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ABSTRACT ARTICLE HISTORY
Chitosan coating on magnetic nanoparticles (MNPs) was studied Received 29 January 2016
on biological systems as a first step toward the application in the Accepted 22 March 2016
biomedical field as drug-targeted nanosystems. Composition of KEYWORDS
MNPs consists of magnetite functionalized with oleic acid and Magneti e
. A ; gnetic carriers;
coated with the biopolymer chitosan or glutaraldehyde-cross- nanoparticles; chitosan;
linked chitosan. The influence of the biopolymeric coating has been endothelial cells;
evaluated by in vitro and in vivo assays on the effects of these MNPs biodistribution
on rat aortic endothelial cells (ECs) viability and on the random tissue
distribution in mice. Results were correlated with the physicochemical
properties of the nanoparticles. Nitric oxide (NO) production by ECs
was determined, considering that endothelial NO represents one
of the major markers of ECs function. Cell viability was studied by
MTT assay. Different doses of the MNPs (1, 10 and 100 ug/mL) were
assayed, revealing that MNPs coated with non-cross-linked chitosan
for 6 and 24 h did not affect neither NO production nor cell viability.
However, a significant decrease in cell viability was observed after
36 h treatment with the highest dose of this nanocarrier. It was
also revealed that the presence and dose of glutaraldehyde in the
MNPs structureimpact on the cytotoxicity. The study of the acute
tissue distribution was performed acutely in mice after 24 h of an
intraperitoneal injection of the MNPs and sub acutely, after 28 days of
weekly administration. Both formulations greatly avoided the initial
clearance by the reticuloendothelial system (RES) in liver. Biological
properties found for N1 and N2 in the performed assays reveal that
chitosan coating improves biocompatibility of MNPs turning these
magnetic nanosystems as promising devices for targeted drug
delivery.

1. Introduction

Major problem scientists are facing in the treatment of localized diseases such as cancer or
rheumatoid arthritis is that the drugs injected in the body spread through the circulatory
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system, not only to the diseased area, but also to healthy tissues. Therefore, the need for
a targeted treatment based on controlled delivery of the drug to the desired organ led to
the development of such enhanced and more efficient methods and devices. In particular,
magnetic nanoparticles (MNPs) have been developed along last decades aiming to con-
tribute to solve this kind of limitations in the biomedical field. The superparamagnetic
property of these nanosystems enables their external manipulation under the influence of
a magnetic field.[1,2]

A precise knowledge about the effect of MNPs on normal cells and tissue distribution
in the body is critical as a pre-clinical setting before any potential use. In fact, this is one of
the main reasons limiting the commercialization of MNPs in a massive way.[3]

Once MNPs enter the body, they should be able to overpass endothelial cells (ECs)
barrier in order to reach the desired organ or tissue for treatment. The vascular endothe-
lium is a cell monolayer located between the vessel wall and the blood. It acts as a selective
barrier between blood and surrounding tissues which enables cellular exchange of nutri-
ents, biochemical factors and waste products. The endothelium exhibits a pivotal role in
the maintenance of vascular homeostasis through its antithrombotic and antiatherogenic
properties. These functions depend on the ability to produce vasoactive compounds such as
nitric oxide (NO) and prostacyclin.[4] The studies regarding the influence of MNPs coating
on ECs are very limited when comparing with the huge amount of information on MNPs
actually published in the available literature. Only Ge et al. [5] analyzed the cytotoxic effects
of dimercaptosuccinic acid-coated hematite (a-Fe,O,) nanoparticles employing human
aortic endothelial cells (HAECs) as experimental model. They described a dose-dependent
cytotoxicity in concentrations ranging from 0.001 to 0.2 mg/mL. They reported that con-
centrations up to 0.02 mg/mL of these MNPs had little toxic effect on HAECs.

Even though there are many studies concerning MNPs biodistribution, further research
is required to achieve a complete evaluation of the in vivo behavior. Reports studying MNPs
with diverse coatings, propose several mechanisms for the tissue distribution of MNPs.[6-8]
Factors such as the route of administration, physicochemical properties of the nanoparticles
and the physiological environment where nanocarriers are introduced, appear as relevant
to define the biodistribution. Among others, particle size, shape, and surface charge are the
main properties of MNPs influencing biodistribution.[9] Such properties strongly depend
on the coating selected to modify the magnetic core.[10,11]

The aim of this work is to investigate the influence of the biopolymeric chitosan coating of
MNPs on ECs as well as on acute and sub acute biodistribution, after 24 h and after 28 days
of weekly administration, respectively. These aspects are considered relevant as a first step
toward their therapeutic biomedical application. To do this, two magnetic naocarriers were
tested: both composed of magnetite, oleic acid, and chitosan; and one of them also include
glutaraldehyde as biopolymer cross-linker. Such formulations were optimized regarding to
the physicochemical properties of interest, i.e. polydispersity, surface charge, and ability to
bind to a model drug (Diclofenac).[12,13] Then this contribution proposes the following
step in view of the practical implementation of these nanosystems as targetable drug delivery
systems related to pre-clinical studies at vascular and biodistribution levels.

As far as authors’ knowledge, a study of this nature has not been reported earlier in the
open literature combining the set of variables, materials and experiments here proposed.
Only one research has studied the biodistribution of magnetic chitosan nanosystems. Kim
et al. [14] prepared nanosized magnetite by spray-coprecipitation methodology, achieving
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sizes of 9.5 nm for the magnetite core. Then, dispersions were prepared from this magnetite
mixed with different chitosan proportions. The tissue biodistribution of intravenous-injected
chitosan-magnetite mixture was studied by intraoral X-ray equipment and inductively cou-
pled plasma-atomic emission spectrometer. Their results indicated that the systems were
mainly distributed to liver and kidney. The research study here presented reinforces the effect
of chitosan coating on magnetite-core nanosystems over acute biodistribution, revealing
that not only the coating is a key factor in the distribution profile, but also the controlled
nano-size, stability of coating as well as the employment of a specific methodology to the
determination of MNPs on each organ.

2. Materials and methods
2.1. Materials

Trypsin/EDTA (10x), l-glutamine (100x), amphotericin B (0.25 mg/mL), and penicillin/
streptomycin (100x) were obtained from PAA Laboratories (Pasching, Austria). Fetal calf
serum (FSC) was purchased from Natocor Argentina. Griess reagents were purchased from
Britania Laboratories (Buenos Aires, Argentina). Dulbeccos modified Eagle’s medium
(DMEM), MPA, and all other reagents were purchased from Sigma Chemical Company
(St Louis, MO, USA).

2.2. Synthesis, morphological, and magnetic characterization of the MNPs

Magnetite nanoparticles stabilized with oleic acid were synthesized by the co-precipitation
method, according with the methodology previously studied.[12,13] Briefly, 0.3 g of oleic
acid (OA) were added, under nitrogen atmosphere and at 70 °C, to 20 mL of an aqueous
solution composed by FeSO,-7H,0 and FeCl,-6H,O (Fe**/Fe**) with an iron molar ratio
equal to 0.5. Then, 5 mL of NaOH 5 M were added dropwise. After 30 min of reaction,
the precipitate was washed three times with water and dried at 45 °C. The nanoprecipi-
tation method was employed to modify the MNPs with chitosan as previously described
[7]:300 mg of the MAG/OA MNPs were dispersed in 75 mL of acetone. After 15 min of
sonication, 15 mL of an aqueousdissolution of chitosan (CS) (10.0 mg/ mL) in acetic acid
were added. The resulting solid was magnetically separated with a high-power Nd magnet,
washed three times with water, and dried at 45 °C for 24 h. The MNPS obtained from this
formulation are named N1 (MAG/OA/CS) hereafter. Cross-linking of polymeric chains
with glutaraldehyde (GA) was performed to fix CS to the magnetic core: 50 mg MAG/
OA/CS were dispersed in water and then, 1.5 mL of an aqueous solution of GA (25% m/v)
were added. After 2 h of reaction at 45 °C under ultrasound, the sample was washed three
times with water and dried at 45 °C in an oven. This formulation is named as N2 (MAG/
OA/CS-G) hereafter.

An exhaustive characterization of MNPs has been performed in previous works including
FTIR, XRD, magnetic measurements, and composition by ICP.[11-13]

In this work, N1 and N2 were further characterized by Dynamic Light Scattering (DLS),
using a Malvern Zetasizer to determine particle hydrodynamic diameters (Dh) and surface
charge by measurements of zeta potential ({). The measurements were performed employing
aqueous dispersions of 0.1 mg MNPS/mL at 25 °C. Data are expressed as mean + S.D. of
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ten measurements. The morphology was analyzed by transmission electron microscopy
(TEM) using a JEOL100 CXII microscope (JEOL, TOKIO, Japan) from CCT, Bahia Blanca,
Argentina from the same aqueous dispersions.

2.3. Animals

ECs primary cultures 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 h light: 12 h dark cycles during all the experiment.
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 accord-
ance with the internationally accepted standard Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Institute of Health.[15] The protocols
employed for this study have been approved by the CICUAE (Institutional Committee
for the Care and Use of Experimental Animals, Biology, Biochemistry, and Pharmacy
Department of the National University of South).

2.4. Cell culture and treatment with the MNPs

Primary cultures of ECs were obtained from aortic rings explants isolated from young Wistar
rats (1-2 months old and 150 g of weight).[16] Briefly, animals were euthanized by cervical
dislocation 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 phenol red-free
DMEM supplemented with 20% (v/v) FCS, 60 pg/mL penicillin, 2.5 ug/mL amphotericin-B,
2 mM L-glutamine, and 1.7 g/L sodium bicarbonate. Explants were incubated at 37 °C in
5% CO, atmosphere. In order to establish a pure culture, after three days of culture the ring
explants were removed and ECs were allowed to reach confluence. The identification of the
ECs was determined by: (a) phase-contrast microscope observation of the characteristic
cobblestone morphology of the confluent monolayer; (b) by positive immunoreactivity for
CD34, and (c) by the bioability to synthesize NO.[17] Cells from passages 2-7 were used
for all experiments. Culture medium was replaced with fresh medium containing 10% (v/v)
FCS every 72 h.

2.4.1. Measurement of NO production

ECs were seeded on 24-multiwell culture plates (NUNC) at a density of 3.5 x 10* cells/
well and allowed to grow to 90% of confluence in DMEM containing 10% (v/v) FCS.
Nanoparticles dispersions were prepared using tapped water as solvent. Treatment was
performed in fresh DMEM containing 2% (v/v) FCS, achieving final concentrations of 1, 10,
and 100 pg MNPs/mL of medium for N1 and N2. Each concentration for both formulations
was analyzed in triplicate. A control was also processed, where no MNPs were introduced
(vehicle alone). 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.[18] Once finished treatment, aliquots of culture medium supernatant were mixed
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with Griess reagent (1% sulfanilamide and 0.1% naphthylenediaminedihydrochloride in
2.5% phosphoric acid) and incubated 10 min at room temperature. Absorbance was meas-
ured at 520 nm in a BiotekSinergy-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 dissolved in 1-M NaOH, and protein content
was measured by Lowry Method.[17] The results were expressed as nmol of NO,™ per mg
of protein.

To evaluate ECs response to the NO production agonist Acetylcholine (ACh), cells were
exposed to 10-uM ACh for 30 min and NO production was determined by Griess reaction.

2.4.2. Cellviability

Cell viability was measured by MTT assay (Sigma-Aldrich). Briefly, cells were seeded onto
a 96-well plate (1x10* cells per well) and incubated for 24 h in 100 ul of DMEM with 2%
ECS. Cells were treated with different concentrations of the nanoparticles 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 in an incubator at 37 °C in a 5% CO, atmosphere for 4 h. After
incubation, the medium was removed and 100 pl of dimethyl sulfoxide (DMSO) were added
to each well. Absorbance was measured at 550 nm in a multiplate reader (BiotekSinergy-HT)
using 690 nm as reference. Results were expressed as optical density (O.D.).

2.5. Biodistribution

2.5.1. Invivo experimental assays

The biodistribution study was performed in healthy, eight weeks old CF1 female mice. Mice
were randomly divided according to the body weight (approximately 30 g) into different
groups of 8 animals. Aqueous dispersions of N1 and N2 nanocarriers were administered via
intraperitoneal (IP) injection. The control group received vehicle alone. The doses applied
were about 30 mg MNPs/kg considering physiological doses applicable to future clinical
studies. After 24 h in the acute study and after 28 days in the sub-acute assay, mice were
euthanized by cervical dislocation and organs were extracted in order to evaluate the con-
centration of MNPs. Brain, heart, liver, kidneys, and lungs were conditioned by fixing in
formalin (10%) for 24 h followed by serial dehydration in aqueous solutions of ethanol (70,
80, 96% and 100%v/v), 2 h each step.

2.5.2. MNPs quantification in organs

Quantification of MNPs in organs was performed employing the method developed by
Zysler et al. [19] Magnetization versus magnetic field (-10 kOe-10 kOe) at room temper-
ature was measured using a commercial Vibrating Sample Magnetometer (VSM).

2.6. Statistical analysis

Comparisons between two means were performed using Student’s t-test and multiple com-
parisons by one-way ANOVA, followed by Fisher least significant difference. p values lower
than 0.05 were considered to be statistically significant.
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3. Results and discussion
3.1. Characterization of the obtained formulations

MNPs are composed by almost 56% of magnetite and 44% of chitosan, oleic acid, and glut-
araldehyde.[13] In previous work, we have demonstrated the necessity to better fix chitosan
onto the magnetic core to avoid dissagregation. Stability studies performed by UV-Visible
spectroscopy, size measurements, [12,13] and TEM analysis have demonstrated instability
of chitosan coating.

Hydrodynamic diameter (Dh) and zeta potential measurements ({) were performed
in aqueous dispersions at pH neat 7.4 aiming to reproduce physiological medium. The
recorded data are listed in Table 1. Results are in agreement with reported data regarding
to similar formulations.[12,13] In both cases, the polydispersion indexes registered for all
measurements were under 0.5, indicating that N1 and N2 rendered almost monodispersed
particles in water.

The lower size of N2 in comparison to N1 is due to the stabilization imparted by glut-
araldehyde cross-linking. Cross-linking reaction occurs by the formation of stable imine
bonds among terminal amine groups of chitosan and aldehydic groups of glutaraldehyde.
These bonds fix chitosan on the magnetite surface, imparting smaller size and more stability
to the nanoparticles.[13] Anyway, the size of both systems is appropriate for their use in
biomedical applications.

In Figure 1, TEM micrographs corresponding to both nanocarriers are observed. A
scheme of the most probable structure of MNPs is also represented in this Figure. These
data reveal that magnetic core size is around 10 nm for both formulations. Figure 2 shows
the magnetic characterization results for both, N1 and N2 samples in powder form. The
curves obtained are typical of superparamagnetic systems. Magnetization saturation (Ms)
values were 35.5 emu/g for N1 and 40.4 emu/g for N2.

3.2. Effects on endothelial cells

In Figure 3, micrographs of ECs exposed to 1, 10, and 100 pg/mL of N1 and N2 for 24 h
are shown. As can be seen, MNPs treatment did not induce alterations in cell morphology
compared to control group.

3.2.1. Effect of MNPs on endothelial NO production

The effect of different doses (1, 10, and 100 ug/mL) of N1 or N2 was examined in terms
of the NO production. Figure 4(a) demonstrates that the presence of MNPs did not affect
basal NO production since no statistical differences were detected between control and
treated groups. It is known that acetylcholine is a physiological regulator of endothelial nitric
oxide synthase (eNOS) that stimulates NO synthesis in a few minutes. As can be observed
in Figure 4(a), Ach significantly enhanced NO production (54.0% above the control). In

Table 1. Hydrodynamic diameter (Dh) and zeta potential () measurements of N1 and N2 in aqueous
dispersions. Results are expressed as media + standard deviation (X + S.D.) of 10 measurements.

Nanocarrier Dh/X£SD (nm) {/X£SD (mV)

N1 369+68 -105+0.9
N2 238+64 -148+1.1
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Figure 1. Schemes corresponding to the composition and morphology proposed for N1 and N2 and TEM
micrographs (bar denotes a scale of 20 nm; 2700x).
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Figure 2. M(H) curves corresponding to the samples N1 and N2 measured at 300 K. The line extrapolated
to H = 0 determines the saturation magnetization (Ms) value.

the presence of N1 (24 h), 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 N2
(Figure 4(b)).

Endothelial NO is the main regulator of vascular tone and homeostasis, and it represents
one of the major markers of ECs function. Under physiological conditions, it is synthesized
trough the conversion of L-arginine to L-citruline and NO by eNOS. Regulation of eNOS
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CONTROL

1 pg/mL

10 pg/mL

100 pg/mL

Figure 3. Endothelial cells morphology after 24 h exposure to N1 or N2. Micrographs of representative
fields at 20X of each condition.

induced by physiological vascular agonists such as acethylcoline, bradikynin, and hormones
is critical to maintain healthy properties of vascular wall.[4]

The presented data show that endothelial NO production is not affected by the exposure
to N1 or N2. Moreover, the presence of the MNPs did not alter the ability of the cells to
respond to their endogenous agonist (ACh). Indeed, no differences in cell morphology were
detected neither. The combination of these results suggests that metabolism and integrity
of the ECs remain intact under the treatment with the nanodevices. After a brief survey of
available literature, it was found that these data are relevant since many magnetic nanosys-
tems alter NO production on ECs.

Astanina et al. [3] evaluated the effect on ECs of Endorem’, which is an approved formu-
lation as an intravenous contrast agent composed of dextran-stabilized superparamegnetic
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Figure 4. Effects of N1(a) and N2 (b) nanoparticles on endothelial NO production. Starved ECs were
treated with nanoparticles (1, 10 or 100 pg/mL) for 24 h. Immediately after the monolayers were exposed
to 10 uM ACh or vehicle alone for 30 min. Results are expressed as mean + SD. #p < 0.01, ACh untreated
vs. ACh treated cells.

nanoparticles. In this work, the MNPs were tested on human microvascular endothelial cell
line, causing a diminution in NO production. The authors concluded that dextran-coated
MNPs exert a cytotoxic effect on human ECs by attenuation of cytoprotective NO production.

3.2.2. Cellviability

Tetrazolium dye assay (MTT) was employed to evaluate cell viability after exposure to the
nanoparticles. Only living cells can reduce the MTT to formazan, which may be quantified
spectrophotometrically after dissolution in DMSO at 550 nm. The data obtained from this
assay are considered indicators of cell survival.[20]

Different doses (1, 10, and 100 pg/mL) and times of exposure (6, 24 and 36 h) were
assayed for each nanodevice. This assay was performed until 36 h considering that after 24
h MNPs achieve different organs (see later); so this time is sufficient enough to study the
impact on ECs because the real contact time of the MNPs with ECs is lower. As shown in
Figure 5, maximal cell viability was detected when ECs were treated with N1 nanoparticles
for 6-24 h, compared to control cells (100%). A significant reduction in cell viability was
evidenced in the treatment with the highest dose (100 pg/mL) after 36 h.

The treatment with N2 MNPs did not affect cell viability in the whole range of doses and
times explored (Figure 5(b)).

In general, the cytotoxicity attributed to MNPs is considered dose-dependent [21] and
it is associated to an imbalance of cytoplasmic iron ions which may cause oxidative stress
leading to cellular toxicity, impaired cell metabolism, and concomitant increment in apop-
tosis.[2]

Iron is a natural occurring ion in the body and several mechanisms involved in its
metabolism are known and described.[22] Iron from MNPs may be gradually cleared and
degraded to Fe’* by different endogenous metabolic pathways. Then it would enter the
pool of body iron to be used in the generation of red blood cells. The excess is excreted by
the kidneys.[23]
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Figure 5. Viability of ECs incubated with N1 (a) and N2 (b) nanoparticles from three independent
experiments. Cells were exposed to the indicated concentrations of nanoparticles for 6, 24, or 36 h. Data
are expressed as mean + SD.™p < 0.01 vs. Control.

The different effect on cell viability observed for N1 and N2 at highest doses and after
36 h of treatment can be attributed to the composition of the formulations, especially to
the structure of chitosan coating. So therefore, the reduction in cell survival exerted by
N1 at the dose of 100 ug/mL could be due to the possible disaggregation of chitosan in
the cytoplasm of the ECs, exposing high quantities of iron ions from the magnetic core of
the MNPs. In previous research, we have demonstrated that non-cross-linked chitosan is
feasible to disaggregate from the surface of the nanomagnetite. GA cross-linking leads to
the formation of stable imine bonds between chitosan moieties, improving the stability of
the coating.[13]

Berry et al. [24] observed that dextran-coated magnetite nanoparticles-induced cell
death and diminished proliferation when primary human fibroblasts were exposed in cul-
ture to doses of 50 ug/mL. Even though they expected that coated magnetite would not
cause cellular damage (as dextran is not noted for cytotoxic effects directly), they observed
similar results in comparison to naked magnetite nanoparticles. These effects were justified
considering that dextran shell on the particles could be broken down, exposing iron or
particles aggregates which may influence cellular processes.[25]

Nagqvi et al. [26] demonstrated by MTT assays that SPIONs coated with Tween 80 exerted
cytotoxicty in murine macrophage (J774) cells. SPIONs reduced to near 60% the cell via-
bility at doses up t0200 ug/mL after only six hours of treatment. In the cases of N1 and
N2, it is evident that chitosan coating raised cytocompatibility since the reduction in cell
viability was observed after 36 h of exposure. N2 would result a better nanocarrier compared
with N1. This behavior may be ascribed to the stabilization imparted by cross-linking of
the biopolymer with glutaraldehyde.[13] Cross-linking would fix chitosan chains on the
magnetic core avoiding iron direct exposition. Then, this strategy in the coating of the
magnetic core would prevent from iron-induced cellular oxidative stress, not affecting cell
viability. In general, it is considered that MNPs are transported by transcitosis in ECs.[27]
So it is expected that they could cross the cytoplasm without exerting cytoxicity. It may be
postulated that the combination of high concentration, long-time exposure, and unstable
coating would be the responsible of viability reduction using 100 ug MNPs/mL dose during
36 h. Potential saturation of transport mechanisms would lead to cytoplasmic accumulation
of the MNPs with concomitant development of iron toxicity.



Downloaded by [Mariela Agotegaray] at 06:35 07 June 2016

JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION 1A

It is important to highlight that according to the achieved results, glutaraldehyde does
not exert cytotoxicity on ECs at the doses contained in the concentration of MNPs studied.
In general, glutaraldehyde can act as a cytotoxic substance by inducing apoptosis. Such is
the case of the research developed by Gough et al. [28] where the cross-linking with gluta-
raldehyde on collagen/poly(vinyl alcohol) bioartificial composite films induced apoptosis
on human osteoblasts. Our finding is consistent with previous studies reported by Ma
et al. [29] They obtained a chitosan/collagen scaffold by cross-linking with glutaraldehyde
and proposed that the potential cytotoxicity of glutaraldehyde might be decreased by the
presence of chitosan, obtaining a biocompatible material, nontoxic for fibroblasts.

3.3. Tissue distribution

Figure 6 shows characteristic curves corresponding to the superposition of a superparamag-
netic system signal. It is observable the absence of MNPs in control brain, were saturation
magnetization is equivalent to zero. Liver corresponding to a mouse treated with N1 reveals
the presence of MNPs, meanwhile saturation magnetization is low in a brain of a mouse
treated with N2. This indicates low concentration of N2 in this sample. The saturation
magnetization of the MNPs, and consequently their mass in each organ, were determined
by the analysis of the curves extrapolating the high magnetic fields data to zero fields. This
method developed by Zysler et al. [19] presents the advantage of high accuracy to determine
the content of MNPs without the contribution of endogenous iron in the tissue or blood.
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Figure 6. Representative magnetization curves obtained from the VSM measurements on brain and liver
of mice, after 24 h of IP administration with MNPs. Doses of N1 and N2 were equivalent to 30 mg MNPs/
kg. Control corresponds to animal that received no treatment with nanocarriers.
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Figure 7. (a) Biodistribution of N1 and N2 after 24 h of IP injection in mice; (b) Biodistribution of N1 and

N2 after 28 days of a weekly IP administration in mice.
Note: ‘p<0.05 with respect to the control group. ¥p<0.05 with respect to the same organ studied after the acute
biodistribution. Results are expressed as X (media) + S.E.M. (standard error of media).

Quantification of N1 and N2 in the explored organs is shown in Figure 7, establishing
the acute (a) and the sub acute (b) biodistribution patterns of the nanosystems.

The aim of the acute biodistribution assay is to evaluate the acute body distribution in
order to gain knowledge about the organs where these MNPs are preferably distributed
by bloodstream in a short period of time. These data are relevant to future studies related
to biomedical magnetic targeting, considering the targeting an acute practice after MNPs
administration.

N1 and N2 were distributed to diverse organs after 24 h from IP administration. The
highest quantity of both nanocarriers was found in heart. Then, lungs and liver were the
tissues where the MNPs were preferentially distributed, while kidneys and brain contained
the lowest quantity.

Regarding to the biodistribution after 28 days of treatment, no significant differences
were observed among N1 and N2 in the organs reached by each formulation. However,
significant differences were found concerning the amount of nanoparticles deposited in
some organs with respect to acute assay.

After IP administration, it is expected that the major quantity of MNPs would be taken
up by the liver due to the first-pass effects, and would be later redistributed to other organs.
[30] It is also expected that in vivo injected MNPs would be captured by macrophages from
the RES, reducing blood circulation time and rendering accumulation in liver (80-90%).
[31] Unexpectedly, low percentages of both N1 and N2 MNPs were found in liver (15 and
14.5%, respectively). These data suggest that these MNPs would be redistributed from
liver, avoiding significantly the capture by the RES after 24 h from IP administration. This
behavior would improve the blood circulation time of the carriers.

In general, various characteristics associated to the morphology of NPs are implicated
in the biodistribution profile besides RES. Regarding to the size, it is expected that larger
NPs would be quickly taken up by the liver, imparting short circulation time in blood. On
the contrary, smaller MNPs present easier access to other organs and longer circulation
time.[32,33]

Biodistribution of superparamagnetic iron oxide nanoparticles (SPIONs) has been
studied regarding to the in vivo effect of size. For instance, Chouly et al. [34] studied dex-
tran-coated SPIONs ranging in size from 33 to 90 nm. They have found that larger ones
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exhibit faster and greater uptake in the liver. Jain et al. [6] analyzed the biodistribution of
Pluronic-OA-SPIONs with particle sizes around 193 nm. They observed that the 55% of
the initial dose was distributed to the liver, demonstrating that the Pluronic-OA-SPIONs
were taken up by the RES. Mojica Pisciotti et al. [8] have studied dextran- and polyethylene
glycol-coated SPIONs and their biodistribution profile in mice. The hydrodynamic diame-
ters of these particles were estimated in 170 and 120 nm for the Dextran- and PEG-coated
systems. The study revealed that largest amounts of MNPs were found in liver.

The nanosystems studied in this work present Dh of 369 nm (N1) and 238 nm (N2),
indicating that even when they are larger than other reported NPs, they are able to avoid the
capture by RES of liver. By this way, other factors than size would be responsible for tissue
distribution. This result reinforces the hypothesis that not only RES is responsible for the
capture, but also the chemical structures of MNPs. Fundamentally, particles coating would
play a crucial role in biodistribution.[7] In this regards, chitosan would influence the inter-
actions among the nanoparticles and RES. The supramolecular structure of the biopolymeric
coating is plausible to generate hindrance to macrophage ability to phagocytose MNPs.
The surface charge is another important parameter which influences the biodistribution
of MNPs. Neutral NPs result the most adequate because they tend to avoid RES capture
due to a decrease in opsonisation [35]. Papisov et al. [36] studied positively charged (poly-
lysine)-dextran-coated SPIONs which showed a rapid clearance by liver; meanwhile neg-
atively charged succinate-(poly-lysine) dextran-coated SPIONs presented an incremented
blood circulating time and exhibited a biodistribution profile similar to nearly neutrally
charged dextran-coated SPIONS. In this case, both N1 and N2 present a negative surface
charge at physiological conditions (Table 1). This characteristic would possibly contribute
to the low capture by the RES in the liver.

On the other hand, not only the intrinsic features of the MNPs determine biodistribu-
tion, but also physiology and histology of the organs. By this way, it is also important to
evaluate biodistribution in terms of the tissue characteristics. It is observable that N1 and
N2 reached greater quantity in lung and heart compared to those observed in the rest of
the organs studied. This could be ascribable to the high blood irrigation of these organs.
The endothelium of muscle and lung capillaries presents a continuous morphology that
permit small molecules to be transported across the capillary wall.[37]

The clearance of NPs by the kidneys depends on several factors such as size and surface
charge. Particles with hydrodynamic diameters smaller than 8 nm may be filtered by the
glomerular capillary membrane and then would be cleared by the urine.[38] Negatively
charged particles may fail to pass through the pores of the membrane because of the nega-
tively charged pores.[22] N1 and N2 were found in small quantities in kidney, in agreement
with these features.

The low concentrations of N1 and N2 quantified in brain suggest that they are not able
to cross the blood-brain barrier in high quantities, at least in short periods of time after
administration.

The analysis of the acute biodistribution patterns of N1 and N2 revealed that there are
not significant differences between both nanocarriers. Glutaraldehyde cross-linking in N2
would not have impact on the tissue specificity after 24 h from injection. In Scheme 8, it is
shown the acute biodistribution profile for the magnetic nanocarriers in the organs studied.

After weekly administration during 28 days, concentration of both N1 and N2 was
incremented in liver. This situation is attributable to the repetition of the initial dose after
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Scheme 1. MNPs studied were administered via IP injection. After reaching blood stream and crossing the
endothelial barrier, they are biodistributed to the whole organism. The magnetic devices do not affect ECs
at therapeutic doses. The formulations greatly avoided the initial clearance by liver reticulo-endothelial
system (RES), in comparison to several other nanoparticulated carriers after 24 h from IP administration.

the studied time. This increase indicates that after repeated doses over time, liver would act
as detoxification system of these formulations. Moreover, repeated doses could cause liver
bioaccumulation. This fact is important to consider when applying these MNPs for chronic
treatments. It is worth mentioning that N2 has been found in greater concentration than
N1 in liver. One hypothesis is based on the stabilization imparted by chitosan cross-linking.
This phenomenon would delay the elimination of the nanoparticles in the liver by protecting
from exposure of the magnetic core. Just as the cross-linking protects endothelial cells from
oxidative stress caused by possible iron overload, it is possible that the mechanisms of liver
detoxification do not recognize N2 as toxic systems, thereby retarding their elimination.

The concentration of both N1 and N2 decreased significantly in the heart after subacute
administration in comparison to the concentrations found after the acute exposure. These
results reveal that after a more sustained exposure over time, the chitosan-coated MNPs
decrease circulation in bloodstream and remain deposited in various organs. This finding
confirms that the highest concentration found in heart after the acute study would be due to
high blood supply to heart. And also, to the increased circulation time given by the chitosan
coating which avoids from acute clearance by RES.

A significant decrease in the concentration of N1 and N2 in the heart was also observed
after the subacute exposure. A similar behavior was evidenced for N2 in brain. These find-
ings constitute a significant contribution in terms of the knowledge about the possible
metabolism of these MNPs, revealing that chitosan-coated MNPs would not accumulate
in these organs after repeated applications. These organs would be able to metabolize or
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eliminate them efficiently. In this last case, the liver might be responsible for disposal accord-
ing to the observed increase in the concentration.

5. Conclusion

The information recovered from this research demonstrated that MNPs composed of mag-
netite/chitosan and magnetite/chitosan/glutaraldehyde do not affect ECs metabolism. The
nanocarrier N2 does not induce cytotoxicity on ECs, meanwhile N1 diminishes cell viability
at the highest explored dose and longer treatment times. The differences found are attrib-
utable to the chemical composition of the carriers, revealing a close relationship among
physicochemical properties and biological behavior. Cross-linked chitosan with glutaral-
dehyde prevents from chitosan disaggregation, avoiding the direct exposure to iron from
the magnetic core. This strategy on coating would prevent from iron associated cytotoxicity.

The acute biodistribution profile in different mice organs resulted similar for N1 and N2.
It is noticeable that both nanocarriers greatly avoided the initial clearance by RES in liver,
in comparison to other reported MNPs. This characteristic is attributable to the surface
charge and the controlled size as imparted by the coating of the magnetic core. The sub acute
exposure to N1 and N2 revealed an increment in the concentration of both nanosystems
in liver and a concomitant decrease in heart and brain (in special N2). This indicates that
after repeated doses the MNPs did not accumulate in the organs. Besides, liver could be
the possible site of detoxification.

MNPs as drug-targeted devices represent a promising advance in the located treatment
of several diseases. The improvement in the knowledge about the behavior of these nanosys-
tems in vitro and in vivo is essential for the understanding of their metabolism and toxicity;
both important features for the employment of these novel biomaterials. Morphological,
magnetic, and biological properties found for N1 and N2 reveal them as likely nanodevices
for the magnetic guidance of drugs to specific desired sites of the organism.
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