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ABSTRACT: In this research work, DEXTRAN- and polyethyl-
ene glycol (PEG)-coated iron-oxide superparamagnetic nano-
particles were synthetized and their cytotoxicity and
biodistribution assessed. Well-crystalline hydrophobic Fez0,
SPIONs were formed by a thermal decomposition process
with d = 18 nm and ¢ = 2 nm; finally, the character of
SPIONs was changed to hydrophilic by a post-synthesis pro-
cedure with the functionalization of the SPIONs with PEG or
DEXTRAN. The nanoparticles present high saturation mag-
netization and superparamagnetic behavior at room tempera-
ture, and the hydrodynamic diameters of DEXTRAN- and
PEG-coated SPIONs were measured as 170 and 120 nm,
respectively. PEG- and DEXTRAN-coated SPIONs have a Spe-
cific Power Absorption SPA of 320 and 400 W/g, respectively,
in an ac magnetic field with amplitude of 13 kA/m and fre-
quency of 256 kHz. In vitro studies using VERO and MDCK

cell lineages were performed to study the cytotoxicity and
cell uptake of the SPIONs. For both cell lineages, PEG- and
DEXTRAN-coated nanoparticles presented high cell viability
for concentrations as high as 200 pg/mL. In vivo studies were
conducted using BALB/c mice inoculating the SPIONs intrave-
nously and exposing them to the presence of an external
magnet located over the tumour. It was observed that the
amount of PEG-coated SPIONs in the tumor increased by up
to 160% when using the external permanent magnetic as
opposed to those animals that were not exposed to the exter-
nal magnetic field. © 2014 Wiley Periodicals, Inc. J Biomed Mater
Res Part B: Appl Biomater 00B: 000-000, 2014.
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INTRODUCTION

Recent advances in nanotechnology are expected to revolu-
tionize the field of medical therapeutics; among these technol-
ogies, superparamagnetic iron-oxide nanoparticles (SPIONs)
appear as a promising field in many therapeutic areas. The
potential of SPIONs to transport drugs to a specific site of the
organism by taking advantage of its capacity to be manipu-
lated by an external magnetic field, thus avoiding potentially
adverse reactions caused by unspecific binding of the drug to
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healthy tissues and as a therapeutic tool themselves have
encouraged these studies and developed commercial products
based on SPIONs.! Lubbe et al. in 1996> have successfully
used SPIONSs in the first clinical trial reported, and after that,
the use of these systems for therapeutics have been studied
intensively. Following this line, toxicological studies of SPIONs
are urgently needed to determine its effects in human health.?

A promising therapeutic application of SPIONs is in the
magnetic fluid hyperthermia, which consists in the heating
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of the target tissue by the nanoparticles when exposed to
an external magnetic field. In this way, the SPIONs can be
used to destroy tumors by cell hyperthermia,®. It is evident
that this kind of technique offers a wide range of benefits
over virtually any other therapeutic approach because sev-
eral features of SPIONs can be controlled, including func-
tionalization of their surface to control specific binding to
different cancer cells types and controlled pharmacokinetics
by magnetic manipulation. Moreover, the SPIONs can be
used simultaneously as contrast agent, thus detecting and
treating a disease in real time.>®

Proper delivery of the SPIONs to the target tissue results
critical for their clinical application to avoid broad biodistri-
bution and damage to healthy tissues. Therefore, a compre-
hensive understanding of the biodistribution of SPIONs
throughout the body is mandatory. To achieve this goal, dif-
ferent kinds of analytical methods, including qualitative and
quantitative ones, have been developed to assess the pres-
ence of SPION in animal tissues by means of in vitro or in
vivo assays.””'” Although the mechanism of SPIONs uptake
by different cell types is still under investigation, a great
amount of experimental work supports the hypothesis that
the influence of the coating layer is a key factor.'®'® Fur-
thermore, a vast amount of experiments involving an enor-
mous variety of chemical coatings have been performed,
reporting their influence on the biological response in both
cases, in vitro (cytotoxicity) and in vivo (biocompatibil-
ity)."9%% Despite the large number of experiments con-
ducted, the biodistribution and fate of SPIONs in the human
body is still not well understood and more experimental
data are needed.

In this work, we have performed in vitro and in vitro
experiments with SPIONs of 18 nm and narrow size disper-
sion. The SPIONs were functionalized with polyethylene gly-
col (PEG) and DEXTRAN (a complex, branched glycan
composed of chains of different lengths). We morphologi-
cally, magnetically, and rheologically characterized the
SPIONs, while the Specific Power Absorption of the SPIONs
was determined for a bio-friendly ac magnetic field. In vitro
experiments were performed to test the cytotoxicity of these
systems as well as the cell uptake by VERO and MDCK line-
ages. In vivo experiments consist in determining the ability
to concentrate SPIONs in a tumor with a magnetic-assisted
delivery and comparing the amount of SPIONs in the tumor
with that in other organs of Balb/c mice. To the best of our
knowledge, the potential biological and medical applications
of SPIONs with these coatings and produced by this route
of synthesis have not yet been reported. In addition, the
behaviour of the PEG-coated SPIONs in the magnetic-
assisted delivery experiment is very promising.

MATERIALS AND MIETHODS

SPION preparation

The most common method for preparation of iron oxide
nanoparticles is co-precipitation, but this process generally,
needs additional steps to purify and reduce the obtained
size distribution.”®> Conversely, there is a more effective pro-
cess based on decomposition of iron precursors to synthe-
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size the iron oxide core coated with a layer of oleic acid in
a single step.?* This method results in hydrophobic nano-
particles, requiring a post-synthesis procedure to make
them hydrophilic.2° The nanoparticles are suspended in an
aqueous media and functionalized if necessary. This latter
method yields to narrow particle size distribution with an
easily controlled mean diameter, which are desirable fea-
tures.?® This method was used to improve the quality of
SPIONs and to control their morphology.

Nanoparticles were prepared by thermal decomposition
of iron(Ill) acetylacetonate (Fe(acac)s) in the presence of
oleic acid and working at reflux condition during 15 min,
with using as solvent trioctylamine (boiling point 630 K).
The size of the particles was tailored by the surfactant:pre-
cursor molar ratio ([Surf]:[Prec.]) and the total synthesis
time, aimed to obtain a 18 nm size nanoparticles. The as-
prepared sample consisted of a black suspension in a non-
polar solvent of ferrite nanoparticles coated with an oleic
acid monolayer. To use these nanoparticles for biological
applications they were coating with 11-Aminoundecanoic
acid tetramethylammonium salt (11-AATS) as already
described in the literature.?® Briefly, the oleic acid-coated
nanoparticles and the 11-AATS were diluted in dichlorome-
thane (0.1 wt %). The mixture was sonicated in an ultra-
sound bath for 1 h and after an incubation time of 24 h the
nanoparticles became hydrophilic. Thus, PEG and DEXTRAN
molecules could be attached in the nanoparticles.?”8
Finally, a stable biocompatible aqueous suspension of PEG-
or DEXTRAN coated SPIONs was obtained.

Experimental details

Magnetic nanoparticles were characterized by transmission
electron microscopy (TEM) operating at 200 kV (Philips CM
200 electron microscope). TEM specimens were prepared
by dropping the ferrofluid containing the nanoparticles in a
copper grid covered with a carbon thin film. X-ray diffrac-
tion (XRD) patterns were collected in 6-20 geometry with a
Philips W1700 diffractometer, using Cu-Ka radiation. Mag-
netization measurements as a function of magnetic field
(—10 to 10 kOe) were performed using a commercial
vibrating sample magnetometer (VSM—Lakeshore) at room
temperature. Magnetization measurements as function of
temperature were performed in a commercial SQUID mag-
netometer (Quantum Design).

Hydrodynamic radius was measured by light scattering
in a ZetaSizer 1000 (Malvern Instruments) with the nano-
particles dispersed in toluene or water, depending on the
coating, at very low concentrations. Each sample was meas-
ured about 10 times to determine the mean diameter value.
The Fourier transform infra-red (FTIR) spectra were col-
lected in a commercial spectrometer (Frontier Perker-Elmer
FT-IR Spectrometers) with range from 400 to 4000 nm. The
samples for FTIR measurements were conditioned by two
ways depending of the solvent of the nanoparticles. For the
hydrophobic particles, a disk of potassium bromide was pre-
pared and the nanoparticles with the inorganic oil were put
on the disk. For the hydrophilic particles, the aqueous solu-
tion was saturated with potassium bromide and the water
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was vaporized in a heater, and the final powder was pressed
in a hydraulic press.

Experimental SPA measurements were made placing
0.5-1 mL aliquots of SPIONs into the working space where
an alternating magnetic field was generated using a home-
made ac-field generator. The ac generator, consisting of a
resonant LC tank working close to the resonant frequency,
was used to measure the specific power absorption (SPA) of
the samples. A magnetic field (f = 256 kHz, H = 13 kA/m)
was achieved inside the coil. The temperature data were
measured using a fiber-optic temperature probe (ReflexTM,
Neoptix) that was unaffected by the ac magnetic field. The
SPA values were obtained from the initial slope of the heat-
ing curves measured inside an insulated Dewar. The experi-
ments were performed with colloids having around 0.5 %
w/v as standard concentration of SPIONs for all samples,
with the nanoparticles dispersed in water.

In vitro experiments

Cytotoxicity assays were evaluated measuring cell viability of
VERO and MDCK cell lines after 24 h of incubation with PEG-
and DEXTRAN-coated nanoparticles at different concentra-
tions. Cell viability was assessed by the 3-[4,5-dimethylthia-
zol-2-y1]-2,5-diphenyltetrazolium bromide (MTT) assay?® that
measures the integrity of the mitochondrial function. The
optical absorption was measured at 540 nm and it was com-
pared with the intensity in a control group cultured without
the nanoparticles considered to have 100% viability. In total,
each experiment was performed with 10,000 cells in average,
and the viability was assessed as a function of the concentra-
tion of the SPIONs in the medium (pg of SPIONs per mL of
medium—pg/mL). Fibroblast cell lines have been used to
determine toxic effects induced by nanoparticles as they are
the major cellular constituent of fibrous connective tissue,
and Vero and MDCK cells have frequently been used with
cytotoxicity assays with the advantages of fast grown and

easy access.203?

In vivo experiments
In vivo assays were conducted using a syngeneic transplant
animal model consisting in BALB/c mice aged 11 weeks. In
vivo assays were conducted using a syngeneic tumor animal
model. 9 weeks old BALB/c mice, were inoculated subcuta-
neously in the left flank with 200.000 cells of the syngeneic
murine mammary adenocarcinoma tumor cell line LM3.
After 2 weeks, when tumors were clearly visible, the
animals were injected with 200 pL of an aqueous suspen-
sion containing DEXTRAN- and PEG-coated magnetite nano-
particles 0.5% m/v in the tail vein, to observe the effects of
an external dc magnetic field on the amount of the nanopar-
ticles absorbed in different organs: liver, lung, tumor, and
skin tissues (ipsilateral and contralateral). The magnetic
field was produced by a permanent magnet: a circular
FeNdB magnet with 5 mm of diameter and 2 mm of thick-
ness: ~10 kOe at the surface. The magnet was placed on
the skin of the left side that was the region where the
tumor was implanted. In total, five groups of six animals
each one were organized as follow: Group 1: PEG-coated
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SPIONs with magnet; Group 2: PEG-coated SPIONs without
magnet; Group 3: DEXTRAN-coated SPIONs with magnet;
Group 4: DEXTRAN-coated SPIONs without magnet; and the
control group: not exposed to the SPIONs.

After 24 h of the injection, the animals were euthanized.
The magnet was localized on the tumor during 24 h. All
procedures involving animals were performed following NIH
guidelines for animal care. Liver, lung, tumor, and skin tis-
sues (ipsilateral and contralateral with respect to the
tumor) were extracted and fixed in formalin solution for 48
h and then through a series of ethanol solutions with 70,
96, and 100% v/v successively. The amount of SPIONs in
the ex vivo tissues was obtained by means of magnetization
measurements, using the superparamagnetic characteristics
of the system, as described elsewhere.”

RESULTS

Morphological and magnetic characterization

of SPIONs

TEM and high-resolution TEM (HRTEM) images of SPIONs
are presented in Figure 1(ab), respectively. Nanoparticles
presented spherical-like shape and a narrow Gaussian size
distribution with mean diameter < d > = 18 nm and dis-
persion ¢ = 2 nm, as obtained from the fitting of the diam-
eter histogram presented in the inset of Figure 1(a). HRTEM
image evidenced the high crystallinity of the nanoparticles
(atomic planes are clearly observed in the whole particle)
and the fast Fourier transformation (FFT) of the image [see
inset of Figure 1(b)] confirms the crystalline structure
expected for the spinel structure of the ferrite (magnetite
Fe30, and maghemite +y-Fe,03). Figure 1(c) presents the
XRD profile, where the peaks associated with the crystalline
reflections of the planes of spinel structure are observed,
corroborating the crystallinity observed in HRTEM images.
According to the Scherrer’s formula, which gives the crystal-
lite size from the peak width, the mean grain size of our
sample is about 15 nm.

Figure 2(a) displays the M(T) curves measured in ZFC
and FC conditions. These curves clearly show an irreversi-
bility temperature at Ty, = 280 K and the ZFC curve exhib-
its a maximum temperature at Ty.x = 190 K, which are
associated to the highest blocking temperature (Tg) for the
system and the average one, respectively. Above these tem-
peratures, the system is superparamagnetic. Therefore,
these SPIONs are, indeed, superparamagnetic at room tem-
perature for the time range of dc measurements. In fact,
M(H) curve measured at 300 K [see Figure 2(b)] presents
no hysteresis, as expected for the superparamagnetic regime
and it is well-fitted with the Langevin function, in opposi-
tion to the M(H) curve measured at 5 K (T << Tg), also
shown in Figure 2(b), which gives a coercive field of Hc =
200 Oe. Saturation Magnetization (Ms) value obtained from
the M(H) curves are 72 and 67 emu/g for 5 and 300 K,
respectively. These values are similar to those observed for
well-crystalline nanoparticles with equivalent diameter®®
and close to the Mg value of bulk material (92 emu/g),**
and the reduction of saturation magnetization with increas-
ing temperature is expected.
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FIGURE 1. (a) TEM image; (b) HRTEM image; (c) XRD profile of the
SPIONSs. Inset of Figure 1(a) presents the histogram of diameters fitted
with a Gaussian distribution (solid line). Inset of Figure 1(b) gives the
FFT of the HRTEM image indexed as the (311) direction of the spinel
structure of ferrite. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

FTIR and hydrodynamic radius

According to light scattering measurements, the mean
hydrodynamic diameter obtained for the oleic acid-coated
nanoparticles was <dy,q> = 20 = 5 nm, close to the mean
diameter of the particles obtained from TEM images. For
DEXTRAN- and PEG-coated nanoparticles dispersed in water
<dnhye> = 170 = 70 nm and <dpyq> = 120 * 40 nm val-
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FIGURE 2.(a) M(T) curve of the SPIONs measured at ZFC and

FC modes with H = 100 Oe; (b) M(H) curves of the SPIONs measured
at 5 and 300 K.

ues were obtained, respectively. These values of <dyyq> are
close to those observed in the literature for PEG- and
DEXTRAN-coated superparamagnetic iron oxide nanopar-
ticles,"® despite the fact that hydrodynamic diameters of
about 50 nm were also observed for iron-oxide nanopar-
ticles coated with PEG and DEXTRAN.>*®> We noted that the
hydrodynamic diameter results critical for the performance
of nanoparticles for drug delivery applications.>® Specifically,
for in vivo experiments, it is observed that nanoparticles
larger than 80 nm are quickly uptaken by the reticuloendo-
thelial system (RES) by macrophages in the liver and
spleen.®”

Figure 3 exhibits the FTIR spectra of the SPIONs
coated with oleic acid, PEG, and DEXTRAN. By comparing
these experimental spectra with the reported values for
the peak position of magnetite, oleic acid, PEG, and DEX-
TRAN, the contribution of each compound in the spectra
was identified. For the as-prepared sample, the contribu-
tion of magnetite and oleic acid was observed, while for
the other two samples, we observed the contributions of
magnetite, together with PEG or DEXTRAN. Two charac-
teristics of FTIR spectra of hydrophilic nanoparticles are
interesting to remark. First, we do not observe the pres-
ence of 11-AATS; second, the FTIR spectra are in agree-
ment with the literature for PEG- and DEXTRAN-coated
nanoparticles.?83°

SPA measurements

Figure 4 shows the time dependence of the tempera-
ture of an aqueous-based ferrofluid containing our
SPIONs with concentration of 0.5 wt % in the presence
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FIGURE 3. FTIR spectra of the samples composed by the as-prepared
nanoparticles coated with oleic acid, and of those coated with PEG
and DEXTRAN.

500 2500

of an ac magnetic field with H = 13 kA/m and f = 250
kHz. We observed an increase of ~3.2°C and 2.5°C in
only 10 s for the DEXTRAN- and PEG-coated SPIONS,
respectively. SPA was obtained from the experimental
time dependence of the temperature by the following

expression:
N Cliq * mliq) (dT)
SPA=|——)(—|, 1
( MspioN dt S

where cjiq is the specific heat of the water, myq and mgpion
are the mass of liquid and of SPIONSs, respectively. Top panel
of Figure 4 shows the derivative curve of the time depend-
ence of the temperature of the ferrofluids containing DEX-
TRAN- and PEG-coated SPIONs, from which we calculated
the respective SPA values of 400 and 320 W/gspion using
the maximum values of the derivative curve for each
sample.
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FIGURE 4. Time dependence of the temperature of water-based ferro-
fluids containing DEXTRAN- and PEG-coated SPIONs with concentra-
tion of 0.5 wt % for an applied field with H = 13 kA/m and f = 250
kHz. Inset gives the derivative curves used to calculate the SPA values
for each sample.

In vitro tests

Figure 5 presents the cell viability measurements in VERO
and MDCK cell lines exposed to different concentrations of
ferrofluid containing the PEG- and DEXTRAN-coated SPIONs
in the culture medium. Each point is the mean value
obtained from distinct numbers of experiments for the con-
centration, and the corresponding error bar obtained is also
presented. For the VERO cells treated with DEXTRAN-coated
nanoparticles, viability was observed to be near 100% for
concentrations as high as 300 pg/mL and this value
decreased to ~75% for the concentration of 400 pg/mL.
Viability of MDCK cells for DEXTRAN-coated SPIONs was
close to 100% even for the concentration of 400 pg/mL. It
was observed a different behavior for the PEG-coated
SPIONSs; if the error bar is considered, there is no mayor dif-
ference in the viability of both types of cell for 200 pg/mL
(mean value close to 75%). However, cell viability decreases
rapidly for higher concentrations, being lower than 50% for
400 pg/mL for both cell lineages. This significant difference
among PEG- and DEXTRAN-coated nanoparticles for concen-
tration higher than 200 pg/mL in both cell lineages remains
even considering the error bar.

The high values of cell viability obtained for DEXTRAN-
coated nanoparticles for VERO and MDCK cell lines were
similar to those observed in the literature for nanoparticles
with similar coating for human umbilical vein endothelial
cells.?® Our results evidenced no toxic effects of the 11-
AATS used during the synthesis to produce hydrophilic
nanoparticles. For higher concentration (>200 pg/mL), the
values obtained for the PEG-coated SPIONs were lower than
those observed in the literature*® for high concentrations.
This difference may be associated with two factors: first, in
Choi et al.*® primary cell cultures are used for the in vitro
experiments; second, there the SPIONs were coated with a
bilayer composed by the oleic acid (attached to the surface)
and a commercial PEG-phospholipid conjugate, thus a
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FIGURE 5. Cytotoxicity of nanoparticles in VERO and MDCK cell line-
ages by MTT assay. The cells were incubated with different concen-
trations of nanoparticles coated with PEG and DEXTRAN, for 24 h.
The values are given in reference to the control population of cells
(equivalent to 100%). Each point is the mean value obtained from dis-
tinct numbers of experiments for the concentration, and the corre-
sponding bar obtained is also presented.

different coating was used in comparison with the one men-
tioned in this work. These two points may lead to the
observed difference in the cytotoxicity for concentration
>200 pg/mL.

It is important to note that cytotoxicity measurements
obtained for DEXTRAN-coated SPIONs exhibited high cell
viability even at concentrations as high as 200 pg/mL, indi-
cating that the utilization of 11-AATS in the synthesis proce-
dure does not induces a high toxicity for the systems. It is
worth to say that interaction mechanisms between nanopar-
ticles and living cells are complex and still not fully under-

stood. There are many variables to consider when working
with nanomaterials, including, besides the material, the size,
shape, surface, charge, dispersion, agglomeration, and
aggregation.41

Quantification of the amount of nanoparticles absorbed
by the MDCK and VERO cell lines when incubated at high
concentration (500 pg/mL) were performed by magnetic
techniques. For these tests, DEXTRAN-coated nanoparticles
were used because of the low in vitro cytotoxicity they pres-
ent when there are high concentrations of this formulation.
A quantity of 40 and 10 pgspions/cell was determined for
VERO and MDCK cell lines, respectively, which have the
same magnitude than those found in dendritic cells.*?

Quantification of nanoparticles in different organs

and in the tumor of BALB/c mice

In vivo experiments were performed to quantify the amount
of PEG- and DEXTRAN-coated nanoparticles in the liver,
lung, ipsilateral, and contralateral skin, and in the tumor for
both situations: with and without the magnet. Table I shows
the amount of nanoparticles found in each organ. The
amounts are given in micrograms of nanoparticles per
grams of ex vivo tissue after 24 h of the injection in the tail
vein.

Three main results emerge from Table I. First, for both
organic coatings and with or without the magnet, the major-
ity of nanoparticles are localized in the lung and liver after
24 h, not in the tumor. Second, the amount of PEG-coated
nanoparticles in the tumor with the presence of the magnet
increases 160% in comparison to the group without the
magnet. Finally, for DEXTRAN-coated nanoparticles no major
difference was observed in the amount of nanoparticle in
the tumor for both cases, with or without magnet. Another
interesting observation is the low concentration of nanopar-
ticles in the ipsilateral skin for both organic coatings, which
is almost the same as the one observed for the contralateral
skin even with the presence of the magnet. We have also
observed that the amount of PEG-coated nanoparticles in
the lung increases ~50% in the presence of the magnet.

DISCUSSION

Recent results in the literature'® indicate that PEG-coated
nanoparticles that have larger circulation time can be tar-
geted to a brain tumor by applying a strong external mag-
netic field (2 kOe) in the tumor zone. The authors have

TABLE I. Amount of PEG-Coated and DEXTRAN-Coated Nanoparticles in Both Situation, With and Without Magnet, Detected
by Magnetic Measurements in Different Ex Vivo Tissues of Injected BALB/c mice After 24 h

PEG-coated (ng/g)

DEXTRAN-coated (ug/g)

Tissue With magnet (STD) Without magnet (STD) With magnet (STD) Without magnet (STD)
Liver 1200 (70) 1565 (85) 1300 (81) 1357 (45)

Lung 5090 (430) 1572 (41) 2560 (64) 1679 (40)
Tumor 453 (30) 165 (5) 253 (9) 279 (20)
Contralateral skin 27 (8) 296 (10) - 36 (5)
Ipsilateral skin 13 (5) 61 (5) 35 (5) 26 (5)

Each value corresponds to the mean value of six measurements and the number in the parenthesis corresponds to the respective standard

deviation (STD).
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observed a reduction in the nanoparticle concentration in the
liver and spleen in comparison to those for other nanopar-
ticle systems. They have also obtained an enhanced concen-
tration of nanoparticles in the brain tumor (0.1% of the
nanoparticles injected), confirming that an increase on the
circulation time of the nanoparticles leads to a better mag-
netic targeting of a tissue. These results explain the poor effi-
ciency that, until now, has been achieved by the use of a
magnetic field gradient induced by an external magnet to
mark a tumor for the delivery of PEG- and DEXTRAN-coated
nanoparticles when injected in the vein tail of mice. In fact,
the efficiency of the magnet to mark a target tissue depends
on a larger circulation time of the nanoparticles.®® In this
regard, two key factors are the surface chemistry and the
hydrodynamic diameter of the magnetic system. In this way,
two options to increase the efficiency of the external mag-
netic field to concentrate the nanoparticles in the target are:
(i) to inject the nanoparticles directly in the tumor, minimiz-
ing the effect of short circulation time; (ii) and/or to increase
the circulation time with the reduction of the hydrodynamic
diameter of the nanoparticles. Wang et al. studied the biodis-
tribution of iron-oxide nanoparticles synthesized by co-
precipitation in Wistar rats with a magnet localized on the
abdominal area, close to the skin and immediately after the
injection in the neck, the concentration of nanoparticles
increased rapidly in the liver, lungs, and kidneys, similarly to
the results provided here. However, when the magnet was
positioned close to the injection zone, they observed different
results, finding nanoparticles in the magnet zone. Thus, the
injection of the nanoparticles into the artery that irrigate the
tumor zone marked with the magnet may actually increase
the efficiency of the procedure. Nevertheless, the presence of
an external magnet limits the increase of the nanoparticles
concentration close to the skin, and the injection of nanopar-
ticles directly in the tumor is not an effective or possible
technique for several biomedical procedures using drug deliv-
ery systems. At the same time, the reduction of hydrody-
namic diameter could not be easily achieved since it is
necessary to produce a smaller organic coating or to reduce
the size of nanoparticles, which would lead to an increase in
the interparticle interactions or to a detriment in their mag-
netic properties.** Finally, the use of chemical markers in the
surface of nanoparticles attached to the PEG or DEXTRAN
could provide a more efficient method for drug delivery, by
increasing the amount of nanoparticles in the target
tissue.*%*’

According to in vivo experiments performed by the
authors, the largest amount of nanoparticles were found in
the lung and liver with or without magnet, probably as
consequence of their morphological, chemical, and rheolog-
ical characteristics. Similar results have already been
observed for nanoparticles with PEG and DEXTRAN coat-
ings and similar hydrodynamic diameter or even a smaller
one.'>** This behavior is explained by the pharmacoki-
netics of these kinds of particles. When these particles are
absorbed, biodistribution takes place mainly on the RES,
which leads to a very high concentration of nanoparticles
in liver and lungs, as well as in the spleen (the last one
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was not studied in this article). These phenomena could be
explained to some extent to particle size and surface that
makes SPIONs amenable to be uptake by macrophages of
the RES.

However, it is observed a significant increase in the
amount of PEG-coated SPIONs in the tumor with the mag-
net, an increase of 160 %. This result indicates a relative
success in magnetic target of these SPIONs. In comparison,
no increment was observed for the DEXTRAN-coated
SPIONs. PEG-coated SPIONs have smaller hydrodynamic
diameter and consequently a larger circulation time in com-
parison to the DEXTRAN-coated ones. It could be argued
that the larger circulation time leads to a higher efficiency
of the magnet to concentrate the nanoparticles in the tumor,
although the larger amount of SPIONs was still detected in
the lungs and in to a lesser extent in the spleen. The hydro-
dynamic diameter of the DEXTRAN-coated nanoparticles of
180 nm leads to a reduced circulation time, impairing the
ability of the magnet to increase the concentration of the
SPIONSs at in the tumor site.

Interestingly, we have also observed a marked increase
in the concentration of SPIONs in the lung, which was
observed in all animals on these experimental conditions.
This increase on the concentration of SPIONs in the lung,
which was observed in all animals on these experimental
conditions, cannot be easily understood and further studies
are needed to fully understand the absorption mechanism
of the SPIONs by the lung.

It is important to remark that the nanoparticles showed
in this work are well-crystalline, with a mean diameter of 18
nm, a narrow size distribution of ¢ = 2 (~14%) and are
coated with PEG and DEXTRAN. Additionally, the nanopar-
ticles are superparamagnetic at room temperature, presenting
high saturation magnetization and high magnetic susceptibil-
ity. The hydrodynamic diameters are 170 nm and 120 nm for
the DEXTRAN- and PEG-coated systems, respectively. These
characteristics make them interesting for biomedical applica-
tions. Cytotoxicity measurements indicate that the nanopar-
ticles coated with PEG are non-toxic up to concentrations as
high as 100 pg/mL, while the DEXTRAN-coated ones present
low cytotoxicity even up to concentrations as high as 400
pg/mL, despite the use of 11-AATS in the synthesis. We also
reinforce that the FTIR spectra of PEG- and DEXTRAN-coated
SPIONS do not exhibit the peaks associated to 11-AATS. In
addition, Ankamwar et al.*® reported on the low cytotoxicity
of Fe304 nanoparticles coated with 11-AATS at low concentra-
tion (about 100 pg/mL).

Although considering the potential application of DEX-
TRAN- and PEG-coated SPIONs for magnetic fluid hyperther-
mia, we have observed high SPA values: 420 W/g and 300
W/g, respectively. A potential medical application for SPIONs
is the magnetic fluid hyperthermia, which consists in over-
heating a target tissue by the magnetic losses of a solution
containing SPIONs in the presence of an external ac magnetic
field.***” The key parameter to determine the effectiveness
of an ensemble of nanoparticles for magnetic hyperthermia is
the SPA. The SPA depends of the morphological, magnetic
(anisotropy and low-field magnetic susceptibility), and

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | MONTH 2014 VOL 00B, ISSUE 00 7



rheological properties (hydrodynamic radius and formation
of agglomerates) as well as the characteristic of the applied
field (H and f). A high SPA leads to a lower exposition of the
patient to the magnetic field and to the SPIONs as well as to
a more efficient clinical procedure. Other important key to
the success of the magnetic hyperthermia clinical protocol is
the specific localization of the SPIONs in the tumor when one
is capable of localizing the applied magnetic field on it. As a
matter of fact, our DEXTRAN- and PEG-coated nanoparticles
are able to produce the necessary heat to cause cell death by
magnetic losses using ac magnetic field that represents no
risk to the patient (see Ankamwar et al.** Maier-Hauff K.
et al,*” and Fortin J.-P. et al.*® this ac applied magnetic field
presents the value of Hf = 10° kA/m s, the same magnitude
obtained for the magnetic field used in our experiments). To
the best of our knowledge, these values of SPA are similar to
the highest observed in the literature for chemical synthe-
sized SPIONs.*?

CONCLUSION

In this study, we report on the ability of in vivo enhancing
of the uptake of PEG- and DEXTRAN-coated SPIONs by sub-
cutaneous tumor cells by applying an external dc magnetic
field. This field is obtained using a magnet implanted above
the tumor site on the subcutaneous tissue of BALB/c mice
after intravenous injection of the nanoparticles in the tail
vein. In all in vivo experiments, we observe that the highest
concentration of nanoparticles was found in liver and lung,
one order of magnitude above the concentration in the
tumor. Interestingly, we obtain a significant increment
(about 160%) in the tumor uptake of the PEG-coated
SPIONSs in the presence of the magnetic field. Conversely, no
change was observed in the tumor uptake of the DEXTRAN-
coated SPIONs.

In addition, in vitro experiments of cytotoxicity and cell
uptake involving VERO and MDCK cell lineages show that
the PEG-coated SPIONs present low toxicity for concentra-
tions as high as 200 pg/mL, while the DEXTRAN-coated
SPIONs present low toxicity even for concentrations as high
as 400 pg/mL. The cell uptake obtained for the DEXTRAN-
coated SPIONs (500 pg/mL) were 40 and 10 pgspions/cell
for VERO and MDCK lineages, respectively.

We remark that the method used to produce our nano-
particle allows us to obtain a system with controlled mean
diameter, narrow sized distribution, and a high crystallinity.
Consequently, the SPIONs present excellent and desirable
magnetic properties for biomedical applications, specifically
for drug delivery or magnetic fluid hyperthermia. For the
later, it is worth to mention that SPA values of 320 and 400
W/gspion were obtained by the authors for PEG- and DEX-
TRAN coated SPION, respectively.
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