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Abstract

Superparamagnetic iron oxide nanoparticles (SPIONS) were synthesized by thermal decomposition of an organometallic precursor at high
temperature and coatedwith a bi-layer composed of oleic acid andmethoxy-polyethylene glycol-phospholipid. The formulations were named SPION-
PEG350 and SPION-PEG2000. Transmission electron microscopy, X-ray diffraction and magnetic measurements show that the SPIONs are near-
spherical, well-crystalline, and have high saturationmagnetization and susceptibility. FTIR spectroscopy identifies the presence of oleic acid and of the
conjugates mPEG for each sample. In vitro biocompatibility of SPIONS was investigated using three cell lines; up to 100 μg/ml SPION-PEG350
showed non-toxicity, while SPION-PEG2000 showed no signal of toxicity even up to 200 μg/ml. The uptake of SPIONS was detected using
magnetizationmeasurement, confocal and atomic forcemicroscopy. SPION-PEG2000 presented the highest internalization capacity, which should be
correlated with the mPEG chain size. The in vivo results suggested that SPION-PEG2000 administration in mice triggered liver and kidney injury.
© 2016 Elsevier Inc. All rights reserved.
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Superparamagnetic iron-oxide nanoparticles (SPIONS) are
being extensively investigated as a promising tool for cell target
drug delivery,1 cell tracking,2 cancer therapy,3 magnetic resonance
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imaging4,5 and heating elements for hyperthermia.6 For these
applications it is important to have total control of nanoparticle
properties as well as high biocompatibility.7

SPIONS consist of iron oxide cores that can be guided to a
specific target by an external magnetic field. They can be coated
with different molecules to improve interactions with biological
targets.8 Surface modification of nanoparticles with hydrophilic
polymers that have low toxicity and immunogenicity -such as
polyethylene glycol (PEG) -reduces the interfacial energy in
aqueous environments, which inhibits aggregation and contrib-
utes to nanoparticle formulation stability. As shown by Roberts
et al,9 low molecular weight chains of PEG (b400 Da) present
toxicity as a result of the in vivo degradation by the alcohol
dehydrogenase to toxic metabolites, and a lack of toxicity was
observed for chains with more than 1000 Da. Moreover, the
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stealth of the nanoparticle's surface with hydrophilic polymers
can minimize unwanted opsonization and cellular recognition,
giving them a long circulation time.10,11

The circulation time also depends on the hydrodynamic radii
and superficial particles charge. The methoxy PEG (mPEG)
presents advantages compared to the PEG (-OH terminal)
because of the neutral charge and lower hydrodynamic radii,
together with a reduced toxicity.9 The size and surface
modification of the nanoparticles lead to different responses in
terms of cell interaction.12 Particles with hydrodynamic diameter
of less than 100 nm should escape from the reticuloendothelial
system (RES), pass through the capillary systems of organs and
tissues, and are thus more effective for drug delivery purposes.8

Regarding the surface modification, several reports have
demonstrated that the coating of nanoparticles protects them
from the premature drugs release.1,8

From the magnetic point of view, the behavior of the SPIONS
guarantees a null magnetization of nanoparticles at room
temperature (RT), given their superparamagnetic properties,
avoiding the formation of agglomerates, which would have
drastic consequences for the exposed organisms. Moreover, the
superparamagnetism allows a high susceptibility, with a strong
response for an external magnetic field.

A variety of methods has been reported in the literature for the
synthesis of magnetic nanoparticles with a controlled size and
shape.7 The nanoparticles evaluated in this work were prepared
by thermal decomposition of organometallic precursor at high
temperatures, resulting in samples of different systems with
controlled size distribution and morphology.13–18 The method-
ology used was similar to that described by Lima Jr. et al,13 in
which the final diameter of nanoparticles can be tailored by the
synthesis temperature, the total synthesis time and the molar ratio
between the metallic precursor and the surfactant. This synthesis
procedure allows the production of nanoparticles with some
desirable features, including controlled mean diameter, very
narrow size dispersion and high crystallinity. The crystallinity
leads to a magnetic system with optimized properties. However,
the as-made nanoparticles are coated with oleic acid and consequently
present a hydrophobic character, making necessary a post-synthesis
procedure to decrease the hydrophobicity.19

In the present work, superparamagnetic iron-oxide nanopar-
ticles in the size range of 20 nm and narrow dispersion were
prepared. Hydrophilic nanoparticles were coated with a bi-layer
consisting of oleic acid and PEG-phospholipid conjugates
(mPEG), with distinct molecular mass of PEG (2000 g/mol,
PEG2000, and 350 g/mol, PEG350). In order to characterize the
biocompatibility of these formulations, a series of in vitro and
in vivo assays were carried out. According to our results, the
SPIONS coated with the distinct PEG conjugates presented
different behavior in terms of cell uptake and toxicity, which is of
great interest for future medical application.
Materials and methods

Nanoparticle synthesis and characterization

The nanoparticles were prepared by the decomposition of
Iron (III) acetylacetonate (2.8 mMol) during 20 min in reflux
condition, in the presence of oleic acid (15.7 mMol) and
trioctylamine (91 mMol), with purities of 97, 99 and 98%,
respectively (Aldrich, St. Louis, MO, USA). The reaction was
carried out with magnetic stirring and N2 flux (0.5 ml/min). The
nanoparticles were precipitated by adding ethanol (97%) and
by centrifugation (2000× g, 10 min). The as-made nanoparticles
presented hydrophobic character, which was changed to
hydrophilic with a bi-layer consisting of the oleic acid and a
conjugate of phopholipid-mPEG (polyethylene glycol), using
mPEG of two molecular weight: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-350]
(ammonium salt) (99%); and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(ammonium salt) (99%) from Avanti Lipids, Alabaster, AL,
USA. The ratios of nanoparticle to conjugate were 1:2 wt and
1:2.2 wt for the mPEG2000 and mPEG350, respectively. Finally,
the final samples were dispersed in water and labeled as
SPION-PEG350 and SPION-PEG2000. SPION-PEG350 and
SPION-PEG2000 were marked with the fluorescent agent FITC
(Sigma-Aldrich, St. Louis, EUA). The aqueous nanoparticle
solution were heated to 30 °C and placed at rest for 2 h at RT,
protected from light. Finally, the SPIONS labeled with FITC were
separated from the solution by magnetic separation, assuring that
only the FITC linked to nanoparticles remains present.

Transmission electron microscopy (TEM) images of the
as-made nanoparticles were obtained in a PHILIPS CM200
microscopy (200 kV). The X-ray patterns (XRD) were taken
using a Philips PW346 diffractometer with the CuKα radiation
(λ = 0.154186 nm). The Fourier transform infrared (FTIR)
spectra were collected in a Frontier Perkin-Elmer spectrometer.
The samples were conditioned in two ways, depending on the
solvent used: a disk of potassium bromide with hydrophobic
nanoparticles placed on it; the aqueous solution with hydropho-
bic particle was saturated with potassium bromide heated up until
the solidification and the final powder was pressed. Hydrody-
namic radius was measured by light scattering in a ZetaSizer
1000 (Malvern Instruments) with the nanoparticles dispersed in
toluene or water depending on the coating.

Magnetization measurements (M(T, 4 kA/m) andM(H, 300 K))
were performed after fixing the particles in a polymeric matrix
(Polyethylenimine, high molecular mass, Aldrich, St. Louis, MO,
USA) in a SQUID (QUANTUMDESIGN) as well as in a vibrating
sample (VSM, LakeShore) magnetometers. M(T) curves were
measured in zero-field-cooling (MZFC(T)) and field-cooling
(MFC(T)) conditions in the temperature range indicated in the
curve for each sample.
In vitro assays

Cell culture
Monkey kidney epithelium (Vero) and dog kidney fibroblasts

(MDCK) were obtained from American Type Cell Culture
(ATCC), and mouse embryonic fibroblast (NIH-3 T3) from Rio
de Janeiro Cell Bank. The cells were cultured in DMEM
supplemented with 10% heat-inactivated fetal bovine serum
(both from Cultilab, São Paulo, Brazil), 100 UI/ml penicillin,
100 μg/ml streptomycin (Gibco, Grand Island, NY, USA) and
10 mM HEPES (Vetec, Rio de Janeiro, Brazil). Cells were



Figure 1. Representative TEM image, HRTEM image, XRD profile and FTIR spectra of nanoparticles. (A) Images of as-made nanoparticles with the histograms
of diameters (inset) obtained by measuring more than 500 nanoparticles, fitted with a Gaussian distribution (b d N = 21 nm and sigma = 3 nm) (scale bar of
200 nm); (B) HRTEM image and the FTT (inset) and (C) XRD profile of the as-made sample (scale bar of 10 nm); (D) FTIR spectra of SPION-PEG350 and
SPION-PEG2000 where the peaks corresponding to the oleic acid-magnetite (solid black lines) and PE-mPEG (dashed red lines) are indicated. The arrows are
representative peaks, which are associated with functional groups of both organic components.
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maintained at 37 °C in a 5% CO2 humidified atmosphere and
pH 7.4. Every 2–3 days, cells were passaged by removing 90%
of the supernatant and replacing it with fresh medium.

In vitro cell viability assay
The cytotoxicity of nanoparticles was evaluated by MTT

(Sigma-Aldrich, St. Louis, MO, USA).20 Vero (1 × 104/0.2 ml),
MDCK and NIH-3 T3 cells (2 × 104/0.2 ml) were incubated for
24 h with nanoparticle concentrations from 0 to 200 μg/ml, in
triplicate, in 96-well microplates. A control using only
nanoparticles and MTT was performed in parallel in order to
exclude the possibility of MTT interference with nanoparticles
(data not shown).

Cellular uptake of SPIONS by magnetization measurements
Vero, MDCK and NIH-3 T3 cells (1 × 106/3 ml) were

incubated with 100 μg/ml of nanoparticles for 30 min, 24 h
and 48 h. After treatment, the excess of SPIONS was removed
by washing the cells three times with phosphate buffered saline
(PBS). The cells were removed from the plates, re-suspended in
PBS and cell uptake of SPIONS was measured by magnetization
measurements.21 M(H,300 K) curves for a known amount of cell
were measured. The diamagnetic component is obtained from
the linear fit of the high field region and the magnetization of the
superparamagnetic component is obtained from the linear
coefficient of the linear fit. The amount of the nanoparticles is
determined by comparing this value with the magnetization of a
known amount of nanoparticles. Four values were obtained
from each magnetization curve, and the value used was the
arithmetic mean.

Fluorescence imaging
Theuptakeof fluorescent-labeledSPIONSwas investigated inVero,

MDCKandNIH-3 T3 cells using confocalmicroscopy (Spectral Leica
TCS SP5 II, Wetzlar, Germany). Cells (2 × 105/2 ml) were
incubated with 100 μg/ml of nanoparticles, for 24 h in 6-well
plates containing glass coverslips. After that, cells were fixed with
paraformaldehyde 3% (Sigma-Aldrich, St. Louis, MO, USA) for
15 min at 4 °C, washed three times with PBS and finally the actin
filaments and nucleuswere labeled with Phalloidin-633 andDAPI,
respectively (Sigma-Aldrich, St. Louis,MO, USA). The coverslips
were then mounted onmicroscopy slides using a Prolong Antifade
kit (Invitrogen, Oregon, USA). The microscopy slides were kept
protected from light at −20 °C until analysis. Confocal acquisi-
tions were performed at a magnification of 40×, and the scale bars
represent a size of 50 μm.



Figure 2. M(H) curves of the nanoparticles. M(H) curves of as-made nanoparticles (★), SPION-mPEG2000 (■) and SPION-mPEG350 (Δ) samples measured at
300 K (A); M(T) curves of the three samples measured in ZFC (open symbols) and FC (solid symbols) modes (B).
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In situ atomic force microscopy (AFM) imaging of
SPIONS-cell interaction

AFM images of live cells were obtained with a Bioscope
Catalyst Atomic Force Microscope from Bruker TM. NIH-3 T3
(1 × 104/3 ml) cells were incubated with 100 μg/ml of nano-
particles for 30 min and immediately analyzed by AFM
microscopy. For that, the plated cells were placed on the
inverted microscope (Olympus IX81) coupled to the AFM that
was used to select the cell to be imaged by AFM. The cantilever
was positioned over the selected cell and images were obtained
in fluid by tapping mode using Silicon nitride probes DNP-10
from Bruker TM (cantilever D) at an average resonance of
12 kHz. The DNP probe used had a tip radius of 20–60 nm and
was attached to a triangular cantilever of 200 μm in length with a
spring constant of 0.06 N/m. Continuous time-lapse-images (in
the height, amplitude and phase mode) of 1.5 × 1.5 μm (256
samples/line) were acquired for 12 min at the same surface
location at a scan rate of 1.0 Hz.

In vivo acute toxicity studies

Animals and treatment
Swiss albino male mice, 6-8 weeks old, were maintained in

accordance with the principles of Animal Care and procedures
were approved by the Ethics Committee for Animals (01/2012).
Prior to performing the experimental procedures, mice were
matched for body weight (25 to 30 g). The animals were divided
into four groups of ten mice each. The control group received
only vehicle (saline) and treated groups received 12.5, 25 and
50 mg/kg/day of nanoparticles. The acute toxicity was per-
formed according to the OECD-Guide (OECD-425/2008) and
Guidance document, using cytotoxicity tests to estimate starting
doses and treatment/monitoring time. According to OECD
guideline, the doses used to investigate the toxicity of chemicals
must be between 5 to 5000 mg/kg. Furthermore, as a new
approach to assess acute toxicity, lethal doses should be avoided,
monitoring the signs of toxicity as a toxicological approach.

The solutions were administered intravenously in a single
dose in the tail vein and the individual body weights were
recorded every two days until the last day the mice were kept
alive. On the fourteenth day after the treatment the animals were
anesthetized with ether, blood was collected from the retro
orbital plexus, and the selected organs (liver, lung, kidney and
heart) were removed. The removed organs were weighed for
morphological analysis. All organs were fixed in 4% PBS-
formaldehyde and processed as previously described.22 Tissue
sections were observed under a microscope at a magnification of
400×. Blood was used to evaluate hepatic, renal, and
hematologic toxicity, as well as inflammatory markers.
Hepatic and renal function analysis
The blood samples were centrifuged at 400× g for 10 min at

RT, and serum was separated to measure the alanine and
aspartate aminotransferase activities (ALT and AST), total
protein, albumin, urea and creatinine. For biochemical assays,
commercially available kits (Labtest Diagnóstica SA, Lagoa
Santa, MG, Brazil) were used (technical semi-automated
biochemical analyzer Thermo Plate® Analyzer).
Hematological and inflammatory analysis
Hematological parameters such as red blood cell number

(RBC), white blood cell number (WBC), lymphocyte and
neutrophil counts were evaluated according to described
elsewhere.23 The serum content of hemoglobin, hematocrit,
mean corpuscular hemoglobin (MCH), mean corpuscular
volume (MCV) and mean corpuscular hemoglobin concentration
(MCHC) were determined according to known method.24 The
cytokines TNF and IL-6 were measured in the serum of
nanoparticle-treated mice by commercially available ELISA
kits (BD OptEIA, San Diego, CA), according to the protocol
described by the manufacturer.
Statistical analysis

The results of in vitro experiments were presented as
means ± standard error of the mean (SEM) of triplicates from
three-independent experiments and compared by one-way
ANOVA, followed by Dunnet's test. The results of in vivo
studies were presented as mean ± standard deviation (SD) (n =
6), and data were compared by one-way ANOVA followed
by Bonferroni's test. *P b 0.05 was taken as statistically
significant.



Figure 3. Analysis of cell viability after incubation with nanoparticles. Cell viability of Vero (A), MDCK (B) and NIH-3 T3 (C) cells measured by MTT assay
exposed to SPION-PEG350 and SPION-PEG2000 in function of the concentration (μg/ml). Cells were incubated with nanoparticles for 24 h. Optical density of
untreated cells was taken as 100% of cell viability. *P b 0.05, **P b 0.01 and ***P b 0.001.
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Results

Nanoparticle synthesis and characterization

Figure 1, A presents a representative TEM image of the
as-made nanoparticles, which have a spherical-like shape with
narrow size dispersion. The histogram of diameters presented in
the inset of Figure 1, A was built up measuring more than 500
nanoparticles, and it is well fitted with a Gaussian distribution
(solid line), taking b d N = 21 nm and sigma = 3 nm. The
HRTEM image (Figure 1, B) evidences the high crystallinity of
the nanoparticles, which is very important for the magnetic
properties of the system.

The FTIR spectra of SPION-mPEG350 and SPION-
mPEG2000 (Figure 1, D), where the peaks indicated by the
solid black lines and dashed red lines correspond to the oleic
acid-iron oxide PE-mPEG conjugate, respectively. Some
characteristic peaks were marked in the figure with arrows.
These marked peaks are identified for the oleic acid as: peaks at
715 cm−1 – CH2 rocking and 1384 cm−1 – CH3

25; and for
mPEG as: 1105 cm−1 – alcohol.26 These results confirm the
formation of the bi-layer Oleic acid-PE-mPEG350 or Oleic
acid-PE-mPEG2000 in the hydrophilic samples, which dictate
the hydrophobicity of the as made nanoparticles. In fact, this
property is easily observed when dispersing the samples in water
or hexane.

The values of hydrodynamic diameter obtained for the
SPIONS, SPION-PEG350 and SPION-PEG2000 were: 25 (5),
100 (20) and 80 (12) nm, respectively, the first one measured in
toluene and the others in water. The formation of the bi-layer
leads to an increment in the hydrodynamic diameter of the
system. However, the hydrodynamic diameter measured for the
pegylated nanoparticles is in the desirable range (b100 nm), a
very useful size for biomedical applications.27

M(H) curves of oleic acid-, SPION-PEG350 and SPION-
PEG2000 nanoparticles measured at RT presented no hysteresis,
as expected for the superparamagnetic regime (Figure 2, A). All
systems have high saturation magnetization (MS) in comparison
with other nanometric SPIONS at RT, about 400 kA/m; the MS

value of bulk material is about 512 kA/m.28 M(T) curves of
SPION-PEG350 and SPION-PEG2000 samples measured in
ZFC and FC modes (Figure 2, B), which two main features are
observed for all samples: first, an irreversibility temperature TIrr

at about 300 K (where the ZFC and FC M[T] curves have the
same value), which corresponds to the highest blocking
temperature of the system,28 and a marked decrease in the
magnetization in both modes at 100-120 K, which can be
associated with the Verwey transition (Tv) characteristic of
the Fe3O4 system with precise stoichiometry and high
crystallinity.29,30 An effective anisotropy constant of 5 ×
105 erg/cm3 is obtained from the mean blocking temperature
(taken as the maximum in the energy barrier distribution
calculated by (1/T)d(MFC-MZFC)/dT) and using the Néel
model.28 This is close to the value expected for the magneto
crystalline anisotropy of the bulk magnetite.28



Figure 4. Cell uptake of nanoparticles analyzed by confocal microscopy. NIH3T3, Vero andMDCKcell lineswere incubated for 24 hwith SPION-PEG350-FITC or
SPION-PEG2000-FITC as described in material and methods section. The cells were fixed and permeabilized and the actin filaments and nucleus were labeled with
Phalloidin-633 and DAPI, respectively. The samples were mounted for laser confocal microscopy (LCM). Both SPIONS (PEG350-FITC and PEG2000-FITC) are
showed in green, actin filaments in red and nuclei in blue. The merged images were obtained at a magnification of 40× and the scale bars represent a size of 50 μm.
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Cell viability and SPIONS uptake

Figure 3, A-C presents the results of MTT assay of VERO,
MDCK and NHI-3 T3 cell lineages, respectively, exposed to
different concentrations of SPION-PEG2000 and SPION-
PEG350 for 24 h. With regard to the cytotoxicity of SPION-
PEG350, distinct behavior was observed depending on the cell
lineage: cell viability of VERO cells was drastically reduced in
concentrations higher than 100 μg/ml, while no reduction was
observed in MDCK or NIH-3 T3 cells in concentrations as high
as 200 μg/ml. For the SPION-PEG2000, even the higher
concentration of 200 μg/ml did not induce cell toxicity, for all
lineages studied, according to the MTT results.

According to the results of the confocal microscopy
(Figure 4), uptake of SPION-PEG350-FITC and SPION-
PEG2000-FITC were observed in all cell lines at the incubated
time of 24 h. The nanoparticles' distribution was mainly
cytoplasmic in all cell lines studied, and none of the SPIONS
entered in the cell nuclei. SPION-PEG2000-FITC seems to be
aggregated in all cell lines. Nevertheless, SPION-PEG350-FITC
was less aggregated in Vero cells than in the other two cell lines.
In this study we used an independent quantification of
SPION-PEG350 and SPION-PEG2000 cell uptake as a function
of the exposition time using magnetization measurements.
Figure 5 presents the results for the three cell lineages studied:
VERO, MDCK and NIH-3 T3. These results clearly indicate a
similar tendency to that observed in the images obtained by
confocal microscopy: both SPIONS formulations were
internalized by the three cell lines. However, higher uptake
was found for the cells treated with SPION-PEG2000,
with five-fold increase for Vero, two-fold increase for
NIH-3 T3 and three-fold increase for MDCK cells after
24 h of incubation when compared with the SPION-PEG350
uptake. Interestingly, magnetization measurements provide
quantitative results: 20-50 pg/cell for SPION-PEG2000 vs
10-12 pg/cell for SPION-PEG350 after 48 hours of incuba-
tion. In addition, for the SPION-PEG2000 there were
significant differences between all the cell lines, with the
greatest uptake in Vero cells. For the SPION-PEG350 the
uptake in Vero and MDCK seems to be time dependent,
which is not seen for NIH-3 T3, which showed similar uptake
in the three times it was analyzed.



Figure 6. AFM images of nanoparticles uptake by the NIH-3 T3 cell line. Images of 1.5 × 1.5 μm showing changes on cell surface after incubation with
SPION-PEG2000 for 0.5 h. The images were obtained after 4 (A), 8 (B) and 12 (C)min finished the incubation time of cells with SPIONS. Arrows indicate the
endocytic pits and circles indicate the presence of nanoparticles at the surface of cell.

Figure 5. Nanoparticles uptake by the cell lines. Cell uptake of SPION-PEG350 (A) and SPION-PEG2000 (B) obtained from magnetic measurements as a
function of the exposition time for the three studied cell lineages: VERO, NIH-3 T3 andMDCK3. Significant difference between **P b 0.01 and ***P b 0.001.
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Surface interaction between SPIONS and living cells was
evaluated by AFM imaging in NIH-3 T3 (Figure 6). The figure
shows the presence of nanoparticles on the surface of a cell, as
evidenced by the circles and the formation of endocytic pits,
indicated by the arrows (Figure 6, A). Images B and C were
obtained after 8 and 12 min respectively, and show the
disappearance of nanoparticle and endocytic pits closing,
which suggests the internalization processes of SPIONS by
the cells.
In vivo studies – acute toxicity

All animals tolerated the intravenous injections of nanopar-
ticles, no animal died during the treatment and no significant
differences were found in the mice's weight after treatment with
nanoparticles (Figure S1 in supplementary material). Intravenous
administration of nanoparticles did not significantly alter the
organs' weight when compared with mice from the control group
(see Table S1 in supplementary material).

The hematology profile of mice treated with SPION-PEG2000
is presented in Table 1. The results indicate that almost all
hematological parameters were within normal ranges when
compared with respective parameters found in the control group,
with the exception of a significant increase in the basophil number
and a significant decrease in the mononuclear cells.

Injection of SPION-PEG2000 caused no change in the serum
cytokines IL-6 and TNF-α levels in mice, independently of the
dose administrated, when compared with respective controls
(Figure S2 in supplementary material).

The results of biochemical analysis are summarized in
Table 2. According to the results, there was no significant
change in ALT or AST enzymes as well as albumin and urea
among mice treated with nanoparticles, independent of the
nanoparticle concentration administered. However, the treatment
with the highest concentration of SPION-PEG2000 induced a
significant increase in total protein and significant decrease in
creatinine. These results encouraged us to investigate the
histology of the main organs looking for signs of injury.
Hepatocyte vacuolation, inflammatory infiltrate and necrosis
were detected in the liver of the animals treated with 12.5, 25 and
50 mg/kg of SPION-PEG2000, respectively. Moreover, assess-
ment of kidney indicated areas of necrosis in animals treated with



Table 1
Hematological parameters of mice treated by intravenous route with different concentrations of SPION-PEG2000.

Parameters Control 12.5 mg/Kg 25 mg/Kg 50 mg/Kg

Erythrocites (/mm3) 7.900.000 ± 620 7.055.000 ± 435 6.713.000 ± 569 6.879.000 ± 410
Leukocytes (/mm3) 9.191 ± 698 7.293 ± 629 7.216 ± 693 6.875 ± 767
VCM (fl) 63 ± 3 62 ± 2 58 ± 2 60 ± 3
HCM (pg) 21 ± 2 20.5 ± 1.5 19.5 ± 2.5 20 ± 2
CHCM (%) 32.5 ± 1.5 32.5 ± 2.5 32.5 ± 1.5 33 ± 1
Hemoglobin (g/dl) 15 ± 3 15 ± 2 13.5 ± 1 14.5 ± 1.5
Hematocrit (%) 45 ± 4 45 ± 1.3 40 ± 2 44 ± 2
Neutrophil (%) 24 ± 5 22 ± 6 39 ± 4 40 ± 5
Mononuclear (%) 74 ± 2 65 ± 10 46 ± 5⁎⁎ 42 ± 4⁎⁎

Bastone (%) – – 4 ± 2 2 ± 1
Eosinophil (%) – – – –
Basophil (%) 2 ± 1 13 ± 2⁎ 11 ± 3 16 ± 5⁎⁎

⁎ P ≤ 0.05.
⁎⁎ P ≤ 0.01.

Table 2
Biochemical parameters of mice treated by intravenous route with different
concentrations of SPION-PEG2000.

Parameters Control 12.5 mg/Kg 25 mg/Kg 50 mg/Kg

ALT (UI/l) 153 ± 7.3 170 ± 14 148 ± 11 149 ± 11
AST (UI/l) 111 ± 2 114 ± 12 104 ± 13 136 ± 4
Total proteins (g/dl) 5.2 ± 0.06 5.7 ± 0.1 5.9 ± 0.2 6 ± 0.3⁎

Albumin (g/dl) 2 ± 0.02 2.1 ± 0.1 1.9 ± 0.1 2.2 ± 0.1
Urea (mg/dl) 59 ± 4.2 57 ± 5.8 51 ± 1.8 57 ± 4.5
Creatinine (mg/dl) 0.5 ± 0.03 0.5 ± 0.01 0.5 ± 0.02 0.4 ± 0.01⁎

⁎ P ≤ 0.05.
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12.5 and 25 mg/kg, respectively, as well as vacuolar congestion
in animals treated with the highest concentration. Infiltrate
inflammatory was also identified in lung of mice treated with 25
and 50 mg/kg of SPION-PEG2000. Cardiomyocytes presented
intact intercalated discs and no inflammation signal was found,
which indicate healthy tissue (Figure 7).

In order to improve the drugs circulation time when compared
with other organic coating, such as DEXTRAN or PEI, liposomal
encapsulated systems based on PEG-lipid conjugates have been
used from a long time.31,32 In addition, the methoxy in mPEG
should increase the inert character of the PEG-phospholipid
conjugate, also reducing the toxicity from the metabolism of the
PEG molecule extremities OH groups. Therefore, the magnetic
nanoparticles coated with the oleic acid – PE-mPEG groups
developed in this work, should present a long circulation time,
being very useful for example in magnetic-assisted drug delivery,
using of an external magnetic gradient to improve the concentra-
tion ofmagnetic nanoparticles in a target tissue, in comparisonwith
PEG and DEXTRAN coated nanoparticles.
Discussion

Our results indicate that the method used to synthetizemagnetic
nanoparticles allowed us to obtain “high quality” SPIONS coated
with mPEG350 and mPEG2000: a system with controlled mean
diameter, narrow sized distribution, high crystallinity as well as
excellent and desirable magnetic properties.
Both SPIONS synthetizedwith different mPEG chain size were
non-toxic in vitro up to the concentration of 100 μg/ml. Three
different cell lines were used to better characterize the SPIONS as
cytotoxic or not, since the response obtained with the in vitro
assays can be directly related to the morphological and structural
differences between the cells studied. Although the SPIONS
studied here were prepared using the same method and had similar
properties such as size and charge (almost neutral as consequence
of the methoxy group), they are composed of a distinct PEG chain,
which according to previous reports might significantly change
distribution and toxicological responses.33–36 The hypothesis
proposed for the difference in the toxicity of SPION-PEG350
observed for Vero cells might be related to the properties of the cell
line such as plasma membrane composition, but also to the PEG
chain length, polymer chain architecture and interfacial PEG chain
density,37 since the same concentration of SPION-PEG2000 tested
in the same cell line was not cytotoxic. However, the low toxicity
of the SPION-PEG2000 for all lineages and the low toxicity of
SPION-PEG350 for the NIH-3 T3 and MDCK lineages indicate a
high degree of efficiency in the formation of methoxy ending-
group in the polymeric chains.

The coatings might affect not only the viability of cells but
also the SPIONS uptake, as well as general SPIONS–cell
interaction.38 Serum adsorption on the nanoparticle surface can
determine the uptake of nanoparticles,39 and increased PEG
chain can decrease total protein adsorption. This could explain
the highest uptake of SPION-PEG2000, since according to the
results of confocal and magnetization measurement, the largest
PEG chain size of this formulation seems to be essential to the
nanoparticles' internalization, increasing at least two-fold the
uptake rate according to the cell lineage. Even with the protein
adsorption dictating the uptake, the interaction between PEG
chain or methoxy group with cell surface may also determine the
uptake rate.40 Further studies must be performed to characterize
the mechanisms related.

Within the past few years, AFM has been successfully used to
study the morphology of nanoparticles and living cells.
According to Spudich and Braunstain,41 AFM enable the study
of dynamics plasma membrane and identification of pit like
structures in live cells, which was identified in NIH-3 T3 cells



Figure 7. Histopathological analysis of organs after SPION-PEG2000 treatment. Vascular congestion (asterisk) and inflammatory infiltrate (arrow), typical signs
of inflammation; hepatocyte vacuolation (arrowhead) and necrosis (double asterisk), typical signs of cell degeneration. Hematoxylin/Eosin stain. b, bronchioles;
bv, blood vessel; cf, cardiac fiber; g, glomerulus. Scale bars represent a size of 50 μm.
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after treatment with SPION-PEG2000. The endocytic pit
formation was probably a result of SPION-PEG2000 attachment
in cell surface, which was followed by their endocytosis, since
nanoparticle disappeared after twelve minutes.

Furthermore, the behavior of SPION-PEG350 in Vero cells
showing less aggregation could explain their toxicological effect in
this cell line, since the small size of SPION-PEG350 provides an
increased surface area which might increase their reactivity with cell
macromolecules.42 According to Rabolli et al,43 properties such as
size and surface area are frequently related to potential toxicity.

As SPIONS are likely candidates for in vivo medical
application as a drug delivery system or in magnetic resonance
images, it is essential to understand their behavior in vivo. The
acute toxicity of SPION-PEG2000 was evaluated after single
intravenous administration of three different doses of nanopar-
ticles. SPION-PEG2000 formulation was chosen for in vivo
evaluation according to results obtained in vitro in which (i) no
toxicity was observed in all cell lineages, even with the
higher concentration (up to 200 μg/ml); (ii) according to the
PEG chain size; (iii) and according to the higher capability of
SPION-PEG2000 to be internalized and accumulated inside the
cell lineages studied.
As a particulate material, nanoparticles in contact with blood
might react as a foreign body and consequently induce
inflammatory response and hematological changes.44 In addi-
tion, the degradation product from nanoparticle coating or even
the core material might also trigger changes in hematologic
parameters.45 The basophil and mononuclear cells change might
be associated with prolonged nanoparticle residence in systemic
blood circulation. Similar behavior was observed after intrave-
nous administration of PLA-PEG and PLGA-PEG nanoparticles,
which remained in the systemic circulation for days, whereas
PLA and PLGA nanoparticles are removed from the blood
within a few minutes.46 According to Nielsen,47 an increase in
basophil is a common response after some drugs' intravenous
administration.

According to Hauck et al,48 after nanoparticles leave the
bloodstream and reach vital organs such as the kidney or liver,
they might induce toxicity including inflammation, either by
themselves or after the release of their constituents or
metabolites. Inflammatory cells can trigger chronic inflamma-
tion, characterized by mononuclear cell infiltration and tissue
destruction.49 Results of histopathological evaluation showed
inflammatory infiltrate, hepatocyte vacuolation and necrosis of
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liver, kidney necrosis as well as inflammatory infiltration in lung.
These results are in accordance with previously published
works in which metallic nanoparticles, including iron oxide
nanoparticles, induced liver, kidney and lung damage.50-52,47

Furthermore, the increase in serum protein induced by
SPION-PEG2000 has been correlated with liver damage as
well as the decrease in creatinine has been correlated with kidney
function, as pointed by Beeman et al53 and Zhang et al.54

A limitation of the current study, which we can point, is that
the adsorption, distribution and metabolism of SPION-PEG2000
as well as the possible oxidative stress involved in the toxicity
mechanism of the SPIONS were not investigated. Also ammonia
could be measured as a predictor of liver synthetic capacity as
well as bilirubin and gamma glutamyltransferase (GGT), which
are considered markers of cholestatic liver injury.55 Neverthe-
less, these topics will be explored in further studies. However,
these findings are very important for future nanoparticle
application as drug delivery, cancer treatment and diagnosis,
because the synthesis of “high quality” nanocarriers need to
follow careful assessment of biocompatibility and safety to avoid
toxicological unexpected events.
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