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Nowadays, the interest in the design of particles that combine therapy and diagnosis simultaneously to
obtain a theranostic material has increased. One of the most used materials for MRI diagnosis is iron
oxide, where clusters of superparamagnetic iron oxide (SPIONs) are noteworthy candidates. These particles
are of high interest due to their broad range of applications, such as contrast agents, use in magnetic separ-
ation processes, and in hyperthermia therapy, among others. One of the major problems with their use is
maintaining superparamagnetism while having the highest magnetization-to-particle ratio. In this work,
microwave-assisted synthesis of clusters formed by SPIONs has been investigated. This synthesis strategy
allows for significant reduction in the time and energy required to obtain SPION clusters. Also, the magnetiza-
tion-to-particle ratio has been increased in comparison with single SPIONs. Subsequently, the clusters are
coated with amorphous silica using the Stdber method, followed by mesoporous (MS) silica using the atrane
method, which offers high and conformal coating homogeneity over the clusters. Surfactant extraction was
done using a simple mixture of water, ethanol, and sodium chloride — avoiding the use of other organic sol-
vents. Finally, as a proof of concept, the loading and release of a model molecule were studied to confirm
that the SPION-NCs@MS presented in this work have great potential as theranostic agents.

puted tomography imaging (CT) being available.> In the case
of contrast agents for MRI, the most commonly used materials

In recent years, there has been an increasing interest in thera-
nostic materials based on the simultaneous combination of
therapy and diagnosis. This interest stems from developing
advanced methods for more effective and selective detection
and treatment of malignant tumor agents." Additionally, diag-
nostic techniques can be highly varied, with imaging tech-
niques such as photoacoustic imaging (PAI), fluorescence
imaging (FLI), magnetic resonance imaging (MRI), and com-
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are gadolinium-based compounds (as T1 contrast agents)® and
iron-based compounds (as T2 contrast agents).* Among the
iron-based compounds, superparamagnetic iron oxide nano-
particles (SPIONs) are noteworthy candidates for use in medi-
cine.” These nanoparticles (NPs) are widely valued for their
broad applications, including use as contrast agents, in mag-
netic separation, and for drug delivery, cancer detection,
hyperthermia, and biosensing.®”® The main characteristics
that make these NPs particularly attractive are their biocompat-
ibility, low toxicity, chemical stability, low cost of synthetic pre-
cursors, and superparamagnetic character.'®'" This last prop-
erty is related to the size of the NP, and is only exhibited in the
presence of a magnetic field."

Significant efforts have recently been made to control NP
size, morphology, surface functionality, and dispersibility.
However, the primary limitation of superparamagnetic NPs is
their low magnetic response in biomedical applications or
magnetic separation due to a low magnetization-to-particle
ratio.’®"® Therefore, although the synthesis of monodisperse
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isolated NPs with sizes between 5 and 25 nm is well documen-
ted, it is difficult to effectively separate them from the reaction
solution. In some cases, relatively large magnetite particles in
the 40-200 nm size range have been stabilized.'* However,
these larger particles are mainly formed by the aggregation of
some smaller NPs (of around 20 nm). One way to address this
issue is by aggregating a large number of small NPs into larger
structures. Clustering SPIONs into secondary structures can
increase the magnetization-to-particle ratio and, consequently,
the magnetic response.'®'"'* Moreover, the formed cluster is
able to maintain its superparamagnetic character regardless of
size, as this property depends on the size of the primary NPs
constituting the cluster.">"®

Different strategies exist for obtaining clusters, which are
mainly divided into two principal groups: two-step and one-
pot methods.’® In the two-step method, NPs are first syn-
thesized and subsequently assembled.'” In contrast, in the
one-pot method, the formation and aggregation of NPs occur
simultaneously, often via solvothermal synthesis, where the
solvent acts as a reducing agent. Additionally, the growth and
aggregation of SPIONs can be controlled by adding a chelating
agent. Finally, the primary particles aggregate into secondary
structures to reduce surface energy.'*'%2°

Further key parameters in developing SPION clusters are
their stability and functionality. To this end, strategies have
been developed to functionalize their surface with polymers,
organic molecules, surfactants, biomolecules, silica, carbon,
or other metal oxides.” Among these, silica is an ideal candi-
date due to its biocompatibility and ease of post-
functionalization.>**> Furthermore, using templating agents
to obtain mesoporous silica (MS) increases its applicability
due to its large surface area and ordered porous structure.
This porous structure provides cavities that can be filled with
molecules to be released later.”>** Different strategies have
been established to cover both isolated magnetite NPs and
larger SPION nanoclusters (SPION-NCs) with amorphous and/
or porous silica.?>” In all cases, core-shell-type organizations
are generated with a magnetic core and a silica shell. A highly
effective strategy for coating nanomaterials with MS is the
“atrane method”.”®?° This method uses complexes derived
from triethanolamine (atrane complexes) as silica precursors,
and hydrolysis and condensation reactions occur in a homo-
geneous medium, resulting in a more homogeneous MS
coating.>%3!

In this work, microwave (MW)-assisted synthesis of a
cluster formed from SPIONs has been developed. This syn-
thesis strategy has allowed for significant reductions in energy
and time required to obtain the desired material, while also
using ethylene glycol (EG) as a biorenewable solvent (as an
abundant renewable biomass resource). Additionally, various
synthetic parameters, such as the reaction temperature and
reaction time, ramping time, and citrate concentration have
been studied to observe their effects on the final material.
Subsequently, the clusters were coated with MS using the
atrane method, which offers high coating homogeneity over
the clusters. Surfactant extraction was done using chemical
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extraction with a mixture of water, ethanol, and sodium chlor-
ide. This extraction method is relatively unexplored but is of
great interest due to its simplicity, speed, and the eco-friendli-
ness of the reagents used. Finally, as a proof of concept, the
loading and release of a model molecule were studied to
confirm that the SPION-NCs@MS presented in this work have
great potential as theranostic agents.

Experimental
Reagents and materials

All the synthesis reagents were analytically pure, and were
used as received from Aldrich: iron(m) chloride hexahydrate
[FeCl3-6H,0], sodium citrate tribasic [C¢HoNazOq], ethylene
glycol [EG, C,HeO,], sodium acetate anhydrous [NaOAc,
C,H;3Na0,], ethanolamine [EA, C,H,NO], toluene, tetraethyl
orthosilicate [TEOS, CgH,»,0,4Si], 2,2',2"-nitrilotriethanol or tri-
ethanolamine [TEAH3, N(CH,-CH,-OH);], cetyltrimethyl
ammonium bromide [CTAB, C;9H,;,NBr], sodium chloride
[NaCl], methylene blue [MB, C;6H;5CIN;S], (3-mercaptopropyl)
trimethoxysilane [MPTMS, C¢H;603SSi], phosphate buffered
saline [PBS], and ethanol.

Synthesis of SPION clusters

The SPION clusters were synthesized using a polyol solvo-
thermal method previously described®® with some modifi-
cations in order to optimize the final material (Fig. 1). Key
parameters such as temperature, citrate concentration, and
synthesis time (ramp and aging) have been explored (Table 1).
In a typical synthesis, a solution containing 30 mL of EG, 2.5 g
of FeCl;, and 0.454 g of sodium citrate was prepared by mag-
netic stirring until complete dissolution. At the same time, a
solution containing 2.7 g of sodium acetate and 15 mL of EG
was prepared and added to the previous solution dropwise.
The mixture was then transferred to a Teflon microwave (MW)
vessel being filled to 1/3rd its volume; the synthesis was per-
formed by heating the reaction mixture to various tempera-
tures (180 °C, 200 °C, 220 °C, and 250 °C) for various aging
times (10, 20 and 30 min), using MW-assisted heating, with
varying ramp times (1 min, 10 min, 20 min).

Mesoporous silica coating

Before the MS coating, the SPION clusters were coated with an
amorphous silica layer (Fig. 1) to protect the core.* The SPION
clusters were dispersed in 38 mL of a mixture of EtOH : water
(3.75:1 in volume), with a final iron concentration of 250 pg
mL™, in an ultrasonic bath. Then, 50 pL of TEOS and 200 pL
of EA were added. The mixture was shaken for 2 h, and then
the product was centrifuged and washed with EtOH and water.
Finally, the particles were dispersed in water by vortexing.

The MS coating (Fig. 1) was performed through the “atrane
method”*®* combined with modifying a previously reported
method for obtaining mesoporous siliceous spheres.>' The
silatrane complex was first prepared as follows: 11 mL of TEOS
and 23 mL of TEAH3 were typically mixed and heated until

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Scheme of the general preparative protocol of the SPION-NCs@MS particles, their loading with MB and finally pore closure.

Table 1 Synthesis parameters for SPION-NCs

Mass, m Ramping time Aging time Temperature
Sample (citrate) (g) (min) (min) (°C)
A 0.454 1 10 180
B 0.454 1 10 200
C 0.454 1 10 220
D 0.454 1 20 220
E 0.454 1 30 220
F 0.454 10 10 180
G 0.454 10 10 200
H 0.114 10 20 220
1 0.227 10 20 220
J 0.454 10 20 220
K 0.908 10 20 220
L 0.454 20 20 180
M 0.454 20 20 200
N 0.454 20 10 220
O 0.454 20 20 220
P 0.454 20 30 220
Q 0.454 20 20 250
R 0.908 20 20 220

140 °C for 5 min, followed by cooling down to room tempera-
ture. The SPION clusters were dispersed in 40.9 mL of water by
sonication (2 min) and mixed with 22.7 mL of a CTAB solution
(0.414 g, EtOH), leading to the final iron concentration of
1.5 mg mL™". Then, 1.56 mL of atrane was added and mixed
for 24 hours at room temperature. The resulting product was
centrifuged and washed with EtOH and water and re-dispersed
in water.

For CTAB extraction (Fig. 1), we used a very simple, fast,
and scalable method: the sample was suspended in 40 mL of
an EtOH : water (3:1 in volume) mixture containing 0.05 g of
NaCl. The suspension was heated under reflux at 80 °C for
20 min, finally collected by centrifugation, washed with
ethanol and water, and dried under vacuum at 40 °C.

Methylene blue loading and release

The methylene blue (MB) was introduced inside the pores by
impregnation (Fig. 1). For that purpose, 0.015 g of the sample

This journal is © The Royal Society of Chemistry 2025

was impregnated with 30 uL of a solution of MB (20 mg mL™",
water) and dried (45 °C in a vacuum oven overnight) to remove
the water. Afterwards, it was suspended in 1.5 mL of toluene,
and 33.3 uL of MPTMS was added. It was then kept under con-
stant stirring for 24 h, finally collected by magnetic separation,
washed with ethanol, and dried in an oven. For the MB
release, the sample was suspended in a solution of PBS with a
concentration of 1 mg mL™". Aliquots were collected at
different times and the particles were collected by magnetic
separation, and the supernatant was then examined by fluo-
rescence spectroscopy using an excitation wavelength of
600 nm to reveal the amount of MB released.

Characterization techniques

The morphology of the samples was analyzed using scanning
electron microscopy (SEM, FEI Nova 200, 10 kV) and trans-
mission electron microscopy (TEM and STEM images were
acquired on a JEOL-2100F microscope). The dry size of the
SPION clusters was estimated by analyzing SEM images with
different fields of view using Image] 1.52q software.*® For TEM
analysis, the samples were dispersed in ethanol, and a 100 pL
aliquot was placed onto a carbon-coated copper microgrid and
left to dry before observation. TEM images were acquired at
200 kV. Nitrogen adsorption-desorption isotherms were
recorded in an automated Micromeritics ASAP2020 instru-
ment. Before the adsorption measurements, the samples were
outgassed in situ in a vacuum (107° Torr) at 120 °C for
15 hours to remove adsorbed gases. X-ray photoelectron spec-
troscopy (XPS) measurements were collected with a SPECS
spectrometer equipped with a Phoibos 150 MCD 9 analyzer
and a non-monochromatic Al Ka (1486.6 eV) X-ray source.
Spectra were recorded at 25 °C using an analyzer pass energy
of 30 eV, an X-ray power of 50 W, and under an operating
pressure of 10~° mbar. Thermogravimetric analysis (TGA) was
carried out with a TGA550 instrument working under nitrogen
at a heating rate of 10 °C min~". The presence of the capping
agent on the SPION-NC surface, and the elimination of CTAB,

Nanoscale, 2025, 17, 6539-6549 | 6541


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04572f

Open Access Article. Published on 05 2568. Downloaded on 29/10/2568 10:57:09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

were confirmed by Fourier transform infrared spectroscopy
(FTIR, Thermo Fisher Scientific) in transmission mode using the
KBr pellet method, prepared by blending 2 mg of sample with
100 mg of KBr. The iron content in the samples was determined
by ICP measurements by using an ICP-MS instrument equipped
with an Agilent 7900 mass detector. The hydrodynamic sizes
were measured using dynamic light scattering (DLS) in water
using the Zetasizer Nano ZS90 system (Malvern, UK).
Fluorescence spectroscopy (FP-8300, Jasco) was employed to
follow the MB release using an excitation wavelength of 600 nm.
Magnetization measurements were performed at room tempera-
ture using a vibrating sample magnetometer (VSM) (PPMS,
DynaCool, Quantum Design). A capillary tube was filled with the
sample, the weight of the sample was recorded, followed by the
insertion of the capillary directly into the VSM. To obtain the
magnetization curves, the magnetic field was varied up to +5
kOe. X-ray powder diffraction (XRD) was carried out using a
Bruker D8 Advance diffractometer equipped with a monochro-
matic Cu Ko source at 40 kV and 40 mA. Patterns were collected
in steps of 0.02° (26) over the angular range 20-60° (26), with an
acquisition time of 3 s per step.

Results and discussion

Monodisperse SPION nanoclusters (SPION-NCs) were prepared by
an MWe-assisted polyol method to quickly obtain an eco-friendlier
product while retaining its promising properties. The Fe** was
partially reduced in the presence of EG, which acted as solvent
and reductant simultaneously, and sodium acetate as an alkali
source."*° For the stabilization of the primary particles, sodium
citrate was chosen because its three carboxylate groups have
strong affinity for the Fe*" ions, which favors the binding of the
citrate to the surface of the iron oxide nanocrystals and prevents
them from growing into larger particles.”® Also, the citrate mole-
cules provide an electrostatic repulsive force between the NPs, but
they aggregate into larger secondary structures (nanoclusters) to
minimize their surface energy.'”"" Among the different options
described in the literature for the use of capping ligands in con-
ventional synthesis of SPION clusters, we have chosen to use
citrate in our MW-assisted procedure for two main reasons: the
high water dispersibility of the clusters formed (due to the pres-
ence of citrate groups on the surface)** and the biocompatible
character conferred by the citrate groups, which makes them par-
ticularly interesting for biomedical applications.*’

Microwave-assisted synthesis

The effect of various reaction parameters on the formation of
SPION-NCs was studied, including reaction temperature,
sodium citrate concentration, MW ramping time, and aging
time. The conditions used for various samples are presented
in Table 1.

Previously, we reported on SPION-NCs synthesized via con-
ventional and MW-assisted heating methods using bio-
molecules as capping agents, along with their thorough
characterization.®* In this work, experiments were conducted
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to identify the conditions for achieving the highest population
of SPION-NCs near 200 nm via MW-assisted heating,
thoroughly examining factors including reaction temperature,
citrate concentration, ramping time and aging time. The
SPION-NCs displayed a Gaussian size distribution, in contrast
to the log-normal trend that is commonly observed for nano-
crystals synthesized via colloidal chemistry.>> A series of SEM
micrographs, DLS plots and size distribution histograms
obtained from SEM micrographs are presented in Fig. S1 to
S5.f Table 1 summarizes the experimental conditions, with
the results detailed in Table S1,} where NC sizes determined
from DLS and Gaussian-multimodal fittings are presented.
NCs undergo dynamic agglomeration and separation during
DLS, resulting in larger cluster sizes than those observed in
SEM micrographs. Therefore, we have based our discussion
mainly on the size determined from the SEM micrographs
through Gaussian fits.

To study reaction temperature, experiments at 180, 200,
220, and 250 °C were conducted with fixed citrate content, and
varying ramping and aging times (Exp. A, B, F, G, L, M). No
clusters formed below 220 °C. At 220 °C, large clusters reached
a high population (70%), but these decreased in size and
population (36%) at 250 °C. It is likely that the carbonaceous
component surrounding the primary particles is influenced by
the elevated temperatures, leading to its partial elimination
(Fig. S11). For the effect of citrate content, four experiments
were conducted at 220 °C, with a 10 min ramping time, and
20 min aging time (Exp. H, I, J, K). As the citrate content
increased from 0.114 g to 0.454 g, large clusters formed with
increasing proportions from 50% to 66% (Fig. S21). A further
increase in citrate reduced the cluster size and increased the
proportion of smaller NCs significantly (70%). Another control
experiment was performed for the synthesis performed at
20 min ramping and 20 min aging times, with the citrate
content doubled (Exp, O, R). As citrate increased from 0.454 g
to 0.908 g, the size and proportion of large clusters formed
decreased from 70% (213 nm) to 37% (140 nm) (Table S17).
Citrate plays a role in holding the NPs together, and beyond a
certain amount, it increases the repulsion between the NPs,
adversely influencing the size of NCs. This observed trend
follows that of limited ligand protection (LLP),*® where the
surface of the NPs is not completely covered with the capping
agent, making them unstable, and the formation of clusters is
more favorable. However, if there is too much capping agent,
the NPs are stabilized, and their aggregation is avoided due to
the sufficient ligand protection (SLP) process.>®

The reaction time (ramping and aging) influences the
shape and size dispersion of the SPION-NCs. To evaluate the
effect of aging time on nanocluster size we performed two sets
of experiments, where we selected a citrate content of 0.454 g,
a reaction temperature of 220 °C, and a ramping time of (i)
1 minute (Exp. C, D, E) and (ii) 20 min (Exp. N, O, P). First, the
results of 1 min aging will be presented, followed by 20 min
aging. At 10 minutes, large clusters dominated (51%).
Extending aging to 20 minutes increased the cluster size and
their proportion (66%), while cluster size increased with a

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04572f

Open Access Article. Published on 05 2568. Downloaded on 29/10/2568 10:57:09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

further increase to 30 minutes, whereas the proportion of
smaller NCs increased (79%) (see Fig. S3t). Samples aged for
20 min showed the same trend. At 10 min, large clusters domi-
nated (55%). Extending aging to 20 min increased the cluster
size and their proportion (70%), while cluster size and the pro-
portion of large NCs decreased (50%) after 30 min (see
Fig. S47). Synthesis of the material with a longer aging time
resulted in an increase in augmented surface roughness. The
observations align with previous findings regarding tempera-
ture optimization, indicating that prolonged aging periods
and/or elevated temperatures may lead to the partial elimin-
ation of the carbonaceous component. Examining ramping
time (1, 10, and 20 min) at 220 °C with a fixed citrate content
and 20-minute aging (Exp. D, ], O), the cluster size steadily
increased, with an increased proportion of large clusters (70%)
at 20 min ramping (Fig. S51). The progress of the nucleation
process to obtain the primary particles is fast, but aggregating
these particles to produce clusters is slower. Increasing the
ramping time gives enough time for the particles to aggregate
to obtain a higher population of larger clusters. Size evaluation
results based on the Gaussian-multimodal fits are graphically
summarized in Fig. 2, and the DLS results are presented in
Fig. S6.1 The largest NC size in high proportion is obtained
under the conditions of 220 °C, 0.454 g citrate, and 20-minute
ramping and aging times (Fig. 2¢, Exp. O), which was then
selected for scale-up and further studies.

The SPION-NCs displayed a bimodal distribution. The
causes of a bimodal particle size distribution are likely multi-
factorial and could involve factors like differences in nuclea-
tion and growth kinetics. Nucleation of SPIONs and nano-
cluster formation are two distinct stages in the formation of
SPION-NCs, where citrate ions play a significant role in the
latter process. The exact balance between stabilizing and
aggregating effects of citrate ions could give rise to two
different cluster populations: smaller clusters formed through
limited aggregation and larger clusters formed through exten-
sive aggregation. Alternatively, during the thermolysis process,
the system may undergo kinetic trapping, where the small
clusters form first and become trapped in a metastable state
before fully aggregating into larger clusters. If the particles
undergo partial agglomeration (forming smaller clusters)
before fully aggregating (forming larger clusters), the system
can end up with two distinct populations of clusters. This
process might be enhanced by slow diffusion due to the high
viscosity of ethylene glycol, leading to clusters that do not fully
reach equilibrium in a single process.

The FT-IR spectra of the SPION-NCs reveal absorption
bands at 1633 and 1380 cm™" (Fig. 3) associated with carboxy-
late, indicating the presence of carboxyl groups.
Thermogravimetric analysis (Fig. S71) showed a weight loss of
about 15.3% in the 100-850 °C range; the sample presents
high organic matter content. XPS spectra obtained for C 1s
(Fig. S8at) was in accordance with the presence of a non-negli-
gible amount of organic matter. Then, deconvolution of the
carbon spectrum showed three contributions that can be
assigned to C-C aliphatic carbon (285.2 eV), C-O (286.5 eV),

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Size evolution of SPION-NCs, obtained from Gaussian fits, for
the MW-assisted syntheses performed at 220 °C, with different reaction
parameters — changing one parameter at a time: (a) amount of citrate,
(b) aging time for 1 min and (c) 20 min ramping time, and (d) ramping
time. Experimental details are summarized in Table 1.
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Fig. 3 FTIR spectra of (a) CTAB, and SPION-NCs@MS (b) before and (c)
after the extraction of CTAB, and (d) SPION-NCs.

and carboxylate groups (288.7 eV).>**”*® The partial thermal
degradation of the organic components was not complete, and
the carbonaceous component that maintains the link between
primary NPs retains an important proportion of carboxylic
groups from the citrate. The total carbon content in the cluster
was 56% aliphatic carbons generated during the synthesis by
partial degradation of the reagents. It was estimated that
approximately 21% and 23% of the citrate and EG groups,
respectively, have been preserved. The XPS spectrum corres-
ponding to the Fe 2p region was subjected to deconvolution,
resulting in the identification of six distinct signals, as illus-
trated in Fig. S8b.t The bands observed at 710.6 and 724.1 eV
can be attributed to the 2p;,, and 2p,, states of Fe>* species,
respectively. The signals observed at binding energies of 711.9
and 726.1 eV can be attributed to the 2p;z, and 2p,, states of
the Fe’" species, respectively. The remaining two peaks of
lower intensity, at 718.6 eV and 732.6 eV, were attributed to sat-
ellite peaks. The determined molar proportion of Fe**/Fe*" was
2.1, a value that is very close to the stoichiometric value of
magnetite.>***3° The XPS spectrum signals for Fe confirmed
the success in obtaining the magnetite phase with high purity.
Finally, the XPS O 1s spectrum (Fig. S8ct) was consistent with
spectra of Fe and C. Deconvolution of the spectrum reveals
three signals at 530.3, 531.6, and 532.5 eV, which can be attrib-
uted to O~ anions (present in magnetite), OH groups and car-
boxylate group oxygens, respectively.”® The XRD pattern also
corroborates the formation of magnetite (Fig. S91). Although
typical peaks are clearly discernible, their relatively low inten-
sity and broad width suggest the presence of nanocrystals. The
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HRTEM images (Fig. 4 and Fig. S107) also reveal that the NC is
constituted by primary particles of around 8-9 nm. This value
range is very similar to that determined from the XRD data
through the application of the modified Scherrer equation
(10.3 + 0.5 nm), which is indicative of the nearly single-crystal-
line character of the primary magnetite particles.®

Mesoporous silica coating

The SPION-NC synthesized according to Exp O (see Table 1)
was used for the experiments from hereon. The NCs were
covered with amorphous silica to prevent the SPION-NC core
from oxidation in the subsequent steps. There are several
works reporting on the use of silica coating on various types of
NPs, placing silica coating as a cornerstone in a wide array of
applications.*® For example, iron oxide NPs coated with a thin
silica shell (Fe;0,/SiO, NPs) showed lower dissolution in cell
cultures as compared to bare Fe;0, NPs." A modified Stober
method using EA as the base was utilized for this purpose.®?
In our case, we reduced the amount of TEOS and EA in order
to prepare NCs with a thinner siliceous layer. Then, this layer
was covered with an MS layer using the “atrane method”,*°
which combines the atrane complexes as inorganic hydrolytic
precursors and the CTAB as a supramolecular template. Both
layers were obtained in a mixture of water and ethanol, which
provides the conditions for obtaining a layer with minimal
surface roughness and a conformal coating.*® There are differ-
ences in the water/ethanol ratio used for each layer synthesis.
In the case of the first layer, silica formed due to the conden-
sation of hydrolyzed TEOS on the surface of SPION-NCs. Water
is used as a reagent, so its volume is smaller than that of
ethanol. In the other case, the MS layer grows thanks to the
interaction between the anionic silica oligomers and cationic
surfactants. In this case, the water is used as a reagent and a
solvent; for that reason, its volume is higher than that of
ethanol. In the atrane method, TEAH; was used as a chelating
agent, to obtain the silatrane complex, and as a basic catalyst
for silica hydrolysis and condensation. The atrane method
allows all the reactions involved in the process (hydrolysis, con-

Fig. 4 HRTEM of (a) SPION-NCs and (b) SPION-NCs coated with amor-
phous silica. (c) SPION-NCs@MS, and (d) STEM mapping of
SPION-NCs@MS particles.

This journal is © The Royal Society of Chemistry 2025
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densation, nucleation, and growth) to occur in a homogeneous
medium. This ensures parameters like agitation, reactor size,
etc., have less influence in the process, so the reproducibility
of the synthesis is increased.>®

The onion-like morphology of the final nanostructure
(SPION-NCs@MS) is shown in Fig. 4, from the cluster (Fig. 4a)
to the amorphous silica layer (Fig. 4b) and, finally, the MS
layer (Fig. 4c). All the clusters presented a well-defined spheri-
cal morphology with uniform silica layers with thickness of 12
+ 2 nm for the amorphous silica and 27 + 2 nm for the MS.
The ordered nature of the primary magnetite NPs can be seen
in Fig. S10.f The radial growth of the mesopores in the outer-
most layer can be seen in Fig. 4c. The radial organization of
mesopores had also been observed when other rigid templat-
ing agents were coated with MS using the atrane method and
with similar concentrations of reagents. The onion-type
modular organization was also evident in the STEM and
mapping images (Fig. 4d). The core was observed to present a
high content of iron, and a siliceous cover was also present.
Furthermore, oxygen was present throughout the volume of
the particles, as expected. The clusters were characterized in
terms of magnetization as their core property (Fig. 5). The
uncoated SPION-NCs showcased a saturation magnetization of
65.5 emu g ' magnetite when considering only the weight of
inorganic content (Fig. 5a), corresponding to about 71% of the
bulk magnetization of magnetite. The clusters exhibited
limited coercivity (H. = 30.04 Oe), indicating slightly ferrimag-
netic character, possibly due to interactions between the NPs.
The magnetic diameter was estimated as 8.3 nm by fitting the
experimental curve with the Langevin function.*> The esti-
mated magnetic domain size is slightly smaller than the crys-
tallite size from XRD data, which is ascribed to the presence of
a magnetically dead layer on the nanocrystals. The onion-like
coated SPION-NCs also showed the same trend in magnetic be-
havior, and the same coercivity as the pristine SPION-NCs,
indicating weakly ferrimagnetic character (Fig. 5b), with an
expected decrease in saturation magnetization, owing to the
added magnetically inert layers (i.e. amorphous and meso-
porous silica).>> Normalized to the overall weight, the magneti-
zation gradually decreases from 54.0 emu g~ ' (clusters with
citrate capping), to 42.5 emu g~' (amorphous silica-coated
clusters), and finally to 28.1 emu g " after mesporous silica
coating (SPION-NCs@MS). The elimination of CTAB from the
sample was investigated by FTIR (Fig. 2). The CTAB presents
strong bands at 3012, 2947, 1483, 1431, and 960 cm™" (CH;-
N*), 2913, and 2832 cm™* (C-H stretching), and 1393 cm ™"
(-CH; bending).*®> The same signals were present in the
sample before the extraction, which also displayed the signals
corresponding to the silica (1069 cm™")** and the iron oxide
(577 em™).*> After the extraction of CTAB, the signal corres-
ponding to the ammonium group, which was revealed in the
sample before the extraction with the band at 1484 ecm™,*
were absent. Removal of CTAB via a simple ion exchange
process has also been confirmed by the FTIR analysis of a cal-
cined mesoporous silica sample alone. The data presented in
Fig. S111 indicate that there are no residues of CTAB (typical
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Fig. 5 Magnetization curves of (a) the SPION-NCs normalized to the
weight of Fes04 and (b) the SPION-NCs alone and after coating with
amorphous silica, followed by mesoporous silica (MS) normalized to
overall sample weight.

signal at 1483 cm™" due to (CH;-N") groups) in the FTIR spec-
trum for the ion-exchanged sample. The removal of the cat-
ionic surfactant inevitably entails the introduction of positive
charges derived from the Na' cations, as illustrated in Fig. 4d.
These findings substantiate that the template elimination
process is a simple ion exchange. To facilitate the exchange of
CTA" for Na', a water-alcohol mixture (hydroalcoholic
medium) comprising a high ethanol concentration has been
used to promote the dissolution of NaCl and the stabilization
of the surfactant CTACL It is well known that the critical
micelle concentration value of an alkylammonium halide-type
surfactant exhibits a notable increase in the presence of
ethanol,*®*” which serves to enhance the extraction of CTA"
and, consequently, the emptying of the mesopores. As far as
we know, it is surprising that such a simple and intuitive
method has not been described in the literature.*® We can
thus conclude that the extraction was satisfactorily executed.
The signals corresponding to the carbonaceous structure are
present, but their intensity is reduced. As the SPION-NCs were
synthesized using citrate as the capping agent, its corres-
ponding bands (3420 cm™" (-OH), 2963 cm™" (C-H stretching),
1617 cm™' (C=0), and 1387 cm™" (-CH; bending)) were pre-
served on the obtained clusters. In short, STEM and spectro-
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scopic studies allow us to determine from a chemical point of
view the composition of the different layers of the onion-like
SPION-NCs@MS.

The nitrogen adsorption-desorption isotherms and the
pore size distribution (Fig. 6) evidenced the porous nature of
the sample. The isotherm (Fig. 6a) displayed one abrupt
adsorption step at an intermediate relative pressure (0.3 < P/P,
< 0.7), characteristic of type IV isotherms and can be related to
the capillary condensation of the N, inside the pores generated
by the micelle. Also, a second adsorption step was observed at
a high relative pressure value (P/P, > 0.9), which was attributed
to the capillary filling of the voids formed when the spherical
SPION-NCs@MS particles are stacked. It is important to note
that the external MS layer is only 27 nm thick and that the core
contains heavier elements, such as iron. Given these factors,
the BET area and pore volume values obtained (223.6 m* g™
and 0.22 cm® g7, respectively) are significant. However, it is
evident that these values are lower than those of mesoporous
siliceous Stober particles. The pore size distribution (Fig. 6b)
shows a maximum centered at 3.13 nm and a significant
shoulder expanded to 6 nm. The value of the maximum was
observed to correlate well with the size of the surfactant
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200

150

100

Quantity Adsorbed (cm?/g)
3

o
1

0.0

Oi2 0i4 0.|6 0j8 1.0
Relative Pressure (P/P,)

—— SPION-NCs@MS
—— SPION-NCs@MS-MB

0.6 1

0.5

0.4

0.3

0.2 1

0.1

0.0 1

dV/dlog(D) Pore Volume (cm?g)

0 1 2

T T T T T

3 4 5 6 7 8 9 10 1
Pore Diameter (nm)
Fig. 6 (a) Nitrogen adsorption—desorption isotherms and (b) pore size/

diameter distribution of SPION-NCs@MS and SPION-NCs@MS-MB
particles.
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micelles. The existence of a wide distribution in pore size indi-
cates the generation of larger mesopores during the ion
exchange stage. The thickness of the MS layer amplified the
surface inhomogeneities formed during the ion exchange,
which may not be evident in fully mesoporous particles. This
increase in mesopore size can also be explained by the partial
degradation that occurs in MS when treated in saline solu-
tions. Therefore, PBS or another medium has been used to
increase the mesopore size and associated pore volume.***°
Thus, the NaCl treatment allows us to simultaneously extract
the surfactant and generate mesopore expansion using a
simple protocol (without using complex surfactants or toxic
reagents, avoiding multi-step processes).*’ The final result was
a composite with a magnetic core and an outer layer contain-
ing expanded mesopores, which is attractive for the uptake/
delivery of biomolecules.

There is a clear interest in these types of core-shell
materials for biomedical applications.”> The possibility of
modulating the properties (nature of the magnetic core, thick-
ness of the mesoporous layer to modify its loading capacity,
possibility of incorporating molecular gates to control drug
release, etc.) makes these NPs excellent platforms for the
design of potential theranostic materials. In any case, and
although silica and magnetite are non-toxic compounds, it
must be recognized that there is a long way to go between the
preparation of these particles and their clinical use. However,
from a chemical point of view, a first test is to check that the
subsequent modifications to be carried out (loading of drugs
or functionalization of the external surface) do not alter the
nature of the material. The stability or possible degradation of
the material may be due not only to its composition but also
to the preparation method used. For example, magnetite cores
or porous silica shells may show marked differences in stabi-
lity depending on the specific preparation method used.

Methylene blue loading

In order to achieve this objective, a preliminary investigation
has been conducted into the loading of a model molecule and
its subsequent functionalization, as well as the release of the
resulting product. In this case, the particles were loaded with
methylene blue (MB) as a drug mimic molecule, and the
surface was functionalized with MPTMS. The MB was chosen
for two principal reasons: the first is its fluorescent character,
making it easy to follow its release by fluorescence spec-
troscopy; second, it is a hydrophilic molecule making it easier
to load into the hydrophilic porous silica. Once MB has been
trapped inside the pores, its release under conditions that
mimic biological environments can be studied using a PBS
buffer. The quantity of MB that is encapsulated in the pores
per gram of sample is estimated as 6.87 pg MB per mg. A
typical UV-absorption spectrum of MB and a detailed pro-
cedure for its calibration curve are presented in the ESI, in
Fig. S121 and the preceding discussion.

The MB-loaded particles (SPION-NCs@MS-MB) retain their
spherical morphology. A TEM micrograph showing a large
number of SPION-NCs@MS-MB particles is presented in

This journal is © The Royal Society of Chemistry 2025
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Fig. S13.7 It is important to note that the hydrodynamic size of
the MB-impregnated particles (SPION-NCs@MS-MB) is not sig-
nificantly different from that for the mesoporous silica-coated
(SPION-NCs@MS) particles, as shown in Fig. S14.f The TEM
micrograph (Fig. S15at) demonstrates that the external meso-
porous layer, its thickness, and the radial arrangement of the
mesopore system remain unaltered. The images obtained from
the STEM and mapping techniques are indistinguishable from
those observed for the initial material (Fig. S15b}). The sole
distinction is the appearance of a small quantity of homoge-
neously distributed S, directly correlated with the uptake of
MB and the pores closing following treatment with MPTMS.
Also, there was a smaller quantity of homogeneously distribu-
ted N, which was directly correlated with the uptake of MB. On
the other hand, the XRD pattern shows typical signals of mag-
netite (Fig. S16%), indicating that the magnetic core is not
altered. It can, therefore, be concluded that the dye charge and
functionalization have not affected the core particles, yielding
similar crystallite sizes to those in the original NCs.
Furthermore, magnetic characteristics of the samples were
studied at various stages. VSM analysis of the
SPION-NCs@MS, SPION-NCs@MS-MB samples, along with the
MB loaded sample 24 h after incubation in PBS, is presented
in Fig. S17.7 It is observed that the saturation magnetization
normalized to the overall sample weight decreases upon MB
loading. This is due to the increasing weight provided by the
MB and pore closure process, adding more non-magnetic com-
ponents. The magnetization of the SPION-NCs@MS-MB
sample after 24h incubation in PBS showed the same magnetic
behavior, with a further decrease in the saturation magnetization,
which is attributed to the partial dissolution and/or oxidation of
the magnetic core, leading to the reduction in the amount of
magnetic constituents. The isotherm (Fig. 6a) shows one adsorp-
tion step at an intermediate relative pressure value (0.3 < P/P, <
0.7), which is less abrupt than that in the sample analyzed before
the MB loading. This is an appropriate test for the incorporation
of MB and the blocking of mesopores with MPTMS. As previously
observed, a second adsorption step occurs at a high relative
pressure value (P/P, > 0.9), resulting from the formation of gaps
between particles during the packing process. Given that the
microparticle size remains consistent before and after the incor-
poration of MB, this second adsorption step in the isotherm is
not affected compared to the that for the initial material. The
most notable difference is in the pore size distribution (Fig. 6b),
which has shifted to a smaller diameter (less than 5 nm) and a
reduced pore volume (0.15 cm® g™"). These findings align with
the introduction of the dye and partial pore closure with the
MPTMS. The SPION-NCs@MS particles synthesized using the
atrane method for the formation of the external porous layer
have demonstrated resilience to typical charge and functionali-
zation treatments, maintaining their structural integrity after stir-
ring periods of up to 24 h. MB release over time is shown in
Fig. 7. Rapid release, corresponding to about <6% of loaded MB,
is observed within the first 5 hours, probably due to weakly
retained MB molecules on the external surface, followed by a
slower, sustained release over time.
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Fig. 7 Methylene blue (MB) release from SPION-NCs@MS-MB particles
as a function of time as determined by measuring the fluorescence
intensity of the medium after magnetic decantation.

Conclusions

In this work, we presented the design, synthesis, and charac-
terization of onion-like particles with a magnetic core and a
capped mesoporous silica shell, which can be filled with bio-
active molecules. The SPION nanoclusters, with their high
magnetization-per-particle, were obtained by an MW-assisted
polyol process, by studying the effect of various reaction para-
meters, including reaction temperature, citrate content,
ramping time and aging time. The synthesis time was drasti-
cally reduced to <40 min compared to that of previous works,
while keeping the superparamagnetic properties and near-
spherical morphology of the particles. It has been demon-
strated that the organic content of the SPION-NCs, which orig-
inates from the citrate capping, has a strong influence on
cluster formation. The amorphous silica layer was made using
a modified sol-gel method in order to isolate the particles
from the next synthetic steps. Afterwards, this layer was
covered with mesoporous silica by the atrane method, where-
upon a highly homogeneous conformal shell was obtained.
The CTAB was then removed by a simple chemical extraction,
and the pore size was slightly increased by the degradation of
the silica by Na'. This expanded pore is attractive for the
loading and release of molecules. Finally, as a proof of
concept, the particles were loaded with methylene blue, and
its release was studied in PBS. The particles presented in this
work possess high potential for theranostics applications.
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