000 g/mol molecular weight cutoff (MWCO),
Biovalley, Marne la Vallée, France) twice against 1L of distilled
water for 30 min and once overnight. This dialysis was aimed to
eliminate all reagents including polysaccharides that have not re-
acted during the nanoparticle synthesis. The purified suspensions
were stored at 4 °C until use.

3.6. Evaluation of particle size and zeta potential

The diameter of the nanoparticles was measured at 25 °C by
quasi-elastic light scattering using a Malvern Zetasizer (Malvern
Instrument, UK) operating at the angle of 90°. Samples were
diluted in deionized water (Milli Q®, Millipore, USA). The polydis-
persity index (PI) was evaluated to verify nanoparticle dispersion
homogeneity (values close to zero indicate a homogeneous
dispersion). The coefficient of variation (CV) was calculated from
the following equation: CV = ¢/SD x 100, where ¢ was the polydis-
persity index and SD was the standard deviation.

The zeta potential of the nanoparticles was deduced from the
electrophoretic mobility using a Malvern Zetasizer (Malvern
Instrument, UK). Dilution of the nanoparticle suspensions was
performed in 1 mM of KCI. Results corresponded to the average
of three determinations.

3.7. Morphology of the nanoparticles

The morphology of the nanoparticles was observed by trans-
mission electron microscopy (TEM) (FEI, Tecnai20) at the Centro
de Tecnologias Estratégicas do Nordeste (CETENE), Recife, PE,
Brazil). The nanoparticle suspensions were diluted in filtrated
water and spread on a 200-mesh copper grid coated with
Formvar®. The grid was dried in a desiccator before the
observations.

3.8. Cell culture

Mouse cell lines were used in this study. They were chosen
among a macrophage cell line the macrophages J774 and a fibro-
blast cell line NIH-3T3 [43].

Macrophages J774 were grown in RPMI medium containing 10%
decomplemented fetal bovine serum (FBS) (Gibco, Cergy-Pontoise,
France) and antibiotics (penicillin 50 IU/mL-streptomycin 50 Ul/
mL), in a 5% CO, atmosphere at 37 °C. Experiments were performed
between the fourth and the fiftieth passages. After evaluation of
the concentration of viable cells using a hemocytometer, the con-
centration was adjusted to the required concentration for further
experiments.

Fibroblasts NIH-3T3 cells were routinely grown in high glucose
DMEM (4.5 g/mL), 10% FBS (Gibco, Cergy-Pontoise, France), and
antibiotics (penicillin 50 I[U/mL and streptomycin 50 Ul/mL), in a
5% CO, atmosphere at 37°C. Experiments were performed
between the fourth and the fiftieth passages. Viable cells were
counted in a hemocytometer to determine the concentration.
Finally, the cell concentration was adjusted with culture medium
to the required concentration in viable cells.

3.9. Cytotoxicity studies

Cytotoxicity of fucoidan-coated PIBCA nanoparticles was evalu-
ated on ]J774 macrophages and NIH-3T3 cells using the MTT meth-
od [44]. The number of viable cells was determined by the
estimation of their mitochondrial reductase activity. Briefly, cells
were seeded onto 96-well microtiter plates (NIH-3T3: 2000 cells/

well, J774 macrophages: 5000 cells/well) and grown in a humidi-
fied 5% CO- incubator at 37 °C. After overnight incubation, samples
of nanoparticles (10 pl) at concentrations ranging from 0 to
150 pg/mL were added to the medium for a 48 h incubation period.
Subsequently, 20 pl of MTT (5 mg/mL) was added in the cell cul-
ture medium and incubated for two hours. The medium was dis-
carded and replaced by 200 pl of DMSO to dissolve the insoluble
crystals of formazan formed by living cells. The absorbance was
read at 570 nm using a microplate reader (Labsystems Multiskan
MS). Non-treated cells were used as a control. The cytotoxicity
was expressed as the concentration required to inhibit 50% of cell
proliferation (ICsg). To evaluate the influence of the presence of
fucoidan and also the preparation method of nanoparticles (AEP
and RREP) on the cytotoxicity of PIBCA nanoparticles on J774 mac-
rophages and NIH-3T3 fibroblasts, statistical analysis of variance
(ANOVA) of three different assays was performed.

3.10. Cellular uptake of fucoidan-coated nanoparticles

The uptake of nanoparticles was investigated on J774 macro-
phages and NIH-3T3 fibroblasts using confocal fluorescence
microscopy (Plateforme d’imagerie cellulaire, IFR 141, Univ. Paris
Sud, Chatenay-Malabry, F-92296). Cells (10° and 2 x 10* cells/well
of J774 macrophages and NIH-3T3 fibroblasts, respectively) were
grown for 48 h on glass cover-slip placed in 12-well culture plate.
Fluorescent-labeled nanoparticles containing or not fucoidan at
their surface were then added in each well as follow: 50 pul of
AEP-labeled nanoparticles previously diluted in culture medium
(320 pl of nanoparticles suspension in 480 pl/mL to obtain 4 g/
mL) and 50 pl of RREP-labeled nanoparticles previously diluted
in culture medium (80 pul of nanoparticle suspension in 720 pl/
mL to obtain 4 pg/mL). The volume of each well was completed
to 1mL to adjust the final concentration in nanoparticles to
0.2 pg/mL. The plates were then incubated for 1, 2, 3, 4, and 24 h
at 37 °C. After incubation, the cells were washed with culture med-
ium and fixed by addition of 800 pul of 4% paraformaldehyde in
phosphate buffer saline (PBS) (w/v) during 20 min. The cells were
washed with culture medium. In order to block the reactivity of
the aldehyde, 1 mL of 50 mM ammonium chloride (NH4Cl) was
added and incubated for at least 10 min. The cells were then
washed again with culture medium. Finally, 10 pl of Vectashield®
mounting medium for fluorescence (Vector Laboratories, Inc.,
Burlingame, CA, USA) was laid on a microscope glass slide, and cov-
er-slip with cells was overlaid on this medium and sealed with nail
polish. The mounted cells were kept at 4 °C until observations.
Observations by optical and fluorescent microscopy (Leitz Diaplan
microscope, France) were used to verify the shape of the cells and
the absence of cell lysis.

The uptake of nanoparticles by the cells was then analyzed
using confocal fluorescence microscopy (LSM 510 microscope,
Zeiss, Germany). Confocal acquisitions were performed with a he-
lium neon laser (excitation wavelength 543 nm) and a long pass
emission filter LP 560 nm. Fluorescent images were obtained using
a Plan Apochromat 63x, 1.4 numerical aperture oil immersion
objective lens, and the pinhole was set at 1.0 Airy unit (0.8 um
optical slice thickness). Stacks of images were collected every
0.41 um along the z axis. Twelve bit numerical images were ac-
quired with LSM 510 software version 3.2.

4. Results and discussion
4.1. Preparation of fucoidan-coated PIBCA nanoparticles

Polymerizations of isobutylcyanoacrylate by AEP and RREP
were investigated to design fucoidan-coated PIBCA nanoparticles.
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To this aim, fudoidan was introduced at different proportions in a
blend of polysaccharide composed of dextran and fucoidan in the
polymerization medium. As indicated in Table 1, stable formula-
tions of nanoparticles were obtained by the AEP method with all
percentages of fucoidan. In contrast, by the RREP method, stable
suspensions were only obtained with a low percentage of fucoidan
(0% and 25%) in the blend of polysaccharide. Suspensions of nano-
particles prepared with higher percentage of fucoidan ranging
from 50 to 100% were unstable containing precipitates and
aggregates.

The size of nanoparticles prepared by AEP was increased from
193 +4 nm to 399 + 0.7 nm, when the concentration of fucoidan
was increased from 25% to 100%, respectively. In contrast, in RREP
nanoparticles, the size decreased from 307 +4 nm to 223 + 1 nm

Table 1

when preparations contained 0% and 25% fucoidan, respectively.
The low polydispersity index and the low value of the CV (<5%)
indicated a narrow distribution of the particle size. The modifica-
tions in nanoparticle size between both methods and nature of
polysaccharide were in agreement with those observed in previous
work using other polysaccharides [7,9,37].

As shown in Table 1, the zeta potential of the nanoparticles ob-
tained by the two methods became more negative when the
amount of fucoidan was increased. The zeta potential reached
the lowest value (—44 mV) when the nanoparticles were prepared
with 100% fucoidan (AEP-Fuc-100%). These results can be ex-
plained by the negative charge of fucoidan. It also agreed with
the value of zeta potential found in previous studies considering
nanoparticles prepared with heparin, dextran-sulfate, or with a

Physicochemical characteristics of PIBCA nanoparticles obtained by AEP and RREP with different ratios between fucoidan and dextran.

PIBCA-NP Fucoidan:dextran ratio (%)  Stability of nanoparticle suspensions®  Size (nm)  PI+SD Zeta potential (mV)
AEP-Fuc-0 0:100 Stable 193+4 0.14+£0.01 —-553+1
AEP-Fuc-25 25:75 Stable 195 +2 021+0.04 -9.60+0.4
AEP-Fuc-50 50:50 Stable 298+1 025+0.03 -12.0%1
AEP-Fuc-75 75:25 Stable 298 +0.4 0.19£0.01 —-27.0+1
AEP-Fuc-100 100:0 Stable 399+0.7 0.07 £0.07 -442+1
RREP-Fuc-0 0:100 Stable 307+4 0.09+0.04 -639+£0.1
RREP-Fuc-25 25:75 Stable 223+1 0.22 £0.01 —7.18+0.6
RREP-Fuc-50 50:50 Unstable - - -
RREP-Fuc-75 75:25 Aggregated - - -
RREP-Fuc-100  0:100 Aggregated - - -

2 The nanoparticles were considered as stable when the suspensions remained homogenous and did not show any sediment or precipitation

over a period of 1 week after preparation.
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Fig. 1. Size (a) and zeta potential (b) of labeled (dark columns) and unlabeled nanoparticles (white columns) prepared by AEP (A) and RREP (B) with different percentages of

fucoidan (0%, 25%, 50%, and 100%).
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Fig. 2. Transmission electron micrographs of (A) AEP, (B) AEP-Fuc-25, (C) AEP-Fuc-100, (D) RREP, and (E) RREP-Fuc-25 nanoparticles.

blend of heparin and dextran [7,35,38]. Results from zeta potential
measurements confirmed that fucoidan was located on the surface
of PIBCA nanoparticles. It is noteworthy that the zeta potential var-
ied continuously from -5 to —44 mV when the composition in
fucoidan was increased from 0% to 100%, respectively. This result
suggested that the nanoparticle surface was composed of a blend
of fucoidan and dextran in which composition depended on the
composition used during synthesis.

Fluorescent nanoparticles were synthesized by incorporating a
fluorescent comonomer in the polymerization medium. The size
of the fluorescent-labeled nanoparticles was increased compared
with those of the non-fluorescent nanoparticles (Fig. 1).

In agreement with previously reported results considering the
preparation of fluorescent chitosan-coated nanoparticles [9], the
increase in size observed was due to the incorporation of rhoda-
mine, which is a large molecule, in the core of the nanoparticles.
This was confirmed by the fact that zeta potentials of labeled nano-
particles were similar to those of the corresponding non-labeled
nanoparticles (Fig. 1). At the pH of measurement, rhodamine is
positively charged hence the fact that zeta potential of nanoparti-
cles was unchanged after labeling indicated that rhodamine was
not exposed at the nanoparticle surface but incorporated in the
nanoparticle core. Results from both size and zeta potential mea-
surements agreed with the method of labeling which was expected
to promote the incorporation of the fluorescent probe in the nano-
particle core thanks to the copolymerization of the rhodamine-
containing monomer with IBCA.

Nanoparticles observed by TEM showed a spherical shape inde-
pendently of the method of preparation and of the fucoidan con-
tent (Fig. 2).

By increasing the magnification, the internal structure of the
nanoparticles can clearly be highlighted. It showed an electron
dense internal core surrounded by a corona which appeared far

less dense to the electrons. These observations agreed with the ex-
pected core—corona structure for the nanoparticles synthesized by
both methods of synthesis.

Long-term stability was evaluated upon storage of nanoparticle
suspensions at +4 °C over a period of 6 months (Fig. 3). No signifi-
cant changes in the size were detected over this period of time,
indicating that the nanoparticle suspensions were stable. It is note-
worthy that neither a modification of the surface composition nor
the preparation method has affected the stability of the nanoparti-
cle suspensions during storage.

4.2. Interactions of the nanoparticles with cells

The rational behind the design of fucoidan-coated nanoparticles
was to increase the affinity of the nanoparticles for macrophages
thanks to a specific interaction with the MSR. Thus, the aim of this
part of the study was to investigate whether the presence of fuco-
idan at the surface of nanoparticles actually promoted interactions
of the nanoparticles with macrophages in comparison with non-
macrophagic cells. Successful synthesis of different types of
fucoidan-coated nanoparticles in the first part of this work made
possible to investigate the influence of the fucoidan content and
of the preparation method on the interactions of the nanoparticles
with the cells. The method of preparation was an interesting
parameter to consider as it influences the spatial arrangement of
the polysaccharide chains at the nanoparticle surface [36]. This
study was based on the evaluation of the cytotoxicity of the differ-
ent types of nanoparticles on two cell lines: the macrophages ]J774
for the macrophagic cell line and the fibroblasts NIH-3T3, which
are non-professional phagocytes. In complement to the cytotoxic-
ity evaluations, penetration of nanoparticles into cells was
observed by confocal fluorescence microscopy.
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Fig. 4. Cytotoxicity expressed as ICsq of fucoidan-coated PIBCA nanoparticles in J774 macrophage cell line (A) and NIH-3T3 fibroblast cell line (B). RREP nanoparticles (dark
columns) and AEP nanoparticles (white columns) (**) statistically different with p < 0.05.

In general, cytotoxicity of nanoparticles depends on the amount
of nanoparticles taken up by cells, which in turn may depends on
both the nanoparticle concentration added in the incubation med-
ium and the incubation time [45]. In the present work, the cytotox-
icity of the nanoparticles was evaluated after 48 h of incubation
with the cells and the cells were allowed to interact with different
concentrations in nanoparticles during this fixed period of time.
The Fig. 4 shows the ICso of the different types of nanoparticles
incubated with macrophages J774 (Fig. 4A) and NIH-3T3 fibro-
blasts (Fig. 4B). Standard deviations shown by the error bars indi-
cate that the experiments performed with the macrophages J774
were more reproducible than those performed with the NIH-3T3
fibroblasts. This suggests that the mechanism of interactions of
the nanoparticles with J774 cells was different than that involved
in the interactions of the nanoparticles with the fibroblast cell line.
The ICso of AEP nanoparticles on the macrophages J774 was low. It
was not influenced by the content in fucoidan of the nanoparticles.
This was in contrast to results expected from the assumption that
fucoidan incorporated at the nanoparticle surface can promote
interactions of nanoparticles with macrophages thanks to a specific
recognition of this polysaccharide by the MSR exposed at the sur-
face of macrophages [32,33,46]. The method of synthesis of the
nanoparticles affected importantly the cytotoxicity of the nanopar-
ticles on the macrophages |774. For instance, the AEP-Fuc-25 nano-
particles appeared sevenfolds more cytotoxic (ICso=1.3 £0.2 ng/
mL) than the corresponding nanoparticles synthesized by the RREP
method (ICs0=9.6 £0.5 ug/mL). In contrast, no difference was
highlighted evaluating the cytotoxicity of the AEP and RREP nano-
particles on the NIH-3T3 fibroblasts. Most of the ICsq values ranged

between 6 +4 pug/mL and 11 + 4 pg/mL with no significant differ-
ence after statistical analysis. It is noteworthy that the cytotoxicity
levels shown by the nanoparticles on the NIH-3T3 fibroblasts were
of the same order than that of the RREP nanoparticles on the mac-
rophages J774.

The fact that the cytotoxicity of the nanoparticles made by AEP
was much above that of the nanoparticles made by the RREP on the
J774 cell line suggested that the macrophages J774 were able to
distinguish both types of nanoparticles. This could actually occur
thanks to the difference in the polysaccharide chain conformation
on the nanoparticle surface that resulted from the polymerization
mechanism involved during the synthesis of the nanoparticles by
AEP or RREP [8]. This assumption is supported by the fact that such
a subtle difference in the surface structure between the AEP and
RREP nanoparticles was already reported to induce dramatic
differences in the response of biological systems. For instance, in
another study, AEP nanoparticles coated with a different series of
polysaccharides were reported to be far more cytotoxic than the
corresponding RREP nanoparticles on a cancer cell line [15]. An
opposite capacity to activate the complement system was reported
comparing AEP and RREP nanoparticles prepared with either dex-
tran or chitosan [8]. Finally, type of opsonins which adsorbed on
the polysaccharide-coated nanoparticles prepared by both meth-
ods of emulsion polymerization was specific to each type of nano-
particle [37].

To further understand how the different nanoparticles were
interacting with cells, internalization of nanoparticles by cells
was investigated by confocal fluorescence microscopy using
fluorescent-labeled nanoparticles. The nanoparticles were labeled
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3h

24 h

Fig. 5. Confocal fluorescence microscopy of macrophage J774 incubated with fluorescent nanoparticles (A: AEP, B: AEP-Fuc-25, C: AEP-Fuc-100, D: RREP, and E: RREP-Fuc-25)
at different incubation time (1, 3, and 24 h). The confocal micrographs show an optical slice taken at the median plan of the cells. Image size: 73 x 73 um. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Confocal fluorescence microscopy of fibroblasts NIH-3T3 incubated for 24 h with fluorescent nanoparticles (A: AEP, B: AEP-Fuc-25, C: AEP-Fuc-100, D: RREP, and E:
RREP-Fuc-25). The confocal micrographs show an optical slice taken at the median plan of the cells. Image size: 73 x 73 um. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

by copolymerization of a fluorescent-containing monomer with
IBCA during the preparation of the nanoparticles. This labeling
method allowed a stable incorporation of the fluorescent dye in
the core of the nanoparticles. Observations were performed after
different incubation times of the cells with fluorescent-labeled
nanoparticles at a concentration much below that of the ICsq
shown by the more cytotoxic nanoparticles after 48 h of incubation
with cells. This concentration in nanoparticles was chosen to in-
sure that the uptake of the nanoparticles by the cells was not influ-
enced by eventual toxic effect on the timescale of the experiment.

Confocal fluorescence microscopy observations showed that all
types of nanoparticles were taken up by J774 macrophages in less
than one hour of incubation. Considering each type of nanoparti-
cles separately, the increase in the intensity of the fluorescence
in the cells with the incubation time indicating that more nanopar-
ticles were taken up by the cells by prolonging the incubation time
(Figs. 5 and 6). From these observations, results from cytotoxicity
evaluations cannot be explained by a simple difference of uptake
of nanoparticles by cells. AEP nanoparticles and AEP-fucoidan-
coated nanoparticles were all taken up by J774 and by the NIH-
3T3 cells independently of their fucoidan content. Observations
of the distribution of the fluorescence in the J774 macrophages
showed marked differences between AEP nanoparticles with no

fucoidan and AEP-fucoidan-coated nanoparticles (Fig. 5). After
incubation of the cells with AEP nanoparticles with no fucoidan,
the fluorescence was homogenously distributed throughout the
cells. In contrast, the fluorescence accumulated in cells incubated
with AEP-Fuc-25 and AEP-Fuc-100 occurred as bright and concen-
trated punctuations disseminated in the cells. The difference in the
localization of the fluorescence found in cells incubated with fuco-
idan-coated and non-fucoidan-coated nanoparticles may be ex-
plained by different mechanisms of intracellular uptake and
intracellular trafficking pathways. Regarding the RREP nanoparti-
cles with and without fucoidan, they showed the same distribution
of the fluorescence in the cells than the corresponding AEP nano-
particle counterparts. The results showed that the presence or
the absence of fucoidan at the nanoparticle surface influences the
way nanoparticles are interacting with the J774 cells and the fate
of the nanoparticles within the cells.

As already stated above, all types of nanoparticles were taken
up by the NIH-3T3 fibroblasts (Fig. 6). Although fibroblasts NIH-
3T3 are not professional phagocytes, our observations agreed with
those of other publications having reported that these fibroblasts
were able to internalize polymeric nanoparticles [47,48]. The
NIH-3T3 cells showed a specific behavior after incubation with
the AEP nanoparticles while almost no differences were high-
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lighted after incubation with the other nanoparticles (AEP-Fuc-25,
AEP-Fuc-100, RREP, RREP-Fuc-25). Indeed, after 24 h of incubation
with the AEP nanoparticles prepared without fucoidan, the cells
have lost their typical elongated morphology. They appeared circu-
lar and showed vacuoles in the cytoplasm (Fig. 6A). This indicated
that the structure of the actin fibers of the cytoskeleton was lost
[49]. This change in morphology was unexpected from the results
of the cytotoxicity (Fig. 4). However, it was reported in the litera-
ture that such a modification of cell morphology did not interfere
with the cell viability on the timescale of the present study [50].
In contrast to this previous finding, the typical elongated morphol-
ogy of the NIH-3T3 cells was well preserved after incubation of the
fibroblasts with the other nanoparticles. Except this difference in
morphology, the distribution of the fluorescence in the cell was
very similar comparing the different types of nanoparticles. As
shown on Fig. 6, the fluorescence found in the cells appeared more
or less diffused. This is in contrast to results from the observations
made after incubation of the J774 macrophages with nanoparticles
prepared by the AEP method. Indeed, with the NIH-3T3, no obvious
difference appeared between the fucoidan-coated and the non-
fucoidan-coated nanoparticles. This result suggests that nanoparti-
cles are interacting and penetrating in the NIH-3T3 cells through
mechanisms, which are independent of the presence and of the ab-
sence of fucoidan at the nanoparticle surface. This was a main con-
trast with what was observed with the J774 cell line for which the
presence of fucoidan at the nanoparticle surface changed the distri-
bution of the fluorescence within the cells, suggesting that fucoi-
dan-coated nanoparticles may enter the cells by a different
pathway than nanoparticles without fucoidan in the coating layer.

5. Conclusions

Different types of nanoparticles coated with fucoidan were ob-
tained by emulsion polymerization of IBCA. The maximum amount
of fucoidan incorporated in nanoparticles without compromising
the stability of the dispersion depended on the type of polymeriza-
tion (AEP vs. RREP). Cytotoxicity and intracellular distribution of
the nanoparticles in cells were affected by many of the studied
parameters. This work gave first evidence that interactions of
nanoparticles with macrophages can be modulated by the intro-
duction of fucoidan in the nanoparticle corona. Further studies
are now needed to elucidate mechanisms of intracellular uptake
and pathways of intracellular trafficking. Other studies are re-
quired to understand why cytotoxicity of AEP and RREP nanoparti-
cles appeared so different on macrophages.
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