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Biocompatible magnetic hydrogels provide a great source of synthetic materials, which facilitate remote
stimuli, enabling safer biological and environmental applications. Prominently, the ex situ and in situ
magnetic phase integration is used to fabricate magneto-driven hydrogels, exhibiting varied behaviours
in aqueous media. Therefore, it is essential to understand their physicochemical properties to target the
best material for each application. In this investigation, three different types of magnetic alginate beads
were synthesised. First, by direct, ex situ, calcium chloride gelation of a mixture of Fe3O4 nanoparticles
with an alginate solution. Second, by in situ synthesis of Fe3O4 nanoparticles inside of the alginate beads
and third, by adding an extra protection alginate layer on the in situ synthesised Fe3O4 nanoparticles algi-
nate beads. The three types of magnetic beads were chemically and magnetically characterised. It was
found that they exhibited particular stability to different pH and ionic strength conditions in aqueous
hemistry
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Magnetic materials
Magnetite
solution. These are essential properties to be controlled when used for magneto-driven applications such
as targeted drug delivery and water purification. Therefore, this fundamental study will direct the path to
the selection of the best magnetic bead synthesis protocol according to the defined magneto-driven
application.
� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alginates are colloidal polysaccharides isolated from brown
algae, which is abundant in coastal waters [1]. They are linear
copolymers containing D-mannuronic acid and -L-guluronic acid
residues covalently linked together in different configurations
[2]. Alginates cross-link with multivalent metal ions (e.g. Ca2+,
Ba2+) [3] following the ‘‘egg-box” model, which keeps the polymer
as a three dimensional gelling material [4]. They are very versatile
materials which are currently used for applications like delivery of
low molecular weight drugs [2,5–7] and proteins [8–10], wound
dressing [11–14], tissue engineering [15–16], food industry, [17–
18] removal of water pollutants/heavy metals [19–20], among
others [13,21].

Magnetic alginate nanocomposites are attracting attention
because of their excellent biocompatibility and the possibility of
remote stimuli manipulation [22–23]. When considering their
magnetic properties, the inorganic magnetic phase is usually a
metal oxide of Fe, Co, Ni, which is introduced into the polymer
matrix [24]. These magneto-driven alginate nanocomposites have
been applied for biomedical applications like targeted drug deliv-
ery, magnetic triggering drug release, enzyme immobilisation
and magnetic hyperthermia [25–29]. Moreover, they have been
employed for environmental applications like the magnetic
removal of heavy metals, organic contaminants and dyes from
water [30–32]. Interestingly, magnetic alginate nanocomposites
microstructures have been fabricated and applied as magnetic
actuators as micro-helical capsule robots [33].

Iron oxide Fe3O4 (magnetite) is the main material used in most
of these applications, due to its low toxicity, high magnetisation
and availability at low cost. In particular, Fe3O4 nanoparticles
(NPs) are commercially accessible or easy to synthesise, by the
co-precipitation method of ferrous and ferric salts under alkaline
solution in a controlled N2 environment, presenting superparam-
agnetic properties with a saturation magnetisation of � 80 Am2

kg�1 [34]. There are several methods to fabricate magnetic alginate
materials by physical cross-linking such as, ex-situ blending of
Fe3O4 NPs with the alginate matrix or in situ synthesis of Fe3O4

NPs in the alginate matrix. The most used method in literature is
the blending of alginate and magnetic nanoparticles (MNP), fol-
lowed by a traditional di-cationic cross-linking protocol [35]. In
the second method, in situ synthesis of Fe3O4 NPs inside of the algi-
nate hydrogel matrix, the alginate hydrogel material is formed by a
cross-linking process with ferrous and ferric cations. Then, the
material is subjected to a highly alkaline solution and, by diffusion,
the Fe3O4 NPs are synthesised inside of the material [36].

In biomedical applications using magnetic beads, drug releasing
phenomena is achieved over pH � 7, since beads swell due to the
electrostatic repulsion of the carboxylate groups at this pH [37–
38]. Moreover, it has been reported that beads might bust, due to
the exchange of the cross-linking cations at that conditions too
[39]. On the other hand, a stable and non-degradable hydrogel
matrix is in high demand for environmental applications, espe-
cially for organic contaminants and heavy metal removal in water
resources. In this regard, fundamental understanding of the prop-
erties of the nanocomposite obtained when alginate beads are fab-
ricated by both, the ex situ and in situ processes, is of high
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relevance, especially their stability in aqueous medium. In this
regards, it is necessary to carry out fundamental studies of the
properties and the behaviour of these type of magnetic alginate
beads, and to characterise their stability in aqueous medium. Fur-
thermore, it is of special interest to provide to the research com-
munity and the biotechnological industry with less complicated
synthesis protocols, which overcome the inherent low stability
behaviour of magnetic alginate materials.

In this work, magnetic alginate beads (alginate as the polymer
matrix and iron oxide as the inorganic matrix) were synthesised
using two different methods. First, the direct mix of Fe3O4 NP with
the alginate solution, ex situ, and subsequent gelation with a catio-
nic solution, bead-a, and second, by the in situ synthesis of Fe3O4

NPs inside of the alginate bead, bead-b. Moreover, in order to
improve the stability of the bead-b type, an extra alginate layer
was generated on the bead-b by dip coating synthesis, producing
bead-c. The stability of the beads was investigated at different
pH values and ionic densities in aqueous solution. Moreover, the
synthesised magnetic nanoparticles and the beads were charac-
terised by transmission electron microscopy, scanning electron
microscopy, X-ray powder diffraction, Fourier-transform infrared,
dynamic light scattering, Raman and superconducting quantum
interference device in order to understand the behaviour of these
magnetic alginate nanocomposites in aqueous solutions.
2. Materials and methods

2.1. Synthesis of the Fe3O4 nanoparticles

First, a 0.5 M ferric solution was prepared by dissolving 2.71 g of
FeCl3�6H2O (>99 %, Sigma-Aldrich, Spain) in 20 mL of distilled
water and a 0.5 M ferrous solution was prepared by dissolving
1.39 g of FeSO4�7H2O (>99 %, Sigma-Aldrich, Spain) in 10 mL dis-
tilled water. Then, 30 mL Fe3+/Fe2+ (Fe3+:Fe2+, 2:1) solution (deoxy-
genated) was added drop by drop in a 40 mL 1 M NaOH (>98 %,
Sigma-Aldrich, Spain) solution kept at 40 �C under vigorous stirring
and N2 atmosphere. A black precipitate was immediately formed.
Then, the precipitate was heated at 90 �C for 30 min. After that,
the precipitate was separated from the solution with a magnet
and washed 3 times with distilled water. Finally, the Fe3O4

nanoparticles were dried by rotary evaporation at 40℃, under vac-
uum to obtain a black nanoparticle powder [40].
2.2. Synthesis of the alginate beads

Sodium alginate powder (Sigma-Aldrich, Spain), extracted from
brown algae with mannuronate (M)/guluronate (G) ratio of � 1.56
and molecular weight of 12,000 – 40,000 g mol�1, was used in all
synthesised beads.

Bead-a type: 75 mg of Fe3O4 NPs were mixed with 5 mL of 1 %
(w/v) of sodium alginate solution (1:100, sodium alginate: distilled
water). Then, a 15 mL drop of Fe3O4 /alginate solution was dipped
into a 0.1 M calcium chloride (>93 %, Sigma-Aldrich, Spain) solu-
tion. The magnetic alginate beads were instantly formed inside of
the calcium chloride solution. After 10 min, the beads were
removed from the solution and washed with distilled water.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Bead-b type: 15 mL drops of sodium alginate solution were
dropped to a 30 mL Fe3+ /Fe2+ (Fe3+:Fe2+, 2:1) solution (deoxy-
genated). Yellow coloured beads were formed instantly. The beads
were allowed to settle in the solution for 15 min. Then, the beads
were washed with distilled water and transferred to a 1 M NaOH
solution (deoxygenated) for 10 min to synthesise, in situ, the
Fe3O4 nanoparticles inside of the alginate beads. The yellow colour
of the beads instantly turned to black. Finally, the beads were
washed with distilled water.

Bead-c type: Beads-b type were dipped into a 0.5 % (w/w) algi-
nate solution and subsequently, transferred to a 0.1 M CaCl2 solu-
tion to coat them (10 min) with another alginate layer. Then, the
beads were washed with distilled water.

2.3. Characterisation of the nanoparticles and the magnetic beads

Transmission electron microscopy (TEM) images of the Fe3O4

nanoparticles (in water suspension) were collected from JEOL
JEM 1400 Plus (JEOL, Japan). Scanning electron microscopy (SEM)
images of the freeze-dried beads were recorded by Hitachi S-
4800 (Hitachi Japan) and QUANTA 200FEG, Field emission scanning
electron microscopy (FESEM) for the hydrated beads. Fourier-
transform infrared spectroscopy (FTIR) spectra of the dehydrated
nanoparticles and beads were carried out, in transmittance mode,
using a Jasco 4200 spectrometer. The Raman spectra were recorded
by a Renishaw InVia Raman spectrometer, joined to a Leica DMLM
microscope. The spectra were acquired with the Leica 50x N Plan
(0.75 aperture) objective and 785 nm laser (diode laser, Toptica).
X-ray powder diffraction (XRD) patterns were collected by using
a Philips X’pert PRO automatic diffractometer operating at 40 kV
and 40 mA, in theta-theta configuration, secondary monochroma-
tor with Cu-Ka radiation (k = 1.5418 Å) and a PIXcel solid-state
detector (active length in 2h 3.347 �). Data were collected from 6
to 80� 2h, step size 0.026 � and time per step of 450 s at RT (scan
speed 0.015 � s�1). Magnetisation measurements for the iron oxide
nanoparticles and the dehydrated beads were carried out in a 5 T
Quantum Design MPMS XL-5 (SQUID) magnetometer at room tem-
perature. DLS data were obtained by Malvern Zetasizer Nano-ZS
ZEN 3600. Data, statistical and image analysis were carried out in
Microsoft Excel, Origin Pro 2018 and Image-J software.

The stability of the beads in aqueous solutions at different pH́s
was evaluated over time. In order to do that, a pH 2.0 ± 0.2 solution
was prepared by diluting HCl (>37 %, Sigma-Aldrich, Spain) and a
pH 12.0 ± 0.2 solution was prepared using NaOH (Sigma-Aldrich,
Spain). Finally, distilled water was used as the neutral pH solution
(pH 7.0 ± 0.5), n = 3. The images of the beads were captured by a
Sony Cyber-shot DSC-RX100 camera over time
3. Results and discussion

A schematic illustration of the three types of magnetic alginate
beads is presented in Fig. 1. In general, for the three methods, iron
oxide alginate nanocomposite liquid suspension or sodium algi-
nate droplets of 15 mL were pipetted into a gelling bath solution
containing a Ca2+ solution for the bead-a types or into a Fe2+ /
Fe3+ solution for the bead-b types, generating beads of 2.2 ± 0.3 m
m diameter (n = 3). The droplets rapidly cross-linked and formed
an external outer layer of alginate as a capsule. Then, cations pen-
etrated through the capsule to fully cross-link the alginate polymer
to form the bead [41].

3.1. Stability of the beads in aqueous media

Magnetic beads are frequently used for water-based magneto-
driven applications. [30] Therefore, it is of great importance to
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study the stability of the alginate beads in aqueous media, at differ-
ent pH, over time. In order to do that, the alginate beads were
investigated at pH 2.0 ± 0.2, 7.0 ± 0.5 and 12.0 ± 0.2 water solutions
up to 21 h. Fig. 2a (left), shows a schematic representation of the
behaviour of bead-a at different pH. Bead-a type presented good
stability, for all the pH investigated, demonstrating a stable equi-
librium, between the water absorption of the bead, over time,
and its surrounding medium, as expected for this type of material
(n = 3). Alginate beads generally undertake differentiated swelling/
shrinking behaviours in the acidic and in the basic pH solutions.
Alginate polymer contains carboxylate groups (–COO–) which are
converted to carboxylic acid (–COOH) in the acidic medium
attracting other hydroxyls (–OH) and –COOH groups by inter-
molecular hydrogen attraction. This effect causes a contraction of
the alginate beads over time. On the other hand, at pH values over
7, and especially at basic pH values, the carboxylate groups remain
as negative COO– anions generating electrostatic repulsions forces
between the negatively charged groups, expanding the bead resul-
tant to absorb more water molecules and causing the swelling over
time until reaching equilibrium [42]. A significant size variation
was observed at both pH conditions. The diameter of the beads
got reduced by a 16 ± 11 % in the acidic pH = 2.1 medium and
increased by a 15 ± 8 % in the basic pH = 12.2 medium (n = 3),
see Figure S1.

On the other hand, the bead-b type presented a different beha-
viour compared to bead-a. The beads were found to be stable at
high and low pH ranges, obtaining a similar swelling/shrinking
behaviour than the bead-a type. However, at neutral pH, the
bead-b presented an unstable behaviour, deteriorating rapidly over
time, see Fig. 2a schematic diagram (right). This observation is very
important to investigate, since neutral pH needs to be used for
most of the possible biological applications of these types of beads.
The pictures Fig. 2a (right), clearly show that at pH � 7, alginate
bead-b rapidly degraded, showing the leaking of the magnetic
nanoparticles to the medium. After the first hour, bead-b type
was found to swell up to 60 % of its initial size, contributing to
the fast degradation of the bead structure and thus, the releasing
of the Fe3O4 nanoparticles, as a homogeneous suspension, see
Figure S2.

This behaviour can be explained considering the instability of
the ionic density inside and outside of the beads. In bead-b, the
alginate was cross-linked with Fe3+ /Fe2+ using a ferrous sulphate
and ferric chloride solution and then, the Fe3O4 nanoparticles were
in situ synthesised, using a sodium hydroxide solution, inside the
beads, as shown by the chemical reaction-1.
2FeCl3 + FeSO4+8NaOH!Fe3O4 (NP)+6NaCl+Na2SO4+4H2O reaction

ð1Þ
Sodium sulphate and sodium chloride salts remained inside of

the alginate beads increasing their internal ionic density. There-
fore, when the bead-b is immersed in a neutral pH solution, the
bead-b reduced its ionic density by absorbing water molecules,
which promoted the rapid swelling of the bead. Besides, the
strength of the cross-linked bonds is weaker in the bead-b than
in the bead-a, since the nucleation of the Fe3O4 nanoparticles
decreased the number of available pre-cross-linked bonds.
Although, it is expected that the Fe3O4 nanoparticles were predom-
inantly formed using the unbounded Fe3+ /Fe2+ ions present inside
of the matrix of the bead, Fe3+ /Fe2+ ion coming from the cross-
linked alginate could get used as well, weakening the stability of
the beads at pH � 7. These two effects promoted the fast degrada-
tion of the structure of the bead when the osmotic pressure over-
come the bond (cross-linking) strength, releasing the magnetic
nanoparticles.



Fig. 1. Illustration and images of the three types of Fe3O4/alginate beads. (a) Bead-a, obtained by direct addition of Fe3O4 NPs to the alginate solution, ex situ, and subsequent
cross-link of the bead in a solution containing Ca2+ ions. (b) Bead-b, obtained from an alginate bead cross-linked by Fe3+ /Fe2+ (yellow bead image) followed by in situ synthesis
of the Fe3O4 nanoparticles inside of the bead (black bead image). (c) Bead-c, obtained from bead-b, followed by the formation of an extra alginate layer cross-linked by a
solution of Ca2+ ions. The images of the real beads and the chemical illustration for the hydrogels are shown under each bead category.

Fig. 2. (a) Schematic illustration of the bead-a and bead-b behaviour at different pH solutions, and pictures of the beads under pH � 2, �7 and � 12, from 0 to 21 h. (b)
Stability of the bead-b in a NaCl solution (1 M) at pH � 7, up to 21 h.
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On the other hand, at acidic and basic conditions (pH � 2
and � 12), the ionic density of the solutions was high, compared
to the pH � 7 solution thus, water molecules did not rapidly pen-
etrate inside of the bead, reminding in an equilibrium state for
longer times.

In order to confirm this behaviour, the magnetic bead-b types
were immersed in a solution of 1 M NaCl at neutral pH and mon-
itored over time. Fig. 2b clearly shows that the beads are stable
up to 21 h at this high ionic density, confirming that the instability
of the ionic density of the inside and the outside of bead is the
responsible of the degradation of the bead-b.
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Bead-b types have an important advantage compared to bead-a
types for the fabrication of magnetic alginate beads. Their simpler
synthesis methodology permits the cross-linking of the bead with-
out the inorganic nanoparticles, obtaining higher loadings of the
magnetic inorganic material (Fe3O4 nanoparticles). Nevertheless,
as described above, it has a mayor disadvantage, the low stability
and fast degradation of the beads when immersed in a low ionic
density medium, becoming an important drawback for most appli-
cations. Therefore, in order to overcome this limitation, a third syn-
thesis methodology for the fabrication of magnetic alginate beads
was carried out. Bead-c type was synthesised by adding an extra
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alginate layer cross-linked by calcium divalent ions over the bead-
b. Fig. 3a shows the stability of the bead-c at different pH values up
to 21 h. Bead-c types are stable in all the pH solutions investigated,
preventing the degradation of the beads under low ionic density
aqueous media. The extra layer of alginate acts as a protecting
shield for the bead-b types. Moreover, during the formation of
the extra layer, the diffusion of Ca2+ ions reinforced the strength
of the entire bead by forming extra cross-linked sides in the
bead-b, preventing the breaking of the bead and releasing of the
magnetic nanoparticles. As depicted in Fig. 3b, swelling and shrink-
ing behaviour at high and low pH levels, can be clearly seen in
bead-c, following the same mechanism mentioned for bead-a. It
is remarkable to mention that, larger viability on the diameter of
the beads were obtained during the fabrication of the bead-c type,
due to the two steps needed for their fabrication.
3.2. Morphological characterisation of the beads

The morphology of the surface and the cross-section of the
three bead types were investigated by SEM (from freeze-dried
beads) and FESEM (from hydrated beads). Fig. 4a shows the SEM
images of the bead-a, bead-b and bead-c surfaces, respectively.
Bead-a and bead-c types presented a homogeneously polymerised
surface structure without corrosion, which prevented degradation
in aqueous environments. On the other hand, a highly porous and
corroded surface was observed for the bead-b type. This structure
was explained considering that the whole bead, including the sur-
face, contributed to synthesise the Fe3O4 nanoparticles inside of
the alginate matrix and on the surface of the bead, generating
the corroded surface. Further, the morphology of the beads surface
was observed by FESEM in their hydrated state. Bead-a presented
less porous globular structure, while the bead-b type evidenced
an much higher porosity, which facilitated the fast absorption of
water and thus, its degradation, see Figure S3. The cross-
sectional SEM images of the three beads showed that the porosity
is obtained inside of the bead as well, see Fig. 4b. The nucleation of
Fig. 3. a) Pictures of the bead-c in aqueous solutions at pH � 2, �7 and � 12 for up
to 21 h. b) Diameter of the bead-c at the three pH solutions, over time. Sizes were
analysed from the images captured by the camera, (n = 3, diameter).
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the magnetic phase in the polymer matrix of the bead-b, modified
the cross-linking between –COOH and Fe3+ /Fe2+. Therefore, the
internal porosity of the bead-b also increased in the same way as
its surface porosity. In addition, for bead-c type, the diffusion of
extra alginate together with extra cross-linkers, generates a shield
layer of calcium alginate, strengthening the bead, as shown in
Fig. 4b.

3.3. Morphological characterisation of the magnetic nanoparticles
synthesised in the bead-b type

The Fe3O4 nanoparticles synthesised inside of the bead-b were
fully characterised. They presented a stable suspension in contrast
to the conventionally synthesised Fe3O4 nanoparticles (nanoparti-
cles used for the magnetic alginate beads-a type). Fig. 5 shows both
types of nanoparticles in suspension and after 14 days, and their
TEM images. The nanoparticles used for the synthesis of the
beads-a aggregated over time due to the dipole–dipole interactions
occurring among magnetic nanoparticles [43]. On the other hand,
the nanoparticles synthesised inside the bead-b type did not suffer
aggregation, presenting a stable nanoparticle suspension in water.
Further, high zeta potential of �57.6 mV, in in situ synthesised
Fe3O4 NPs confirmed the stability of the suspension in Fig. 5b,
when compared to low zeta potential, �5.79 mV, of Fe3O4 NPs used
in bead-a. As well, the lower polydispersity index (PDI) value of
in situ synthesised Fe3O4 NPs (0.230) compared to ex situ Fe3O4

NPs (0.542), convey the increment of monodispersivity in in situ
Fe3O4 NPs; see supplementary information Table S1 for dynamic
light scattering data. Moreover, the TEM images confirmed that,
the dimensions of the particles synthesised in the bead-b are sig-
nificantly smaller that the nanoparticles employed for the synthe-
sis of bead-a, being in average � 3 and � 8 nm, respectively. The
smaller dimensions of the in situ synthesised NPs can be explained
considering that the nucleation and the growth of the nanoparti-
cles in bead-b occurred under a pressurised and contracted envi-
ronment in the polymer matrix, inhibiting their growth.

3.4. Chemical characterisation of the nanoparticles and the beads

3.4.1. XRD analysis
The XRD patterns of the ex situ co-precipitated, in bead-a type,

and in situ synthesised, from bead-b type, nanoparticles were
examined in order to check their phase and the iron oxide state.
The XRD pattern of the nanoparticles used in bead-a corresponded
to magnetite-Fe3O4 (JCPDS 75–0449) with main 2h values at 30.40
⁰, 35.81 ⁰, 43.38 ⁰, 53.75 ⁰, 57.33 ⁰, 62.93 ⁰ and 18.40 ⁰. On the other
hand, the XRD pattern of the nanoparticles synthesised in bead-b
matched two XRD data patterns, the magnetite-Fe3O4 (JCPDS 88–
0315) with 2h values of 30.40 ⁰, 35.78 ⁰, 43.45 ⁰, 53.88 ⁰, 57.46 ⁰
and 63.064 ⁰ and the sodium chloride (halite crystalline match
JCPDS 001–0994) with the 2h values of 31.87 ⁰ and 45.62 ⁰, see Fig-
ure S4a [44–45]. XRD results demonstrated that the magnetite
phase of the iron oxide is obtained in both nanoparticles types.
In general, in co-precipitated magnetite nanoparticles, the maghe-
mite phase might be presented, which comes from the oxidation of
magnetite, this was not clearly appreciated by the XRD analysis, as
the X-ray diffraction angles of both maghemite and magnetite are
located in the same positions. According to the XRD results, the
in situ synthesised nanoparticles in bead-b were contaminated
with a significant amount of sodium chloride, which is a by-
product coming during the synthetic process. Nevertheless, this
interference could be removed by performing a hard particle wash-
ing step before analysis.

The XRD pattern for the air-dried bead-a and bead-b types
matched with the magnetite-Fe3O4 (JCPDS 88–0315, JCPDS 75–
1609), see Figure S4b. Besides, bead-a type shows an extra phase



Fig. 4. SEM images of freeze-dried beads. Surface images (a) and cross-section images (b) of the three bead types.

Fig. 5. TEM images of the nanoparticles used in (a) bead-a and (b) in situ synthesised in bead-b. Pictures of the dispersed nanoparticles in a bottle when dispersed in water
and after 14 days.
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at 2h values of 31.80 ⁰ and 45.55 ⁰ (JCPDS 001–0994) since NaCl
formed during the cross-linking process of Na-alginate with CaCl2
in bead-a. In the case of the bead-b type, Na2SO4, NaCl and NaOH
are bi-products coming from the in situ synthesis of the Fe3O4

nanoparticles and by the extra diffusion of ions coming from the
basic solution. 2h values at 28.09⁰, 29.50⁰, 32.55 ⁰, 33.91 ⁰ and
38.01 ⁰ can be assigned to Na2SO4 (JCPDS 75–0914) while the peaks
at 46.30 ⁰ and 55.8 ⁰ (JCPDS 75–0306) and the peaks at 36.99 ⁰,
40.22 ⁰ and 52.68 ⁰ (JCPDS 01–1173) [44–45] can be assigned to
NaCl and NaOH, respectively. These results confirmed that inside
the bead-b type there is a significant ionic contamination, con-
tributing to the lower stability of bead-b at neutral pHs, as
explained above.
3.4.2. Raman spectra
Raman spectroscopy is able to provide distinguishable identifi-

cation between magnetite and maghemite phases in synthesised
iron oxide nanoparticles, which is usually difficult during XRD
analysis. Fe3O4 has an inverse spinel type structure, showing five
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Raman active bands due to the symmetry combination of
A1g + Eg + 3T2g. [46] In literature, a sharp band at � 668 cm�1

and two weak bands at � 306 and � 538 cm�1 were observed
for A1g, Eg and T2g Raman modes, respectively, for magnetite. On
the other hand, for maghemite, a wide band with split peaks
at � 660 and � 710, and � 500 cm�1 were attributed for A1g and
Eg modes, respectively. Furthermore, two high intense red shifted,
306 cm�1, and a blue shifted, 538 cm�1 (by magnetite T2g), bands
were reported, for magnetite to maghemite oxidation. [47] The
Raman spectrum of the Fe3O4 nanoparticles used for the synthesis
of the bead-a, and the spectrum of the alginate magnetic bead-a
were carried out at different laser irradiation powers, Figure S5a
and b respectively. The sharp band at 670 cm�1 can be attributed
to the magnetite A1g mode, while the bands at 490 and 330 cm�1

under higher laser power intensity (1.5 mW) were attributed to
the oxidation of magnetite to maghemite, in Figure S5a. In litera-
ture, the oxidation of magnetite to maghemite has been reported
by Ying-Sing Li et al. [48] under high laser power irradiations for
Fe3O4 nanoparticles as the ones used in the synthesis of the
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bead-a type, confirming this band assignation. The Raman spectra
of the bead-a, shown in Figure S5b, at 1.5 mW presented very weak
bands at 540 and 307 cm�1, indicating that the oxidation of mag-
netite to maghemite under high laser power intensities is avoided
by the presence of the alginate matrix. The alginate polymer acts as
a protective layer for the nanoparticles within the bead-a.

The Raman spectrum of the in situ synthesised Fe3O4 nanopar-
ticles in bead-b type can be compared to the one of the bare
Fe3O4 nanoparticles used during the synthesis of the bead-a at
1.5 mW laser power intensity. The absence of the maghemite
peaks in in situ synthesised Fe3O4, according to the Figure S5c, indi-
cates that the in situ synthesised Fe3O4 were coated with an algi-
nate layer, which avoid the oxidation of in situ synthesised Fe3O4.
Both bead-a and bead-b Raman spectra depicted in Figure S5d,
exhibited only the magnetite bands at 670 (sharp), 540 (very weak)
and 307 (weak) cm�1, avoiding the oxidation due to the alginate
matrix shielding. Moreover, an extra band at 1070 cm�1 was
observed in the Raman spectra of the bead-b, which was attributed
to the sodium sulphate [49], confirming again the high ionic den-
sity inside of the bead-b type. The dried beads and in situ synthe-
sised Fe3O4 nanoparticles did not present any band attributed to
maghemite since the nanoparticles were protected with an algi-
nate layer during synthesis process. However, the bare Fe3O4

nanoparticles in bead-a have a tendency to oxidize in high (1.5
mW) laser irradiation during the Raman spectra recording.
3.4.3. FTIR spectra
Fig. 6a, shows the FTIR spectra of the two types of magnetic

nanoparticles. Similar peaks were obtained for both type of
nanoparticles. The bands at 570 and 590 cm�1 were attributed to
the FeO stretching vibrational bands in tetrahedral and octahedral
sites of the Fe3O4, while the broad bands at � 3400
and � 1630 cm�1 came from the OH stretching and bending vibra-
tions modes of surface absorbed hydroxyl/water bonds, respec-
tively. Extra bands were observed in the spectrum of the in situ
synthesised nanoparticles inside the bead-b type. The bands at
1410, 1117 and 1030 cm�1 were attributed to the carboxylate
COO symmetric stretching vibrations and COC stretching vibra-
tions [46,50]. Moreover, the peak at 1627 cm�1 was assigned to
the COO asymmetric vibrational band, overlapping with the OH
bending vibrations. The presence of these extra peaks demon-
strated that the nanoparticles synthesised in the bead-b were
coated with an organic alginate layer during nanoparticle nucle-
Fig. 6. (a) FTIR spectra of the nanoparticles used for the synthesis of bead-a (Fe3O4 nano
(Fe3O4 nanoparticles (bead-b); inset shows the magnified peaks at 800–1800 cm�1 rang
1650 cm�1 range.
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ation. As explained before, this layer prevented the aggregation
of the nanoparticles in the water solution and promoted the forma-
tion of smaller, lower nucleation, and more homogeneous dis-
tributed nanoparticle suspensions, as presented in Fig. 5b.

Moreover, the FTIR spectra of the two types of beads (bead-a
and bead-b) were also performed and compared, Fig. 6b. Consider-
ing the peak ascription in the nanoparticle spectra, the bands at
3420/3450, 570/615, 1610/1640, 1405/1445, 1025/1120 cm�1

were attributed to the OH stretching, Fe-O stretching, COO asym-
metric, COO symmetric and COC stretching vibrational bands,
respectively [46].

The difference between band position values (Dm) of asymmet-
ric and symmetric COO stretching vibrational modes provides
information about the coordination or the interaction between
the inorganic metal phases and the carboxylate groups in alginate
polymer matrixes when compared to the Dm of sodium alginate, as
demonstrated by Papageorgiou et al. [3] According to the Fig. 6b,
the calculated values of Dm for bead-a and bead-b are 205 and
195 cm�1, respectively; while the Dm for an Na-alginate was calcu-
lated to be 192 cm�1, see Figure S6. Calculated Dm values for cal-
cium alginate and Fe3+/Fe2+ alginate are 170 and 179,
respectively, Figure S6. In theory, [3,51] when Dm(COO)composite �
Dm(COO) alginate the coordination could be considered to be
bidentate chelating, Dm(COO)composite � Dm(COO–)alginate bidentate
bridging coordination and unidentate coordination if Dm(COO)com-

posite � Dm(COO)alginate. Therefore, considering the Dm values
obtained from the different spectra, the addition of Fe3O4 nanopar-
ticles to the calcium alginate matrix converted the interaction of
bidentate chelating coordination mode to a more unidentate coor-
dination type, which is a stronger egg box model [3]. In the case of
the bead-b, bidentate chelating coordination of Fe3+/Fe2+ and algi-
nate was converted to bidentate bridging coordination (in situ
Fe3O4 – alginate), after magnetite phase synthesis. In base of the
obtained results, it could be speculated that the coordination of
the cross-linked metal and the carboxylate group changed after
the magnetic phase was introduced into the hydrogel bead-b.
3.5. Magnetic characterisation

The magnetic properties of the synthesised beads (dry state)
were characterised by superconducting quantum interference
device (SQUID) magnetometer, at room temperature. The magneti-
sation curves for the synthesised Fe3O4 nanoparticles used in bead-
particles (bead-a)) and the in situ synthesised nanoparticles inside the bead-b type
e. (b) FTIR spectra of bead-a, and bead-b; inset shows the magnified peaks at 750–



Table 1
Magnetic properties of the Fe3O4 nanoparticles used for the synthesis of bead-a, bead-
a, bead-b and bead-c.

Sample Ms
(Am2 kg�1)

Hc
(*10-3 T)

Rm
(Am2 kg�1)

Fe3O4 nanoparticle (bead-a) 73.0 1.00 0.895
bead-a 28.2 0.96 0.329
bead-b 41.1 1.09 0.870
bead-c 33.5 1.11 0.536
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a and for the magnetic bead-a, bead-b and bead-c types are pre-
sented in the Fig. 7a and b, respectively. The obtained values for
the saturation magnetisation (Ms), coercivity (Hc) and remanence
(Rm) are depicted in the Table 1.

The Ms value of the bead-a, which contains a 60 % and Fe3O4

nanoparticles loading in the alginate, was significantly lower than
the expected value, 43.8 Am2 kg�1, corresponding to Fe3O4

nanoparticles (Ms 73.0 Am2 kg�1) weight ratio during synthesis.
The obtained value, 28.2 Am2 kg�1, can be explained considering
the participation of the cross-linkers, Ca2+ ions (non-magnetic),
in the formation of hydrogel, which caused the reduction of the
Ms. Moreover, in this type of hydrogels, a low percentage of mag-
netic phase loading resulted on the reduction of the magnetisation
of the bead in a greater extent, compared to a high percentage of
loading, since the participation of none magnetic cross-linkers
increases with the alginate percentage. Bead-a exhibited a low or
no hysteresis with a very low coercivity and residual magnetisa-
tion, close to a superparamagnetic like material, as shown in the
inset of Fig. 7a.

The bead-b, which contains the in situ synthesised Fe3O4

nanoparticles presented a Ms of 41.1 Am2 kg�1. The magnetic
properties of the in situ synthesised iron oxide nanoparticles in
the bead-b type can be easily manipulated by varying the Fe2+/
Fe3+ concentrations, the cross-linking concentrations and the dif-
fusing time during the fabrication process. In addition, the smaller
size of the magnetic nanoparticles synthesised in the bead-b,
resulting in a reduced value of the saturation magnetisation. The
extra alginate/Ca2+ (non-magnetic) layer to cover the bead-b and
generate the bead-c type led to a further reduction of the Ms value,
down to 33.5 Am2 kg�1. Bead-b and bead-c exhibited, as in the case
of bead-a, a low or no hysteresis with a very low coercivity and
residual magnetisation, reaching to superparamagnetism, see the
inset in Fig. 7b. Therefore, considering the flexibility of the fabrica-
tion of these types of beads, they could be used for magneto-driven
applications.
4. Conclusions

Three different synthesis methods for the fabrication of mag-
netic alginate beads were carried out and compared. Moreover,
the beads were morphologically, chemically and magnetically
characterised. Bead-a used the direct blending of Fe3O4 nanoparti-
Fig. 7. M-H curves generated by the superconducting quantum interterference device
nanoparticles used in the synthesis of bead-a and of bead-a; (b) bead-b and bead-c. The
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cles (ex situ) within an alginate solution, followed by gelation with
calcium chloride solution. The bead-b presented the cross-linking
of the alginate with a Fe3+/Fe2+ solution followed by the in situ syn-
thesis of Fe3O4 nanoparticles inside of the alginate beads, which is
a cheap and efficient protocol to synthesise nanocomposites.
Finally, the method-c added an extra alginate layer, cross-linked
with calcium ions to the bead-b in order to improve resistance at
neutral pH. The stability of the three types of beads was investi-
gated under aqueous solutions at different pH values, over time.
It was found that the bead-b type, suffered a fast degradation pro-
cess at neutral pH, due to the high ionic density inside of the beads.

The in situ synthesised nanoparticles, generated in bead-b type,
exhibit a low particles size of � 3 nm when compared to the Fe3O4

nanoparticles used for the synthesis of bead-a (�8 nm). This was
due to the confinement of Fe3+ /Fe2+ in the alginate hydrogel matrix
during the nucleation and growth of the Fe3O4 nanoparticles in the
bead-b. Moreover, aqueous medium stable suspension of in situ
synthesised nanoparticles were obtained, with high zeta potential
(-57.6 mV), due to the coating of an alginate layer around these
particles. In addition, these particles, in bead-b, showed a mag-
netite crystal phase with a low tendency to oxidise due to the algi-
nate coating. Their magnetisation values, in combination with their
low magnetic hysteresis, possibility of using these alginate beads
for magneto-driven applications.

This investigation provides with a fundamental framework to
understand the properties of blended, ex situ, and in situ synthe-
sised magnetic metal-oxide based alginate hydrogels. This study
will direct the path to select the magnetic bead mode (bead-a,
bead-b, bead-c) for different kind of magneto-driven hydrogel
applications. Nevertheless, for a particular application of these
beads, time-dependent studies longer than 21 h would need to
be done in order to characterise for instance, their diffusion prop-
(SQUID) magnetometer, at room temperature for: (a) the synthesised iron oxide
two insets show the magnification of the graphs around the (0,0) value.
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erties over time or swelling effects, which could have significant
impacts on the performance of the beads.
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