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A. Introduction

Magnetic nanoparticles for drug targeting: from
design to insights into systemic toxicity. Preclinical
evaluation of hematological, vascular and
neurobehavioral toxicology

Mariela A. Agotegaray,*® Adrian E. Campelo,” Roberto D. Zysler,© Fernanda Gumilar,”
Cristina Bras,” Ariel Gandini, Alejandra Minetti,” Virginia L. Massheimer® and
Verdnica L. Lassalle®

A simple two-step drug encapsulation method was developed to obtain biocompatible magnetic nano-
carriers for the potential targeted treatment of diverse diseases. The nanodevice consists of a magnetite
core coated with chitosan (Chit@MNPs) as a platform for diclofenac (Dic) loading as a model drug (Dic—
Chit@MNPs). Mechanistic and experimental conditions related to drug incorporation and quantification
are further addressed. This multi-disciplinary study aims to elucidate the toxicological impact of the MNPs
at hematological, vascular, neurological and behavioral levels. Blood compatibility assays revealed that
MNPs did not affect either erythrosedimentation rates or erythrocyte integrity at the evaluated doses
(1, 10 and 100 pg mL™). A microscopic evaluation of blood smears indicated that MNPs did not induce
morphological changes in blood cells. Platelet aggregation was not affected by MNPs either and just a
slight diminution was observed with Dic—Chit@MNPs, an effect possibly due to diclofenac. The examined
formulations did not exert cytotoxicity on rat aortic endothelial cells and no changes in cell viability or
their capacity to synthesize NO were observed. Behavioral and functional nervous system parameters in a
functional observational battery were assessed after a subacute treatment of mice with Chit@MNPs. The
urine pools of the exposed group were decreased. Nephritis and an increased number of megakaryocytes
in the spleen were observed in the histopathological studies. Sub-acute exposure to Chit@MNPs did not
produce significant changes in the parameters used to evaluate neurobehavioral toxicity. The aspects
focused on within this manuscript are relevant at the pre-clinical level providing new and novel knowl-
edge concerning the biocompatibility of magnetic nanodevices for biomedical applications.

and obtain magnetic nanodevices, to study the physico-chemi-
cal properties and to understand their behavior in vivo for

The convergent fields of nanomaterials and nanomedicine
include technology applied to the treatment, diagnosis, moni-
toring and control of biomedical features. Research into the
development of magnetic nanotechnology as devices for
delivery and targeting of therapeutic agents has emerged in
the last few years. Several efforts have been made to design
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their applicability in the biomedical field."*

The aim of developing magnetic nanoparticles (MNPs) as
targeted delivery platforms lies in the intention to avoid the
systemic biodistribution of drugs, a major obstacle for current
therapeutics and its subsequent side effects.” The implemen-
tation of magnetic nanotechnology for drug targeting to a
desired site in the body would allow the use of lower drug
doses, contributing to an improvement in the treatment of
pathologies as well as a lower impact on the environment.

When designing MNPs for targeted drug delivery it is
necessary to consider some requirements associated with
physicochemical and biocompatibility issues. Regarding
physicochemical properties, nano-magnetic based drug deliv-
ery systems are desired to exhibit specific characteristics such
as: 1 - an appropriate hydrodynamic size and surface charge
to enhance the extravasation ability and to avoid uptake by the
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reticuloendothelial system (RES),* 2 - monodispersity, to mini-
mize the aggregation of MNPs in dispersion® and 3 - super-
paramagnetism, which is necessary to avoid embolism
induced by agglomeration.®

Biocompatibility is also essential for the application of
magnetic nanodevices in biomedicine. For this purpose,
coating of the magnetic core with inorganic and polymeric
materials is a useful practice and acts as a support for bio-
molecules. The toxicity of MNPs on biological entities depends
on a wide range of factors related to their intrinsic properties
conferred by the structural composition, the dose, the route of
administration and the intended use.”® Current concerns and
limitations related to the use of nanotechnology in biomedi-
cine lie in the lack of knowledge about the toxicological
impact of nanosystems in vivo. In the literature there are only a
few research studies devoted to the study of MNPs’ systemic
toxicology. Kim et al. investigated the potential toxicity of fluo-
rescent MNPs coated with a 50 nm shell of SiO,.° In their work
they studied the biodistribution pattern in mice after 28 days
of exposure to the nanodevice and the general toxicological
effects employing biochemical markers. The authors con-
cluded that these MNPs do not cause toxicity under the experi-
mental conditions assayed in their work. They also proposed
that further research would be required to determine the
potential side effects of MNP treatment. This study may be
considered as a pioneer work regarding the study of toxicity
associated with nanodevices. In the review article published by
Ji-Eun Kim et al. an exhaustive analysis of the in vitro toxico-
logical effects of several MNPs on diverse cell types has been
performed.'® Besides the mentioned references and others in
the literature, further multidisciplinary studies on the systemic
effects of MNP treatment are still necessary to gain insight
into the toxicological effects of magnetic nano-materials
intended for drug delivery devices.

In this research work we have developed a novel and simple
method for drug loading on chitosan-coated magnetic nano-
particles employing diclofenac as a model drug, on the basis
of previous studies.'>'> All the topics related to the synthesis,
the characterization, the size control and the resolution of
different problems faced during the development of the nano-
devices are reported here. Moreover, considering the potential
application of the nanosystems here obtained in the bio-
medical field, we performed an exhaustive study on the influ-
ence of these magnetic systems on different biological models
aiming to contribute to the knowledge about the in vivo
effects. We have studied the effect on human blood consider-
ing that blood is the first system that nanoparticles encounter
when they enter the body and we also evaluated the impact on
endothelial cells to elucidate the cytotoxicity associated with
the first barrier that nanoparticles face before arriving to
different tissues and organs. Exhaustive research regarding
systemic toxicity in mice is also presented revealing interesting
results related to toxicity in specific organs. A study which
evaluates neurobehavioral toxicity was performed revealing
valuable and novel information regarding the impact on the
central nervous system. This study represents a novel contri-
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bution because it is not commonly employed in the field of
magnetic nanoparticle toxicology.

This paper contributes to the knowledge of the impact of
magnetic nanoparticles on systemic toxicity and presents a
novel conception about the intrinsic and inseparable fields of
nanotechnology, biology and medicine when nanosystems are
intended for biomedical purposes.

B. Materials and methods

Trypsin/EDTA (10x), r-glutamine (100x), amphotericin B
(0.25 mg mL™") and penicillin/streptomycin (100x) were
obtained from Life Technologies (Karlsruhe, Germany).
Fetal calf serum was purchased from NATOCOR (Cérdoba,
Argentina). Griess reagents were purchased from Britania
Laboratories (Buenos Aires, Argentina). Dulbecco’s modified
Eagle’s medium (DMEM), diclofenac and all other reagents
were purchased from Sigma Chemical Company (St Louis, MO,
USA).

B.1. MNP synthesis

The synthesis of the diclofenac-loaded magnetic nanocarrier
(Dic-Chit@MNPs) has been carried out in two simple steps as
follows: (1) 160 mg of diclofenac sodium were dissolved in
aqueous solution of acetic acid (50%) containing the biopoly-
mer chitosan (Chit) (1 mg mL™"). The mixture was stirred at
room temperature for 12 hours; (2) a dispersion of nano-mag-
netite functionalized with oleic acid in acetone, synthesized as
previously described in ref. 11, was added drop-wise to the
above mixture. The resulting suspension reacted under mag-
netic stirring at room temperature for two hours, and was then
washed three times with distilled water, separated with a high
power rare-earth magnet and dried at 45 °C. The supernatant
of the reaction was used for diclofenac quantification. The
unloaded nanocarrier, named hereafter Chit@MNPs, was syn-
thesized similarly without diclofenac.

B.2. MNP characterization

B.2.1. Diclofenac loading efficiency. The diclofenac loading
efficiency was analyzed by a spectrophotometric method
adapted from Matin et al."®> Drug loading in the sample was
determined indirectly by measurement of the free diclofenac
content in the supernatant of the reaction. For this purpose,
aliquots were taken and added with 1 mL of HNO; (63% w/v).
The yellowish compound resulting from the reaction between
free diclofenac and nitric acid was quantified by UV-Visible
spectroscopy using a Shimadzu 160 Japan spectrophotometer.
The same procedure was applied to the supernatant from the
unloaded carrier synthesis and was employed as a blank for
the reaction. A calibrating curve relating absorbance (A) and
diclofenac-HNO; concentration was constructed. Drug incor-
poration was expressed as Diclofenac Encapsulation Efficiency
(DEE%): [drug quantified in supernatant (mg)/total drug in
the suspension (mg)] x 100.
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B.2.2. Iron content. The composition of the nanoparticles in
terms of iron content was analyzed by high-resolution induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES,
Shimadzu 9000). Samples were prepared by dissolving 10 mg
of the magnetic nanoparticles in 10 mL HCl 36% w/v.

B.2.3. FTIR-DRIFTS. Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS-FTIR) was performed using a
Thermo Scientific Nicolet 6700 spectrometer. Spectra were
recorded in the range 4000-400 cm™". Samples were prepared
by mixing manually the corresponding powders with KBr
(1% wiw).

B.2.4. Hydrodynamic particle diameter (Dy,), zeta potential
(&) and morphology. D;, and { measurements were determined
by Dynamic Light Scattering (DLS) at 25 °C in a Malvern
Zetasizer. Aqueous dispersions were prepared using concen-
trations of 0.1 mg mL~" of both MNPs. The reported data of
Dy, and (¢ were the resultant from three independent
measurements.

Morphology and complementary size data were achieved by
Transmission Electron Microscopy (TEM, JEOL100 CXII, JEOL,
TOKIO, Japan, 1983 from CCT, Bahia Blanca, Argentina) from
aqueous dispersions containing 0.1 mg MNPs per mL.

B.2.5. In vitro study of drug release. Diclofenac release was
quantified in PBS buffer, pH 7.4 over 24 hours at 37 °C. For
such a purpose, 20 mg of Dic-Chit@MNPs were incubated
under the influence of a magnetic field or without it. The
sample was then separated, dried at 45 °C and evaluated by
FTIR spectroscopy to evidence the presence or absence of
diclofenac.

B.3. Biological assays

B.3.1. Animals. Primary cultures of ECs were obtained from
young Wistar rats (1-2 months old and 150 g of weight). For
the in vivo biodistribution experimental assays, eight weeks
old CF1 female mice were used. All animals were maintained
under constant conditions of temperature (22 + 1 °C) and
humidity (70%), in 12 hours light : 12 hours dark cycles during
all the experiments. All animals had free access to tap water
and standard diet throughout the experiment. The care and
handling of the animals were performed in the animal facility
from the Biology, Biochemistry and Pharmacy Department of
the National University of South in accordance with the interna-
tionally accepted standard Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the National
Institute of Health."* The protocols employed for this study
have been approved by the CICUAE (Institutional Committee for
the Care and Use of Experimental Animals) belonging to the
Biology, Biochemistry and Pharmacy Department of the National
University of South.

B.3.2. Effects on endothelial cell culture. Primary cultures of
ECs were obtained from aortic ring explants isolated from
young Wistar rats."> The animals were euthanized and the full
length thoracic aorta was aseptically removed. Immediately
after, the aorta was cleaned of adherent connective tissue, and
cut into small ring-shaped segments. Ring explants were
seeded in 60 mm matrix-coated Petri dishes containing DMEM
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supplemented with 20% (v/v) fetal calf serum (FCS), 60
pg mL™" penicillin, 2.5 pg mL™' amphotericin-B, 2 mM
r-glutamine, and 1.7 g L™ sodium bicarbonate. The explants
were incubated at 37 °C under a 5% CO, atmosphere. In order
to establish a pure culture, after three days the ring explants
were removed and ECs were allowed to reach confluence. The
identity of the ECs was determined by: (a) phase-contrast
microscope observation of the characteristic morphology of
the cobblestone-shaped growth in the confluent monolayer;
(b) positive immunocytochemistry reactivity for CD34 and (c)
their ability to synthesize NO.'® The culture medium was
replaced with fresh medium containing 10% (v/v) FCS every
48 hours.

B.3.2.1. NO production measurement on endothelial cells. ECs
were seeded on 24-multiwell culture plates at a density of 3.5 x 10*
cells per well and allowed to grow to 90% of confluence in
DMEM containing 10% (v/v) FCS. Nanoparticle dispersions
were prepared using MilliQ® water. Treatments were per-
formed in fresh DMEM containing 2% (v/v) FCS, achieving
final concentrations of 1, 10 and 100 pg MNPs per mL
medium, performed by triplicate. Controls, where no MNPs
were introduced (vehicle alone), were also processed. Nitrites
(NO, ") were measured in the incubation media as a stable and
non-volatile breakdown product of the NO released, employing
the spectrometric Griess reaction.'”” Once the treatment was
finished, aliquots of the culture medium supernatant were
mixed with Griess reagents (1% sulphanilamide and 0.1%
naphthylenediamine dihydrochloride in 2.5% phosphoric
acid) and incubated for 10 minutes at room temperature. The
absorbance was measured at 520 nm in a Biotek Synergy-HT
microplate reader. The concentration of NO,™ in the samples
was determined with reference to a sodium nitrite (NaNO,)
standard curve performed in the same matrix. Cells were dis-
solved in 1 M NaOH, and the protein content was measured by
the Lowry method."® The results are expressed as nmol NO,~
per mg of protein. To evaluate ECs’ response to acetylcholine
(ACh) (natural NO production agonist), cells were exposed to
10 uM ACh for 30 minutes.

B.3.2.2. Endothelial cell viability assay. The endothelial cell
viability was measured by the MTT assay (Sigma-Aldrich). Cells
were seeded onto 96 well plates (1 x 10" cells per well) and
incubated for 24 hours in 100 pl of DMEM with 2% FCS. Cells
were treated with different concentrations of loaded or
unloaded MNPs or vehicle alone for 48 h. After treatment,
10 pl of MTT reagent were added to each sample and the plate
was incubated in darkness at 37 °C under a 5% CO, atmo-
sphere for 4 hours. After incubation, the medium was removed
and 100 pl of DMSO were added to each well. The absorbance
was measured at 550 nm in a multiplate reader (Biotek
Synergy-HT) using 690 nm as the reference. Results are
expressed as optical density (0.D.).

B.3.2.3. Endothelial cells immunofluorescence. ECs were grown
on 96-well optical bottom glass-based plates (Nunc Cat.
164588) and exposed to MNP treatment. The cells were pro-
cessed as previously described.'® Non-confluent cultures of rat
aortic ECs were fixed with 3% paraformaldehyde and permea-
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bilized with 0.1% Triton for 5 min. Blocking was performed
with 3% albumin in PBS for 30 min. The cells were incubated
with Texas Red-phalloidin (Sigma-Aldrich) and the nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich). Immunofluorescence was visualized using an
Olympus BX41 microscope and recorded with an Olympus
QColor 3 digital camera.

B.3.3. Impact of MNPs on human hematological parameters

B.3.3.1. Red blood cell (RBC) morphology and erythrocyte
sedimentation rate (ESR). All experiments involving human
materials were performed in accordance with the guidelines
of Good Clinical Practices (ICH GCP Guidelines), the
Helsinki Declaration and Argentine National disposition
ANMAT 6677/10 and Buenos Aires provincial law (no. 11044).
Informed consent was obtained from all blood donors and,
the procedures employed were approved by the National
Scientific and Technical Research Council’s (CONICET)
committee.

Human blood was collected by venous puncture using 5%
(v/v) citrate as the anticoagulant. Anticoagulated blood was
exposed to diclofenac-loaded or unloaded MNPs at doses of
1, 10 and 100 pg mL ™" and incubated for 1 hour at 37 °C. Two
controls were also processed: one received no treatment and in
the other blood was treated with the vehicle alone. For the
morphological study of blood cells, blood smears were pre-
pared immediately after treatment and stained with May
Grinwald-Giemsa. Micrographs were taken with a Nikon
Eclipse TS100 coupled to a Nikon D3100 Camera at 40x.

The erythrocyte sedimentation rate (ESR) was determined
in triplicate for each condition, employing the Westergren ESR
methodology®® at the above-mentioned doses.

B.3.3.2. RBC hemolysis assay. Citrated blood was centrifuged
for 10 minutes in a Hermle Z206A centrifuge at 300g to separ-
ate RBCs and platelet-rich plasma (PRP). RBCs were washed
twice with PBS-citrate buffer (pH 7) and centrifuged at 1550g
for 10 minutes. After the last centrifugation, RBCs were
adjusted to 2 x 107 cells per mL and treated with the nano-
carrier or diclofenac-loaded nanodevice in final concentrations
of 1, 10 and 100 pg mL™" for 60 minutes at 37 °C. After the
incubation, samples were centrifuged at 1550g for 10 minutes
and hemoglobin was determined in supernatants by the hemo-
globincyanide method.>*

B.3.3.3. Platelet aggregation assay. Platelet-rich plasma (PRP)
and platelet-poor plasma (PPP) were obtained by sequential
centrifugations as previously described.>” Platelet aggregation
was measured using a turbidimetric assay.>> Briefly 400 ul of
PRP (3 x 10° platelets per ml) were exposed to MNPs (100
pg ml™Y, 10 pg ml~" or vehicle (control)) for 30 or 15 minutes.
Immediately after the treatment, 285 ul of PRP were taken and
set in a CronoLog 430 aggregometer cuvette with continuous
stirring and aggregation was initiated by the addition of
2 x 107° M ADP. Changes in light transmission were recorded
for 5 min after ADP addition. The signal generated by PPP was
taken as the 100% transparent control.>* Basal aggregation
exhibited by PRP alone, without vehicle or MNP treatment, was
considered the maximal aggregation. Results are expressed as
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percent of platelet aggregation inhibition with respect to the
control.

B.4. Toxicity in mice

The experiment was conducted to evaluate the effects of
Chit@MNPs as a carrier according to the protocols described
by OECD Guideline no. 407 (2008). Healthy eight week old
CF1 female mice were randomly divided according to body
weight (approximately 30 g) into two groups of eight animals
(n = 8). Aqueous dispersions of the magnetic unloaded nano-
carrier were administered via intraperitoneal (IP) injection
once a week over a period of 28 days at a dose of 30 mg per kg
body weight. Control animals received the vehicle alone. All
the animals were observed for signs of toxicity during the
exposure. At the end of the treatment, behavioral and func-
tional parameters were assessed for each mouse and they were
subsequently euthanized. Organs such as the liver, spleen,
kidneys, stomach, intestine, lungs and brain were extracted
and conditioned to perform histopathological examinations.

B.4.1. Functional observational battery. On the 28th day of
exposure, behavioral and functional parameters of the animals
were evaluated through a functional observational battery. It
included a thorough description of the animals’ appearance,
behavior and functional integrity (US EPA, 1998). Procedural
details and scoring criteria for the functional observational
battery protocol were performed according to Moser and
Ross”® and modified for mice.>**” Briefly, measurements were
first carried out in the home cage, where the observer recorded
each animal’s posture, activity and palpebral closure. The pres-
ence or absence of clonic or tonic movements, spontaneous
vocalizations and biting were also noted down. The animal
was then removed from its cage, rating the ease of removal and
handling. All signs of lacrimation, salivation and piloerection
were rated. Other abnormal clinical signs were also recorded.
The animal was placed in an open field arena having a piece
of clean absorbent paper on the surface, and allowed to freely
explore for 3 min. During that time, the observer ranked the
mouse’s arousal, gait score, activity level and rears as well as
any abnormal postures, unusual movements, stereotyped
behaviors, pelvis elevation and tail position. At the end of the
3 min, the number of fecal boluses and urine pools, and the
presence or absence of diarrhea were recorded. Next, sensorial
responses were ranked according to a variety of stimuli (click
stimulus using a metal clicker, approach and touch rump with
a blunt object, pinch of the tail using forceps, and touch of the
corner of the eye and the inside of the ear with a fine object).
Surface righting reflex and landing foot splay were also
evaluated.

In the landing foot splay, the tarsal joint pad of each hind-
foot was marked with ink and the animal was then dropped
from a height of 15 cm onto a recording sheet. Finally, the
wire maneuver was carried out, where the animal was sus-
pended from a horizontal wire by forelimbs and released.

B.4.2. Histopathological examinations. Euthanized animals
were macroscopically examined. The liver, spleen, kidneys,
stomach, lungs and brain were weighed and the intestine
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total length was recorded. Representative fragments of these
organs were fixed in formol (10% v/v) solution, dehydrated by
serial ethanol solution and enclosed in paraffin. Sections
(5 pm thick) (Minot Leica model RS 2165) were stained with
hematoxylin-eosin and examined under a light microscope
(Olympus Bx51).

B.5. Statistical analysis

Comparisons between two means were performed using
Student’s ¢-test and multiple comparisons were made by using
one way ANOVA, followed by Fisher’s least significant differ-
ence. p values lower than 0.05 were considered to be statisti-
cally significant.

In the functional observational battery, descriptive (D) and
binary (B) data are expressed as a percentage of incidence and
compared by the chi-square test; ranked (R) data are expressed
as the mean score of the scale and compared by the Kruskal-
Wallis test; continuous (C) data are expressed as the mean
value and compared by One-way ANOVA.

C. Results

C.1. Physicochemical properties and mechanism for
diclofenac encapsulation

The diclofenac loading efficiency was estimated in 84.0% by
UV-Visible spectroscopy. This result is satisfactory in terms of
the drug content. The drug loading content resulted in 42.0
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Fig. 1 FTIR-DRIFTS spectra corresponding to the diclofenac-loaded
magnetic nanocarrier in comparison to the non-drug loaded
nanosystem.
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(Wt%). FTIR spectra corresponding to the carrier and to the
diclofenac-loaded nanocarrier are displayed in Fig. 1.

The spectrum corresponding to the nanocarrier presents a
band located at 577 cm™, which is attributable to the Fe-O
stretching vibration of magnetite. The bands observed near
2800 cm ™" correspond to C-H stretching vibrations from CH;
and CH, groups belonging to chitosan. The peak observable at
1023 em™" is due to the C-O stretching vibration of the bio-
polymeric moiety, whereas the wide band at near 3200 cm™" is
ascribed to NH and OH groups of the biopolymer.

In the spectrum of Dic-Chit@MNPs bands related to the
polymer and magnetite persisted, however a slight shifting is
noted when comparing with the bare nanocarrier spectrum.

Furthermore, new bands appear at 1666 cm ™' and 1377 cm™
assignable to symmetric and asymmetric stretching vibrations,
respectively, of the COO group belonging to diclofenac.
Moreover, the band at 1453 ecm™ is characteristic of the diclo-
fenac CH, bending vibration. Bands near 2900 cm™" present an
increased intensity in comparison to the unloaded carrier due to
CH, and CH stretching vibrations of the drug molecule.

The composition of the magnetic nanocarriers, in terms of
the iron content, did not change substantially with the
addition of diclofenac. The iron content in the Dic-
Chit@MNPs was 0.375 mg mg~ " of dry particles, while in the
case of Chit@MNPs, reached 0.392 mg mg ™" of dry particles.

Magnetization curves corresponding to Chit@MNPs and
Dic-Chit@MNPs are displayed in Fig. 2, as a function of the
applied magnetic field. From the figure it is evident that the
magnetic properties of the nanocarriers were not affected by
the diclofenac incorporation since almost similar M, values
were reached in each case (34.7 emu g~ for Dic-Chit@MNPs
and 31.7 emu g~ for Chit@MNPs).

TEM micrographs corresponding to Chit@MNPs and Dic—
Chit@MNPs are shown in Fig. 2. The spherical shape of both
drug-loaded and unloaded nanocarriers is observable.

1

Fe,0,/0A Q
=, dispersed in
acetone

@Chit@MNPs
Vs IS—

Q
A Q
O 3G
Dic-Chit@MNPs
Ms~| p—

EY

bsssa
M(emu/g)

[

K

: ﬂ

5000

O Chitosan + Diclofenac @
in acetic acid

Fig. 2 Scheme of the synthesis procedure developed to obtain
Chit@MMPs and Dic—-Chit@MMPs. Magnetization and morphological
characterization results for both the carrier and drug-loaded carrier.
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The hydrodynamic diameter, obtained by DLS measure-
ments in aqueous dispersions, was about 225 + 5 nm for Dic-
Chit@MNPs and 320 + 4 nm for the unloaded magnetic
carrier.

The surface charge resulted as positive for both nano-
carriers, according to the zeta potential measurements:
34.0 mV for Dic-Chit@MNPs and 37.0 mV for Chit@MNPs.

Fig. 3 shows FTIR spectra of Dic-Chit@MNPs after
24 hours of incubation at pH 7.4 and 37 °C (physiological con-
ditions) in the presence or absence of a magnetic field.

In Fig. 3, it is observed that in the spectra obtained from
the sample exposed to the influence of the magnetic field, the
bands corresponding to diclofenac [v(CH, and CH) in the
region near 2950 cm~ ' and v,(COO) near 1650 cm '] are
absent. This indicates that the complete drug release took
place after 24 hours of incubation. In the region of 2950 cm™"
bands ascribed to »(CH and CH,) of chitosan are observed.
These bands are misleading in the spectrum obtained after
incubation with the magnet.

C.2. Effects of MNPs on endothelial cells

C.2.1. Effect of MNPs on endothelial NO production. The
effect of different doses (1, 10 and 100 pug mL™") of the nano-
carrier and the diclofenac-loaded carrier on NO production
was examined. Fig. 4 shows that the presence of the MNPs did
not affect basal NO production, since no statistically signifi-
cant differences were detected between the control and treated
groups. Acetylcholine is a physiological regulator of endo-
thelial nitric oxide synthase (eNOS) that stimulates NO syn-
thesis in a few minutes. In the presence of the nanocarrier
(24 hours) the ability of ECs to respond to their natural agonist
ACh was sustained. Similar results were observed when ECs
were treated with different doses of the diclofenac-loaded mag-
netic nanodevice (Fig. 4A).

C.2.2. Effect of MNPs on endothelial cell viability. ECs were
exposed to different doses (1, 10 and 100 pug mL™") of each
nanodevice for 24 hours and cell viability was analyzed
(Fig. 4B). No effect on cell viability was detected when ECs
were treated with Chit@MNPs or Dic-Chit@MNPs, in compari-
son to control cells (100%). Only the cells exposed to the
highest dose (100 pg mL™") of the diclofenac loaded carrier

D R
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- \ ’“/\j \\
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\‘/ \«/\ ul)lclofcnac " \ p H\
v (C-H)
CH: and CH

Chitosan and
Diclofenac

Transmittance

v(Fe-0)

v (CO) Chitosan \‘ Magnetite

3000 2000 1000

Wavenumbers (cm-1)

Fig. 3 FTIR spectra of Dic—Chit@MNPs after 24 hours of incubation at
37 °C in PBS buffer pH 7.4 to evaluate diclofenac release, under the
influence of a magnetic field (A) and in the absence of a magnet (B).
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Fig. 4 A - Effects of the nanocarrier and the diclofenac-loaded nano-
carrier on endothelial NO production. Endothelial cells were treated
with magnetic nanoparticles (1, 10 and 100 pg mL™) for 24 hours.
Immediately after treatment the monolayers were exposed to 10 pM Ach
or a vehicle for 30 minutes. Results are expressed as mean + S.D. **p <
0.01 with respect to the control. #*p < 0.01 without ACh vs. with ACh.
B — Viability of endothelial cells incubated with Chit@MNPs and Dic—
Chit@MNPs from three independent experiments. Cells were exposed to
1, 10 and 100 pg mL™! of magnetic nanoparticles for 24 hours. Data are
expressed as mean + S.D. **p < 0.01 vs. control. C — ECs exposed to
10 pg mL™! MNP treatment. An Olympus BX41 microscope was used
and images were recorded with an Olympus QColor 3 digital camera.

exhibited a significant difference in cell viability (43%) in com-
parison to the control. According to the images provided in
Fig. 4C, the cell morphology was not affected by Chit@MNP or
Dic-Chit@MNP treatment.

C.3. Hemocompatibility

The morphological analysis of human blood cells showed
neither the deformation nor the decomposition of RBCs and
white blood cells (WBCs) in the presence of the magnetic car-
riers at doses of 1 and 10 ug mL™" (Fig. 5). Alterations in the
membrane and in the morphology of RBCs were observed
when blood was exposed to the 100 pg mL™"' dose of both
MNPs.

Erythrocyte sedimentation rate (ESR) values, obtained after
one hour exposure of anti-coagulated blood to increasing
doses of 1, 10 and 100 pg mL™" of Chit@MNPs or Dic-
Chit@MNPs, are shown in Table 1. No significant differences
in comparison to controls were observed.
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CONTROL
No treated
Vehicle

100 pg/mL

MAGNETIC
CARRIER

DICLOFENAC
LOADED CARRIER

Fig. 5 OM images of the control and magnetic nanocarrier treated
blood sample smears stained by May Grunwald-Giemsa staining.
Samples were incubated at 37 °C for 40 minutes. Images were obtained
with a phase contrast microscope (Nikon Eclipse TS100 coupled to a
Nikon D3100 Camera) at a magnification of 40x.

Table 1 Erythrocyte sedimentation rate (ESR) of anti-coagulated peri-
pheral blood exposed for 1 hour to increasing doses of the magnetic
nanoparticles at room temperature. All conditions were processed by
triplicate. Results are expressed as mean + SD

(12325 |[e]{7]f]
Hn

t 6‘ i!e'&'h i

£ J 2 Al Vi e—
1-Control without treatment; 2- Control treated
with water; 3- Chit@MNPs 1 pg/mL; 4-
Chit@MNPs 10 pg/mL; 5-Chit@MNPs 100 pg/mL;
6- Dic-Chit@MNPs 1 pg/mL; 7- Dic-Chit@MNPs 10
pg/mL; 8- Dic-Chit@MNPs 100 pg/mL

Control

Without treatment 7+2
With vehicle treatment (H,O) 10+3
Magnetic nanocarrier

1pg mL™" 7+1
10 pg mL™" 742
100 ug mL™* 4+2
Diclofenac-loaded magnetic nanocarrier

1pgmL™! 63
10 pg mL™* 6+1
100 ug mL™" 6+2

The hemolytic effect was not observed with any of the
tested formulations and doses assayed, as observed in the RBC
hemolysis experiment.
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The MNP effect on platelet aggregation was assessed as
described in the methodology. Aliquots of PRP were exposed
to doses of 100 pg mL™' of nano-magnetite, Chit@MNPs or
Dic-Chit@MNPs (Fig. 6).

Platelet aggregation was not affected by the treatment with
nano-magnetite. Chit@MNPs induced a slight decrease in
platelet aggregation, while Dic-Chit@MNPs produced an inhi-
bition of 28-32% (95% of confidence) with respect to the basal
conditions.

C.4. Evaluation of different parameters of toxicity in mice

C.4.1. Functional observational battery for toxicity evalu-
ation in mice for Chit@MNPs. Data obtained in the functional
observational battery are shown in Table 2.

Mice exposed to Chit@MNPs did not present changes in
the parameters evaluated in the home cage, in the hand-held
observations nor during the manipulative test in comparison
to the control group. Mice treated with the nanocarrier exhibi-
ted a significant decrease in the number of urine pools de-
posited compared to the control (p < 0.01). No significant
changes in the number of fecal boluses with respect to the
control group were observed. Sensorial responses were ranked
according to a variety of stimuli as described in the methodo-
logy. The parameters evaluated in the open field arena were
not altered in either of the experimental groups.

C.4.2. Histopathological analysis. The histopathological
examinations of the liver, stomach, intestine, lungs and brain
showed no changes with hematoxylin-eosin at the end of the
sub-acute exposure to the nanocarrier in any of the mice after
28 days of the assay. The kidneys of all the animals exposed to
the magnetic carrier exhibited granular interstitial tissue, com-
patible with periarteriolar interstitial nephritis in comparison
to the control group as it can be seen in Fig. 7. When the
spleen was analyzed in mice exposed to the nanodevice, an
increase in the presence of megakaryocytes was observed (up

A Basal | Magnetite 5 ChiteMNps | Dié-Chit@MNPs
B B Nano-Magnetite

[ Chit@MNPs
[ Dic-Chit@MNPs

*

100+

50

Platelet Aggregation
(% respect to basal)

n4

Fig. 6 A - Platelet aggregation curves. B - platelet aggregation
expressed as % with respect to the basal for both, unloaded and diclofe-
nac loaded MNPs. Nano-magnetite was also assayed to evaluate the
effect of the iron core in the process. *p < 0.05 with respect to basal;
**p < 0.01 with respect to basal.
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Table 2 Parameters evaluated in the functional observational battery

Endpoints Control Chit@MNPs
Home cage observations

Normal body posture (D) 100 100
Activity (R) 2.50 2.50
Palpebral closure (R) 1.00 1.00
Clonic movements (D) 0 0
Tonic movements (D) 0 0
Biting (D) 0 0
Vocalizations (B) 0 0
Hand-held observations

Ease of removal from cage (R) 1.00 1.00
Ease of handling (R) 2.63 2.50
Salivation (R) 1.00 1.00
Lacrimation (R) 1.00 1.00

Piloerection (B) 0 0

Normal fur appearance (D) 100 100
Normal respiration (D) 100 100
Normal cardiovascular signs (D) 100 100
Normal limb tone (D) 100 100
Normal abdominal tone (D) 100 100
Limb grasping (B) 100 100
Open field observations

Activity level (R) 2.30 2.10
Rearing (R) 1.06 1.06
Arousal (R) 3.20 3.10
Normal gait (D) 100 100
Unusual movements (D) 1.00 1.00
Stereotyped behaviors (D) 1.00 1.00
Pelvic elevation (R) 3.00 3.00
Normal tail position (D) 100 100
Fecal boluses (C) 3.75 4.40
Urine pools (C) 1.00 0.40%*
Diarrhea (B) 0 0
Sensory reflexes

Approach response (R) 2.00 2.00
Touch response (R) 2.00 2.00
Click response (R) 2.00 2.00
Tail pinch response (R) 2.06 2.06
Palpebral reflex (B) 100 100
Pinna reflex (B) 100 100
Motor reflexes

Flexor reflex (B) 100 100
Extensor reflex (B) 100 100
Rigthing reflex (R) 1.00 1.00
Landing foot splay (C) 4.20 4.20
Wire maneuver (R) 1.00 1.00

**p < 0.01 with respect to the control. Descriptive (D) and binary (B)
data, expressed as percentages of incidence (chi-square test); ranked
(R) data, expressed as the mean score of the scale used (Kruskal-Wallis
test); continuous (C) data, expressed as the mean value (One-way
ANOVA test) n = 8. Procedural details and scoring criteria for the
functional observational battery protocol were performed according to
Moser and Ross*® and modified for mice.**?”

to 5 per field), compared to the control (up to 2 per field) (see
Fig. 7).

D. Discussion

A simple two-step synthesis procedure has been designed to
obtain a drug-loaded functionalized magnetic nanocarrier.

This journal is © The Royal Society of Chemistry 2017
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A- Kidneys

B-Spleen

Control

Chit@MNPs

Fig. 7 Representative micrographs of kidney (A) and spleen (B) sections
(5 pm thick) stained with hematoxylin—eosin corresponding to mice
treated with a dose of 30 mg kg~* of the magnetic nanocarrier, in com-
parison to the control. Arrows indicate megakaryocytes in the spleen.

The synthesis protocol resulted in an improvement in the
encapsulation efficiency and promoted a satisfactory level of
drug loading.

In previous work we have extensively studied the experi-
mental conditions and mechanisms involved in diclofenac
adsorption on magnetic nanocarriers functionalized with chito-
san. In the first study we obtained a formulation constituted
by magnetite coated with chitosan, achieving a Diclofenac
Loading Efficiency(DLE) estimated as 54%.'" Chitosan was
then crosslinked with glutaraldehyde to improve the stability
of the formulation, reaching a higher level of drug incorpor-
ation. By this procedure, we obtained a nanosized formulation
with a DLE of 33%."> The main difference of this formulation
with respect to the earlier published ones is related to the
encapsulation method. Here, we intend to improve DLE, and
to this end, the incorporation of the NSAID was conducted in
an earlier step, where diclofenac was allowed to interact
directly with the chitosan (Fig. 1). This encapsulation pro-
cedure rendered 84.0% of DLE, which represents a great
improvement regarding the adsorption methods previously
employed. It is worth mentioning that reliable DLE values
were reached by the implementation of a quantification
method that minimizes the error sources. In fact the widely
used UV/visible technique to measure diclofenac in the super-
natant was not suitable in this case due to interferences
arising from chitosan disaggregation on the MNP surface. The
quantification method used within this work was earlier
employed by other researchers'® for diclofenac detection in
complex matrixes.

The early and direct interaction between diclofenac and
chitosan would be critical to achieve a satisfactory drug encap-
sulation. The mechanism by which the diclofenac remains
linked to the polymeric chains may be inferred on the basis of
the characterization results, in particular from zeta potential
data.

The pH value registered at the end of this first step of the
synthesis procedure was 5. Thereby, electrostatic interactions
may occur between the anionic carboxylate group (-COO™) of
diclofenac (pK, 3.8) and positive amino protonated groups of
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chitosan (-NH;") (isoelectric point 6.3).>® The promotion of
interactions between the NSAID and the biopolymer was a sat-
isfactory strategy to increase drug incorporation into the
nanocarrier.

The addition of a nano-magnetite dispersed in acetone to
the chitosan-diclofenac reaction medium, raised the pH to
5.5.

Thus, the nanoprecipitation of chitosan over the magnetite
surface takes place by interaction of the iron oxide and the
positively-charged amino groups of chitosan that were not
compromised in the interactions with diclofenac, leaving the
surface exposed.

The positive ¢ value of aqueous dispersions of Dic—
Chit@MNPs revealed a positively charged surface. In previous
studies, we have demonstrated that the ¢ of a dispersion of
magnetic nanoparticles composed of magnetite-oleic acid and
coated with chitosan may be considerably different depending
on the concentration of a biopolymer linked to the nano-
particle surface.”® These results indicate that the synthesis pro-
cedure renders a complete chitosan coating of the nano-mag-
netite surface. It is worth noting that the magnitude of ¢ is
almost the same in both nanocarriers, suggesting that diclo-
fenac would remain in the inner core of the nanocarrier
between magnetite and chitosan.

Regarding the magnetic properties it was noticed that the
presence of diclofenac did not affect the magnetic behaviour
of nanocarriers. This conclusion emerged after the analysis of
M values for both formulations. This finding is essential for
the practical implementation of these nanosystems for drug
targeting to a specific site of the body by the employment of
an external magnetic field.

Drug release from Dic-Chit@MNPs was analyzed by FTIR.
The absence of bands corresponding to diclofenac in the
remaining sample exposed to the magnet indicates that it was
completely released from the structure of the nanocarrier after
24 hours. Moreover, misleading bands corresponding to chito-
san would indicate that the biopolymer would also disaggre-
gate from the MNP surface. These results are consistent with
the mechanism proposed for drug-nanocarrier interactions.
On the other hand, in the sample that was not exposed to a
magnetic field, diclofenac remained inside MNPs after a
24-hour release study.

On the basis of these results it can be inferred that the pres-
ence of a magnetic field may induce changes in magnetite,
modifying interactions with the coating and with the loaded
drug. Hence, the presence of a magnetic field may be con-
sidered to be stimuli induced or modifying the release kinetic
and mechanism. Further studies will be necessary to elucidate
the mechanisms involved in diclofenac release from MPNs in
the presence of a magnetic field.

The main goal of the present research is to assess the most
relevant aspects of the possible systemic effects of chitosan-
coated MNPs. Once the MNPs enter the bloodstream, they are
exposed to the formed elements of blood such as red blood
cells (RBCs) and platelets. Thus, the study of the impact of
MNPs on blood components and on the endothelium (the first
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barrier that particles must overcome to get their target) is
extremely important to determine their potential toxicity.

Nanoparticles intended for biomedical applications must
be essentially hemo-compatible, since the blood circulation
system is the first pathway to achieve an efficient target to
blank organs or tissues.

Four in vitro assays were performed on human blood to
assess the hemocompatibility of Chit@MNPs and Dic-
Chit@MNPs: a study of the blood cell morphology (microscopy
analysis of blood smears), ESR, hemolysis and platelet aggrega-
tion. RBC sedimentation in the presence of the MNPs was eval-
uated by the Westergren ESR method. This method evaluates
the rate at which RBCs sediment in a period of one hour. ESR
is an indirect measure of pro-sedimentation factors (mainly
fibrinogen and immunoglobulins) and anti-sedimentation
factors, such as the negative surface charge of erythrocytes
(zeta potential). Normal values of the Z potential for healthy
subjects below 50 years old are up to 15 mm h™" for men and
20 mm h™" for women.*° The results of the ESR assay for both
studied MNPs were within the normal range. The hemolytic
effect of both formulations of MNPs at the doses studied can
be considered as insignificant, since free Hb levels were below
the detection limit of the assay.

Scarce research studies dedicated to the study of the impact
of MNPs on RBCs may be found in the available literature.
Different coatings for the iron oxide core of MNPs have been
explored and were not found to cause deformation or
decomposition of RBCs, including poly-acids,**> dehydro-
ascorbic acid (DHA),>* and oleate double layered and coated
with polyethylene glycol (PEG).>* In the study performed by
Dragler et al®® it was found that citric acid (CA) coated
magnetic cobalt ferrite (CoFe,0,) nanoparticles induced a signi-
ficant increase of burr-shaped RBCs that was not observed with
bare CoFe,O, nanoparticles. This finding is consistent with
smaller sized agglomerates of CA-adsorbed CoFe,O, which
would react with lipid membranes. Thus, the coating would be
an important factor, determinant of MNP biocompatibility.

The present research is one of the first studies devoted to
the evaluation of chitosan-coated MNP toxicity on RBCs and
platelets. Jayalekshmi et al.®® synthesized iron oxide incorpor-
ated into chitosan-gelatin bioglass composite nanoparticles as
drug carriers for hyperthermia treatment. The authors per-
formed qualitative studies on blood compatibility. The RBC
and WBC morphology and platelet aggregation were not
affected by incubation with the composite.

There are many factors associated with the effects of nano-
particles on cell membranes such as:

1 - the interactions induced by surface charge®” and 2 -
adsorption of nanoparticles to the lipid component of the
membrane or to membrane-bound proteins. The contact of
MNPs with RBC membrane phospholipids would cause an
expansion of the inner to the outer leaflet resulting in mem-
brane shape transformation.’” Electrostatic interactions
between Dic-Chit@MNPs or Chit@MNPs with RBCs are poss-
ible through the positive surface charge of chitosan and the
negative charge of the RBC surface. The research performed by
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Dodane and Vilivalam®® demonstrated that chitosan has mem-
brane perturbing properties but does not decrease cell viability
as it was informed in their study. Thus, the chitosan coating
would be responsible for the alterations in the RBC membrane
at the highest dose of 100 pug mL™" as it was observed in
smears. At lower MNP doses, the chitosan concentration
would not be high enough to induce changes in the cell
morphology.

No adsorption of the MNPs on the membrane of RBCs was
observed in the smears. Doses up to 10 pg mL™' of both
Chit@MNPs and Dic-Chit@MNPs would be safe for RBCs,
allowing the effective application of these nanosystems as drug
carriers.

Platelets constitute blood cellular components responsible
for the coagulation process and essential for homeostasis
maintenance.?>*® Thrombogenic effects of new biomedical
materials are often studied by the evaluation of platelet aggre-
gation in vitro as part of hemocompatibility features.
Contradictory data related to thrombogenic properties of
nanomaterials have been found in the current literature.*!
The size, surface charge or composition of nanoparticles may
be responsible for thrombogenic properties. In general, it has
been demonstrated that MNPs alter the coagulation process
by diverse mechanisms. One of them is related to the poss-
ible oxidative stress exerted by iron. Smaller iron MNPs have
been proven to alter the plasma coagulation parameters
rather than larger particles.”” The effect of the nanocarriers
here presented on platelets was assessed by studying their
effect on ADP induced platelet aggregation. In this research
work we have contrasted experiments with the bare nano-
magnetite core to better understand the results. In this
regards, no effect on platelet aggregation was observed for
oleic acid-coated nanomagnetite. This indicates that iron
would not produce alterations in this process. Chou et al.*?
demonstrated that chitosan enhances platelet adhesion and
aggregation while Li et al’® showed that chitosan coated
MNPs did not modify platelet aggregation below 10 ug mL ™",
In this way, nanotechnology applied to chitosan would
reduce its side effects on platelet aggregation. Dic—
Chit@MNPs significantly decreased platelet aggregation,
which is due to diclofenac, considering it as an inhibitor of
platelet aggregation by diverse mechanisms.*> Among these
mechanisms, the induction of increased negative charges on
the platelet membrane, increasing repulsive forces among
platelets, is the most relevant.’® The slight decrease in plate-
let aggregation induced by Chit@MNPs could be ascribable
to this mechanism due to possible diclofenac release but
further research is necessary to test this hypothesis. The
present results demonstrate the non-thrombogenic property
of these MNPs, which is an indispensable condition for bio-
medical applications.

The study performed on rat aortic EC cultures showed that
endothelial NO production was not affected by the exposure to
Chit@MNPs or Dic-Chit@MNPs. Treatment with both MNPs
did not cause alterations on the response of the cells to the
endogenous agonist ACh.
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The endothelial production of NO is one of the major
important markers of EC function. NO is one of the most
important bioactive molecules and is a key factor for the regu-
lation of the vascular tone and the maintenance of homeo-
stasis. It is synthesized by the conversion of r-arginine to
t-citrulline, a reaction that is catalyzed in ECs by the eNOS.
This process is physiologically regulated by vascular agonists
such as acetylcholine, bradykinin, and diverse hormones and
it is critical to the maintenance of healthy properties of the
vascular wall.”” A decrease in NO production by ECs is an
indicator of endothelial dysfunction. The presence of the
MNPs did not alter the basal production of NO nor the ability
of the cells to respond to their endogenous agonist (ACh).
Indeed, no differences in the cell morphology were detected
either on evaluation by phase contrast microscopy or by actin
cytoskeleton staining. Cell viability was assessed by the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay. This method evaluates mitochondrial activity as an indi-
cator of cell viability, since only living cells are capable of reduc-
ing MTT to formazan (which is the colorimetric end product
of the reaction that is quantified).”® The treatment of ECs for
24 hours with Chit@MNPs did not affect cell viability in the
applied doses. The highest dose of Dic-Chit@MNPs (100
pg mL™") induced a significant decrease in EC viability with
respect to the control.

The difference may be ascribable to the release of diclo-
fenac. This drug is a non-selective COX inhibitor (inhibits
cyclooxygenase-1 and 2) blocking the formation of prostaglan-
dins (PGs). A similar antiproliferative effect on ECs was
described for other COX inhibitors like sulindac,*® aspirin®
and celecoxib.”® Wiktorowska-Owczarek demonstrated that
diclofenac inhibits human endothelial cell (HMEC-1) viability
by inhibiting prostaglandin synthesis.>® Cytotoxicity measure-
ments indicate that Chit@MNPs do not exert alterations on
the metabolism and integrity of ECs in doses up to 100
pg mL~". This feature makes this magnetic carrier suitable for
biomedical applications.

The systemic toxicity of a given chemical agent depends
on many factors such as the chemical structure, the dose
level, the method of administration, the duration of the treat-
ment period, the pharmacokinetics and metabolism. Because
of this, we evaluated the effects of a sub-acute exposure of
Chit@MNPs as a potential drug carrier. A dose of 30 mg kg™
was chosen for the in vivo assay on mice, a concentration that
could be used for patients in clinical trials. After 28 days of
exposure different parameters of toxicity were evaluated: the
behavioral and functional nervous system parameters in a
functional observational battery. No significant differences
were found in comparison to the control group. Mice exposed
to Chit@MNPs did not show signs of neurobehavioral altera-
tions in the period of time of the study. In concordance, no
alterations in brain tissue were observed by histological exam-
ination. These results suggest that Chit@MNPs do not exert
significant adverse effects on behavioral and functional
nervous system parameters related to neurobehavioral
toxicity.
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The group exposed to Chit@MNPs presented a reduced
number of urine pools, suggesting a possible renal damage.
This finding is in accordance with the histopathological study
of kidneys from treated mice which revealed the presence of
abnormal areas compatible with periarteriolar nephritis.
Kidneys are vital organs involved in electrolyte regulation,
excretion and blood pressure control. They also produce hor-
mones such as calcitriol, erythropoietin and renin.’® Nephritis
is a rather uncommon disease of the kidney associated with an
inflammatory response. Drugs are the main triggers of this
pathology. There exist different mechanisms whereby a drug or
metabolite can induce nephritis. The deposition within the
interstitium is a way to act as a trapped antigen and trigger an
inflammatory reaction. Chit@MNPs deposited in the periarter-
iolar zone may cause inflammation leading to nephritis. The
mechanism by which this process occurs may be associated
with the magnetic core and not to the chitosan coating. Onishi
et al. reported that after IP administration in mice the chitosan
was predominantly localized in the kidney after 1 hour.>* It
presented a rapid renal excretion. Thus, chitosan coating may
be lost in the kidney without toxic effects and the deposition
of magnetite would be the responsible for the local inflam-
mation. Feng et al. reported biochemical and physiological
perturbations in a study developed on mice, associated with
renal toxicity induced by ultrasmall superparamagnetic par-
ticles of iron oxides (USPIONSs).>® Uncoated USPIONs were
absorbed by kidneys inducing “local effects”. Ma et al.>®
detected oxidative stress markers in the kidneys of mice admi-
nistered with different doses of nano-magnetite.

MNP treatment did not cause a distortion of the spleen
architecture, although an increased accumulation of splenic
megakaryocytes was detected. Megakaryocytes are specialized
cells responsible for the production of platelets.>” An increase
of splenic megakaryocytes indicates an extramedullary hemato-
poietic process associated with pathological conditions.>® No
other signs of tissue alterations such as inflammation or
alterations in the spleen architecture were found. Chitosan
coating would prevent the development of spleen tissue
inflammation since no sign of macrophage or lymphocyte
infiltration was observed.

Awaad et al. studied the impact of uncoated MNPs prepared
by a sol-gel method following intravaginal instillation on the
spleen, liver and genital tract of female mice.>® It was found
that there was an increase in the number of megakaryocytes in
the spleen. Furthermore, a higher number of splenic lympho-
cytes were also observed, presenting marginal and vacuolated
chromatin, attributable to the presence of iron. No additional
reports are available in the literature about the histological
effect of MNPs on the spleen. The underlying mechanisms
associated with the spleen toxicity of MNPs remain to be
elucidated.

Previous research® revealed that the accumulation of MNPs
in the lung would induce inflammatory reactions by oxidative
stress promoted by iron toxicity. Chitosan coating may prevent
potential iron toxicity in Chit@MNPs as no signs of inflam-
mation were observed in the histopathological assays.
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E. Concluding remarks

A simple two-step drug encapsulation method was satisfac-
torily applied to develop a biocompatible magnetic nanocarrier
with improved loading efficiency and acceptable drug release
for biomedical applications. A comprehensive analysis of the
factors implied in the therapeutic and toxicological concerns
of the MNPs obtained as drug delivery devices in relation to
physico-chemical properties revealed that chitosan coating
resulted as a key for the biocompatibility of the systems. While
the results of hemocompatibility, and vascular and neurobeha-
vioral toxicity were satisfactory, we must not lose sight of
future biomedical applications as the nanocarrier generated
renal toxicity and indications of possible splenic disorders.
Kidneys would not be a possible target organ for treatment
with these nanodevices, at least as designed.

Further research is underway regarding the magnetic target-
ing of these nanocarriers to different organs and the evalu-
ation of the therapeutic action of diclofenac once released.
Anyway, the general knowledge on systemic toxicity results is
crucial for providing biomedical insights.
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