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Synthesis of magnetic hybrid magnetite—gold nanoparticles*
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Methods for the synthesis of hybrid nanoparticles, consisting in the simultaneous modifica-
tion of the magnetic core and reduction of gold on the surface using various reagents, were
proposed and developed. Depending on synthesis conditions, various hybrid nanoparticles were
obtained, namely, hybrid nanoparticles decorated with gold nuclei and hybrid nanoparticles of
the core—shell type. The obtained products can be used as promising materials for catalytic

and biomedical applications.
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The synthesis of nanoparticles (NPs) with unique
properties is an area of priority for the development of
modern nanotechnology. The interest directed toward
these materials is primarily related to their use in various
fields of science and technology: chemistry, physics, biol-
ogy, microelectronics, medicine, and biotechnology.1—4
Researchers are particularly interested in magnetic hybrid
NPs based on oxide materials, which can potentially be
used in medicine. These particles can interact with high-
frequency electromagnetic radiation, therefore, they are
used as contrast agents for magnetic resonance imaging,2
as well as in cancer thermotherapy.3 The use of magnetic
NPs as vectors for the targeted delivery of drugs and di-
agnostic substances is of particular interest. These particles
along with drug molecules located on their surface can be
easily directed toward specific organs and tissues using an
external magnetic field.

A convenient magnetic material for these purposes is
magnetite, the nanoparticles of which are the most stud-
ied.5-% Colloidal magnetite solutions can be obtained
without the use of sophisticated equipment and lengthy
high-temperature annealing procedures.” At the same time,
when using magnetite NPs, their chemical lability presents
a problem. In addition, many works3—10 have been devoted
to the study of the cytotoxicity of Fe;O4 nanoparticles.
The use of non-functionalized magnetite NPs causes
ferroptosis of cells in cultures and damage to various organs

* Based on the materials of the XXI Mendeleev Congress
on General and Applied Chemistry (September 9—13, 2019,
St. Petersburg, Russia).

and tissues in animals. Hybrid magnetite NPs which are
coated with an inert shell lack this drawback. In this case,
the toxicological effect of magnetite is reduced since it
does not interact with the environment. When a noble
metal, for example, gold, is used as a shell, NPs acquire
the ability to absorb optical and IR radiation due to surface
plasmon resonance (SPR). This property of hybrid NPs
can be used in cancer thermotherapy.!! It should be noted
that the methods of obtaining hybrid structures based on
magnetite and gold described in published literature are
characterized by low reproducibility, while commercially
available drugs announced as containing hybrid NPs are
revealed to be simple mixtures of magnetite and gold
nanoparticles upon detailed study.

The goal of this work is to develop a method for the
synthesis of hybrid nanoparticles based on magnetite and
gold and their characterization.

Experimental

Magnetite samples with different particle sizes, which were
obtained by two different methods (Mag-1 and Mag-2), were
used in this work. All the reagents used for the synthesis were
classified as reagent grade or analytical grade and did not un-
dergo further purification. In order to prevent the oxidation of
iron(11), the water used for the experiment was refluxed for 1 h
to reduce the concentration of oxygen dissolved in it.

Synthesis of sample Mag-1.” A mixture of FeCl;+6H,0
(0.55 g) and FeCl,+*7H,0 (1.01 g) (Aldrich, USA) with a molar
ratio of 1 : 2 dissolved in water (55 mL) was added toa 6 M NaOH
solution (100 mL) with continuous stirring on a magnetic stirrer
under inert nitrogen atmosphere (bubbling rate ~60 bubbles per
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min), the mixture was maintained at 60 °C with stirring for 1 h.
After being allowed to stand for 1 h, the precipitate was isolated
by centrifugation (a PE-6910 centrifuge, Ekokhim (Russia)),
washed with distilled water to pH 7—8, and dried in a vacuum
desiccator at room temperature.

Synthesis of sample Mag-2.12 A 2 M NaOH solution (5 mL)
was added to a solution (95 mL) containing FeSO, (1.281 g)
(LenReaktiv, Russia) and KNOj5 (2.022 g) (LenReaktiv, Russia)
with continuous stirring. The resulting mixture was maintained
at 90 °C for 4 h, the precipitate was separated from the solution
by centrifugation (8000 rpm, 15 min) and washed with distilled
water until neutrality. In order to activate the surface of NPs,
a2 M HCIOy solution (50 mL) was added to the wet magnetite
precipitate, the resulting product was thoroughly mixed and
maintained in a Sapfir ultrasonic bath (power was 50 W, operat-
ing frequency was 35 kHz) for 1 min. The precipitate of magne-
tite was separated using a permanent magnet and dried in air.

Synthesis of hybrid NPs based on sample Mag-1.13 Dextran
with M = 40 kDa was used as a stabilizer. Ammonia was added
to a 10% dextran solution (15 mL) with stirring to pH 11.7, the
mixture was heated to 25 °C, magnetite (0.025 g) was added, and
the obtained product was vigorously stirred for 30 min. The re-
sulting mixture was centrifuged for 20 min at a rate of 10000 rpm
to precipitate large aggregates. An aliquot (0.1 mL) containing
small particles of magnetite coated with a dextran shell was col-
lected from the centrifugate. This solution was mixed with water
(8.9 mL), and a solution of reducing agent (1% hydroxylamine
hydrochloride (1 mL), 0.05 M sodium tetrahydroborate (0.1 mL),
or 0.5 M sodium citrate (2 mL)) and a 10% aqueous ammonia
(0.02 mL) were added to the system to pH 9.0. A 0.006 M HAuCl,
solution was added to the resulting mixture in portions (0.1 mL
each) four times every 10 min. The hydrosol was purified
by centrifuging for 6 min at 8000 rpm, the precipitate was re-
dispersed in distilled water, once again centrifuged under
the same conditions, and then once again re-dispersed in dis-
tilled water.

Synthesis of hybrid NPs based on sample Mag-2 was carried
out using a modified procedure.!4 A mixture of a 0.03 M methio-
nine solution (20 mL) (Methionine-L, Diaem, Russia) and
freshly prepared Fe;O4 sol (3.5 mL) containing magnetite (25 mg)
were thoroughly mixed, maintained for 30 min in an ultrasonic
bath, then a 0.1 M HAuCly solution (0.6 mL) was added, and
finally pH 12 was reached using a 2 M NaOH solution. The flask
with the reaction mixture was placed in a water bath and main-
tained with continuous stirring for 4 h at 40 °C. The obtained
NPs were separated from the solution using a permanent magnet,
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thoroughly washed, and then re-dispersed in water (10 mL) for
further study.

Sample phase composition was determined by powder X-ray
diffraction on a Shimadzu XDR-600 diffractometer (CuK,, ra-
diation), the phases were identified using the Joint Committee
on Powder Diffraction Standards database.!5 Micrographs of the
samples were obtained on a Hitachi 7700M electron microscope
(Hitachi, Japan) at an accelerating voltage of 100 kV. Spectro-
photometric study of the obtained hydrosols of NPs was carried
out on a Specol 1300 spectrometer (Analytik Jena AG, Germany).
The spectra were recorded in the wavelength range of 400—1000 nm
in a glass cell with an optical pathlength of 1 cm. For X-ray
photoelectron spectroscopy (XPS), a drop of the obtained hydro-
sol was dried on a pyrographite substrate in a vacuum lock
chamber of a SPECS spectrometer (SPECS Gmbh, Germany)
equipped with a PHOIBOS 150-MCD-9 hemispherical electron
analyzer. Sample spectra were recorded upon excitation with
monochromatic radiation of AlIK, (E = 1486.6 eV) and MgK,

(E=1253.6 eV).
Results and Discussion

The magnetite phase is already quantitatively being
formed at room temperature, unlike other oxide magnetic
materials. Therefore, the common method of alkaline
co-precipitation of iron(i1) and iron(1r) salts was used to
obtain magnetite sample Mag-1:

2 FeCI3 + FeSO4 +8 NaOH —>
—> Fe30,4! + Na,SO, + 6 NaCl + 4 H,0.

According to powder X-ray diffraction (no X-ray dif-
fraction pattern is shown), electron microdiffraction,
and transmission electron microscopy (TEM) (Fig. 1),
sample Mag-1 is a pure magnetite phase (<2.53>, <1.48>,
<0.96>15), consisting of cubic particles with sizes in the
range of 5—10 nm.

Partial oxidation of iron(11) in an alkaline medium was
used to obtain magnetite sample Mag-2:

9 FeSO,4 + 2 KNO3 + 16 NaOH —>

—3 Fe304¢ +8 Nast4 + KZSO4 +2NO +8 HQO

(440)

20 nm

Fig. 1. TEM image (a), particle size distribution diagram (b), and electron diffraction pattern (c¢) of magnetite sample Mag-1. N is

the fraction of particles with the indicated size (d).
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Fig. 2. TEM image (a), particle size distribution diagram (b), and electron diffraction pattern (c) of magnetite sample Mag-2.

Magnetite Mag-2 consists of nanoparticles with near-
spherical shapes having a diameter of 50+20 nm (Fig. 2,
a, b). According to electron microdiffraction, sample
Mag-2 is a pure magnetite phase with a high degree of
crystallinity, as indicated by reflections appearing as
separate points (Fig. 2, c).

Hybrid particles based on magnetite Mag-1. Reduction
of chloroauric acid (HAuCl,) was carried out in order to
obtain a gold shell on the surface of magnetite (sample
Mag-1). Sodium borohydride and citrate and hydroxy-
amine hydrochloride were used as reducing agents of
various strengths.

Sodium borohydride has a high reducing ability (po-
tential relative to the hydrogen electrode £ = —1.76 V16),
and was previously used in our works for the reduction of
chloroauric acid in order to obtain gold NPs having vari-
ous shapes.!1 However, both in these studies and in the
case of sodium citrate (potential relative to the hydrogen
electrode £ = —0.18 V18), we were not able to obtain
hybrid NPs. According to transmission electron micro-
scopy (Fig. 3), large isolated (~50 nm) gold particles were
formed.

Hybrid magnetite—gold particles based on sample
Mag-1 were obtained only when reducing chloroauric acid
with hydroxyamine hydrochloride (E%,/Np,0H-H* =
= —1.87 V16)_ According to the work,!3 hydroxylamine is
adsorbed on Fe;04 particles, leading to the reduction of
gold not in bulk solution, but on the magnetic core surface.
In this case, dextran polysaccharide molecules act as
a steric stabilizer, limiting the growth of the resulting gold
nanoclusters. The presence of a gold shell on the cores of
sample Mag-1 was confirmed by spectrophotometric
analysis of particle hydrosols magnetically separated in
a constant magnetic field, washed, and re-dispersed in
distilled water. The spectrum has a clear absorption
maximum at 600 nm (Fig. 4, a). It is known from published
literature!l that hydrosols of spherical gold nanoparticles
with sizes in the range of 5—10 nm have an absorption
maximum at 520 nm due to surface plasmon resonance.
According to the work, 17 in the case of gold nanoparticles,
the shift of the SPR maximum toward the long-wavelength
region is characteristic of core—shell-type structures, in

which gold nanoclusters are located on the core surface.
According to TEM, the obtained hybrid particles are ir-
regularly shaped agglomerates with a diameter of 50 nm
(Fig. 4, b). The electron microdiffraction pattern of the
obtained hybrid particles (Fig. 4, ¢) contains reflections
of two phases: gold and magnetite, which indicates the
formation of composite nanoparticles.

Hybrid particles based on magnetite Mag-2. Magnetite—
gold particles based on sample Mag-2 were obtained only
when reducing chloroauric acid on the surface of Fe;04

Fig. 3. TEM images of the products of the reduction of gold on
the surface of magnetite Mag-1 nanoparticles using (@) sodium
borohydride and (b) sodium citrate as the reducing agent.
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Fig. 4. Optical absorption spectrum (a), TEM image (b), and electron diffraction pattern (¢) of hybrid nanoparticles based on mag-

netite (sample Mag-1) and gold.

with an amino acid, namely, L-methionine. A specific
feature of this method is the iterative addition of chloro-
auric acid, dextran, and reducing agent until hybrid
nanoparticles were obtained. This amino acid is extremely
important for living organisms, because it contains a thio-
ether group, which binds metals in the structure of many
enzymes. It is a multifunctional molecule and can be used
to "anchor" gold to the surface of the magnetic core.
A mechanism has been proposed for binding the L-methio-
nine molecule to gold,!8 according to which the amino
acid forms a chelate compound due to coordination bind-
ing using nitrogen and sulfur atoms. In this case, the
L-methionine carboxyl group is not involved in complex-
ation, while it probably can participate in binding to
the magnetite surface during the synthesis of hybrid
NPs. The reduction of gold with methionine occurs in
stages:!? initially, Au! is formed, which is subsequently
reduced to Au’.

A micrograph of the obtained hybrid nanoparticles
shows that small (diameter of less than 1 nm) spherical
gold nanoclusters are evenly distributed on the surface of
magnetite (Fig. 5, a).

The presence of gold nanoclusters on the surface of
sample Mag-2 was confirmed by XPS (Fig. 6). The pres-

20 nm

ence of a strong Au 4f;, line characteristic of metallic
gold in the spectrum (see Fig. 6, b) at 84.15 eV indicates
that the surface of magnetite particles is covered by Au®
nanoclusters. The results of processing the spectra using
CasaXPS software, including Shirley background subtrac-
tion and decomposition of lines using Gauss—Lorentz
function, suggests a surface gold content of about 6 at.%.
Nanoclusters are probably bound to the nanoparticle
surface with adsorbed methionine molecules and products
of its oxidation (sulfoxides and sulfones), which explains
the somewhat high sulfur content in the samples (1.7 at.%).
Sulfur is represented predominantly by residual methio-
nine?® (S 2p;,, maximum at 163.7 eV corresponds to
C—S—C bond energy) (see Fig. 6, ¢). It is possible that
the L-methionine sulfur atom is not bound to the surface,
since no noticeable changes in the binding energy are
observed compared to the isolated amino acid. Most likely,
binding to the surface is accomplished through the oxygen
atoms of the carboxyl group and the nitrogen atom (their
binding energies are somewhat different from the indi-
vidual amino acid), as suggested in the work.2! However,
this question requires further investigation.

A small broad maximum at 168.5 eV is characteristic
of oxidized sulfur (most likely in the form of sulfonic acid

Fig. 5. TEM images of gold-containing nanoparticles based on magnetite (sample Mag-2) (a) single-stage coating and () three-

stage reduction of Au!ll,
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Fig. 6. XPS spectra of the Fe 2p (a), Au 4f (b), and S 2p (c¢) for the hybrid gold-containing nanoparticles based on sample Mag-2

(single-stage gold coating).

or sulfonate).2? The weak intensity of this maximum can
be related both to an excess of methionine relative to gold
in the reaction mixture and to repeated washing of the
obtained hybrid NPs with alcohol and water after synthesis.

In order to obtain a denser gold coating, the reduction
of gold on the surface of magnetite was carried out thrice.
Nanoparticles were washed with alcohol and water between
iterations, but did not undergo ultrasonic treatment.
According to TEM (see Fig. 5, b), the diameter of gold
nanoclusters increased slightly, while their concentration
on the surface remained almost the same. However, the
sample also contained submicron gold particles, which
indicated that it is impossible to obtain particles with
a compact gold shell under these conditions.

The obtained hybrid NPs are magnetic nuclei decorated
with gold, which can have potential applications in
medicine and catalysis (in cross-coupling, hydrogenation,
reduction, oxidation, cycloaddition, asymmetric synthe-
sis reactions, efc.),23:24 and serve as an intermediate when
changing the growth technique during the preparation of
core—shell-type nanoparticles.

In conclusion, we have studied and optimized the
conditions for the synthesis of stable hydrosols of magnetic
nuclei, which are magnetite nanoparticles with sizes of
about 6—9 or 30—50 nm (depending on synthesis condi-
tions). In addition, a modified method for the synthesis
of hybrid nanoparticles was developed, which consisted
in the simultaneous modification of the surface of the
magnetic core and reduction of gold on the surface using
hydrazine hydrochloride (or L-methionine). It was shown
that depending on the size of the magnetic nucleus, dif-
ferent hybrid nanoparticles were obtained, namely, hybrid
nanoparticles decorated with gold nuclei or hybrid nano-
particles of the core—shell type. All the synthesized par-
ticles were characterized by spectrophotometry, transmis-
sion electron microscopy, electron microdiffraction, and
X-ray photoelectron spectroscopy. The obtained hybrid
NPs can be used as promising materials for catalytic and
biomedical applications.

This work was carried out using the equipment of the
Krasnoyarsk Regional Center for Collective Use of the
Federal Research Center "Krasnoyarsk Science Center of
the Siberian Branch of the Russian Academy of Sciences".
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