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In this study, one-step co-precipitation method was conveniently adapted to obtain novel nanomaterials based
on Gum Arabic and magnetite. Two synthesis procedures were evaluated: one employing the solid biopolymer in
the co-precipitation media; a second using an aqueous solution of the polysaccharide. An exhaustive character-
ization of both formulations was performed using several specific techniques. The obtained data confirmed the
successful incorporation of the gum Arabic on the magnetic core. Values of hydrodynamic diameters, measured
by dynamic light scattering, in aqueous dispersions were about 70-80 nm, while sizes lower than 20 nm were

ﬁj’;ﬂgfwnoparﬁdes registered by TEM microscopy. Surface charge of gum Arabic coated magnetic nanoparticles was significantly dif-
Magnetite ferent from the corresponding to raw materials (magnetite and GA). This fact confirmed the formation of hybrid
Gum Arabic nanosystems with novel and specific properties.

Hyperthermia The potential utility of these materials was tested regarding to magnetic hyperthermia therapy under radiofre-

quency fields. Magnetocalorimetric measurements were performed in a wide range of field amplitude and fre-
quency. Specific absorption rate of 218 W/gFe was determined at field frequency of 260 kHz and amplitude of
52 kA/m. These results demonstrate their viability to be applied in tumor ablation treatments. Using the linear
response theory and restricting field parameters to the accepted biomedical window, maximum useful value

of 74 w/gFe is predicted at 417 kHz and 12 kA/m.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The fabrication of hybrid polymeric/magnetite materials originates a
novel kind of tools able to solve problems in several fields such as envi-
ronmental remediation, biomedicine, electronic, etc. The impact of
these materials in the mentioned areas is related to their specific prop-
erties, which are largely different from the expected for each compo-
nent separately [1-5].

Among the available literature, general approaches commonly de-
scribed to prepare polymeric coated magnetic nanoparticles (MNPs)
are based on simple co-precipitation method [6]. In this context two
main alternatives may be found in terms of the polymer addition. The
first one consists in dissolving both, precursors of iron oxide and the
polymer in the same reaction media. The aim is promoting a control of
size and morphology of the magnetic nucleus by means of the polymeric
matrix [7,8]. The other method involves the polymer incorporation on
magnetic cores previously synthesized. Those procedures comprise
the direct grafting [9], ligand exchange [10] or hydrophobic interactions
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[11]. Biopolymers including agarose, alginate, carrageenan, chitosan and
dextran, have been widely employed to these ends. Among others such
as gum Arabic, pullulan and starch that have been less explored [4].

Gum Arabic (GA) is especially attractive as magnetite nanoparticles
coating because of its stabilizer, hydrocolloid emulsifier and biocompat-
ibility properties. GA consists of three fractions with distinct chemical
structures where the major one is a highly branched polysaccharide
with a molecular weight of about 3 x 10° g/mol [12].

After a survey of available literature it was found that the articles
reporting the use of this biopolymer as coating of magnetic nanoparti-
cles are very limited [13-22]. For example, Banerjee et al. synthetized
GA-magnetic nanoparticles obtaining firstly the magnetic cores and
then coating with GA [15]. In this work, specific linkers were incorporat-
ed to the synthesis pathway aiming to attach glucose and cyclodextrins
to the GA-magnetic nanoparticles, as a way to increase their
functionality.

Meanwhile, Roque et al. [14] prepared MNPs coated with GA via ad-
sorption and covalent coupling, and compared their characteristics as a
function of the synthesis method. The authors employed glutaraldehyde
and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide to provide
amine groups to magnetic nanoparticles that were then utilized to at-
tach biomolecules such as proteins.
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In another work, MNPs were synthesized under acidic conditions in
presence of oleylamine and GA to evaluate the influence of surface mod-
ification on MNP characteristics and cellular level bioactivity. These au-
thors found that MNPs coated with GA formed large particle aggregates
that exhibited rapid coagulation [13].

The application of magnetic nanoparticles to the healthy is an in-
creasingly common practice that is being implemented for several pur-
poses. Between the available raw materials, magnetite in the nanoscale
is the preferred; in fact NPs based on iron oxide (Fe304) was approved
for medical uses by the USA Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) [23].

In particular, their use in tumor therapies, as target drug delivery de-
vices or for hyperthermia, has been widely explored in the last decades
[24].

Hyperthermia is one of the powerful techniques for treatment of
cancer diseases. This therapeutic procedure consists of rising the tem-
perature of living cells above the physiological levels, at values around
42-43 °Cusing an AC magnetic field. On this way, the damage is restrict-
ed to cancer cells in a very short time avoiding the toxic effect in sur-
rounding cells and tissues [25].

In this context it is clear that the properties of the magnetic nanopar-
ticles are a key factor in determining the successful of hyperthermia
treatments. The selection of a suitable coating is strongly required in
order to achieve adequate biodegradability and biocompatibility,
whereas conveniently adjusting size and dispersion ensures
superparamagnetism property [7,26,27].

This work deals with the preparation of magnetic nanoparticles
employing a non-well explored polysaccharide such as gum Arabic as
stabilizer of iron oxide core. The aim is to obtain biocompatible
nanodevices with potential in hyperthermia treatments.

To this end, magnetic nanoparticles were obtained by a non-time
consuming and low cost method based on the traditional in situ co-pre-
cipitation. In this case, variables associated to the synthesis procedure
were analyzed aiming to reach the optimum methodology regarding
the magnetic nanoparticles properties, mainly size, surface charge and
stability.

The proposed synthesis involved a unique step were the formation
of magnetic cores and GA coating occurred simultaneously. This fact
may be considered as the mayor difference regarding to the available in-
formation about MNPs-GA preparation.

The performance of MNPs-GA aqueous suspensions was assayed in
terms of their response to magnetic hyperthermia. Although this appli-
cation is well established employing a wide gamma of magnetite nano-
particles [28], the use of MNPs-GA for magnetic hyperthermia has not
been earlier reported to the best of these author's knowledge [29]. Via-
bility studies in HCT116 cell line (human colon carcinoma) incubated
with several Fe/GA-MNPs ratios have shown the potentiality of a similar
formulation for biomedical applications [30].

2. Experimental
2.1. Materials

GA was provided by Biopack (Argentina). Iron(Il) sulfate,
heptahydrated, and iron(IIl) chloride, hexahydrated, were purchased
from Cicarelli Laboratory (Argentina), hydrochloric acid was from
Biopack (Argentina) and ammonium hydroxide was provided by
Anedra Laboratory (Argentina). Analytical grade solvents and other re-
actants were employed.

2.2. Methods

2.2.1. Synthesis of magnetic nanoparticles

The magnetic nanoparticles were synthesized by an adaptation of
co-precipitation method earlier reported [8]. Conventionally, magnetite
is prepared by the addition of a base to an aqueous mixture of Fe*2 and

Fe "3 salts whose molar ratio is commonly 1:2, under inert atmosphere
at moderate temperatures (between 50 and 80 °C). In this case, 3.254 g
FeCl;-6H,0 (0.0125 mol de Fe®>*) and 1.789 g FeSO4-7H,0
(0.00625 mol de Fe? ") were dissolved in 100 mL of distilled water.
Then, two alternatives for biopolymer incorporation were evaluated:
a) addition of solid GA (1 g) to the iron solution, and b) addition of
10 mL of 10% w/w GA solution. The suspensions were stirred at 70 °C
during 30 min under N, bubbling. Then, 17.56 mL of NH4OH 5 M were
added to induce formation of magnetic particles. The obtained materials
were washed several times with distilled water. The solid product was
separated by magnetic decantation, dried at 45 °C and gently crushed.
Magnetic nanoparticles arising from each synthesis procedure were
named as GA-Mag-a (where GA was added in solid state) and GA-
Mag-b (where GA was added as solution), respectively. Fig. 1 shows a
photograph of raw gum Arabic and GA-Mag-a, as example. This fact
could be considered as a first proof of the formation of new materials
with specific characteristics. The obtained magnetic materials were
used as solid or suspension due to the assay to be performed. Solid
nanoparticles were separated by magnetic decantation, dried at 45 °C
and gently crushed, and another portion of MNPs were left in aqueous
suspensions.

2.2.2. Characterization

The MNPs-GA as well as raw materials, were characterized by FTIR to
corroborate the presence of polymeric and magnetic moieties. A FTIR
(DRIFTS) Thermo Scientific Nicolet 6700 spectrometer was used for re-
cording spectra in the range 4000-400 cm~ . Composition of magnetic
materials in terms of Fe content was determined using atomic absorp-
tion GBC Avanta 932 Spectrometer. Meanwhile solid concentration in
aqueous magnetic suspensions was determined by gravimetric mea-
surements. The estimated concentration was 4.57 mg magnetic nano-
particles per mL of suspension.

The nanomaterials morphology was observed by transmission elec-
tron microscopy (TEM) using a microscopy JEOL 100 CX II, JEOL, Tokyo,
Japan (1983).

X-ray diffraction (XRD) patterns were analyzed to identify crystal-
line phases of the obtained iron oxide. The assays were recorded by a
PHILIPS PW1710 diffraction spectrometer with anode of Cu and curve
graphite monochromatic.

Average hydrodynamic particle diameters (Dh) were determined by
dynamic light scattering (DLS) using a Malvern Zetasizer equipment.
The same equipment was also employed to measure the Z potential
(€) of magnetic nanoparticles and raw materials. This parameter was
measured in the range of pH 3.0-9.0 to determine the pH at point
zero charge (pH,.), which was defined as the pH value where § is
equal zero. 5 mg of dried nanoparticles was added to 100 mL of a
1 x 1072 M KNOj solution obtaining a solid/solution ratio of 20. The
pH was adjusted by adding 0.1 M of KOH or HNOs. The electrophoresis
cell was washed and rinsed several times with distilled water before
measurements to avoid cross-contamination. Three replicates were per-
formed with each sample.

Specific magnetization (M) as a function of applied magnetic field
(H) at room temperature was obtained using vibrating sample magne-
tometer (VSM) LakeShore 7404 operated with maximum applied fields
HoHmax = 1.8 T. For measurements, 50 L of colloidal suspension were
sealed into a heat shrinkable tube to prevent samples evaporation and
spills.

Thermogravimetric analyses (TG) were performed using Rigaku
DTA-TAS 1000 equipment. Different masses of magnetic nanoparticles,
magnetite and GA were weighted and heated from room temperature
to 500 °C. The air flow rate was fixed of 10 °C/min.

2.2.3. Stability

The evolution of the hydrodynamic diameter as a function of the
time was considered as a measurement of the nanoparticles stability.
To achieve these data, 1 mg of GA-magnetic nanoparticles was
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Fig. 1. a). Photograph of raw Arabic gum (left) and dry GA-Mag nanoparticles (right) b). FTIR spectra of Arabic gum, GA-Mag nanoparticles and Fe;04 (grey line).

dispersed in aqueous media and ultrasonicated during 1 h. The mea-
surements were periodically repeated along the time.

The same procedure was reproduced but using a mixture of ethanol/
water (1/1) as dispersant media.

2.2.4. Magneto calorimetric assays

Time-dependent calorimetric experiments for determining Specific
Adsorption Rate (SAR) were conducted by exposing 0.5 mL of the aque-
ous suspension, hold in a clear glass Dewar, to 260 kHz and field ampli-
tude varying in the range from 2 to 52 kA/m. In a second experiment,
field amplitude was hold at 17.4 kA/m while frequency was varied be-
tween 70 and 260 kHz. Field generator consist of a resonant RLC circuit
Hiittinger (2.5/300) with a water refrigerated 5 turns coil of 2.5 cm di-
ameter. The temperature was sensed during the experiment with an op-
tical fiber sensor placed in the sample centre. The sensor was connected
to a calibrated signal conditioner (Neoptix) of an accuracy of +0.1 °C.
Colloid temperature was kept below 30 °C in order to minimize solvent
evaporation and prevent its destabilization.

The SAR values were calculated from the initial slope 0 T/0t of exper-
imental heating curves as SAR = % where C is the volumetric heat

X ot
capacity of the solvent 4.18 J/cm® K and [x] is the MNP concentration
in the colloid.

3. Results and discussion
3.1. Characterization of the magnetic nanoparticles

3.1.1. FTIR-DRIFTS

FTIR technique was employed to investigate the binding of gum Ar-
abic to magnetite. Fig. 1b displays the spectra of magnetic nanoparticles,
and raw materials. The spectrum of biopolymer exhibits bands at
1050 cm™!, due to stretching of C—O (C—OH), at 1425 and
1275 cm™ !, assigned to torsion/stretching of hydroxylic group, and at
1612 cm ™! corresponding to C=0. Signals associated to VCH; y CH, ap-
pear at 2887 y 2950 cm ™~ !; while bands at 3000-3600 cm ™' could be at-
tributed to O—H stretching. Although the presence of amine groups in
gum Arabic has been recognized [31], independent bands arising from
these functional groups are not distinguished belcause they overlap
with the broad absorption signal at ~3500 cm ™! due to O—H from poly-
saccharide. Similar results were achieved by Banerjee and Chen [15].
Magnetite spectrum exhibits bands in the range of 1000-500 cm ™!
due to the iron oxide skeleton. A strong band near 570 cm™ ' appears,
and is typical of Fe—O bond [32]. The characteristic bands of gum Arabic
together with an intense absorption band at ~600 cm™ ! are observed in

the spectra of both magnetic nanoparticles. The latter reveals the effec-
tive binding of biopolymer onto the magnetite, independent on the syn-
thesis pathway.

Furthermore, a slight shift of the signal ascribed to O—H stretch, at
3450 cm™ !, is noted in the spectra of magnetic nanoparticles when
comparing with the GA spectrum. These evidences could be associated
to the occurrence of hydrogen bridge interactions between carboxylic
groups of GA and the surface hydroxyl groups of Fe30,4 particles. Similar
findings were achieved by other authors studying analogous inorganic-
GA systems [15,20].

3.1.2. Composition of GA-Mag

The magnetite content in the nanoparticles was determined by
atomic absorption in terms of the amount of Fe and it was expressed
as % Fe304. The calculated magnetite percentage was 43.3 and 53.8 for
GA-Mag-a and GA-Mag-b, respectively. This may us infer that the mag-
netic phase have almost the same proportion in both materials, inde-
pendently on the synthesis route. These results agree with the
nominal amount of biopolymer and magnetite used during the synthe-
sis (see Section 2.2.1). Besides, this data is consistent with our previous
research involving other magnetic systems obtained through the same
methodology [8].

3.1.3. XRD patterns

X-ray diffraction was used to identify the crystalline pattern of the
iron oxide in nanoparticles. Fig. 2 compares the patterns of both mag-
netic materials highlighting the crystallographic reflexion lines of spinel
structure consistent with cubic spinel structure (space group Fd3m) at-
tributable to crystalline structure of magnetite and/or maghemite. The
presence of spinel phase of these iron oxides is clearly evidenced in
both difractograms. It is worth noting that the crystalline structure of
Fe30,4 remains unaffected by the presence of the biopolymeric moieties,
even when it was incorporated at very early stages during co-precipita-
tion. These results agree with those reported by other authors working
with similar magnetic systems [18,20]. The XRD patterns for GA-MNPs,
in the mentioned researches showed identical indices (hkl); (220),
(311), (400), (422), (511), and (440). The XRD analysis of pure GA con-
firmed the amorphous nature of the polymer, and was in accordance
with information of available literature [33]. Therefore, as expected,
the crystallinity of the nanoparticles may be exclusively ascribed to
the iron oxide component.

3.1.4. Thermogravimetric analysis
Thermogravimetric analyses were conducted to estimate the MNPs
composition, in terms of the amount of gum Arabic attached onto the
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Fig. 2. XRD pattern of GA-Mag-a (a), GA-Mag-b (b). Crystallographic pattern of Fes04 is
indicated in plot.

Fe30,4 surface and also to identify the degradation temperature of mag-
netic nanoparticles. Fig. 3 shows the curves expressed as % of lost mass
(w/w) as a function of the temperature in the range from 30° to 500 °C.
The only weight loss observed in raw Fe;04 thermogram is about 5%.
This is attributed to residual surface and interstitial water content.
Meanwhile, GA thermogram exhibits two weight loss steps. The first
one, occurs from 25° to 137 °C range approximately, may be associated
to loss of residual water in the biopolymer. The second, in the region of
225°-375 °C may be associated to decomposition, depolimerization and
scission of carboxylate groups from polymeric chains [34]. It is worth
noting that both materials display two weight loss steps in their ther-
mograms. The first, over 25° to 135 °C, may be assigned to the weight
loss of residual water in the surface of the GA -MNPs. The second step
attributable to decomposition of GA is observed from 150° to 350 °C.
From the obtained data, it is noted that GA-Mag-a undergoes a total
weight loss of ~39%; while GA-Mag-b presents a final weight loss of
around 22%. Although the nominal amount of gum Arabic was the
same in both magnetic nanoparticles formulations, these results indi-
cate a higher GA incorporation when it was added in solid state in the
co-precipitation media. The lower proportion of GA incorporated in
GA-Mag-b could be due to the loss of low My, GA fractions during the
dissolution process. Similar results were obtained by Williams et al. in
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Fig. 3. Weight loss (expressed as %) as function of temperature of raw materials and GA-
Mag nanoparticles.

GA-coated magnetite and magnetite co-precipitated with the same
polymer. These authors attributed differences observed to stronger
physical adsorption of GA onto the surface of magnetite particles. They
postulated that the glycoprotein fraction in GA was responsible of bind-
ing interactions that appear in the initial stages, between functional
groups of GA (NH, OH, CO) and the nucleus in formation of magnetite
[16].

3.1.5. TEM and dynamic light scattering

The average diameters measured in ethanol/water and in water; are
listed in Table 1. The Dh of both formulations was comprised between
500 and 700 nm when the measurement was conducted on ethanol/
water media. It is noteworthy that the average size of naked Fe304 in
the same media was around 400 nm. The Dh of the polymer could not
be measured due to the formation of aggregates of too large sizes [8].
Lower Dhs values were recorded using distilled water as dispersant, as
it is appreciated in the Table.

It is important to note that the registered Dhs (in both media) result-
ed lower than some data reported regarding to similar systems pre-
pared by alike procedures. For instance, Wilson et al. [13] informed a
hydrodynamic diameter of about 1 um for composites obtained by
adding GA during magnetite precipitation. These authors also synthe-
sized the GA-modified magnetic particles by incorporating the polymer
in solid state to a given volume of iron ion solutions, prior to the alkali
addition.

The analysis achieved by TEM supported the results from DLS; since
a similar trend was evidenced by comparing morphology and sizes ob-
tained from GA-Mag dispersed in both media (water and EtOH/water).
These findings are depicted in Fig. 4. In the case of Fig. 4a), it is clear that
highly aggregated magnetite nanoparticles are dispersed in GA matrix.
The sizes estimated of those aggregates are around 400-500 nm. The
nanoparticles behavior in water dispersion is fully different, as reveal
Fig. 4b). In this case, relatively monodisperse, spherical nanoparticles
in shape are observed. Even when aggregates may be present, their
sizes - as estimated by TEM - appear to be lower than 50 nm. These re-
sults agree with data on Table 1 concerning to Dh values as a function of
the dispersant media.

The stabilization mechanism, associated to the surface charge
and the interaction way of GA-Mag during the nanoparticles forma-
tion, is the responsible of this behavior; as will be later in deep
discussed.

3.1.6. { Measurements

The surface charge of GA-Mag nanoparticles and raw GA were deter-
mined by evaluating ¢ as a function of pH. This data is included in Fig. 5.
¢ of Mag, GA and GA-Mag nanoparticles increased with the reduction of
pH due to the protonation of the hydroxyl groups in the case of magne-
tite (OH— due to the water adsorption on the iron oxide surface) or the
carboxylic groups in the case of the GA. In the GA-Mag nanoparticles,
this trend could be related to a combination of both functional groups.
As could be seen, pH of GA point zero charge (PZC) was around ~2.55.
This could be attributed to the protein fractions in biopolymer. Amino
acids like arginine, aspartic and glutamic acids have a-carboxylic groups
with pKgin the range 1.8-2.2 [35]. Similar pHpzc value for GA was

Table 1
Hydrodynamic diameter and polydispersity index of GA and GA-Mag nanoparticles dis-
persed in ethanol/water and water.

Material Dh* (nm) Dispersion media PDI
GA 549.6 + 9.5 0.773"
GA-Mag-a 7353 £ 11.7 Ethanol/water 0.230
73 £ 12.85 Water 0.349
GA-Mag-b 535 £+ 8.2 Ethanol/water 0411
88 + 14.85 Water 0.370

¢ Data corresponding to Dh expressed in number.
b Quality criteria of equipment not good.
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Fig. 4. Micrographies TEM of Arabic gum and GA-Mag nanoparticles: a) ethanol/water dispersion: (i) GA, (ii) GA-Mag-a and (iii) GA-Mag-b; b) water media: (i) GA-Mag-a, (ii) Ga-Mag-b.

informed by other authors [41]. Meanwhile, the pHp,c for raw Fe;04
was 7.1 and the values corresponding to GA-Mag-a and GA-Mag-b
were 3.25 and 2.42, respectively.

The shifts of the pHpzc of the GA-Mag nanoparticles with respect
to the corresponding to pure iron oxide suggest that functional
groups of different nature are exposed on nanoparticles surface.
This is a consequence of the way as GA was bind during the synthe-
sis, as will be later better explained. The obtained results are in ac-
cordance with those reported by Wilson et al. working with similar
materials. The justification offered by these authors is related to the
mechanism of nanocomposites formation in the precipitation
media [13].

It is important to highlight that materials prepared by different syn-
thesis pathways do not exhibited important differences in the evolution
of Z potential vs. pH, which is a proof that the formation mechanisms
are almost similar in both cases.

On the other hand, considering that the pH range associated to main
applications of these materials (biomedicine, environmental remedia-
tion etc.) is between 5 and 7, it may state that both samples are within
the range of electrostatic colloid stability since the ¢ is lower than -
15 Mv.

Z potential [mV]
(€]
+
#F

® + + O
¢ B s
6 &0 8 ?9;

le 1 1

1 1 1

Fig. 5. Z potential as function of pH of: (0) Mag, (A) GA, (x) GA-Mag-a, (¢) GA-Mag-b.

3.1.7. Magnetic properties

Magnetic measurements registered using both materials display
a typical superparamagnetic behavior characteristic of single mag-
netic domain particles. Magnetization of GA-Mag-b also was mea-
sured in aqueous suspension at 1.44 mgg./ml (Fig. 6). Saturation
magnetization of 44.2 emu/g (equivalent to 137.2 emu/gge) and
mean particle magnetic moment <pu> = 15,065 yug were obtained
fitting a Langevin function to experimental data, this mean magnet-
ic moment is consistent with size particle around 6.3 nm. Ms value
obtained for particles in suspension is similar to that obtained for
the dried samples.

3.2. Stability assays

The stability of the nanoparticles was firstly evaluated in terms of
their ability to form stable dispersions in different media. To do this,
1 mg of solid material was dispersed in 10 mL of ethanol/water solution
and water, respectively. The difference in the behavior is shown in
Fig. 7(a), where it is clear that a homogeneous colloidal dispersion
was achieved in water while large precipitated aggregates were ob-
served in the hydro-alcoholic mixture. This is a consequence of the
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Fig. 6. Magnetization curves at room temperature of GA-Mag-b nanoparticles.
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Fig. 7. a). Photographs of GA-Mag nanoparticles dispersed in ethanol/water (left) and water (right); b). Average hydrodynamic size (Dh) in water of: i) GA-Mag-a and ii) GA-Mag-b as a

function of time.

mechanism of GA stabilization on the iron oxide, which leads to strongly
hydrophilic nanoparticles.

Secondly, the stability of NPs in water dispersions was determined
by measuring the evolution of the colloids sizes (as Dh) along the
time. Hydrodynamic diameters were recorded during 10 days, and the
results are depicted in Fig. 7(b). Regarding GA-Mag-a, the data of Dh
vs. time it may infer that, although a slight decrease on hydrodynamic
average diameter value was observed along the days, it did not repre-
sent a great extent taking into account the dispersion associated to
each measurement. This suggests that effective long term stabilization
was achieved by GA on magnetic nanoparticles. On the other hand,
GA-Mag-b displayed lower stability in terms of Dhs values in water
media as it can be seen in Fig. 7b ii). A decrease around 50% with respect
to the initial hydrodynamic average value was observed measuring dur-
ing the assayed period of time. Although other researchers have found
similar results, it is important to mention that in most of the examples
found in the literature a coupling agent was required to achieve these
kinds of properties on GA coated nanoparticles [17,18], but in our
work none crosslinking agent was further employed.

3.3. Possible mechanism of formation: difference between two explored
routes

Based on the characterization data of GA-Mag nanoparticles obtain-
ed by the two explored synthesis routes, it is feasible to predict a possi-
ble mechanism for the formation of these materials. As it was earlier
commented, GA chemical structure presents a major polysaccharide
and a minor glycoprotein fraction. Hence, in general terms, the kinds

of interactions expected to occur between the polysaccharide and iron
oxide nucleus are: i) electrostatic and/or ii) hydrophobic ones. Besides,
another possibility is the complex formation, giving by the biopolymer
bridging to magnetite nucleus. These three types of linkage of the bio-
polymer to the magnetic cores are supported by some of the character-
ization data earlier supplied.

In the initial stages of the synthesis, the pH of the media is highly
acidic (approx. 2) due to the mixed Fe?*/Fe>* solution in contact
with polymeric moieties. The addition of the NH,OH solution gradually
raises the pH with the consequent formation of the first magnetite nu-
cleus. In such conditions, magnetite and GA exhibit opposite surface
charge, as it is revealed by data of ¢ (see Fig. 5). Then electrostatic inter-
actions are highly possible to occur, in agree with other author's find-
ings [13,22]. Own FTIR data (see Fig. 1b) also support the proposed
mechanism, confirming the interactions between GA and iron oxide
groups. This is evident from the shift of the band located at around
3400 cm ™~ ! observed in GA-Mag with respect to the broad band present
in raw GA spectrum. These observations, together with data from the
available literature [15,19], confirm the occurrence of interactions
through hydrogen bonding, between carboxylic groups of gum Arabic
and hydroxyl groups of magnetite. These electrostatic interactions
could be attributable to a bridge formed between two functional groups
during the co-precipitation.

At pH higher than the pHp,c of magnetite (>7.1), both, polymer and
iron oxide, have negative surface charge. Therefore, steric interactions
could be the responsible for the GA binding at these stages of the syn-
thesis procedure. In this work's case the steric interactions is believe
that play a key role in order to justify the stabilization mechanism of



M.F. Horst et al. / Materials Science and Engineering C 74 (2017) 443-450

magnetic nanoparticles by the polymeric moieties. The hydrophilic na-
ture of GA-Mag is only explained considering that the GA chains bind
to iron oxide in such a way in that charged (mainly negative) functional
groups remained surface exposed, performing electrostatic repulsion
between nanoparticles. This fact only may take place if not all the func-
tional groups of the biopolymer are interacting with iron oxide surface
groups [14,16,36].

On the other hand, the magnetic nucleus in formation as well as the
Fe precursors in solution could achieve coordination complexes, of dif-
ferent chemical structures, from their interaction with the amine and/
or carboxylic groups of the glycoprotein fraction of the polymer [8,37].

4. Potential applications in hyperthermia treatments

To characterize the potential of our formulations for magnetic hy-
perthermia, the SAR of GA-Mag-b colloid was measured against field
amplitude at a constant frequency of 260 kHz (Fig. 8a) and against fre-
quency at constant field amplitude of 17.4 kA/m (Fig. 8b). In Fig. 8a lin-
ear behavior is observed for Hy lower than 12 kA/m. This finding is in
agreement with a theoretical model proposed by Rosensweig [38].
Using higher field amplitudes, the SAR field dependence departs from
linearity and tends to saturation. Theoretically, SAR is proportional to
the area enclosed by the dynamic magnetization cycle, in this way,
when the applied field is large enough to saturate the sample, the max-
imum coercive field equals anisotropy field and SAR no longer increases.
This may explain the behavior experimentally observed. On the other
hand, it can be observed that SAR monotonously increases with fre-
quency. Single-domain magnetic NPs are known to dissipate heat
through Néel and Brown magnetic relaxation processes with a relaxa-

tion time 7= (75 ' +75 ')~ . Néel and Brown relaxation times are 7y =
Toew/ wr and T = 3nVy/kgT respectively. In the framework of linear re-
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The SAR vs. H2 and SAR vs. f measurements were well fitted with
previous equation using anisotropy constant K as fitting parameter.
Resulting in 36.3 k]/m> and 37.2 kJ/m? for field and frequency depen-
dence respectively. Using K = 36.3 k]/m> and structural and magnetic
measured properties SAR; was simulated restricting field parameters in-
tervals to the accepted biomedical window. As can be observer in Fig. 8a,
linearity holds up to 12 kA/m, defining the validity range of linear re-
sponse. Simulation is shown in Fig. 8c. The best value satisfying both
conditions appears at 12 kA/m and 417 kHz corresponding 74 W/g. In
the figure, the projection delimits the SAR within the biomedical
window.

Largest SAR of 218 W/gr. was measured out of the discussed condi-
tion at 260 kHz and field amplitude of 52 kA/m (Fig. 8c). The biomedical
window for RF applications resulted from one experiment reporting
that parts of the human body with a mean diameter of 0.3 m cannot
be exposed without discomfort to RF fields for which the product fHy
is larger than 5 10° A/ms [30]. However, it has been pointed out that
there is a need for new independent determinations of the discomfort
factor and also for a general discussion on its definition [39].

5. Concluding remarks

Highly versatile novel gum Arabic/Fe;0,4 nanoparticles have been
fabricated using a simple, non-time consuming and inexpensive
method.

After an exhaustive characterization, it was found that hybrid
nanomaterials having improved and specific properties (such as size,
superparamagnetism and surface charge) with respect to the raw mate-
rials were obtained. Especially their hydrophilic nature enables to form
highly stable colloidal suspensions in water. In fact they were able to,
maintain their Dh for more than one month. The GA-Mag nanoparticles
sizes ranged from 70 to 80 nm, while the sizes of magnetic core were
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synthesis (solid or in solution) seems not to have an important impact
on the properties of obtained nanoparticles. A slight difference was re-
lated to greater stability of GA-Mag-a in aqueous dispersion when com-
pared with GA-Mag-b. Another more marked difference was given by
the proportion of GA linked to the MNPs surface. According to TGA
data, GA-Mag-a is composed for already 39% of GA whereas GA-Mag-b
has about 22% in weight.

Properties such as size, polydispersity and stability in aqueous colloi-
dal suspensions turned these MNPs efficient tool to hyperthermia treat-
ments. Restricting field values to linear response theory and to the
accepted biomedical window, maximum useful predicted value is
74 w/g Fe at 417 kHz and 12 kA/m. Leaving this restrictions SAR values
of 218 W/gg. was measured at 52 kA/m and 260 kHz.
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