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Metallic Nanomagnets Randomly Dispersed in
Spherical Colloids: Toward a Universal Route for
the Preparation of Colloidal Composites
Containing Nanoparticles**

Pedro Tartaj,* Teresita Gonzdlez-Carrerio,
Maria L. Ferrer,* and Carlos J. Serna

The fabrication of colloids with desired properties has been
the aim of many recent investigations."! Their modification
with metallic nanoparticles is a particularly suitable tool to
modulate their optical, catalytic, and mechanical properties.”
Of special interest for biotechnology and data storage
applications, as well as for fundamental studies in the areas
of physics and physical chemistry, is the modification of
colloids with metallic nanomagnets (MNMs).P”! The proper-
ties of these composites in particular, and magnetic compo-
sites in general, strongly depend on the size of the nano-
particles, the distance between them, and the nature of the
nanoparticle—colloidal matrix interaction.” Thus, the devel-
opment of methods able to fine-tune the size of MNMs, their
interparticle distance, and their particle composition (e.g.,
preparation of multicomponent alloys), while readily modify-
ing the composition of the colloidal matrixes, could help us to
produce materials with a highly predictable magnetic
response and/or showing unusual magnetic phenomena of
interest, for example, in recording applications.*” Herein, we
report a synthetic route for the preparation of MNMs
randomly dispersed in inorganic spherical colloids, which
have potential interest in biotechnology.”’ Random distribu-
tion, instead of the typical confined distribution obtained in
the widely used surface template methods, helps to screen
magnetic dipolar interactions.!! Even though we have focused
on the preparation of MNMs randomly dispersed in spherical
colloids, the adaptability of the synthetic strategy reported
here could allow its use in the fabrication of spherical colloids
containing nanoparticles of very different nature and proper-
ties.

Aerosol-based processes are convenient routes to prepare
nanoparticles randomly dispersed in spherical colloidal
matrixes.”! In fact, we recently reported that a-Fe MNMs
dispersed in spherical silica colloids can be produced by
heating, in air and H,, a powder obtained by aerosol pyrolysis
of a methanol solution of iron(imr) nitrate and tetraethoxysi-
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lane.” However, the method fails when trying to obtain
MNMs made up of more than one component (alloys)
dispersed in colloidal matrixes, because of differences in the
solubility of the metallic precursors. Compositional homoge-
neity at the particle level in aerosol methods is strongly
dependent on the solubility of the precursors.”* Specifically,
the different solubilities of the metallic precursors during
thermal drying (especially at low-volume-packing fractions)
result in their sequential precipitation within the colloidal
matrix. Thus, at the end of the process, the chemical
composition of each individual MNM is not necessarily
equal to the average of the alloy (compositional inhomoge-
neity at the nanoparticle level).

The approach we used to overcome the problem of
compositional inhomogeneity, and simultaneously to better
control the size of MNMs, was to generate an aerosol from an
aqueous sol of ferritin and a matrix precursor (Figure 1). Our
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Figure 1. Stepwise fabrication of MNMs randomly dispersed in spheri-
cal colloids.

synthetic route is similar to that used for the preparation of
mesoporous silica (undoped and doped with gold nano-
particles) and titania materials by aerosol evaporation of sols
containing surfactant micelles,”*°! though logically we need to
produce nanoparticles not “holes”. In this sense, ferritin
seems an ideal template for reaching our final goal and, more
importantly, ferritin could serve as an ideal model to extend
the synthetic strategy to other ferritin-like systems. For
example, one can easily deduce that the ability of dendrimers
to encapsulate metallic nanoparticles of very different
composition (Au, Pt, Pd, Cu, Ag, Ni)l' could be used for
the direct fabrication of colloidal composites containing
nanoparticles of very different nature and properties.
Nature has developed a variety of proteins that function
as carriers or storage devices for metal components. Of these
systems, the iron-storage protein ferritin is one of the most
intensively studied.!" Ferritin consists of a spherical poly-
peptide shell surrounding a ferrihydrite core. Ferritin can
easily be demineralized (apoferritin), to leave an approxi-
mately 8-nm internal cavity that can be used as a template for
the production of nanomaterials containing elements such as
Fe, Mn, U, Co, Ni, and Cr.!"""? The biological template of
ferritin has also been used to prepare CoPt nanometallic
alloys of interest in data-storage technology, nanoparticles of
Prussian blue ferritin, and very recently to prepare metallic
Pd nanoparticles of interest in catalysis.'*! In addition, Lan
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etal. demonstrated that it is possible to prepare a sol
containing a silica inorganic component and the protein
ferritin.'" However, their final goal was to encapsulate
ferritin in a sol-gel-derived silica glass, and not to prepare
metallic nanoparticles dispersed in colloidal matrixes with a
spherical shape.

Therefore, based on previous work carried out with
ferritin, we expected that the internal cavity of ferritin
would allow us to confine the various metallic precursors
(in the form of inorganic nanoparticles), thus avoiding the
problems associated with compositional inhomogeneity in
aerosol processes. Besides, if the right matrix is chosen, the
particle size can easily be controlled by the particle size of the
inorganic component of ferritin. A necessary requirement for
the success of the method is the preparation of an aqueous sol
of ferritin and the matrix precursor. Simple arguments based
on colloid science dictate that both ferritin and the matrix
precursor must be equally charged to avoid heterocoagula-
tion. An additional advantage of using ferritin is that its
protein cage is remarkably stable, and able to withstand
extremes of pH (2-10) and temperature (up to 70°C).!"” Thus,
the high stability of ferritin allows the use of a wide range of
experimental conditions to prepare stable sols (that is,
compatibility with different matrix precursors).

To probe the reliability of the method in obtaining MNMs
of different size and composition dispersed in spherical
colloids we used ferritin with its internal cavity fully or
partially filled with Fe- and FeCo-containing species. An
amorphous silica sol and a crystalline boehmite (AIOOH) sol
were selected to probe the versatility of the method in
changing the nature of the colloidal matrix. An amorphous
silica sol was selected in the first instance because of the
several benefits that amorphous colloidal silica matrixes with
spherical shape impart to MNMs for applications in biotech-
nology (colloidal stability, functionality, biocompatibility, and
corrosion resistance)."”! The criteria we followed to select a
crystalline boehmite sol were based on the different colloidal
behavior of boehmite and silica (isoelectric points of ca. 9 and
3, respectively) and the different nature of the initial sol
(crystalline versus amorphous).

The aerosol evaporation of a stable aqueous sol contain-
ing commercial ferritin'® and silica (see Experimental
Section) led to powders that were heated in air (500°C, 2 h)
to eliminate residual organic matter and hydroxy groups, and
finally reduced in H, atmosphere (700°C, 10 h) to produce o-
Fe MNMs randomly dispersed in silica colloids (Figure 2a).
The presence of this phase was confirmed by X-ray diffraction
(XRD, see the Supporting Information).'"” The crystallite size
estimated from the width of the (110) a-Fe reflection was
5.3 nm, which is similar to the diameter obtained by trans-
mission electron microscopy (TEM; 4-6 nm, Figure 2a). This
value is consistent with the expected shrinkage when going
from the ferrihydrite (average size of the ferrihydrite core of
ferritin is about 7 nm)!"" to the a-Fe phase, by considering the
amount of iron in a unit volume of these two phases (that is,
no significant interparticle sintering between MNMs on
heating).

A similar methodology was used for the preparation of
spherical composites with a-Fe MNMs of smaller size (3
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Figure 2. TEM pictures of powders showing random distributions of
MNMs in spherical silica colloids: a) from ferritin; b) from Fe-reconsti-
tuted apoferritin; c) from FeCo-reconstituted apoferritin. The lower pic-
tures are magnified to enhance the visual resolution of the MNMs
(dark spots). The higher concentration of MNMs in (a) reflects the
higher number of Fe atoms in commercial ferritin with respect to the
reconstituted apoferritin. The pictures were computer-enhanced to
improve the MNM contrast.

4 nm, Figure 2b), though in this case we started from an
apoferritin reconstituted only with 1000 Fe atoms (for details
of reconstitution, see the Experimental Section). The
decrease in the size of the a-Fe MNMs was also detected by
XRD (see the Supporting Information). Specifically, a
decrease from 5.3 to 3.4 nm was estimated from the width
of the (110) a-Fe reflection. The volume estimated from the
experimental data for a spherical shape (10-35 nm®, 3-4 nm
diameter) is within the margins of experimental error
expected for a cubic cluster of 1000 Fe atoms in the a-Fe
phase (ca.12 nm®). However, the fact that the 1000-atom
cluster volume is at the lower limit does not allow us to ignore
the possible growth of some nanocrystallites. Finally, FeCo
MNMs (Co content ca. 30 mol %; 3—4 nm) dispersed in silica
colloids (Figure 2¢) were also prepared by using a similar
methodology. This particular Co/Fe composition was selected
because it has the highest magnetic moment."® In this case,
apoferritin was reconstituted with 670 Fe atoms and 330
Co atoms (see Experimental Section). Energy-dispersive X-
ray (EDX) analyses carried out on the MNMs clearly
indicated that the composition of individual nanomagnets
was the expected one (Co content of ca. 30 mol % in the FeCo
alloy)." Thus, we showed the versatility of the method in
preparing spherical composites containing randomly distrib-
uted MNMs of controlled composition and size. An important
point is that the colloids are polydisperse in size (70-400 nm);
however, monodispersity can be achieved with aerosol
techniques by using differential mobility analyzers.*’

We also used a crystalline boehmite sol (see Experimental
Section) to probe the versatility of the method in changing the
nature of the colloidal matrix. Specifically, the use of a
boehmite sol (no ferritin added) resulted in a porous matrix
(Figure 3a), which was not ideal for stabilizing small MNMs
(< 5-6 nm) against corrosion. Thus, the results for boehmite
probe the benefit of the confinement effect of ferritin in
controlling chemical composition at the nanoparticle level
(that is, preparation of multicomponent MNMs) even in
porous matrixes. The aerosol evaporation of an aqueous sol of
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Figure 3. TEM pictures of powders obtained after aerosol evaporation
of an aqueous sol of a) boehmite and b) FeCo-reconstituted apoferritin
and boehmite with further heating in air (500°C, 2 h) and H, (800°C,
10 h).

apoferritin (after reconstitution with 670 Fe atoms and 330
Co atoms) and boehmite, followed by thermal annealing first
in air and then in H,, produced powders made up of FeCo
MNMs dispersed in y-Al,O; colloids (Figure 3b). After the
thermal treatment boehmite transformed to y-ALO;, as
evident by XRD analysis. EDX analyses clearly indicate
that we were successful in controlling the chemical compo-
sition at the nanomagnet level even in a porous matrix. An
increase in MNM size was produced when silica was replaced
by alumina (ca. 15 nm versus ca. 3-4 nm, Figure 3b and 2c¢).
Thus, no temperature was found that reduced the porosity of
the alumina matrix while avoiding sintering between MNMs
(small MNMs cannot be stabilized against oxidation). Finally,
similar results were obtained in the case of MNMs made up of
Fe atoms, which additionally confirmed the benefit of the
silica matrixes in providing protection against corrosion.

In summary, metallic nanomagnets (MNMs) of different
size and composition randomly dispersed in spherical colloids
have been prepared by the aerosol evaporation of an aqueous
sol containing mineralized ferritin and a colloidal matrix
precursor. Essential to the success of the method is the
template effect provided by ferritin. Its internal cavity offers
the ideal environment for the encapsulation of multicompo-
nent MNM precursors with the simultaneous control of size.
Moreover, the high stability of the ferritin cage allows
compatibility with different matrix precursor sols (that is,
the nature of the colloidal matrix can be changed). Our results
indicate that this synthetic strategy could be extended to other
ferritin-like systems, for example, metals encapsulated in
dendrimers.

Experimental Section

Aerosol generation: The aerosol device used for the preparation of
the spherical composites containing nanoparticles is described else-
where.[™) Tt essentially consists of two furnaces that could be set at
different temperatures for drying (first furnace) and thermal decom-
position (second furnace). In our experiments we set the temperature
of the two furnaces at 400°C (aerosol evaporation). The aqueous sol
containing the ferritin and matrix precursor was atomized at
1.6 mLmin~' with an air pressure of 1.7 kgem™ to give different
spherical colloidal composites. The particles obtained were collected
with an electrostatic filter (8 kV). Experiments carried out with a
freshly prepared sol and a sol aged for 6 h led to similar results, which

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

confirms the reproducibility during the aerosol experiment (typically
2 h).

Ferritin reconstitution: A dispersion of apoferritin (Sigma;
75 mL, 1.46 um) in NaCl (0.1m) and 3-(N-morpholine)propanesul-
fonic acid (MOPS) buffer (50 mm, pH 6.5) was reconstituted by the
controlled addition of a deaerated FeSO, solution (25 mM, pH 2) at a
rate of 0.1 umolmin~" until completion of the calculated loading of
1000 Fe atoms per unit of protein. The method is similar to that
described by Chasteen and co-workers.'"*d In our case the rate of
addition was slower and reconstitution was restricted to 1000 atoms to
assure complete mineralization inside the protein. No iron(iir)
hydroxide sediment or deposit was found after centrifuging at
4000 rpm (7. =12 cm, rotor angle =30°) for 5 minutes and then
filtering through a 0.1-pm Millipore filter, which further suggests that
the formation of iron(ir) hydroxide did not take place outside the
protein.

To prepare the FeCo-reconstituted apoferritin, an apoferritin
dispersion (75 mL, 1.46 pm) in NaCl (0.1m) and MOPS buffer (50 mm,
pH 6.5) was reconstituted by the controlled addition of a deaerated
FeSO, solution (25mm, pH?2) at a rate of 0.1 umolmin~' until
completion of the calculated loading of 670 Fe atoms per molecule of
protein. Again following this protocol, we did not find any evidence of
the formation of iron(i) hydroxide outside the protein. The
dispersion was dialyzed (12-kDa cutoff membrane) against aqueous
NaCl solution (0.1m) to eliminate unwanted ions and then 330
Co atoms per protein unit were added by controlled addition of
Co(NO3), (25 mm, 0.125 umolmin™') and H,0, (25 mm, 0.125 pmol
min~') to the partially filled apoferritin dispersion (75 mL, 50 mm
3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfonic
acid (AMPSO) buffer, pH 8.5). The method is a combination of the
one reported by Chasteen and co-workers for iron mineralization!"*!
and that reported by Douglas and co-workers for cobalt mineraliza-
tion.'?¢l Since ferritin has more affinity for iron than for cobalt, we
added the iron atoms first. In this way, nucleation of cobalt atoms
inside the ferritin core was favored by the presence of the Fe-
containing nuclei. The high compositional homogeneity of the
nanoparticles dispersed in the colloidal matrixes suggests that
cobalt was indeed mineralized in the ferritin cores containing iron
atoms. To avoid mineralization outside the protein, we only filled the
apoferritin with a total of 1000 Fe atoms.

Before mixing with the matrix precursor sol both the Fe- and
FeCo-reconstituted apoferritin dispersions were dialyzed against
water to avoid excess electrolyte, which can induce coagulation.

Preparation of aqueous sol containing ferritin and silica: Horse
spleen ferritin dispersion (2 mL, Sigma Aldrich, type I, 102 mgmL™")
in NaCl (0.15M) was diluted with water to 96 mL and mixed with a
silica sol (2 mL). The clear silica sol stock dispersion was prepared by
mixing tetramethoxysilane (2.95 mL, Aldrich, 99 %), water (1.4 mL),
and HCI (0.04 mL, 0.04m) at 4°C with strong agitation for 15 minutes.
Use of this procedure to prepare the silica sol allows the amount of
alcohol present in the system to be reduced as much as possible, thus
avoiding the possible denaturation of the protein ferritin.'"¥ When
reconstituted apoferritin was used instead ferritin, silica sol (2 mL,
pH 5.5) was added to reconstituted apoferritin dispersion (75 mL). At
this pH value both ferritin (isoelectric point 4-5) and silica (iso-
electric point ca. 3) are negatively charged, so heterocoagulation is
avoided. The order of addition of the protein, water of dilution, and
silica sol was important for the stability of the system. Coagulation of
the protein was observed if the silica sol (2 mL) was added to water
(96 mL) and followed by ferritin (2 mL).

Preparation of aqueous sol containing ferritin and boehmite: A
stable boehmite sol was prepared by following a standard method-
ology. HCI (final concentration 0.02m) was added to an aqueous
suspension of aluminum isopropoxide (0.25wm, Aldrich) which had
been previously heated at 80°C for 1 h. The vessel was opened at
90°C for 2 h to allow evaporation of the isopropanol generated from
the alkoxide hydrolysis. Finally, the suspension was refluxed at 90°C
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for 16 h to produce a stable sol. For the preparation of the aqueous sol
containing apoferritin and boehmite, the reconstituted apoferritin sol
(60 mL) was added to boehmite sol (40 mL, 0.25Mm). The pH value of
the resulting sol was 3.5, which assures compatibility between
apoferritin and boehmite. In this case both colloids are below their
isoelectric points (that is, positively charged).

The morphology of the powders was examined by TEM (2000
FX2, Jeol). Chemical analyses at the particle level were carried out
with an EDX spectrometry analyzer (QX 2000, Oxford Link)
integrated in the transmission electron microscope. The different
phases present in the solids were detected by X-ray diffraction (XRD,
PW1710, Philips).
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