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Abstract

Iron oxide nanoparticles are promising candidates for theranostics in cancer, that aims to achieve in one-step precise tumor imaging by
magnetic resonance, and targeted therapy through surface attached anti-cancer drugs. The aim of this study was to investigate in preclinical
setting the biocompatibility of new iron oxide-based nanoparticles that were coated with L-DOPA for improved dispersion in biological media.
These nanostructures (NPs) were designed for biomedical applications as contrast agents and/or drug carriers. We investigated the effect
exerted in vitro by NPs and L-DOPA on the viability and proliferation of normal mouse L929 fibroblasts. NPs exhibited good biocompatibility
against these cells. Moreover, L-DOPA contained in NPs sustained fibroblasts proliferation and/or limited anti-proliferative effects of naked
nanoparticles. In the animal study, C57BL/6 mice were injected intraperitoneally with a single dose of NPs (approximately 125 mg/kg body
weight). We followed up hematological and histological parameters for one, three and seven days after NPs administration. Results indicated
that NPs possibly induced local inflammation and consequent recruitment of peripheral lymphocytes, whilst the decrease of platelet counts
may reflect tissue lesions caused by NPs. The histopathological study showed mild to moderate alterations in the hepatocytes, splenic and
renal cells, while the brain parenchyma only presented nonspecific congestive changes. Taken altogether, the preclinical study indicated
that the new iron oxide nanoparticles coated with L-DOPA were biocompatible against fibroblasts and had a convenient toxicological profile
when administered intraperitoneally in a single dose to C57BL/6 mice. Accordingly, the proposed nanostructure is a promising candidate
for imaging and treating dispersed peritoneal tumors.
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 Introduction
In the recent years, a large panel of engineered nanoparticles has been developed as new materials for industry
and health. It is of uttermost importance that this technological revolution is knowledge-based and sustainable,
avoiding the emergence of dangerous nanomaterials that
might raise important health and ecological issues.
Therefore, nanosafety has received lately much attention
from regulatory bodies all over the world, and intensive
research is nowadays focused on nanotoxicology.
Currently, it is difficult to estimate the impact of new
nanomaterials on public health, consumer safety, and also
on the health of professionals working in the nanotechnology sector.
Exposure to nanoparticles has been shown to have
various toxic effects, encompassing local and systemic
inflammation, impaired mitochondrial function, alteration
of membrane integrity, oxidative stress [1], chromatin
condensation [2], genotoxicity [3] and cellular apoptosis
[4]. These adverse effects depend not only on the chemical
composition and the dose of nanoparticles, but also on
their size [5–7] Additionally, toxic effects are dictated by
the biological environment and the type of cells nanoISSN (print) 1220–0522

structures are interacting with, that may greatly change
their initially designed properties (loss of stability and
solubility, change of the surface electric charge), resulting
in modified pharmacokinetic of nanostructures [8, 9].
For the safe use of nanoparticles, including for biomedical applications, it is of uttermost importance to
minimize their toxic effects by choosing nanoparticles
with appropriate size [10] and by functionalizing their
surface with masking biological molecules for increasing
their biocompatibility in various biological media [11].
Due to their exquisite magnetic properties, iron oxidebased nanoparticles (SPION) are promising candidates
for theranostics in cancer, that aim to achieve in one
step precise tumor imaging by magnetic resonance and
targeted therapy through anti-cancer drugs attached to
nanoparticles [12]. Intense research is actually focused on
adequate functionalization of SPION surface for improving
biocompatibility, bioavailability and targeted drug delivery
to the diseased tissue [13].
We designed and produced new superparamagnetic
iron oxide-based nanoparticles and we coated them with
L-3,4-dihydroxyphenylalanine (L-DOPA) for improving
their dispersion in aqueous biological media at physiologic
ISSN (on-line) 2066–8279
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pH [14]. We have previously shown that these nanostructures (NPs) were biocompatible with tumor and
normal cells (human breast adenocarcinoma MCF cells
and normal mouse splenocytes, respectively), even though
we have demonstrated by transmission electron microscopy
that nanostructures were endocytosed by these cells [14].
The aim of the current study was to further investigate
in preclinical setting the biocompatibility of these new
NPs that were designed for biomedical applications as
contrast agents for magnetic resonance imaging and/or
drug carriers for cancer therapy.
 Materials and Methods
Nanoparticles
Superparamagnetic iron oxide nanoparticles coated
with L-DOPA (NPs) were produced and characterized
as previously described [14]. L-DOPA was used for steric
stabilization of NPs in cell culture media at physiologic
pH (7.2–7.6). Synthesis of iron oxide-based nanopowders
was performed using a modified version of the laser
pyrolysis set-up, designed for the production iron oxide
nanoparticles. Aqueous suspensions of nanoparticles in
presence of L-DOPA were prepared by thermostated
ultrasonication for 15 hours at 700C. NPs were provided
for preclinical investigations as aqueous suspension
(25 mg/mL nanoparticles) containing 2.5 mg/mL L-DOPA
that was both unbound and bound to the surface of
nanoparticles. As control, we used L-DOPA in solution
(2.5 mg/mL) that was subjected to the same procedures
as L-DOPA used for coating nanoparticles. Before in vitro
experiments, NPs suspensions and L-DOPA solutions
of various concentrations were prepared in cell culture
medium, and were sterilized by filtration (filters with
pores of 0.22 μm).
Cell culture
For the in vitro study, we used the L929 cell line
(NCTC clone 929, ATCC CCL-1) of adherent mouse
fibroblasts originating from the subcutaneous connective
tissue. Cells were maintained in culture in DMEM culture
medium (Biochrom) supplemented with 10% fetal bovine
serum (FBS, Biochrom) and antibiotic-antimycotic solution
(Sigma-Aldrich) that will be further named complete
culture medium. Cell passage was performed three times
a week by trypsinization (0.25%/0.02% Trypsin/EDTA,
Biochrom) and replating of cells at a subcultivation ratio
of approx. 1:5. Cell counting was performed by optical
microscopy using a Bürker–Türk counting chamber.
Cellular viability was assessed by the Trypan blue exclusion
test. Only cell suspensions with viability higher than 95%
were used in experiments.
For the experiments, L929 cells were plated either in
sterile 96-well plates (5×103 cells/well), or 12-well plates
(8×104 cells/well) in complete culture medium. Cells were
incubated overnight at 370C in 5% CO2 for allowing their
adherence. Thereafter, NPs or L-DOPA were added and
samples were incubated another 24 h at 370C in 5% CO2.
The final sample volume was 100 μL/well for 96-well
plates and 1 mL for 12-well plates.

Cellular viability
The MTS reduction test was used for assessing the
number of metabolically active cells in culture using
CellTiter 96® AQueous One Solution Cell Proliferation
Assay kit (Promega). Cell cultures were performed in
96 well plates as described above, in triplicate. Samples
containing only complete cell culture medium in absence
or presence of the tested products were used for background reference. At the end of cell cultivation, 20 μL
MTS reagent were added and samples were further
incubated for three hours. The optical density of samples
(ODS) and of the corresponding background (ODB)
was measured at 490 nm against the 620 nm reference
wavelength, using an ELISA reader (Sunrise, TECAN).
Results were expressed as OD, OD = ODS – ODB. Data
were presented as mean ± standard error of the mean
(SEM) for triplicate samples.
Cellular multiplication
Cell multiplication was assessed by flow cytometry
with CFDA-SE (Carboxyfluorescein diacetate-succinimidyl ester). Briefly, L929 cells were plated in 12-well
plates and were allowed to adhere by overnight incubation.
They were than labeled with 10 μM CFDA-SE (Vybrant
CFDA SE Cell Tracer kit, Molecular Probes) in phosphate
buffered saline (PBS, Biochrome) for 15 minutes at 370C
in 5% CO2. The label was discarded and cells were washed
twice with warm complete culture medium. Cells were
incubated another 30 minutes in fresh complete culture
medium for equilibration. NPs and L-DOPA was added
and cells were cultivated 24 h at 370C in 5% CO2. At the
end of the cultivation time, cells were detached with
0.25%/0.02% Trypsin/EDTA (Biochrom), were washed
twice in PBS by centrifugation at 1200 rpm for 5 minutes
at 40C, and were finally suspended in 500 μL of PBS.
Cellular multiplication was measured by flow cytometry
using a FACSCalibur flow cytometer (Becton Dickinson).
For data acquisition and primary processing we used the
CellQuest software. The ModFit LT software was used
for final processing of data as percentage of cells in
successive cellular generations and as proliferation index.
Animal model
The animal study was approved by the institutional
Ethics Committee and was conducted according to national
and EU regulations in the field. We used male C57BL/6
mice, 8–10-week-old, weighing 18–22 g. Animals were
housed in the Animal Care Unit of “Victor Babeş”
National Institute of Pathology, Bucharest, Romania,
and were maintained throughout experiments at 22±20C,
55±10% humidity and a 12 hours light dark cycle. Mice
were fed with standard rodent diets, and received food
and water ad libitum. At day 0, nine mice were inoculated
intraperitoneally with 100 μL of NPs suspension (2.5 mg/
mouse, approximately 125 g/kg body weight). Blood was
collected for hematological investigations before NPs
administration and one, three and seven days thereafter.
Groups of three mice treated with NPs-and three untreated
mice were sacrificed by cervical dislocation at day 1, 3
and 7 after NPs administration, and liver, kidney, spleen
and brain were harvested for histological investigations.
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Hematological parameters
For hematological investigation 200 μL of blood were
collected from the retro-orbital venous plexus of experimental mice after sedation with Acepromazine. Blood was
collected before NPs administration (day 0), and one,
three and seven days thereafter. Using the automatic
hematology analyzer Hemavet 950 FS, we assessed the
complete blood count, including white blood cells (WBC),
neutrophils (Ne), lymphocytes (Ly), monocytes (Mo),
eosinophils (Eo), basophils (Ba), platelets (PLT) and red
blood cells (RBC). Hemoglobin (Hb) and hematocrit
(HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), and red cell distribution width (RDW)
were also measured.
Histological study
For the histological study, fresh tissue fragments from
the organs of interest were harvested during the autopsy,
and were then fixed in 10% neutral buffered formalin
(brain, kidney, liver and spleen, that are common target
organs of toxicity). Tissue fragments were then dehydrated
with ethanol (70, 80, 90, 95 and 100%), then clarified in
successive xylene baths. Fragments were paraffin embedded,
and sections (4–5 μm) were further cut and stained using
conventional histological staining (Hematoxylin and Eosin).
 Results
The aim of this study was to investigate in preclinical
setting the biocompatibility of new iron oxide-based
nanoparticles coated with L-DOPA (NPs) for improved
dispersion of nanoparticles in biological media. NPs were
designed for biomedical applications as contrast agents
for magnetic resonance imaging and/or drug carriers for
cancer therapy.
In vitro investigation
We performed an in vitro study to assess the effects
exerted by NPs on the viability and proliferation of mouse
fibroblasts from the L929 cell line.
NPs and L-DOPA did not influence the number of
metabolically active L929 cells in 24 h cultures, as
assessed by the MTS reduction test (Figure 1).
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These data complemented results that we have previously published [14], showing that the proposed NPs
exerted no major effect on the viability and proliferation
of human breast adenocarcinoma cells from the MCF-7
cell line, even though tumor cells engulfed NPs. In the
mentioned study, we also demonstrated that NPs were
uptaken by normal mouse macrophages, but did not alter
the viability of normal mouse splenocytes. Accordingly,
the in vitro studies performed by us indicated that the
proposed NPs were biocompatible with tumor and various
types of normal cells.
Previous results obtained by us [14] highlighted that
the investigated NPs may sustain the proliferation of
normal lymphocytes. Therefore, in the current study we
investigated by flow cytometry with CFDA-SE the effect
exerted by NPs and L-DOPA on the multiplication of
normal mouse L929 fibroblasts. Cell multiplication was
evaluated either as proliferation index (Figure 2a) or as
the percentage of L929 cells that proliferated to the 5th
and 6th daughter generation (Figure 2b).
L-DOPA (0.0012–0.005 mg/mL) induced a marked
increase of L929 proliferation. Meanwhile, NPs had no
major effect on the proliferation index of L929 fibroblasts,
despite the fact that NPs contained L-DOPA that had a
clear pro-proliferative action (Figure 2a). As shown in
Figure 2b, NPs increased the number of L929 cells in
the 5th and 6th daughter generation. The pro-proliferative
effect of NPs was lower than the effect exerted by
L-DOPA alone (Figure 3b). The effects of NPs and
L-DOPA were not dose-dependent in the investigated
concentration range.
The obtained results indicated that NPs did not alter
and could even sustain the proliferation of fibroblasts
due to the L-DOPA content of the nanoparticle suspension.
Hence, the proposed NPs can trigger the repair of tissue
lesions that may be caused by nanoparticles. The study
highlights that L-DOPA not only improved dispersion of
nanoparticles in biological media, as previously shown
[14], but also enhanced their biocompatibility against
proliferating fibroblasts.
Animal study
We investigated the short-term hematological and
histological changes induced by NPs administered by
intraperitoneal injection to C57BL/6 mice in a single
dose (125 mg/kg b.w.). Investigations were performed
one, three and seven days after NPs administration.
Hematological parameters

Figure 1 – The effect exerted in vitro by NPs on MTS
reduction by L929 mouse fibroblasts. Adherent L929
cells were exposed for 24 h to various concentrations
of NPs or L-DOPA. The concentration of the control
L-DOPA solution was 10 times lower than the concentration of NPs, and matched the concentration of
L-DOPA in the NPs suspension. Results were presented
as mean ± SEM for triplicate samples.

Intraperitoneal administration of NPs induced the
decrease of peripheral lymphocytes counts starting from
day 1 and lasting until the end of the experiment at day 7
(Figure 3a) Additionally, NPs administration induced a
moderate decrease of platelets counts (Figure 3b). We did
no register statistically significant changes of any other
hematological parameters.
These results indicated that intraperitoneal administration of NPs possibly induced local inflammation and
consequent recruitment of lymphocytes in the peritoneum
or in other organs where NPs accumulate. Meanwhile,
the decrease of platelet counts may reflect tissue lesions
(ischemia) caused by NPs.
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Histological analysis

The histological analysis aimed to identify cellular
alterations induced by intraperitoneal administration of
NPs in the liver, kidney, spleen and brain of C57BL/6
mice.
The liver and kidney showed dystrophic changes with
edematous epithelium and the presence of intracytoplasmic vacuoles and focal presence of hypertrophic
nuclei (Figure 4 and 5).
In the liver sections (Figure 6), we identified binucleation, a sign of regenerating cells, and inflammatory
cells in the portal area. There was also congestion in the

portal and central vein. Only focal apoptosis was seen in
the hepatocytes.
The spleen (Figure 7) showed an increase in the megakaryocytes number, splenic lymphocytes with condensed
chromatin, but exhibited an almost conserved architecture.
These alterations are consistent with mild to moderate
toxicological effects.
We have not identified signs of toxicity in the cerebral
parenchyma. All sections were characterized by the
absence of cytoarchitectural alterations in the neurons,
glial cells, choroid plexus and also by the absence of
inflammatory cells, and we only identified vascular
hyperemia in the treated group (Figure 8).

Figure 2 – The effect exerted in vitro by NPs on the multiplication of L929 mouse fibroblasts, assessed by flow cytometry
with CFDA-SE. Cellular proliferation was evaluated as proliferation index (a) or as the percentage of L929 cells that
proliferated to the 5th and 6th daughter generation. Adherent L929 cells were exposed for 24 h to various concentrations
of NPs or L-DOPA. The concentration of the control L-DOPA solution was 10 times lower than the concentration of
NPs, and matched the content of L-DOPA in the NPs suspension. Results were presented as mean ± SEM for triplicate
samples.

Figure 3 – (a and b) The effect exerted on hematological parameters by NPs administered intraperitoneally in a single
dose of approximately 125 mg/kg b.w. to C57BL/6 mice. Hematological parameters were determined before NPs
administration (day 0) and one, three and seven days thereafter.

Figure 4 – Dystrophic alterations in renal parenchyma.
HE staining, 200×.

Figure 5 – Dystrophic alterations in liver parenchyma.
HE staining, 200×.
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Figure 6 – Binucleation in hepatocytes – alterations
related to cellular regeneration. HE staining, 400×.

Figure 8 – Cerebral parenchyma – congestion. HE
staining, 100×.

 Discussion
Nanoparticles are now widely used in medicine as
efficient drug transport systems [15] for decreasing the
effective dose of antitumor drugs hence limiting side
effects [16].
In recent years, a large panel of nanoparticles has been
developed as new materials for industry and health.
Beyond the technological advancement with promising
benefits for consumers, it is essential to ensure the safe
use of nanomaterials and nanotechnologies, and to control
their impact on both humans and environment [17].
Histological alterations induced by nanoparticles were
first identified in day 3 after NPs administration and
were more pronounced in day 7. Also, they were most
obvious in the liver, followed by the spleen [18]. In the
current study, we also identified cytological alteration in
the renal parenchyma, indicating renal excretion of the
investigated NPs. No histological alterations in the brain
were associated to the administration of NPs that might
cross more easily the blood-brain barrier than naked
nanoparticles due to their coating with L-DOPA [19].
Nevertheless, we identified nonspecific brain alterations
in NPs-treated mice, as mild and moderate hyperemia.
There were mild differences in histological findings
between the different study groups (one, three and seven
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Figure 7 – Splenic parenchyma – mild disruption of
architecture and the presence of megakaryocytes. HE
staining, 40×.

days). The main hepatic and renal histological alterations
were due to hydropic degeneration, with cell swelling and
granular vacuolar degeneration. These were probably the
result of alterations in homeostasis by increase of the
intracellular water [20]. We identified early alterations
in the hepatic parenchyma, probably due to the intraperitoneal absorption route of NPs via the hepatic portal
system [21].
Depending on the particle size and other physicochemical properties, nanostructures can promote inflammatory responses [22]. Macrophages engulf nanoparticles
(<10 μm), and are responsible of the clearing of the ingested
nanoparticles through organs like spleen or liver [23]. When
nanoparticles persist inside the macrophages, they can
trigger local and systemic toxicity [24] by releasing a
plethora of pro-inflammatory mediators [25]. Various
alterations induced by nanoparticles in monocytes and
macrophages were described [26, 27]. The inflammatory
response evidenced in our histological study was confirmed
by the decreased counts of peripheral lymphocytes that
were probably recruited at the inflammatory site.
 Conclusions
The current preclinical study indicated that the new
iron oxide nanoparticles coated with L-DOPA are
biocompatible against fibroblasts and have a convenient
toxicological profile when administered intraperitoneally in
a single dose to C57BL/6 mice. Accordingly, the proposed
nanostructure is a promising candidate for imaging and
treating dispersed peritoneal tumors. A better understanding
of the potential toxicity of nanomaterials and of the
underlying molecular mechanisms will lead to a more
rational use of nanostructures for medical applications.
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