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Magnetic and Mossbauer studies of fucan-coated
magnetite nanoparticles for application
on antitumoral activity
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Abstract Fucan-coated magnetite (Fe;O,4) nanoparticles were synthesized by the co-
precipitation method and studied by Mossbauer spectroscopy and magnetic measure-
ments. The sizes of the nanoparticles were 89 nm. Magnetization measurements
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and Mossbauer spectroscopy at 300 K revealed superparamagnetic behavior. The
magnetic moment of the Fe; Oy, is partly screened by the Fucan coating aggregation.
When the magnetite nanoparticles are capped with oleic acid or fucan, reduced
particle-particle interaction is observed by Mossbauer and TEM studies. The antitu-
moral activity of the fucan-coated nanoparticles were tested in Sarcoma 180, showing
an effective reduction of the tumor size.
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1 Introduction

Currently, magnetic nanoparticles (MNPs) are widely used in the fields of biology
and medicine, such as protein and enzyme immobilization, bioseparation, immunoas-
say, hyperthermia, drug delivery, magnetically enhanced transfection, tissue engi-
neering and magnetic resonance imaging (MRI) [1-5]. Magnetic nanoparticles are
usually composed of magnetic elements, such as iron, nickel, cobalt and their respec-
tive oxides [6-8]. Iron oxides, such as magnetite (Fe;O4), are biodegradable, bio-
compatible, present stable magnetic response and superparamagnetic effects [9, 10].
Magnetite has recently attracted attention because it has a high Curie temperature
(T¢ ~850 K) and nearly full spin polarization at room temperature. Both properties
are of great potential for applications in giant magnetoelectronic and spin-valve
devices based on magnetite films [11]. M&ssbauer and magnetic studies performed in
magnetite confirms that the iron cations in Fe;Oy4 present two valence states, Fe?>*
and Fe** distributed in an inverse spinel structure (space group Fdsm). Fe*? cations
locate on the tetrahedral co-ordination (FeQy) site (A); and both Fe™? and Fe+?3
locate on the octahedral co-ordination (FeOg) site (B) in antiparallel arrangement,
yielding ferrimagnetic order below T¢ [2, 11].

Magnetite nanoparticles have reduced magnetic dipole-dipole interaction; hence,
no magnetization is retained in these particles after removal of the external field.
They are thus considered as superparamagnetic, and their magnetic properties are
affected by coating them with different capping agents [12]. Several coating materials
have been used to modify the surface chemistry of the magnetite nanoparticles,
including organic polymers, organic surfactants, metals [13], oxides and bioactive
molecules and structures [14]. One of the main problems in producing stable mag-
netic fluid consisting on individual coated magnetite nanoparticles is to prevent their
agglomeration during the synthesis process [15]. In this sense, oleic acid is commonly
used as surfactant to modify the surface of the magnetite particles since it has higher
affinity to the surface compared to other surfactants [16].

Fucoidans are water soluble sulfated polysaccharides with high molecular weight.
They are the main constituents of brown algae and can be found also in some marine
invertebrates [17-20]. These complex polysaccharides show a wide variety of biolog-
ical activities, such as anti-adhesive [21], anti-coagulant [22, 23], anti-complimentary
[24], anti-oxidant [25], anti-proliferative [26], anti-thrombotic [27], anti-platelet
aggregation [28], anti-tumor [29] and anti-viral properties [30, 31]. Thus, obtain-
ing magnetite nanoparticles coated with polysaccharides is attractive for medical
applications.
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In the present work we study the influence of the Fucan coating on the magnetic
properties of the magnetite nanoparticles by Mossbauer spectroscopy and magnetic
measurements. The results are compared to similar works reported by other authors
for magnetite coated with silica [32], oleic acid and polyethylene glycol [12, 33]. In
addition, preliminary study of the antitumoral activity of coated magnetite nanopar-
ticles is reported.

2 Methodology
2.1 Preparation of the fucan-magnetite nanoparticles

Algae Sargassum cymosum were dried, pulverized and immersed in 300 mL of
acetone and stirred during 12 h to remove pigments and lipids. This process was
repeated twice. Then, it was decanted and the residue was dried at 45 °C under
aeration to obtain a Ketonic powder. Next, a solution of 0.15 M NaCl (250 mL)
was added to the ketonic powder and the pH was adjusted to 8.0 with NaOH. The
proteolysis of this ketonic powder was carried out by papain enzyme (15 mg/g of
ketonic powder) and the mixture was incubated at 45 °C overnight. The supernatant
was collected by centrifugation at 10,000 x g for 10 min and dried in a lyophilizer
Multi-Tainer (FTS Systems, INC).

In parallel to the fucan extraction, an aqueous suspension of magnetite nanopar-
ticles was prepared by co-precipitation of Fe(III) and Fe(II) in the presence of
NH,4OH and oleic acid following standard procedure [34]. 10 mL of ferrous chloride,
10 mL of ferric chloride and 500 pL of oleic acid were added to 100 mL of distilled
water under stirring. Then a NH4OH solution was dropped to the mixture to raise
the pH to 11.0 while maintaining a vigorous stirring. After this step, the mixture was
heated at 85 + 3 °C for 30 min while stirring it (7,000 rpm). The co-precipitated
magnetite nanoparticles were then thoroughly washed with distilled water. The
material was dried and kept at room temperature (25 °C). The coating of mag-
netite nanoparticles with the polysaccharide fucan was achieved by the adsorption
method. The fucan solution in distilled water (50 mg/mL) was added to the obtained
magnetite nanoparticles (100 mg) and maintained at 25 °C for 16 h under stirring.
Afterward, the coated nanoparticles were thoroughly washed with distilled water.
The material was dried and kept at room temperature (25 °C).

2.2 Characterization of the fucan-magnetite nanoparticles

The sizes of the MNPs were observed through a transmission electron microscopy
(TEM, TECNAI G2 Spirit—FEI Company) with an acceleration voltage of 80
kV. For TEM analysis, the samples were deposited on copper grids of 400 mesh
coated with carbon. The crystalline properties and phase identification were char-
acterized by X-rays diffraction (XRD), using a Siemens D5000 diffractometer. The
diffractogram was obtained by using Cu-Ka radiation (4 = 1.5406 A) in the range
10° < 26° < 80° with a step of 0.02° and acquisition time of 1.0 s/step.

The Mossbauer characterization was performed with a conventional transmission
Maossbauer spectrometer, operating with 1,024 channels (after folding is 512 chan-
nels) and a Wissel INC. velocity module with a sinusoidal signal. The measurements
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were taken at room temperature (RT) and the obtained data were adjusted with the
help of the program NORMOS, generating the data file with the extension PLT and
determining the difference between the experimental data and the calculated data.
In this program, the good fitting is controlled by the value of the y2. The source
employed was a ’Co in thodium matrix with a of 25 mCi. The isomer shift and
the velocity scale were calibrated with respect to a a-Fe film at RT. The sample
holder used has a diameter of 1 cm (0.7854 cm?) which permitted to ascertain and
quantify the small systematic effects of cosine smearing which usually occur in the
folded Mossbauer spectra when relatively large collection solid angles are used.
These conditions were appropriate to obtain a rating of 8,500 counts per second.

The magnetic properties of the magnetite nanoparticles (MNPs) were measured
on a MPMS-5S (Magnetic Property Measurement System) magnetometer from
Quantum Design, with sensor SQUID (Superconducting Quantum Interference De-
vice). About 5 mg of each sample were encapsulated and mounted in the equipment
rod. The measurements were taken at room temperature (25 °C) and under different
applied magnetic fields from —7 to +7 kOe, and the magnetization (in emu/g) was
obtained by dividing the raw magnetization by the sample mass.

2.3 Antitumoral activity in vivo

Sarcoma 180 tumor cells were subcutaneously inoculated (3 x 10° cells/mouse) into
3 months old male Swiss mice. Subsequently, the fucan-coated and uncoated mag-
netite nanoparticles were dissolved in saline and injected intraperitoneally (ip) once a
day for 7 days, starting at 48 h after tumor inoculation. The same volume of saline was
injected into the control mice. Despite the fact that magnetite was reported to have
high biocompatibility without toxicity [35] the uncoated magnetite nanoparticles
were injected to a mouse to confirm it and to observe possible side effects. The mice
were sacrificed on the next day after the last injection, and the tumors were excised.
The tumor weights were compared with those in the control mice.

3 Results and discussion

In Fig. 1a, the uncoated MNPs showed the aggregate of particles occurred since the
specific surface area (surface-to-volume ratio) is large resulting in a high surface
energy. After fucan coating, the aggregation was reduced and the nanoparticle
dispersion was improved (see Fig. 1b). The lack of aggregation is probably caused
by the fucan coatings which weaknesses the magnetic interactions between particles.

From many TEM images, 261 and 728 uncoated and coated particles respectively,
with nearly spherical shape, were counted to estimate the mean diameter using
the ImagJ software. Subsequently a size histogram was mounted using the Sturges
method. The bin-width (W) is obtained from the relation: W = (Dux — Dmin) / %,
where k = 1 + 3.322 log(N). The particle size distribution was then modeled with

a log-normal distribution: f (D) = (A/\/ 2no D) exp [~ In* (D/Dy) /25?]. Here the
Dy is the statistical mean diameter, A is a constant to be determined by fitting
the statistical distribution and ¢ represents the degree of polydisperion. The mean
value and its standar deviation are given by (D) = Doe"z/z and op = (D)e’ —1,
respectively. The histogram distribution of the size for the uncoated and coated
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Fig. 1 a TEM micrograph of the uncoated MNPs, b TEM micrograph of fucan- coated MNPs and
histogram of the size distributions of the uncoated ¢ and Fucan-coated d Nanoparticles

nanoparticles are shown in Fig. 1c and d respectively. Table 1 list the statistical values
obtained during fitting. Note that in the table, the coated nanoparticles are slightly
bigger than the uncoated ones due to the presence of the Fucan.

Figure 2 shows the XRD of the uncoated magnetite nanoparticles, magnetite-
oleic acid nanoparticles, magnetite-fucan nanoparticles and magnetite-oleic acid-
fucan nanoparticles. The principal reflections (220), (311), (400), (422), (511) and
(440) were indexed with the PDF card No 85-1436. From the line broadening of
the diffraction peaks the particle size were determined using the Scherrer formula

= 09160 where 4 = 1.5406 A is the wavelength of the applied X-ray radiation

" Phxi cosOna
(K, radiation of copper), fhk is the pure diffraction line broadening (in radians),

which can be easily found by measuring the full width at half maximum (FWHM)
of the principal hkl reflections and 6y is the Bragg angle. In order to obtain more
accurate estimations on the Scherrer formula, each peak was fitted with Gaussian
functions and levelling the background in each diffractogram to zero. For example,
Fig. 2b and c show the (311) reflections of the uncoated and Fucan-coated samples.
Note that the diffractogram for the coated sample is more dispersed due to the
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Table 1 Statistical values obtained after fitting the histogram distribution of the N = 261 and 728
uncoated and coated nanoparticles respectively taken from the TEM micrographs

N <D> (nm) Dy P A
Uncoated 261 87+02 8.8 0.13 24221
Coated 728 8.9+0.2 9.0 0.11 348.98
(@)
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Fig. 2 a X-ray diffraction patterns of the Fe3O4 samples with different shells, b (311) peak for
magnetite ¢ (311) peak for magnetite-fucan

presence of the organic shells. Table 2 show the calculated average sizes for the
four samples. The average sizes for the uncoated and Fucan-coated particles are 8.5
and 8.7 nm respectively, which are very close to those values estimated in the TEM
images above.

The measurements of the magnetization with the applied magnetic field, M(H),
of the uncoated and fucan-coated magnetite nanoparticles at 300 K are presented in
Fig. 3. The magnetization values were obtained by dividing the raw data provided
by the DC-MPMS magnetometer by the sample mass, thus in the case of the fucan-
coated nanoparticles, these values correspond to the raw data divided by the total
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Table 2 Average size of the crystallites obtained from the principal peaks on the XRD of the
uncoated and coated magnetite particles

Hkl Magnetite grain Magnetite + oleic acid Mag + fucan Mg + F+ oleic acid
size (nm) grain size (nm) grain size (nm)  grain size (nm)
220 8.4 8.9 8.6 9.1
311 8.7 9.9 9.0 13.4
400 8.3 8.0 8.6 9.6
511 8.4 7.8 8.6 10.5
440 8.5 10.2 8.5 9.3
Mean size (nm) 8.5 8.9 8.7 10.4
Fig. 3 Magnetization (M) sod =~ " T T T T e
curves as the function of the —0—Fe 0, + Fucan _a-RRR RRARE
. . 1 R o-o0-0-0-0-0
applied magnetic field (H) of —A—Fe 0, + oleic acid g 25000
the Fe3O4 nanoparticles 409 Fe,0, + oleic acid+ & ]
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204 —o—Fe0, .
=)
E
3 0
=
-20 - .
-40 4 y ]
0-0-0-0-00 ggggﬁﬁgf T=300 K
60| 666669 i

T T T T T T T T T T T T T T T
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mass (about 5 mg). In this way, the mass of the core magnetite in each sample are
slightly different. Since we can not estimate the mass of the organic material, the
data provided for the coated particles in the figure should be considered only as a
first approximation.

The plots are typical from superparamagnetic iron nanoparticles with almost zero
remanence and coercivity [11]. The superparamagnetic behavior is mainly generated
by the magnetite cores in each sample. At 300 K, the saturation magnetization (Ms),
determined by using the law of approach to saturation (a linear term is included in
order to account for the linear increase of M at high fields), is around 52 emu/g for
the uncoated Fe;O,4 NPs. This saturation magnetization value is consistent with the
value reported in the literature for uncoated magnetite NPs with sizes smaller than
10 nm [11]. The saturation value for the uncoated sample should be considered as a
first approximation (see above).

Figure 4a shows the Mossbauer spectra at RT of the uncoated magnetite nanopar-
ticles and its correspondent hyperfine magnetic field distribution. The spectrum of
the magnetite nanoparticles show one sextet with broadened line width and it was
fitted with one hyperfine magnetic field distributions with y? ~ 1.47, showing a prin-
cipal most probably magnetic field of 46.10 T due to magnetic relaxation of magnetite
nanoparticles. In this case, the magnetic moment of an individual particle fluctuates
through the most easy axis of magnetization during a time 7 = roexp(KV/kgT),
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Fig. 4 Mossbauer spectra at RT. a Uncoated nano-magnetite particles and b Fucan coated nano-
magnetite. The hyperfine magnetic field distributions are on the right panel

where K is the magnetic anisotropy constant, V is the volume of the particle, kg is
the Boltzmann constant, T is the temperature and 7y is a constant characteristic of the
material. Therefore, for a fluctuation time longer than the characteristic Mossbauer
time (1078 s), magnetically splitted spectra can be measured due slow relaxation. The
hyperfine parameters are shown in the Table 3.

Figure 4b show the Mossbauer spectra at RT of the magnetite nanoparticles
coated with fucan polysacharides and its corresponding hyperfine magnetic field
distribution. The spectrum was fitted in first approximation using one distribution
and one doublet with y? ~ 1.38, showing an asymmetrically broadened spectra.
This is originated by a complex mixture of static and dynamic broadenings due to
the broad size distribution and the strength of interparticle interactions with slow
particles (sextet with area of 87.1 %) and rapid particles (the doublet SP with area of
12.9 %). In this way, a reduced magnetic dipole-dipole interaction is produced by the
coated fucan as observed in magnetization measurements (Fig. 3) and also in other
systems [34]. The hyperfine magnetic field distribution shows a principal magnetic
field most probably of 45.80 T.

Figure 5 shows the Mossbauer spectra at RT of the oleic acid-magnetite nanopar-
ticles and fucan-oleic acid- magnetite nanoparticles. In the case of the Mossbauer
spectra of the magnetite coated with oleic acid + fucan polysacharides, the coating
minimizes the interactions between particles which are reflected in a diminution of
the hyperfine field, showing a superposition of one hyperfine field distribution and
one doublet, with a principal magnetic field most probably of 13.3 T and area of
71.3 % due to magnetic relaxation of magnetite nanoparticles. The doublet would be
magnetic collective excitations or superparamagnetic signal with Q.S = 0.68 mm/s,
5 =0.389 mm/s and 28.7 %.

While the Mossbauer spectra of the magnetite coated with oleic acid, the spectrum
is typical of magnetic nanoparticles with weak dipole-dipole interaction. The pres-
ence of a doublet of 17.7 % area in contrast to the hyperfine field distribution P(Byy)
of 82.3 % area indicates the superparamagnetic effect has intensified. The Mossbauer
spectrum of the magnetite nanoparticles coated with fucan and oleic acid is similar to
the previous one. However in this case it seems that the magnetic distribution of the
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Table 3 Mossbauer hyperfine parameters obtained at RT

Samples - sites 5 (mm/s) e, A (mm/s)? Bt (Tesla) Area (%)
Magnetite Dist. Fe3*-Fe23+ 0.391 —-0.01 46.10 100.0
Magnetite with fucan Dist
Fe3t-Fe?3+ 0.380 0.00 45.80 87.1
Doublet SP 0.390 0.67 - 12.9
Magnetite with oleic acid
Dist 0.403 —0.01 44.8 823
Doublet SP 0.395 0.63 - 17.7
Magnetite with oleic acid
and fucan Dist 0.386 —0.02 13.3 71.3
Doublet SP 0.389 0.68 - 28.7

aRepresenting the superparamagnetic doublet
b is the isomer shift relative to «-iron, ¢ and A is the quadrupole splitting and A is the spectral
fraction as obtained from the fit. By is the hyperfine field. SP Superparamagnetic

Prob(BH,)
0.010 4
0.008 1
0.006 1
0.004 1
0.002 Magnetite+Fucan+Oleic Acid
0.000 1

0,012
0.010 1
0.008 |
0.006 |
0.004 |
0.002 |
. . 0 0.0007 T T T T T T T T T T T
Magnetite + Oleic acid 0 5 10 15 20 25 30 35 40 45 50 55
e o e B BH((T)
10 -8 -6 -4 -2 0 2 4 6 8 10

Velocity (mm/s)

Magnetite+Fucan+Oleic Aci

Absorption (u.a.)

1%

Magnetite + Oleic acid

Fig. 5 Mossbauer spectra at RT for oleic acid-magnetite nanoparticles and fucan-oleic acid- mag-
netite nanoparticles. Solid lines are the best fits using hyperfine field distributions P(Bpf) shown on
the right panel

surface affects the anisotropy energy and the doublet increases in area (to 28.7 %)
whereas the hyperfine field distribution P(By) area is 71.3 %

The magnetite-fucan nanoparticles were applied in vivo to analyse the antitumoral
activity of Sarcoma 180. The samples of pure fucan and a control group with only
saline solution were also applied. In Fig. 6, we can observed the Sarcoma 180 tumor
after treated by saline as control (A), by magnetite nanoparticles (B) and by fucan-
magnetite nanoparticles (C). It is observed that the magnetite nanoparticles not
presented antitumoral effect (Fig. 6b), but in Fig. 6¢ he tumor size is reduced,
demonstrating that fucan-magnetite nanoparticles are effective in the antitumoral
treatment for Sarcoma 180. The animals that were treated with pure fucan injection,
died within the 24 h after the application. Our research group is currently performing
more tests in vivo and in vitro in order to understand better what happened.
However, up to date is is assumed that the pure fucan killed the animals due a
hyperestimulation immunology.
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Fig. 6 In vivo effect of a Control, b Magnetite nanoparticles and ¢ Fucan-magnetite nanoparticles in
Sarcoma 180

4 Conclusions

In summary, the magnetic measurements and Mossbauer spectroscopy at RT re-
vealed that the superparamagnetic property of the Fe;O4 nanoparticles is affected
by the fucan polysaccharide and oleic acid coating, thus preventing aggregation. The
fucan-magnetite nanoparticles are promising for the treatment of the Sarcoma 180
tumor size.
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