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Abstract. A synthetic procedure is described for preparation of magneto-sensitive nanocomposites from maghemite nanopar-
ticles and a natural polysaccharide, sodium alginate cross-linked with calcium ions. With this procedure, a series of nanocom-
posites was synthesized and characterized by spectrophotometry, transmission electron microscopy, X-ray diffraction, Mdss-
bauer spectroscopy, Fourier transform IR-spectroscopy and magnetometry with the following main conclusions: (a) The
nanocomposites retain their solubility in water unless the iron content exceeds 18.140.2 wt%. (b) Only y-Fe,Os nanoparticles
are included in the nanocomposite. (¢) Size of nanoparticles lies within a 4-20 nm range with a dominant diameter of 7+1 nm.
(d) Maghemite nanoparticles bind to the alginate matrix via formation of electrostatic and coordination contacts between
the surface Fe’* maghemite ions and functional alginate groups. (¢) The nanocomposites exhibit properties which are char-
acteristic for soft magnetic materials since they have a low coercive force. (f) Magnetic characteristics of the nanocomposites,
saturation magnetization and residual magnetization, are effectively controlled by the maghemite content. (g) An external
magnetic field causes the nanocomposites to move in an aqueous dispersion.
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1. Introduction an acceptable toxicity together with satisfactory mag-
Search for new synthetic approaches to make mag- netic properties [10, 11]. Magnetite FeO—Fe,03 is
netically controlled hydrophilic nanocomposites is  oxidized in the presence of oxygen [12, 13] that re-
of great interest because of their active application  sults in water-soluble but non-magnetic products [14,
in medicine and biotechnology. Such composites are  15]. In contrast to this, maghemite Fe,O3 is chemi-
sensitive to an external magnetic field that allows their  cally stable in physiological solution. For this reason,
transport in the body [1, 2], in particular for a target- maghemite-based nanocomposites seem more
ed delivery of drugs and radionuclides to a specific ~ prospective [16]. Iron oxide nanoparticles are usually
area of the organism [3, 4]. Importantly, the magnet- incorporated into biocompatible matrix, e.g. small
ic field does not have a destructive effect on living  organic compounds, polymers, interpolymer capsules
tissue. This feature makes the magnetic field an ef- [17-19], in order to reduce toxicity of nanoparticles
fective tool for therapeutic hyperthermia of tumor and stabilize them against spontaneous aggregation.
cells [5, 6], and often as an addition to traditional In addition, conjugation of nanoparticles with hy-
therapies [7-9]. The most widespread in medical drophilic polymers increases the time of their circu-
practice are composite materials based on iron ox- lation in the bloodstream [20, 21]. As effective sta-
ides, magnetite and maghemite, which demonstrate  bilizers have been suggested polymers with ionic
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groups, synthetic and natural polyelectrolytes, in-
cluding chitosan, alginic acid and carboxymethyl
cellulose [22-24]. The presence of charged function-
al groups in this case allows polymers to chemically
interact with the surface of nanoparticles.

Alginate is a commercially available anionic poly-
saccharide extracted from seaweeds [25] with an an-
nual production of approx. 30000 tons [26, 28], which
has been long used in pharmacy and cosmetics [27,
28]. Alginate itself possesses various kinds of phys-
iological activities, such as anti-tumor [29, 30] and
immune-regulating [31, 32] activity. In Ca®"-con-
taining aqueous solutions, this polymer forms micro-
gel particles recommended for encapsulation and
transport of bioactive compounds [33, 34]. Being
electrostatically combined with cationic polysaccha-
ride chitosan, anionic alginate gives micro-sized cap-
sules, another drug-delivery device [35]. Conjuga-
tion of alginate with iron oxide nanoparticles allows
obtaining magnetically controlled biocompatible and
biodegradable nanocomposites for encapsulation and
delivery of various biologically active compounds.
A basic procedure for the preparation of water solu-
ble nanocomposites from iron oxide nanoparticles
and sodium alginate is a co-precipitation in situ tech-
nique [36]. Ma and coworkers [37, 38] proposed a
two-step method that involved the synthesis of mag-
netite from a mixture solution of Fe(Il) and Fe(IIl)
salts in alkaline solution and then the combination
of the particles obtained with alginate by dispersion
using ultrasonication. The authors of refs. [39—41]
prepared superparamagnetic sodium alginate-coated
Fe;04 nanoparticles as a magnetic adsorbent in which
Fe;04 nanoparticles were synthesized from FeCl; and
FeCl, under alkaline medium in the presence of sodi-
um alginate. The processes of obtaining nanocom-
posites are carried out both at 60—80°C and in inert
(nitrogen or argon) atmosphere [37—41], and in air
atmosphere [42]. It was shown that nanocomposites
iron oxide nanoparticles/sodium alginate are charac-
terized by stability against aggregation and well-de-
fined magnetic properties. However, all proposed
modifications of the co-precipitation method give a
FeO-Fe,0O3 mixture (magnetite).

In the present article we first time describe water sol-
uble and magnetically controlled nanocomposite ma-
terials weakly cross-linked salt of alginic acid (sodi-
um/calcium alginate) and maghemite nanoparticles.
Nanocomposites were obtained by one-step synthesis
of y-Fe,O3 from Mohr’s salt in a polymeric alginate
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matrix. The proposed technique of chemical synthesis
of maghemite develops in alkaline solution at room
temperature and air atmosphere. The content of mag-
netic component in the composites can be controlled
by the ratio of the components in the synthesis.

2. Experimental section

2.1. Materials

Mohr’s salt (NHy),Fe(SOy4),-5H,0 (Merck, USA),
NaH,PO, (VK Labor und Feinchemikalien, Ger-
many), NaOH (Chemapol, Czech Republic), and 2-
hydroxy-5-sulphobenzoic acid (Sigma-Aldrich, USA)
were used as received. Na-alginate cross-linked with
calcium ions (5%) (Alg-Na/Ca) from (ISP, Water-
field, Tadworth Surrey, United Kingdom) was puri-
fied by dialysis against bi-distilled water for three
days. To extract polymer substance the solution was
exposed to lyophilic drying.

2.2. Nanocomposites synthesis

The four nanocomposites were synthesized as fol-
lows. Weighted amounts of Mohr’'s salt were dis-
solved in 1 mL of distilled water each and mixed
with corresponding 5 mL of 2% aqueous solution
of Alg-Na/Ca and 1 mL of 2 mM NaOH aqueous
solution. The resulting three-component systems
were intermixed vigorously for 2 min and then each
system was added to 1 mL of NaH,PO, solution
whose concentration ensured a molar ratio
(NHy4),Fe(SOy),-5H,O/NaH,PO, = 1/1. The reactions
were completed when a color of the mixtures changed
from green to dark red. The resulting solutions were
purified from inorganic salts by dialysis, after that
Fe/Alg-Na/Ca nanocomposites were lyophilized.
Thus the nanocomposites I-1V were obtained. The
details about initial components composition in the
reaction mixture are presented in Table 1. The pro-
cedure proposed enabled us to obtain relatively large
quantities (tens of milligrams) of magnetic nanocom-
posites with the average yield 80£5%.

2.3. Instrumentation

The iron contents in the nanocomposites (B in Table 1)
were determined spectrophotometrically by Ultrospec
4050 (LKB, Sweden). For this purpose 5 mg samples
of each lyophilized nanocomposite were dissolved in
0.1 mL of 10 mM H,SO4 aqueous solution and
mixed with 5 mL of 10% 2-hydroxy-5-sulphoben-
zoic acid aqueous solution. Absorbance at 510 nm
was registered, recalculated in a Fe concentration
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using a corresponding calibration curve and finally
transformed to a f value. Maximum iron contents in
water-soluble composites were calculated taking into
account the confidence interval of 95%. The confi-
dence intervals of mean values were calculated using
program Excel.

Morphological studies were carried out using trans-
mission electron microscopy (TEM) with a JEM-
100B unit (JEML, Japan) equipped with an attach-
ment for X-ray phase analysis. Diluted 0.005 wt%
water solutions of composites were prepared. The 5 pL.
aliquots of these solutions were set to copper grids
and dried in vacuo. Samples were examined without
preliminary contrasting. Nanoparticles sizes were es-
tablished by means of statistical analysis of TEM im-
ages using MicroCal Origin software. The analysis
of 30 samples for each specimen was performed.
X-ray diffraction (XRD) measurements were carried
out in a transmission mode using URD-6 diffractome-
ter (Carl Zeiss, Germany). The particles sizes were
calculated by the Debye-Scherrer formula.
Mossbauer spectra of the nanocomposites were ob-
tained with a MS-1104EM spectrometer (Russia, Ros-
tov University) with the 3’Co(Rh) gamma-radiation
in source in transmission geometry at 300 and 80 K.
A model interpretation of the Mossbauer spectra was
performed using Univem MS Program.

Magnetic properties of the nanocomposites were
studied with a Lakeshore 7400 vibration magnetome-
ter (Lake Shore Cryotronics, USA) at room temper-
ature in a field range of 6 Oe. A previously compact-
ed sample was oriented in parallel to an external
magnetic field.

Fourier transform IR-spectra (FTIR) were recorded
using by PerkinElmer Spectrum 100 FT-IR technique
in the range of 4000400 cm™" at room temperature.

3. Results and discussion

The (iron-containing) Fe/alginate nanocomposites
were synthesized via one-stage transformation of
Mohr’s salt, (NH4),Fe(SOy4),-6H,0, to Fe,03 in

alkaline solution additionally contained a strong re-
ducing agent, sodium hypophosphite, and a stabiliz-
ing polymer matrix, alginate crosslinked with calci-
um ions. No special conditions (high temperature
and inert medium) were required. Recently [43] we
established that the feature of the proposed method
is the formation of magnetic Fe,O5 oxide in the pres-
ence of a strong reducing agent and air oxygen. The
presence of a reducing agent in the system was nec-
essary due to the chemical specificity of this process,
which proceeds through the formation of metallic
iron as an intermediate. It should be noted that mag-
netic iron oxide form could not be synthesized with-
out the reducing agent. The choice of hypophosphite
as a reducing agent was made because oxidation-re-
duction potential of the H,PO5/PO; pair provides
recovery to metallic iron in an alkaline medium.

In the course of synthesis, the alginate concentration
was maintained constant, whereas the Mohr salt con-
centration increased that allowed to see how a Mohr’s
salt-to-alginate molar ratio NV affected the iron con-
tent in the nanocomposite . As shown in Table 1, the
iron content progressively increased with elevating
N and reached 18.1 at N =2. In all samples water-sol-
uble products were formed, while an increase in the
Mohr salt concentration over 0.12 M resulted in black
precipitates. The formation of nuclei, nanocrystals
of iron-containing particle as well as formation of
contacts between the surface of nanoparticles and
macromolecules occurs during the synthesis of nano-
particles. Alginate macromolecules play a key role
providing limited volume for nucleation and growth
of nanoparticles. So this steric factor plays dominant
role in limiting the growth of nanocrystals.

The results were reproduced when repeating the syn-
thetic procedure. Thus, the content of the inorganic
phase in the polymer matrix could be controlled by
simple varying a ratio of two components: Mohr’s
salt and alginate.

The iron-containing nanoparticles in the nanocom-
posites were visualized by using the TEM technique.

Table 1. Content of initial components in the reaction mixture and iron content in the composites.

Composite [A'g&";/ Cal [(NH"”F"’&?“)Z'S 0l | (NHL),Fe(S04),5H,0]/[Alg-Na/Ca] = N [wf% |
I 0.06 0.015 0.25 3.4%0.1
11 0.06 0.030 0.50 48+0.1
1 0.06 0.060 1.00 10.5£0.2
v 0.06 0.120 2.00 18.120.2
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Figure 1. TEM-images of the nanocomposites. Iron content: a) 3.4 wt% composite I, b) 4.8 wt% composite II, ¢) 10.5 wt%
composite III and d) 18.1 wt% composite IV. Inserts in TEM-images demonstrate enlarged individual nanoparticles.

Microphotographs of the four obtained samples with
different iron contents from Table 1 are presented in
Figure 1.

Dark spherical particles are clearly visible on all the
TEM images thus showing iron oxide in the four sam-
ples (in enlarged inserts). By the statistical processing
of the TEM images, the size distribution of iron oxide
nanoparticles was determined and found within 4—
20 nm range with a dominant diameter of 7+1 nm
for all samples (Figure 2).

The typical electronogram of all nanocomposites
(Figure 3) contains the same set of intense Bragg
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reflections indicating the identical crystal structure
of the nanoparticles in the four nanocomposites.

XRD method allowed to look deeper inside the nano-
particle structure. The powder XRD patterns of the
four nanocomposites are shown in Figure 4. Each
diffraction pattern is a set of well-refined reflections
at 20 = 30.25; 35.65; 42.25 and 57.2 A. According to
a database of powder diffraction patterns provided by
the International Center for Diffraction Data (ICDD)
represented in Ref. [24] the above reflections corre-
spond to the reflection planes (220), (311), (400),
and (440) of crystalline iron oxides: magnetite
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Figure 2. Distribution peaks of iron oxide nanoparticles by size. Iron content: a) 3.4 wt% composite I, b) 4.8 wt% compos-
ite 11, ¢) 10.5 wt% composite III and d) 18.1 wt% composite I'V.

FeO-Fe,03 and/or maghemite Fe,O3. By using the  The interplanar distances, defining the crystalline
Scherrer equation [44] an average size of crystallites  structure of the oxide nanoparticles, were calculated
was estimated as 9+1 nm that was in excellent agree- by the Bragg formula (Table 2). For the reference sam-
ment with the TEM data. ples of magnetite and maghemite, the corresponding
values were taken from the ICDD database (repre-
sented in Ref. [24]). Comparison of the experimental
and reference values indicated the crystalline lattice

220 3N 400 440

RS

Intensity [relative units]

T T T T T T T

30 35 40 45 50 55 60
26 7]

Figure 4. XRD patterns of composites I (1), II (2), III (3)
Figure 3. Electronogram of composite (I1I). and IV (4).
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Table 2. Interplanar distances calculated from for experi-
mental X-ray data for the nanoparticles and extract-
ed from ICDD database for iron oxides, y-Fe,O3
and Fe;0y4, as well as corresponding miller indices.

dey dgyFey0 dgy-Fey0
No. hkl [Ai) (Y[AZ] 3) (Y[AZ] 4)
1 111 4.834+0.005 4.822 4.852
2 220 2.955+0.004 2.953 2.967
3 311 2.520+0.005 2.517 2.532
4 400 2.090+0.005 2.088 2.099
5 422 1.705+0.004 1.704 1.714
6 440 1.474+0.004 1.475 1.484

of maghemite for the synthesized nanoparticles with
no other ‘impurity’ crystalline phases.

The chemical structure and dispersity of the nano-
particles was finally identified by means of Moss-
bauer spectroscopy. °'Fe Mossbauer spectra of the
composite IV with a maximum iron content of
18.1 wt% at 297 and 80 K are shown in Figure 5.
The spectrum obtained at 297 K (Figure 5a) illus-
trates a superparamagnetic behavior of the sample.
The paramagnetic doublet with isomer shift /5=
0.36 mm/s, quadrupole splitting Qs = 0.58 mm/s,
magnetically split component with very large widths
I' = 1.94 mm/s and average effective magnetic field
of 368 kOe were detected in the spectrum at 297 K.
At the same time no Fe;O4-nanoparticles character-
istic signals (doublet with parameters /; = 0.4 mm/s
and quadrupole splitting Qs = 1.11 mm/s) were de-
tected in this spectrum [45, 46]. Thus, only y-Fe,Os
nanoparticles were formed during the nanocompos-
ite synthesis.

The estimation of nanoparticles sizes distribution
was made by analyzing of the spectrum at 80 K
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Figure 5. Mdssbauer spectra of composite IV with 18.1 wt%
iron content measured at 297 (a) and 80 K (b).

(Figure 5b). This spectrum contains paramagnetic
doublet corresponding to y-Fe,O3 nanoparticles with
sizes 5-6 nm, and relaxation components with Heg=
310-320 kOe. The set of well-split magnetic com-
ponents with effective magnetic fields in the range
410-515 kOe appeared during the temperature de-
creasing down to 80 K. Spectrum fitting and areas
calculations of all those components allowed us to
estimate y-Fe,O3 nanoparticles size distribution: 5—
6.5 nm—21%, 7-8 nm —45%, 8.5-9 nm —20%, 9.5—
10 nm — 14%. This distribution was in good agree-
ment with distribution calculated from TEM images
analysis.

FTIR technique was used to determine the nature of
the interactions of between nanoparticles and poly-
anions.

The FTIR-spectra of the original alginate and algi-
nate-maghemite composites with different maghemite
contents are shown in Figure 6.

For the nanocomposites [-IV and original alginate
no peaks were found in range 600-400 cm™!. No prin-
cipal differences in spectra were recorded in range
4000-2000 cm™'. In the alginate spectrum (Figure 6
curve 1) the bands at v =1600 and 1420 cm™! relate
to the antisymmetric and symmetric stretching vi-
brations of carboxyl groups, respectively (Figure 6
curve 1). These groups are mainly in a deprotonated
(charged) form [47, 48]. The band at v= 1730 cm™!
is associated with stretching vibrations of C=0 frag-
ments in carboxyl groups; this band is due to intra-
and intermolecular hydrogen bond formation. The
bands atv =1220 and 1025 cm™' result from stretch-
ing vibrations of C—OH fragments and C—-O—C frag-
ments in alginate macromolecule, respectively [49].
In FTIR spectra of the nanocomposites (Figure 6
curves 2-5), a gradual decrease in the intensity of
the v=1730 cm™' peak is observed with an increase
in the maghemite content. This indicates that the al-
ginate carboxyl groups are not involved more in the
H-bond formation most likely due to their interaction
with the surface of maghemite nanoparticles. A pro-
gressive decrease in the intensities of the v = 1220 and
= 1025 cm™! peaks apparently means Fe'' maghemite
ions coordinate the hydroxyl and ether groups thus
making them ‘invisible’ in the IR spectra. These re-
sults allow the conclusion about incorporation of
maghemite nanoparticles into the alginate matrix via
formation of electrostatic and coordination contacts
between the surface Fe** maghemite ions and func-
tional alginate groups.
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Figure 6. FTIR- spectra of alginate (1), composite I (2), com-
posite 1I (3), composite I1I (4) and composite IV (5).

The specific magnetizations of the nanocomposites
vs. applied magnetic field are represented in Figure 7.
The profiles of the magnetization curves are evi-
dence of ferromagnetic properties of the nanocom-
posites. From these curves, the magnetostatic char-
acteristics: saturation magnetization (/;), residual
magnetization (/;), coercive force (H.) and square-
ness coefficient (/,/[;), were calculated and summa-
rized in Table 3.

The data of Table 3 show that Is increases from 1.8 to
23.1 emu/g with elevating the content of maghemite
in the nanocomposite. In the same series of nanocom-
posites the /; value varied from 0.21 up to 2.56 emu/g.
These results show the relationship between the con-
tent of maghemite domains and the magnetic char-
acteristics of nanocomposites.

At the same time, both H, and /y/I. do not change
with the elevating the maghemite content. The H,
value lies within a 51.4+0.5 Oe range while /,/I
within a 0.112+0.004 range. The latter is particularly

30

Magnetization [emu/g]

-2
Magnetic field [kOe]

Figure 7. Magnetization curves of composites I (1), 11 (2),
1I (3) and IV (4) at 300 K.
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Table 3. Magnetic characteristics of alginate-maghemite nano-

composites.
Composites [emI:l ol [gZ] [en{:l o] /I
I 1.8 51.9 0.21 0.116
I 8.8 51.0 0.95 0.108
I 14.4 51.4 1.62 0.112
v 23.1 51.0 2.56 0.111

noteworthy since it indicates that the nanocompos-
ites are soft magnetic materials.

The operational magnetic characteristics of the nano-
composites, saturation magnetization and residual
magnetization, are effectively controlled by the com-
ponent ratio.

In order to demonstrate magnetic properties of the
nanocomposites, the following experiment was per-
formed. A uniformly colored composite I1I aqueous
solution (Figure 8a) was placed over the magnet that
caused the nanocomposite particles to move down
towards the magnet thus forming a dark disk on the
bottom of the test-tube (Figure 8b). A further transfer
of the magnet to the top of the test-tube caused the
particles to move upwards as shown by a dark thread
in Figure 8c. It should be noted that in absence of
magnetic field this 1 wt% water solution has demon-
strated fine stability (no precipitation or phase sepa-
ration occurred) for at least 1 month.

4. Conclusions

A one-step procedure was designed for the prepara-
tion of biocompatible nanocomposites from y-Fe,;O;
maghemite nanoparticles and a natural polysaccha-
ride, water-soluble sodium/calcium alginate. Follow-
ing the procedure, a series of magneto-sensitive nano-
composites with a controlled content of maghemite
was synthesized and characterized. An average di-
ameter of the maghemite nanoparticles was found to
be of 71 nm according to transmission electron mi-
croscopy. As shown by FTIR spectroscopy, the nano-
particles complex with the polymer matrix via elec-
trostatic and coordination interactions; the complex-
ation restricts the nanoparticle growth and stabilizes
them against aggregation. The nanocomposites were
shown to be soft magnetic nanomaterials which form
stable aqueous dispersions sensitive to an external
magnetic field. The biocompartible maghemite-algi-
nate nanocomposites seem to be promising for en-
capsulation and delivery of biologically active com-
pounds.
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a) b)

MAGNET

c)

Figure 8. Effect of magnetic field on the behaviour of 1 wt% composite III aqueous solution. Arrow indicates magnet-induced
accumulation of nanocomposite. a) sample without magnet, b) sample with magnet at the bottom, ¢) sample with

magnet on the left
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