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ABSTRACT

The uptake of nanoparticles by cells of the mononuclear phagocytic system limits its use as colloidal drug
carriers, reducing the blood circulation time and the ability to reach biological targets. In this work, the
interaction between dextrin nanoparticles - recently developed in our laboratory - and murine bone
marrow-derived macrophages was evaluated. Cytotoxicity and nitric oxide production were studied,
using the MTT assay and the Griess method, respectively. FITC labelled nanoparticles were used to assess
the phagocytic uptake and blood clearance after intravenous injection. The phagocytic uptake was anal-
ysed in vitro by confocal laser scanning microscopy and fluorescence activated cell sorting. The results
show that the nanoparticles are not cytotoxic and do not stimulate the production of nitric oxide by
macrophages, in the range of concentrations studied. Nanoparticles are phagocytosed by macrophages
and are detected inside the cells, concentrated in cellular organelles. The blood clearance study showed
that the blood removal of the nanoparticles occurs with a more pronounced rate in the first 3 h after intra-
venous administration, with about 30% of the material remaining in systemic circulation at this stage.
Given the fairly high blood circulation time and biocompatibility, the dextrin nanoparticles are promising
carriers for biomedical applications. Both applications targeting phagocytic, antigen-presenting cells (for
vaccination purposes) and different tissues (as drug carriers) may be envisaged, by modulation of the

surface properties.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Many colloidal carriers, such as liposomes, nanocapsules and
nanoparticles, have been developed as intravenous drug delivery
systems. These systems may improve the absorption of poorly
water-soluble pharmaceuticals, protect sensitive molecules against
in vivo degradation, modify the distribution of drugs in the body
and increase the patient’s compliance, by avoiding repeated injec-
tions. The rapid removal of intravenously administered colloidal
drug carrier systems by the mononuclear phagocytic system (MPS)
is an obstacle to the efficient targeting of solid tumours and
inflammatory tissues [1,2]. When nanoparticles enter the blood-
stream, they instantly encounter a complex environment of plasma
proteins and phagocytic cells. Opsonization promotes recogni-
tion and uptake by cells of the MPS, especially macrophages in
the liver (the Kupffer cells), but also spleen and bone marrow
macrophages [3]. Recent research has focused on the modifi-
cation of nanoparticles surface to avoid opsonization. In this
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context, poly(ethylene glycol) (PEG) was found to decrease the
interactions of the particles with blood proteins, avoiding recog-
nition by the MPS and thus increasing the circulation time in
the blood [4]. As one of the most promising alternatives to PEG,
polysaccharides have been widely investigated. The advantage
of polysaccharide coating is the steric protection of nanopar-
ticles against non-specific interactions with proteins, ensuring
particle stability in blood circulation. Additionally, as polysaccha-
rides offer reactive groups for modification, active targeting may
be obtained by grafting ligands onto the nanoparticles surface
[5-8].

Knowledge on the interaction between macrophages and drug
carriers is essential in the design of more effective therapeu-
tic strategies using nanobiotechnological devices. Macrophages
may be the therapeutic target, for the treatment of macrophage-
associated pathologies or vaccination purposes, given their activity
as antigen-presenting cells [9,10]. Otherwise, when other tar-
gets are envisaged, phagocytic activity should ideally be avoided,
providing the drug carrier time enough to reach the target.
Macrophages are phagocytic cells that produce antimicrobial
molecules, in the phagosome, and secrete a variety of sub-
stances, whose actions range from induction of cell growth to
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cell death, in addition to their role in antigen-presentation to
T cells. These substances produced by macrophages, such as
nitric oxide and cytokines, are involved in host defence against
pathogenic micro-organisms, parasites or tumour cells. The phago-
cytic process starts when macrophages recognize foreign particles
or pathogens, becoming thereafter activated, a process that leads
to the secretion of a number of chemical mediators of inflamma-
tion. These molecules are very aggressive, not only against foreign
molecules or particles, but also to the host tissues. Among them,
nitric oxide (NO) is a key marker of activation of inflammation
[11].

After administration of colloidal carriers, the in vivo distribution
largely depends on their particle size [12] and surface proper-
ties [13]. As referred above, in many instances it is desirable to
increase the blood circulation time of the drug carriers. Elimination
of the nanoparticles from systemic circulation can occur by differ-
ent mechanisms: uptake by phagocytic cells, extravasation through
endothelium and renal excretion. Nanoparticle uptake by the
phagocytic cells may occur both in the bloodstream by monocytes
and in tissues by resident phagocytes (e.g., Kupffer cells in the liver,
dendritic cells in the lymph nodes, spleen macrophages). Nanopar-
ticles can escape the circulation through the gaps, also called
fenestrations, of the endothelial barrier. Fenestrations and the vas-
culature can undergo modifications under various pathological
conditions. For instance, tumor growth induces the development
of neovasculature characterized by discontinuous endothelium,
with large fenestrations. Depending on the reports, the “ideal” size
requirements for nanoparticles developed for cancer treatment
vary from 70 to 200 nm. Larger particles can be rapidly taken up
by the mononuclear phagocytic system cells [14]. Small particles
(<5.5nm) are described to be rapidly and efficiently excreted in the
urine [15].

In previous work, nanoparticles obtained by self-assembling
of hydrophobized dextrin were developed and characterized in
our laboratory. The nanoparticles obtained have high colloidal
stability and spherical shape [16]. Size distribution obtained by
dynamic light scattering showed two distinct populations, with 25
and 150 nm, the former being the predominant one [17]. In the
present work, the ability of these nanoparticles to interact with
bone marrow-derived macrophages (BMDMs) was analysed. The
use of nanoparticles labelled with a fluorochromic probe allowed
the detection of internalization by BMDM and the evaluation of the
blood clearance profile. These are the major goals of this work: to
ascertain whether the dextrin nanoparticles are effectively inter-
nalized by phagocytic cells (relevant for vaccination purposes) and
estimate the blood circulation time (crucial for the development of
drug delivery applications).

2. Materials and methods
2.1. Materials

Dextrin-VA-SCy6 (VA: vinyl acrylate, SCyg: alkyl chain) was
synthesized as comprehensively described previously [16]. In
this work, a sample of dextrin-VA-SCyg (dexC;g) with 13 acry-
late groups (DSya 13%) and 6 alkyl chains (DScig 6%) per
100 dextrin glucopyranoside residues was used. Dimethyl-
sulfoxide was purchased from Fluka. The chemicals 4',6-
diamidino-2-phenylindole (DAPI), lipopolysaccharide (LPS), sapo-
nine and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich. SAMSA (5-
(2-(and-3)-S-(acetylmercapto)succinoyl) amino) fluorescein was
obtained from Invitrogen. IFN-y was obtained from R&D systems.
Sephadex G25 PD10 columns were obtained from Amersham Bio-
sciences.

2.2. Animals

Eight-week-old female BALB/c mice, an inbred strain with high
genetic homogeneity between individuals, obtained from Harlan
Interfauna Ibérica (Barcelon, Spain), were housed under specific-
pathogen-free conditions with food and water ad libitum. The
experiments involving mice were conducted under the guidelines
and approval of the Research Ethics Committee of the Life and
Health Sciences Research Institute (Braga, Portugal) and of the gov-
ernmental agency Direcgdo Geral de Veterindria (Lisbon, Portugal).

2.3. Culture of murine BMDM

Macrophages were obtained from the bone marrow, as pre-
viously described [18,19]. This method allows the differentiation
of a homogenous primary culture of macrophages that retains
the morphological, physiological and surface marker characteris-
tics of these phagocytes [20,21,22]. Briefly, mice were sacrificed
using CO,, and the femurs were removed under aseptic condi-
tions. Bones were flushed with 5mL cold Hanks’ balanced salt
solution (HBSS; Gibco, Paisley, United Kingdom). The resulting cell
suspension was centrifuged at 500 x g and resuspended in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco), supplemented
with 10mM HEPES (Sigma, St. Louis, MO), 1mM sodium pyru-
vate (Gibco), 10 mM glutamine (Gibco), 10% heat-inactivated fetal
bovine serum (Sigma), and 10% L929 cell conditioned medium
(complete DMEM [cDMEM]). To remove fibroblasts or differenti-
ated macrophages, cells were cultured for a period of 4h on cell
culture dishes (Nunc, Naperville, IL) with cDMEM. Nonadherent
cells were collected with warm HBSS, centrifuged at 500 x g, dis-
tributed in 24-well plates at a density of 5 x 10° cells/well, and
incubated at 37°C in a 5% CO, atmosphere. On day 4 after seeding,
0.1 mL of L929 cell conditioned medium was added, and medium
was renewed on the seventh day. After 10 days in culture, cells were
completely differentiated into macrophages.

2.4. Preparation of self-assembled nanoparticles

Lyophilized dexCyg was dissolved in culture medium under stir-
ring and further sonicated for 20 min. A stock solution (3 mg/mL)
of nanoparticles was prepared. The nanoparticle concentration was
adjusted by dilution of concentrated nanoparticle dispersion, with
culture medium, in the wells. All solutions were sterilized by fil-
tration through a 0.22 pwm membrane. The nanoparticles formation
was confirmed by dynamic light scattering and visualized in atomic
force microscopy.

The size distribution was determined with a Malvern Zetasizer,
MODEL NANO ZS (Malvern Instruments Limited, UK). A dispersion
of nanoparticles was analysed at 25 °C in a polystyrene cell, using a
He-Ne laser—wavelength of 633 nm and a detector angle of 173°.

Tapping mode imaging was carried out on a Nanoscope Illa Mul-
timode (Digital Instruments, Veeco) scanning probe microscope. A
silicon tip doped with phosphorus, with a radius curvature of less
than 10 nm (RTESP, VEECO), was used. This tip has a typical res-
onance frequency of 288-328 kHz and a typical force constant of
20-80N/m. A scan rate of 1.4-1.8 Hz was sufficient to maintain a
good signal-to-noise ratio. A drop of nanoparticles dispersion was
placed on new-cleaved HOPG surface, thoroughly rinsed with water
and dried under a N5 flux.

2.5. Cytotoxicity test

The cytotoxicity of the dextrin nanoparticles was evaluated,
in vitro, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. The tetrazolium salt is widely
used to quantify cytotoxicity, by colorimetry. The tetrazolium salts
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are metabolically reduced to highly coloured end products, for-
mazans [23]. The colourless MTT is cleaved to formazan by the
succinate-tetrazolium reductase system which belongs to the mito-
chondrial respiratory chain and is active only in viable cells.

Nanoparticles, at different concentrations, were incubated with
cells, for 24 or 48 h. Then, MTT was added to the culture mediumtoa
final concentration of 0.5 mg/mL. After 3 h incubation, the insoluble
formazan crystals were solubilized with DMSO, and the absorp-
tion was measured at 570 and 690 nm in an automated ELISA plate
reader. For each sample, the background optical density (690 nm)
was subtracted; the test was performed in triplicate.

2.6. Nitric oxide quantification

The nitric oxide production was evaluated by quantifying the
nitrite accumulation in cell culture supernatants using the Griess
method [24]. Despite this method quantifies only nitrites, not
nitrates, for the sake of the comparison carried out in this work
it is sufficient. As a positive control, BMDM culture was challenged
with lipopolysaccharide (LPS) and gamma interferon (IFN-y). LPS is
an endotoxin of the bacterial cell wall, well known to stimulate the
release of different markers of inflammation by macrophage cells. It
is used to stimulate macrophages in order to obtain a background of
activation/inflammation, as it is usually done in studies concerning
the inflammatory potential of different biochemical agents. IFN-y is
acytokine produced by T-lymphocytes and NK cells which activates
the antimicrobial mechanism of macrophages.

BMDM cells (5 x 107 cells/well) were incubated, at 37 °C in a 5%
CO, atmosphere, for 24 or 48 h, in the presence of different con-
centrations of nanoparticles (1.0, 0.5 and 0.1 mg/mL). Assays were
carried out either with and without LPS (100 ng/mL) and IFN-vy
(1 ng/mL). The final volume used was 1 mL per well. Then, 100 L of
Griess reagent was added to 100 p.L of sample culture medium, and
the absorbance was measured at 550 nm. Nitrite concentrations in
the medium were finally determined by using standard solutions
of sodium nitrite (0-100 wM).

2.7. Uptake of nanoparticles by the BMDM

2.7.1. Preparation of FITC labelled nanoparticles

FITC is a fluorescent probe quite commonly used in biologi-
cal studies, owing to its biocompatibility. In order to label the
nanoparticles with FITC, the following solutions were prepared: (1)
Nanoparticle solution—10 mg of dexC;g were dissolved in 1.3 mL
of sodium phosphate buffer 0.1 M pH 7 and stirred for 30 min; (2)
fluorescein solution—5 mg of SAMSA fluorescein were dissolved in
0.5mL of NaOH 0.1 M and stirred for 15 min. Afterwards, 7 pL of
HCI 6 M and 0.1 mL of NaPO,4 buffer 0.5M pH 7 were added and
stirred for 10 min. Finally, these two solutions were mixed up and
stirred for 30 min. Unbound FITC was separated using a Sephadex
G25 PD10 column equilibrated with PBS. Nanoparticles labelled
with FITC were eluted with PBS and sterilized by filtration through
a 0.22 pm membrane before use. FITC labelling did not affect the
properties of the nanoparticles, as estimated by dynamic light scat-
tering.

2.7.2. Fluorescence studies

The assessment of phagocytosis, after incubating the
fluorescent-labelled nanoparticles with murine macrophages, was
attempted by spectrofluorimetry. In this study, FITC-containing
nanoparticles (1.0, 0.5 or 0.1 mg/mL) were added to BMDM cul-
tures, which were pre-stimulated with LPS (100 ng/mL) and IFN-y
(1 ng/mL) on a 96-well plate. As a control, 0.5 mg/mL nanoparticles
were incubated with cells without LPS and IFN-v. Following
incubation periods of 3 or 6 h, the culture medium was collected
and cell monolayers were rinsed four times with PBS to remove the

non-phagocytosed nanoparticles. Then, 200 pL culture medium
and 2 L saponine (10%) were added and the cell lysates collected
10min after incubation. Fluorescence intensity was measured in
both the cell lysate and the collected culture medium, using a
spectrofluorimeter.

2.7.3. Confocal observation of the macrophages

In order to evaluate the phagocytic activity, macrophages
(5 x 10° cells/well) were seeded on coverslips and stimulated with
LPS (100 ng/mL) and IFN-y (1 ng/mL). Then, the cell culture was
incubated with or without FITC-containing nanoparticles (1.0 or
0.1mg/mL) for 6h. The cover glasses were washed twice with
PBS and cells were fixed with methanol absolute (—20°C) for
10 min. Following PBS washing (twice), cells were labelled with
DAPI (staining nucleous-blue) for 15 min. Vectashield was used
as an anti-fading. Cover glasses were analysed using a laser scan-
ning confocal microscope LEICA SP AOBS SE (Leica Microsystems,
Germany), equipped with HC PL APO Lbl. Blue 63x/140 Oil objec-
tive.

2.7.4. FACS analysis

Cells (5 x 10° cells/mL) were seeded in 96-well plates and incu-
bated at 37°C and 5% CO,. After removal of the growth medium,
the cells were pre-stimulated with LPS (100 ng/mL) and IFN-y
(1 ng/mL) and treated with FITC-linked nanoparticles (1.0, 0.5 or
0.1 mg/mL), for 3 or 6 h. As a control, 0.5 mg/mL nanoparticles were
incubated with cells not pre-stimulated with LPS and IFN-vy. After
incubation, cells were washed four times with PBS and collected
with 100 pL of cooled EDTA. Then cells were transferred to FACS-
tubes with 1 mL PBS and centrifuged at 500 x g for 10 min. After
removal of the supernatant, cells were resuspended in 500 L of
FACS buffer (EDTA with 1% BSA).

Flow cytometric analysis was performed using a FACS Coul-
ter Epics XL (Applied Cytometry Systems, United Kingdom). The
cells were excited with a 488 nm laser and green fluorescence
collected using a 5304+30nm band pass filter. Data were anal-
ysed using EXPO32 software (Applied Cytometry Systems, United
Kingdom), which statistical functions were used to quantify the
proportion of cells with green fluorescence, corresponding to
the percentage of macrophages with phagocytosed nanoparti-
cles.

2.7.5. Blood clearance

On the day of experiments, mice were grouped (N=3) accord-
ing to pre-defined periods of time (0, 3, 5, 10 and 24 h). A solution
of NPsFITC (100 L, 0.3 mg/mL) was injected in the tail vein. The
injections were well tolerated and no adverse effects were recorded
during the observation period. After pre-defined periods following
nanoparticles administration, blood was collected through tail cut.
Blood was centrifuged (14,000 rpm, 40 min, 4°C) and the fluores-
cence of supernatant was analysed. The samples corresponding to
the beginning of the experiment (0 h) were collected immediately
after injection.

Fluorescence measurements were performed on a VARIAN Cary
Eclipse fluorescence spectrofluorometer using a quartz cell. The
FITC spectra were obtained using an excitation wavelength of
485 nm, and recording the emission over the range 500-590 nm,
at a scan rate of 125 nmmin~!. The slit width was set at 5 nm for
the excitation and 10 nm for the emission.

2.7.6. Results and discussion

Self-assembled nanoparticles were observed using dynamic
light scattering (DLS) and atomic force microscopy after filtration
through a 0.22 pwm membrane. The AFM image (Fig. 1a) shows that
nanoparticles have spherical shape. The fundamental size distribu-
tion generated by DLS is an intensity distribution - quite sensitive
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Fig. 1. AFM image (a) and size distribution by intensity (b) and by number (c) of nanoparticles dispersion (1 mg/mL).

to the presence of larger particles — which can be converted, using
Mie theory, to a volume distribution. This volume distribution can
also be further converted to a number distribution. The DLS anal-
ysis reveal two populations in the intensity distribution (Fig. 1b),
with roughly 20 and 100 nm. The conversion to number distribution
(Fig. 1c) highlights only the smaller population of nanoparticles,
the predominant one. The nanoparticles size was not affected by
the FITC labelling (data not shown).

It should be remarked that the material used on the develop-
ment of the nanoparticles, dextrin, is a very promising biomaterial,
available in medical grade and accepted by FDA [25,26]. However,
in spite of its biocompatibility and availability on large amounts, it
is under exploited in the biomedical field.

2.7.7. BMDM cultures: cytotoxicity and nitric oxide production

The nanoparticles toxicity was studied using BMDM cultures
and the MTT assay. Fig. 2a shows the results. The presence of
nanoparticles, in the range of concentrations studied, does not
affect cell viability as measured by the MTT assay. Cells treated with
nanoparticles showed a MTT optical density similar to the control
(untreated cells). Furthermore, the cells exhibit normal mor-
phology. Similar experiments performed with fibroblast cultures
produced similar results (data not shown). It must be remarked that
the concentration of nanoparticles used in these assays exceeds the
values likely to be reached in vivo, therefore it may be concluded
that the dextrin nanoparticles are not cytotoxic.

The nanoparticles effect on the nitric oxide production by cul-
tured macrophages was analysed (Fig. 2b). Cells were incubated
for 48 h with nanoparticles alone and the production of nitric
oxide was not detected in the conditions of the assay. More-
over, as expected, the addition of LPS and IFN-vy to the culture
medium induced nitric oxide production. The effect of combin-
ing LPS and IFN-vy with different nanoparticles concentration was
therefore studied. This analysis revealed that the release of nitric
oxide was similar, irrespective of the presence of nanoparticles. The
presence of the nanoparticles seems not to promote any inflam-
matory action or elicit a reactive response when in contact with
macrophages.

0.4
(a)

OD (570-690)nm
o o
3% w

o
S

10

NPs 1.0 NPs 0.1 DMEM

100

(b)

NPs+ IFN-y + LPS

80
3 60-
(o)
Z. 40
20-
0+
0.1 0.5

[NPs] (0.5 mg/mL)

DMEM +NPs IFN-y + LPS

Fig. 2. BMDM viability (a) with different nanoparticles concentrations (1.0 or
0.1 mg/mL) and nitric oxide production (b) using 0.5 or 0.1 mg/mL nanoparticles,
after 24 h (O) or 48 h (M) of incubation. For nitric oxide assay BMDM were stimulated
with LPS (100 ng/mL) and IFN-vy (1 ng/mL). For negative control cells were incubated
only with nanoparticles. The error bar corresponds to the standard deviation.

2.7.8. Uptake of nanoparticles

Particle size is known to play a primary role in the interaction
of nanoparticles with phagocytic cells. Larger particles are rapidly
taken up by the mononuclear phagocytic system, and smaller ones
have a minor chance of being sequestered by phagocytic cells.



C. Gongalves et al. / Colloids and Surfaces B: Biointerfaces 75 (2010) 483-489 487

1000
a

(a)
800
x 600
w
_E
400
200
. o
NPs 1.0 NPs 0.5 NPs 0.1 DMEM
5
(b)
4
x 3
_E
2
‘ B rm
0
NPs 1.0 NPs 0.5 NPs 0.1 DMEM

Fig. 3. Fluorescence intensity of the FITC labelled nanoparticles in the culture
medium before (t=0h) and after (¢t=3 or 6 h) contact with cells (a) and for BMDM
cell lysate (b) after incubation with 1.0, 0.5 or 0.1 mg/mL nanoparticles. Bars rep-
resent Oh (M), 3h (O) or 6h (A ). The error bar corresponds to the standard
deviation.

Therefore, the size of the nanoparticles has a critical effect on their
behavior in biological systems.

In order to detect the internalization of the nanoparticles by
the macrophages, fluorescence intensity was measured before (0 h)
and after 3 or 6h of contact of FITC labelled nanoparticles with
BMDM, both in cell lysates and in the culture medium. The results
are shown in Fig. 3.

The fluorescence intensity was assessed in the macrophage
culture medium, following incubation with the nanoparticles.
No differences were seen throughout the periods of observation
(Fig. 3a), the majority of nanoparticles remaining outside the
phagocytic cells.

However, when lysates of BMDM cultivated in the presence
of nanoparticles were analysed, an increased fluorescence inten-
sity (Fig. 3b) was detected at the higher concentrations tested.
The variations in fluorescence intensity, although slight ones, sug-
gest the occurrence of phagocytic processes. The hardly detectable
variations in fluorescence intensity suggest that the nanoparticles
concentration is far beyond the saturation of the cells. The cell acti-
vation does not affect the phagocytic activity of BMDM, since no
significant difference was observed irrespective of the stimulation
with LPS and IFN-vy (data not shown).
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Fig. 5. Percentage of macrophage cells that incorporated FITC-labelled nanoparti-
cles (1.0, 0.5 and 0.1 mg/mL), after 3h (O) or 6 h (A ), measured by FACS analysis.

Bocca et al., using the same methodology, reported substan-
tial differences in the internalization of stealth and non-stealth
solid lipid nanoparticles (average diameter 100 nm), the former
undergoing the fastest uptake. The phagocytic uptake of stealth
fluorescent nanoparticles was very low - as in this work, with
the dextrin nanoparticles - corresponding to about 5% of the ini-
tial dose, after 90 min of incubation with murine macrophages
[27]. Fang et al. reported the influence of nanoparticles size on
macrophage uptake. The study was performed using poly methoxy-
polyethyleneglycol cyanoacrylate-co-n-hexadecyl cyanoacrylate
(PEG-PHDCA) nanoparticles with different size (80, 170 and
240nm). No significant uptake differences were observed in the
first 0.5 h. However, after 2 hremarkable differences were observed
and the uptake percentage was lower for nanoparticles with 80 nm
[28]. Again, as in this work, only a minor fraction of the nanoparti-
cles are taken up by the cells.

Confocal microscopy was used to further examine the uptake
of FITC labelled nanoparticles by macrophages. In the control cul-
ture (Fig. 4a) only nucleus stained with DAPI are visible. Cells
incubated with nanoparticles show small green spots (Fig. 4b and
c), in the cytoplasm, that can be attributed to the FITC in the
internalised nanoparticles. Fluorescent material is concentrated in
cellular organelles, irrespective of the concentration used. The cell
membrane is not visible, suggesting that the nanoparticles are not
adsorbed on the cell surface, as confirmed by the FACS analysis
(see below). Apparently, as suggested by the fluorescence depletion
studies, the nanoparticles concentration seems to largely exceed
the uptake ability of macrophages. Ongoing work focuses on the
analysis of the nanoparticles intracellular trafficking.

The results obtained by FACS analysis confirm the confocal
microscopy observations. The cell viability was confirmed with pro-
pidium iodide. The percentage of fluorescent macrophages after
incubation with labelled nanoparticles was very high, as shown in
Fig. 5. Furthermore, an additional assay using a cell-impermeable
dye (trypan blue, a FITC quencher), was performed. Since the
fluorescence was not reduced in the presence of trypan blue

Fig. 4. Fluorescence images of BMDM obtained by confocal microscopy, without nanoparticles contact (a), and with 6 h of incubation with FITC-containing nanoparticles,

0.1 mg/mL (b) or 1.0 mg/mL (c).
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(data not shown), it may be concluded that the nanoparticles are
indeed concentrated inside the macrophages, as shown by confocal
microscopy, and not just adsorbed on the cell membrane.

As suggested by the confocal microscopy images, shownin Fig. 4,
the amount of nanoparticles internalised is similar for the differ-
ent concentrations used, suggesting that a saturation of the uptake
ability of the cells occur in the range of concentrations tested. The
phagocytic activity of BMDM cells is not affected by activation with
LPS and IFN-vy, since no significant difference was observed (data
not shown). The effective internalization suggests that the nanopar-
ticles may be used for vaccination purposes, carrying synthetic
antigens to phagocytic cells. Considering this possibility, ongo-
ing work aims at clarifying the kinetics of the phagocytosis, the
concentration dependence effects, and the intracellular fate of the
nanoparticles.

2.7.9. Blood clearance

Long systemic circulation time is a highly demanded feature for
nanoparticles-based drug delivery systems, providing the carriers
enough time to reach their targets and to release their content in a
continuous and controlled-way.

The FITC labelled nanoparticles were used for blood clearance
studies, after intravenous injection. The blood clearance profile for
FITC labelled nanoparticles is shown in Fig. 6. The elimination of
nanoparticles from systemic circulation is relatively fast in the first
3 h, then proceeding at lower rate. In the first period studied, 3 h,
about 65% of the nanoparticles were removed from the bloodstream
and in the next 2 h another 15% fade away. At 24 h, only 5% of the
injected dose is circulating in the bloodstream. The clearance rate
of dextrin nanoparticles observed in the blood clearance profile
may be related with the nanoparticles size distribution. The small
nanoparticles should be small enough to cross the endothelial bar-
rier or to be eliminated by renal clearance. Thus, the nanoparticles
remaining for longer periods may correspond to the population of
larger nanoparticles. Further biodistribution studies by scintigra-
phy are being carried out in our laboratory, using nanoparticles
labeled with radioactive samarium (complexed with DOTA). Pre-
liminary results show renal accumulation of the nanoparticles and
consequent excretion in the urine, thus reinforcing the hypothe-
sis of filtration of the smallest nanoparticles, at least in the kidney.
Biodegradation by serum a-amylase is not likely to occur. Indeed,
enzymatic hydrolysis of dexCqig by a-amylase, in vitro, was not
detected by dynamic light scattering or reducing sugar method
(data not shown). We assume that the polymer modification with
alkyl chains blocks the enzyme action: since the dextrin used has
very low degree of polymerization - about 12 - every glucose
residue is quite close to the alkylic graft, which is likely to avoid
the amylase action.
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Fig. 6. Blood clearance profile of FITC-labelled nanoparticles. Inset shows the per-

centage of the initial (0 h) fluorescence, remaining in the bloodstream at different
time. The error bar corresponds to the standard deviation.

The blood clearance profile obtained is very similar to
others reported for polymeric nanoparticles. Micelles pre-
pared from conjugates of polyethylene glycol (PEG) and phos-
phatidylethanolamine (PE), with the size of 7-35nm, have
circulation half-lives from 1.2 to 2.1h depending on the
molecular size of PEG block [29]. A recent study evaluated
the circulation kinetics and biodistribution of core-crosslinked
(CCL) and non-crosslinked (NCL) micelles based on mPEGsqgg
and N-(2-hydroxyethyl)methacrylamide-oligolactates (mPEG-b-
p(HEMAm-Lac,)). CCLand NCL micelles have the same size (57 nm).
The NCL micelles were rapidly eliminated from the circulation and
only 6% of the injected dose was present after 4 h, probably due
to interactions with plasma proteins which lead to recognition by
macrophages. Contrary to NCL assemblies, CCL micelles displayed
significantly prolonged circulation times, and 50% of the injected
dose was still present in the systemic circulation after 6 h. At 24h
post-injection, 5% of the injected dose was in the blood circula-
tion and 10% and 1.7% were taken up by the liver and spleen,
respectively. A relatively high accumulation in the abdominal skin
was observed, attributed to extravasation into areas that experi-
ence pressure and/or micro-traumatised areas in the skin, which is
allowed by long circulation time and small size [30].

3. Conclusions

Invitro studies with BMDM revealed that nanoparticles are non-
cytotoxic and do not elicit a reactive response when in contact
with macrophages. Moreover, FACS analysis and confocal obser-
vation demonstrated that BMDM internalize the nanoparticles. A
saturation of the cells uptake ability is observed in the range of con-
centrations tested. The in vivo study showed that, after intravenous
injection, a relatively fast removal of the nanoparticles occurs in the
first 3 h, then continuing slowly up to 24 h. The blood clearance pro-
file reveal a moderately long circulation time, compatible with drug
delivery or diagnostic applications. Dextrin nanoparticles may also
be used to address phagocytic cells. Ongoing work aims at modify-
ing nanoparticles surface with PEG, intracellular trafficking analysis
and scintigraphy-based biodistribution studies.
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