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In this work we design and synthesize magnetic nanoparticle-based hydrogels in which the inter-particle
dipolar interactions can be tailored within the networks. These emerging materials combine the porosity
and high surface area characteristic of gels with the nanoscopic magnetic properties of the building
blocks, all in one macroscopic material. The synthesis of self-supported magnetic nanocrystal-based
hydrogels is done through an amphiphilic overcoating and gelation procedure. The control over the
dipolar interactions within the nanoparticles and aggregates forming the hydrogel network is achieved by
changing the length of the hydrophobic side chain of the amphiphilic polymer used to coat and water
transfer the nanoparticles. A scale-up approach of the overcoating procedure is presented. As well, we
demonstrate that these systems are very useful to study, understand and easily tailor the magnetic inter-
actions between particles or aggregates, in a more controlled and reliable way than in the nanoparticle

rsc.li/nanoscale colloids.

Introduction

The assembly of inorganic nanoparticles (NPs) into macro-
scopic self-supported porous networks, either hydrogels or
aerogels, constitute a new interesting type of materials charac-
terized by their open porous structure, large specific surface
area and very low density."™ These properties make them
promising for different applications such as catalysis, sensing,
energy  harvesting, environmental remediation and
biomedicine.*” Moreover, these materials can preserve the
nanoscopic properties of their building blocks at the macro-
scale or showcase collective properties not present in the bulk
neither in the nanocrystals alone.>®°

For the fabrication of nanoparticle-based gels, the NP col-
loids must be destabilized avoiding an uncontrolled NP
agglomeration. To do this, it is mandatory to manipulate the
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interparticular forces by either attenuating the repulsive forces
between the NPs or introducing controlled attractive forces.'”
The strategy to follow will depend, among other parameters,
on the dispersing medium of the NPs (i.e. polar or non-polar
solvent) and their surface functionalization. In general terms,
the destabilization can be done either via progressive removal
of ligands (e.g. oxidation) or ionic cross-linking.'""?
Interestingly, reversible NP assemblies can also be achieved by
means of dynamic covalent bonding,"* highlighting the versa-
tility and possibilities of NP gelation to engineer new func-
tional materials. As a result, highly porous gels are obtained,
which are frequently called solvogels when the pores are filled
with a solvent. If the solvent is water, they are known as hydro-
gels. Afterwards, different drying procedures can be used to
replace the solvent in the pores with air without producing the
network destruction, yielding the so-called aerogels.>

In particular, magnetic nanoparticle-based gels are of
special interest because it is possible to synergistically exploit
the nanoscopic magnetic properties of the MNP building
blocks (e.g. superparamagnetism, heating upon application of
radiofrequency fields...) with that of the gels and they can be
manipulated by external magnetic fields."*'> In spite of the
enormous potential of MNP-based gels, most of the studies to
date are mainly done by dispersing MNPs into silica, alumina,
carbon or polymeric matrices,"®° rather than having the syn-
thesized MNPs networked together to form self-supporting
structures. Nevertheless, in the last years, increased attention
has been devoted to these materials and to the study of their
magnetic properties.” ® In the work of Hettiararchchi et al.,*
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the authors report the aerogelation of Fe; 3Ni, ;P nanorods via
oxidation-induced gelation, in which they did not observe any
remarkable difference between the magnetic properties of the
NP colloids and the aerogels thereof. On the other hand,
Berestok et al.”* synthesized maghemite aerogels and briefly
investigated the magnetic properties, suggesting that the
random NP interconnection in the aerogel network has an
impact in the overall magnetic properties. As well, in our
recent work on FePt and CoPt; aerogels,>! we thoroughly inves-
tigated the effect of the gelation process and aerogel structure
on the magnetic properties, reporting that the closer contact of
the NPs in the gel network produces changes in the magnetic
properties of the aerogels compared to the NP colloids.

Despite these interesting works regarding magnetic aero-
gels, up to date, a detailed investigation of the magnetic inter-
actions between the nanoparticles within a hydrogel network
and its influence in the overall properties has not been done,
neither the investigation on how to smart tune the magnetic
properties of these materials. The understanding of the effect
of dipolar interactions into the overall magnetic properties of
nanoparticulate systems>””*® is of outmost importance for
several applications. In the case of magnetic hyperthermia, for
example, the nanoparticle concentration and their local aggre-
gation have an impact on the interaction between the nano-
particles, producing an increase or decrease of the heating
efficiency,?*>* which in most cases is very difficult to control
or anticipate. The versatility and possibilities given by the gela-
tion strategies available can lead to structures in which the
interactions between the nanoparticles can be controlled and
tuned, obtaining systems with or without direct contact
between the nanoparticle interfaces, in which the dipole-
dipole interactions can be modified by changing the distance
between the NPs or their arrangement. As well, collective pro-
perties can arise from the network itself, due to the inter-
actions and coupling between the NPs in the assembly.

Here, we demonstrate that magnetic nanoparticle-based
hydrogels are excellent platforms to investigate and fine tune
interactions between particles in a more reliable and controlled
way than in colloids, which has not been previously reported on
hydrogels. We fabricate iron oxide nanoparticle (IONP) hydrogels
in which the inter-particle interactions are tuned, following our
previously reported amphiphilic polymer-coating and gelation
procedure.*® For that, IONPs are synthesized in organic media
and water transfer by means of poly(isobutylene-alt-maleic anhy-
dride) (PMA) modified with 1-dodecylamine following the pro-
cedure of Lin et al,** or with the shorter n-octylamine as side-
chain. We propose the use of these hydrophobic side-chain
lengths (octylamine vs. dodecylamine) to be able to finely
control the distance between the NPs within the networks and
therefore, their dipolar interactions and the collective properties
of the hydrogels. Indeed, the choice of octylamine and dodecyla-
mine ligands will give rise to different scenarios. In the first
case, the increased interparticle interactions could enhanced the
heating efficiency of the systems, beneficial for magnetic
hyperthermia, while in the latter no changes are expected upon
gelation due to higher distances between the nanoparticles,
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giving rise to more stable and robust systems against aggrega-
tion, useful for the fabrication of sensors or actuators.
Furthermore, we perform a systematic investigation into how
varying the amount of polymer used to coat the NPs affects both
their hydrodynamic size and the magnetic properties of the
resulting NP colloids and hydrogels. We also present an easy way
to scale-up the polymer-coating with PMA-1-dodecylamine. Our
findings highlight the critical role of interparticle interactions in
governing the collective behavior of magnetic nanoparticles
within porous soft matter macroscopic systems.

The gelation is done via the addition of Ca®>" ions which desta-
bilize the aqueous colloidal NPs and bridge the NPs together
through the carboxylic acid moieties present in the polymer shell,
creating the NP network. The versatility of this procedure to aero-
gelate any shape or composition NP, avoiding undesired changes
in the NP properties (due to ligand removal usually involved in
the water transfer of the NPs from organic media), was demon-
strated in our previous work.”® As well, we briefly investigated the
properties of an IONP aerogel coated with PMA-1-dodecylamine,
where no difference in the magnetic properties (mainly in the
magnetic saturation) was observed with respect to the NPs col-
loids. However, the study of the magnetic properties of the hydro-
gels as well as the influence of the side-chain length into the
magnetic properties has not been researched yet.

Summarizing, achieving a precise and reliable control and
understanding of the magnetic interactions is desired to
assure a good performance of MNPs, for example, in inductive
heating applications. Thus, in this work we propose and sys-
tematically investigate novel platforms based on iron oxide
nanoparticle hydrogels in which the magnetic properties and
magnetostatic interactions between the nanoparticles within
the gels can be controlled.

Experimental methods
Chemicals

All chemicals were used without further purification. Poly(iso-
butylene-alt-maleic anhydride) with an average M, 6000,
12-200 mesh (85%) from Sigma Aldrich, tetrahydrofuran (THF
99.9%, Roth), dodecylamine (98% Sigma Aldrich), 1-octylamine
(99% Sigma Aldrich), oleylamine (OAm) with a C18 content of
80%-90% (ThermoFischer), acetone (>99.5% Sigma Aldrich),
ethanol (>99.8% Sigma Aldrich), hexane (99% Honeywell),
chloroform (>99% Honeywell), iron pentacarbonyl (Fe(CO)s
99.99% Sigma Aldrich), n-octylether (99% Sigma Aldrich), oleic
acid (90% Sigma Aldrich), oleylamine (OAm 90% Sigma
Aldrich), trimethylamine-N-oxide (TMANO 95.5% Sigma
Aldrich), sodium hydroxide (>99% Roth), calcium nitrate tetra-
hydrate (>99% Roth), milliQ water (18.2 MQ cm, from Sartorius
water system).

Synthesis of the iron oxide nanoparticles (IONPs)

Maghemite nanoparticles have been synthesized by scaling up
the procedure from Hyeon et al.,** via thermal decomposition
of iron pentacarbonyl in the presence of oleic acid and sub-

This journal is © The Royal Society of Chemistry 2025
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sequent controlled oxidation using trimethylamine oxide. In
detail, for the synthesis of 5 nm IONPs, a mixture of 60 mL of
octyl ether and 5.81 g of oleic acid was prepared into a 100 mL
three neck round bottom flask and degassed and stirred under
vacuum for 15 min. After that, the flask was flushed with
argon and the mixture was heated to 130 °C. Then, 1.2 mL of
Fe(CO)s were rapidly injected and the mixture was heated to
reflux (~280 °C) and kept at that temperature for 1 h. The
resulting solution was cooled down to room temperature, and
2.04 g of (CH3);NO (TMANO) were added. The temperature was
increased again under argon atmosphere to 130 °C and kept
for 2 h. After that, the reaction temperature was increased
slowly (3 °C min™") to reflux and kept at that temperature for
another hour. The mixture was cooled down to room tempera-
ture and washed with 20 mL of a previously prepared 1:1
ethanol/hexane (v/v) and centrifuging at 10000 rcf (relative
centrifugal force) during 15 min. The supernatant was
removed and the cleaning procedure was repeated three times
by adding 20 mL of 1:1 ethanol/hexane (v/v) on each round.
Finally, the resulting black precipitate was redispersed in
hexane.

Synthesis of the amphiphilic polymers

The amphiphilic polymers were synthesized using the pro-
cedure of Lin et al.** with some modifications. The polymers
are based on poly(isobutylene-alt-maleic anhydride) backbone,
named PMA, and alkylamines as hydrophobic side-chains. In
this work, two different side-chains with different lengths have
been used, dodecylamine and n-octylamine, in order to tailor
the interparticle distances of the magnetic nanoparticles and
therefore their interactions.

Synthesis of the polymer with dodecylamine (PMA-Dod).
The precursor polymer PMA (3.084 g, 20 mmol monomer) was
dissolved under magnetic stirring in 80 mL anhydrous tetra-
hydrofuran (THF) to assure the activity of the maleic anhydride
rings. The solution was heated to 60 °C. Once the temperature
was reached, 2.86 g of 1-dodecylamine were dissolved in 20 mL
of THF, added to the heated THF solution and stirred for 3 h.
The solution was transferred to a one-neck flask (Vgago =
500 mL) and reduced to a third of the original volume using a
rotary evaporator (Heidolph Hei-VAP). For that, the tempera-
ture of the rotary evaporator water bath was settled to 50 °C
and 90 rpm and the pressure was reduced from 450 mbar to a
minimum of 320 mbar. After partial removal of the solvent,
the solution was transferred back into a three-neck flask (Vgagx
= 100 mL) and stirred for another 3 h at 60 °C. The final
polymer was obtained by transferring the solution to a one-
neck flask (Vgas = 100 mL) and removing the entire solvent by
using the rotary evaporator. After all the solvent was evapor-
ated, 40 mL of chloroform was added to redisperse the
polymer by using an ultrasonic bath, obtaining a transparent
solution. The amount of dodecylamine added corresponds to
75% with respect to the monomer units and the final polymer
concentration in the 40 mL chloroform stock solution is 0.5 M
with respect to the monomer units.

This journal is © The Royal Society of Chemistry 2025
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Synthesis of the polymer with n-octylamine (PMA-Oct). A
similar procedure was followed to synthesize the amphiphilic
polymer with a shorter alkylamine (n-octylamine). 3.04 g of
PMA were dissolved in 80 mL THF and heated to 60 °C under
vigorous magnetic stirring. Then, 2.53 mL of n-octylamine in
25 mL THF were added. This amount is chosen to have the
same molarity as in the case of the dodecylamine. The solu-
tion was stirred for 3 h at 60 °C and transferred to a one neck
flask to reduce the volume to one third of the initial volume.
Then, the solution was transferred into a three-neck flask,
heated to 60 °C and stirred for another 3 h. The product was
transferred to a one neck flask and left overnight to remove
the solvent using a rotary evaporator. As in the previous syn-
thesis, the final polymer was dispersed in 40 mL chloroform
by using ultrasonic bath.

In both cases, the polymer concentration reached was 0.5 M
with respect to the monomer units. The reaction took place at
molar ratio of 1:0.75 (PMA/alkyl chain) and therefore 25% of
the maleic anhydride rings were kept intact,
additional modifications if desired.

allowing

Polymer coating of the IONPs and water transfer

This procedure is adapted®®** with some modifications as

described in the following. The synthesized IONPs were soni-
cated for 5 min before further use. For each coating, 300 pL
nanoparticle suspension ([y-Fe,0O3] = 18.8 mg mL ") was filled
into a 1.5 mL Eppendorf, 1 mL ethanol was added and it was
centrifuged for 5 minutes at 11 000 rcf and the supernatant
was discarded. The precipitate was redispersed in 100 pL
chloroform by using ultrasonic bath. Then, the desired
amount of the polymer stock solution (volumes ranging from
100 pL to 3 mL) was put into a glass vial and the 100 pL iron
oxide nanoparticles in chloroform were added. It is important
to notice that always the same amount of iron oxide nano-
particles was added, only changing the polymer amount. For
the coating with magnetic stirring, the mixture was vigorously
stirred keeping the vial open until complete evaporation of the
chloroform. For the coating by ultrasonication, the mixture of
the polymer and the nanoparticles was sonicated in an open
vial at maximum power until all the solvent was evaporated.
Once the solvent was evaporated, each sample was dis-
persed in 10 mL 0.1 M NaOH by using an ultrasonic bath. In
all cases this step was accomplished after no more than 5 min
of sonication. Then, the coated iron oxide nanoparticles were
filtered through a syringe filter (Millipore Millex-GP PES with
0.22 pum pore size). To exchange the alkaline solution pre-
viously added to MilliQ water (18.2 MQ cm), the filtered nano-
particles were transferred into centrifugal filter units (mole-
cular weight cutoff, MWCO = 30000) and centrifuged at
3770 rcf for 5 minutes. The transparent and clear supernatant
on the bottom of the filter tube was discarded and Milli-Q
water was added. The procedure was repeated 5 times. All the
nanoparticles coated with different amounts of polymer, inde-
pendently of the alkyl chain length, were stable in MilliQ
water. Finally, to clean the excess of unreacted polymer
micelles present in the samples, ultracentrifugation was per-
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formed at 100 000g and 21 °C during 1 h (twice). After the first
hour, the completely transparent supernatant was removed
and MilliQ water was added. Finally, all the supernatant was
removed and the samples were redispersed in 2 mL of MilliQ
water to assure that all the samples remained with the same
concentration. The ultracentrifuge used was a Beckman
Coulter using a fixed angle rotor Typ 70 Ti (8X39 mL), located
in the Centre of Biomolecular Drug Research (BMWZ-LUH).

Scaling up of the polymer-coating strategy

For the scale up, 3 mL of y-Fe,O; nanoparticles ([y-Fe,03] =
18.8 mg mL™') in hexane were centrifuged to remove the
solvent and to exchange it with 1 mL of chloroform. In an
open one neck round bottom flask, 4 mL of the stock polymer
solution (PMA-Dod) and the magnetic nanoparticles in chloro-
form were added and magnetically stirred at 330 rpm during
roughly 2 h. To remove the remaining solvent, the rotary evap-
orator was operated at 50 °C, 90 rpm and the pressure reduced
from 450 mbar to a minimum of 320 mbar. The resulting
highly viscous coated nanoparticles were easily dispersed in
100 mL 0.1 M NaOH within a few minutes of ultrasonication.
After that, the same filtering and ultracentrifugation steps as
explained before were carried out and finally, the nano-
particles were redispersed in 10 mL of MilliQ water.

Hydrogelation of the polymer-coated IONPs

The hydrogels were prepared in Eppendorf tubes by adding
8 pL of a 2 M Ca(NOj3), solution to 300 pL of the cleaned
coated iron oxide nanoparticles. The addition of the divalent
ions causes the controlled destabilization of the nanoparticles
and the gelation. The gelation took place overnight. To wash
the gels, the thin transparent supernatant layer on top of the
hydrogel was removed and 1 mL of MilliQ water was added
carefully to preserve the hydrogel structure. This is repeated 5
times each day during two consecutive days to obtain the final
hydrogels. It is worth to mention that these self-supported
nanoparticle-based hydrogels are wusually very brittle.
Nevertheless, in all cases, it is possible to wash and handle
them without affecting or breaking the network. All the
washed hydrogels are stable in water for at least 1 year, with no
change in their volume (no further shrinkage) or in their
macroscopic shape.

Instrumentation

Dynamic light scattering (DLS) measurements. DLS was per-
formed in a Malvern Panalytical Zetasizer Nano ZSP, to obtain
the hydrodynamic size of the different polymer-coated iron
oxide nanoparticles. For that, 100 pL of coated IONPs and
100 pL of distilled water were added to an Eppendorf tube and
the nanoparticles were sonicated for 5 to 10 min and
measured immediately afterwards in reusable quartz cuvettes.

Atomic absorption spectroscopy (AAS). The device used is a
Varian AA140 Atomic Absorption Spectrometer with an acety-
lene-air flame atomizer. By means of a calibration curve with
the iron standard (blank, 0.5, 1, 2, 3, 4, and 5 mg mL™"), and
by digesting a known volume of the nanoparticles with 1 mL
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of aqua regia (overnight), the concentration of the original
iron oxide nanoparticles in hexane was obtained ([y-Fe,0;] =
18.8 mg mL ™).

Transmission electron microscopy. Transmission electron
microscopy (TEM) imaging was carried out on a FEI-Tecnai G2
F20 microscope, operating at a 200 kV accelerating voltage.
The samples were prepared by drop-casting diluted solutions
of the iron oxide coated nanoparticles or hydrogel pieces into
copper grids, letting the solvent to evaporate under ambient
conditions.

Magnetic measurements. The magnetic characterization was
performed in a superconducting quantum interference device
(SQUID) magnetometer MPMS-3 from Quantum Design. For
the measurement of the uncoated iron oxide nanoparticles in
hexane and the water transferred polymer coated nano-
particles, 20 pL of the suspension was dropped in a piece of
cotton and filled into a glycerin capsule. For the hydrogels,
10 pL of the gels were taken with a pipette and dropped into
cotton. Zero field-cooled and field-cooled (ZFC-FC) magnetiza-
tion curves were measured by applying a magnetic field of
100 Oe from 5 to 300 K. Besides, M—H curves were measured at
5 K and 300 K and a maximum applied field of 5 T. All the
measurements were done in DC mode and by using the straw
as sample holder, by fixing the sample with cotton inside a
gelatin capsule at the right height.

Results and discussion
Nanoparticle characterization and water transfer

The iron oxide nanoparticles have been synthesized following
the procedure of Hyeon et al.>> The TEM images of the result-
ing iron oxide nanoparticles in organic media can be seen in
Fig. 1A, along with the size histogram fitted to a log-normal
distribution. The nanoparticles are spherical and homo-
geneous in size, obtaining a narrow size distribution with an
average size of 5.0 + 0.8 nm. The magnetic properties and be-
havior of the as-synthesized nanoparticles can be seen in
Fig. 1B. The superparamagnetic behavior is confirmed, as no
coercivity nor remanence occur at 300 K. In addition, the
blocking temperature is around 23 K, so the nanoparticles
above that temperature are in the superparamagnetic regime.
The saturation magnetization at 300 K, Mg = 54 Am” kg™, is
below the bulk value (M;_q = 80 Am? kg ™), which is expected
due to the small size of the nanoparticles and the greater influ-
ence of the surface, either by the presence of defects or a spin
canted or disordered layer.***” As well, it has been reported
that when the iron precursor used for the synthesis of the
nanoparticles is iron pentacarbonyl, as in this work, the
reduction of the magnetic saturation is more pronounced than
when using other precursors such as iron acetylacetonate.>®
These nanoparticles were further coated with amphiphilic
polymers, first, to perform the water transfer of the nano-
particles, and then, to force the controlled destabilization to
produce the hydrogels via the addition of Ca** ions. The one-pot
polymer synthesis allows the obtention of grafted polymers via

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) TEM of the as-synthesized iron oxide nanoparticles and the size distribution fitted to a log-normal and (B) MH curves at 5 K and 300 K

and ZFC-FC curves measured applying a magnetic field of 100 Oe.

amide bonding of a hydrophilic backbone, consisting of PMA-
poly(isobutylene-alt-maleic anhydride), and hydrophobic side-
chains. These amphiphilic polymers have proven to be very
useful to perform the water transfer of nanoparticles stable in
organic media.***>*® The coating of the nanoparticles with
amphiphilic polymers and its configuration on the surface of
the nanoparticles have been extensively studied.****** It has
been found that the polymer wraps around the NPs with the
hydrophobic side-chains intercalating with the hydrophobic
ligands on the surface of the NPs, which are generally assumed
to point out of the nanoparticle surface. The nanoparticles are
then stable in water due to repulsive electrical forces arising
from the negatively charged carboxylate groups from the
polymer shell.”® In this work, two polymers have been syn-
thesized by using two different hydrophobic side-chains with
different lengths, dodecylamine and n-octylamine, in order to
tailor the distances of the magnetic nanoparticles and therefore
their interactions when they are part of a gel network (as
depicted in Scheme 1). The rationale behind the use of these
specific alkyl chain lengths relies in two main aspects: (i) that
the ligand is still long enough to be able to attach and wrap
around the nanoparticle in the water transfer process and (ii)
the ligand length is short enough (octylamine) to observe differ-
ences in the magnetic properties between the nanoparticle col-
loids and their assemblies thereof.

To perform the different coatings, a fixed amount of IONPs
in organic media (5.6 mg) was centrifuged and the hexane was

This journal is © The Royal Society of Chemistry 2025

exchanged with chloroform (further details in the experi-
mental section). Different amounts of the synthesized polymer
PMA-Dod and PMA-Oct, from 100 pL to 3 mL, were mixed with
the nanoparticles until complete evaporation of the chloro-
form. To highlight the versatility of the coating procedure, we
have done each of these coatings either by magnetic stirring or
ultrasonic bath. DLS measurements have been performed in
order to analyze the influence of the polymer amount into the
hydrodynamic size of the polymer coated nanoparticles
(Fig. 2). The clearest observation is that the use of a shorter
alkyl chain produces larger aggregation, and the nanoparticles
seem to be closer together, as can be seen in Fig. S1.f TEM of
the polymer coated NPs with 100 pL, 400 pL and the scale-up
synthesis can be seen in Fig. S1.7 The scale-up synthesis pro-
cedure can be found in the experimental section. By increasing
the amount of polymer, the hydrodynamic size decreases inde-
pendently of the alkyl chain length used or the procedure used
to coat the IONPs (see Fig. 2 and Fig. S2%). Overall, a better
coating with less nanoparticle aggregation is reached with
higher amounts of polymer. In Table S1,f the amount of
monomer per nm?® can be found for all the samples, values
comparable to the one used in our previous work.>® In the
case of dodecylamine, when the amount of polymer is 3 mL, a
slight increase in the hydrodynamic size is observed. To go
deeper into the understanding on how the coating procedure
affects the nanoparticle aggregation, DLS measurements were
performed for the samples with smaller amounts of polymer

Nanoscale, 2025, 17, 5993-6003 | 5997
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measurements.

before and after the ultracentrifugation step, which is used to
remove the unreacted polymer micelles. The results show that
the high forces to which the nanoparticles are subjected
during the ultracentrifugation cause a small aggregation,
which is less relevant as the polymer amount increases. For
200 pL of polymer, the difference of the hydrodynamic sizes
before and after the ultracentrifugation is reduced, being
almost the same. Summarizing, the ultracentrifugation step
aggregates more the nanoparticles that are coated with smaller
amounts of polymer, which could arise from the partial
removal of the polymer which is coating the nanoparticles
causing their aggregation.

The scale-up sample was also measured, obtaining a
Z-average of 117.4 nm, a value close to the one obtained in the
case of PMA-Dod coated with 3 mL of polymer. In this sense,
we have successfully scaled-up the coating procedure and

5998 | Nanoscale, 2025, 17, 5993-6003

stable polymer-coated IONPs have been obtained in a large
batch, particularly interesting for comparative and optimiz-
ation studies.

Hydrogels

The hydrogels obtained from the nanoparticles coated either
with PMA-Oct or PMA-Dod were obtained via the addition of
Ca®* ions, which link two adjacent polymer-coated nano-
particles via the carboxylate moieties present in the polymer
shell.** First of all, by the use of the scale-up polymer coated
nanoparticles, different amounts of 2 M Ca(NO;), solution
were tested to produce the hydrogels. High quality hydrogels
can be obtained by using 1 to 8 pL of the Ca®" solution, as can
be seen in the TEM images of Fig. S3. Nevertheless, if the
amount is too low, the gels are too fragile and also shrink
more than when using a higher amount of gelling agent. For

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 TEM images of the polymer-coated IONPs and the resulting hydrogels by adding 8 pL of 2 M Ca ions.

all the hydrogels prepared in this work, 8 pL of the 2 M
Ca(NO3), solution were used, as the least shrinkage and less
fragility was achieved. The TEM of the resulting hydrogels can
be seen in Fig. 3. Even if the hydrodynamic size of the
PMA-Oct coated nanoparticles is larger in all cases, the result-
ing hydrogels show a very similar structure as the ones
obtained from the PMA-Dod polymer coated nanoparticles and
the ones obtained from the scale-up coating approach. No
change in the size or the shape occurs to the nanoparticles
upon gelation, and no substantial structural differences can be
observed between the hydrogels obtained from the nano-
particles coated with PMA-Dod or PMA-Oct. In the TEM it can
be seen that the hydrogels obtained in this work show less
polymer amount around the nanoparticles and a higher poro-
sity that the ones obtained in our previous work using the
same overcoating and gelation procedure.”® As well, highly
porous hydrogels can be obtained by using the ultrasonic bath
procedure to coat the nanoparticles (Fig. S4t), demonstrating
that the way of coating the nanoparticles is not affecting the
nanoparticle properties or the network formation. Therefore,
in the following, the work will focus on the magnetic pro-
perties of the different polymer-coated NPs and hydrogels
obtained from the magnetically stirred IONPs.

Magnetic properties: polymer-coated NP colloids vs. hydrogels

To evaluate the magnetic properties and nanoparticle inter-
actions, ZFC-FC measurements have been performed systemati-
cally for the polymer coated nanoparticles and the respective

This journal is © The Royal Society of Chemistry 2025

hydrogels. The curves have been recorded as follows: (i) the
sample was cooled down to 5 K without any applied field, then a
small constant field of 100 Oe was applied and the sample was
warmed up to 300 K while measuring (ZFC), (ii) the same pro-
cedure but the cooling down was done by keeping the applied
magnetic field (FC). In superparamagnetic systems, the blocking
temperature is given by Ty = KV/25ks,***> where KV is the mag-
netic anisotropy energy. The magnetic anisotropy energy is
defined as the energy barrier which is necessary to overcome to
switch the magnetization direction along the easy axis. Initially
at low temperatures, the anisotropy barrier is bigger than the
thermal energy, and the nanoparticles are in the blocked state.
As the temperature increases, the magnetization increases
because some nanoparticles have enough energy to overcome
the anisotropy barrier and align with the applied magnetic field.
The increase continues until reaching the thermodynamic equi-
librium, when the magnetization decreases again due to the
thermal energy overcoming the anisotropy barrier.*® When the
dipolar interactions between the nanoparticles increase, the
blocking temperature increases as well, as a higher temperature
is necessary to disorder the magnetic moments of the nano-
particles and reach the superparamagnetic state. Therefore, the
evaluation of the blocking temperature is a straightforward way
to evaluate magnetic interactions. For the determination of the
blocking temperature, the inflection point of the ZFC curve has
been taken, as it has been reported that the blocking tempera-
ture occurs near this point and it is a better method than by just
using the maximum of the ZFC curve.”’

Nanoscale, 2025, 17, 5993-6003 | 5999
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When the nanoparticles coated with the two different poly-
mers (PMA-Dod and PMA-Oct) are in its colloidal form, the
blocking temperature increases with respect to that of the
nanoparticles in organic media, but present no consistent cor-
relation with the hydrodynamic sizes and agglomeration of the
nanoparticles (Fig. S5f). For example, in the case of using
400 pL of the stock polymer solution for the coating, the hydro-
dynamic size of the PMA-Oct coated IONPs is higher than for
the PMA-Dod IONPs (Fig. 2B), but the blocking temperature of
the latter sample is higher, as can be seen in Fig. S5.f Even
with a higher agglomeration and by using a shorter alkyl
chain, in which the nanoparticles are expected to be closer
together, the blocking temperatures are similar or even lower
than the ones measured for the IONPs coated with longer alkyl
chains. Therefore, the length of the alkyl chain has no clear
influence into the dipolar interactions between the nano-

View Article Online
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particles in the colloidal form (Fig. S5t), making it difficult to
tailor them. Nevertheless, when adding the Ca** ions, the
hydrogels formed with the nanoparticles coated with the
shorter alkyl chains present a consistent and systematic
increase in the blocking temperature (Fig. 4), and therefore an
increased interaction between the particles or aggregates, due
to the shorter distance between the NP aggregates within the
hydrogel, as depicted in Scheme 1. In Fig. 4C and D, a repre-
sentative example of the difference in the ZFC-FC curves
between the polymer-coated NPs and the hydrogels can be
seen, which is observed for all the samples, independently of
the amount of polymer used.

The increase in the blocking temperature is only observed
in the case of the shorter alkyl chain, independently of the
coating procedure or amount of polymer used. The destabiliza-
tion to form the hydrogels leads to a forced reduction in the
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Fig. 4 Summary of the blocking temperatures (Tg) of the polymer-coated IONPs and hydrogels, using octylamine (A) or dodecylamine (B) as side
chains. For the calculation of the blocking temperature, the inflection point of the ZFC measured at 100 Oe is taken. ZFC-FC curves of the samples
coated with 400 pL of PMA-Dod (C) and PMA-Oct (D), using magnetic stirring to coat the NPs. The values of the blocking temperatures depicted in

the image are obtained from the calculation of the inflection point.
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distance between the nanoparticles/aggregates, and the small
difference between the length of the octylamine and dodecyla-
mine side-chains is enough to see an enhancement in the
dipolar interactions when the side-chain length is shorter. The
length of the fully extended octylamine is approximately
1.2 nm, while for the dodecylamine is 1.7 nm, according to the
values obtained using the Tanford formula,*® manifesting the
small difference in size between both alkyl chains, which
nevertheless have an effect in the collective properties of the
nanoparticles in the hydrogel. At the same time, it is worth
noting that the IONPs average size measured by TEM is
around 5 nm, and the difference in length between both alkyl
chains represents 10% of the nanoparticle size, so the length
difference given the nanoparticle size is significant. An
increase in blocking temperature upon gelation indicates an
enhancement of magnetic anisotropy due to stronger interpar-
ticle interactions within the network for the shorter alkyl
chain. These interactions can include dipolar interactions,
higher-order magnetostatic interactions or weak exchange
interactions, being the latter unlikely due to the nature of the
material and the polymer coating. The presence of the mag-
netic nanoparticles in the self-supported network can give rise
to complex magnetostatic fields, which can influence the mag-
netic behavior of the individual nanoparticles and of the
macroscopic system, more pronounced and visible when the
nanoparticles are closer and the interactions are stronger (octy-
lamine system).

To further investigate the systems and to have a better
insight into the magnetic properties and interactions, the hys-
teresis cycles have been measured at 5 K and a maximum
applied field of 5 T. In particular, the ratio between the rema-
nence and the magnetic saturation (M,/M,sr) gives infor-
mation about the magnetic interactions between the nano-
particles. According to the Stoner-Wolhfarth model,* a value
of M,/Mysr = 0.5 indicates a system of non-interacting mono-
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domain nanoparticles with the magnetic moments randomly
oriented in the remanent state, while deviations of this value
account for the kind of interactions occurring. Values of M,/
M,.sr > 0.5 indicate dipolar interactions between anisotropic
assemblies and values of M,/Mysr < 0.5 are observed in
systems of isotropically distributed interacting nanoparticles.>
The normalized hysteresis cycles at 5 K for the polymer coated-
nanoparticles and the resulting hydrogels can be seen in
Fig. 5. First of all, the ratio M,/Mgsr is around 0.2 in all the
cases, indicating a system of interacting nanoparticles isotropi-
cally distributed. As observed before in the ZFC-FC, the mag-
netic properties of the nanoparticles coated with the longer
alkyl chain (dodecylamine) in the colloid and in the hydrogel
are the same.

The ratio M,/Mgsr as well as the coercive field remain
unchanged, so no increase or decrease in the interactions is
observed upon gelation. In the case of the shorter alkyl chain
(octylamine), slight differences are observed: a decrease in the
M,/M;.sr and a small shoulder in the cycle close to 0 Oe of
applied magnetic field. On one hand, the reduction of M,/
Mg st can be explained by the nanoparticles in the hydrogel
being more isotropically distributed than in the colloid, as the
distances are fixed by the ligands linked via the Ca** ions. On
the other side, interestingly, the shoulder observed could be
attributed to two different mechanisms of magnetization
inversion, which appear only when the nanoparticles are part
of the gel network and when the interparticle interactions are
strong enough (not in the case of the dodecylamine as side
chain), giving a first hint of collective properties arising in the
system.

Summarizing, in the case of the polymer-coated NP col-
loids, there were no particular differences in the magnetic pro-
perties of the nanoparticles coated with PMA-Oct or PMA-Dod
(Fig. S5t), being the blocking temperature almost the same
independently the alkyl chain length and without correlation

Octylamine
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Fig. 5 Hysteresis cycles measured at 5 K for the polymer-coated NPs colloids and the hydrogels obtained from the PMA-Dod (left) and PMA-Oct

(right) IONPs (400 pL of polymer stock solution).
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to the hydrodynamic size. Nevertheless, when these colloids
are destabilized and assembled into hydrogels, only the nano-
particles with shorter alkyl chain showcase a systematic
increase in the dipolar interactions, observed through the
increase of the blocking temperature. Therefore, we report
here a very attractive system in terms of its high porosity and
high surface area, and show how to tailor the magnetic pro-
perties through the design of the polymer coating procedure
and gelation, control which is not directly accessible in the
nanoparticle colloids.

Conclusions

In this work we propose for the first time the use of magnetic
nanoparticle-based gels as reliable models to go deeper into
the study of the magnetic interactions between magnetic nano-
particles and its impact on the overall magnetic properties.
Interestingly, differences in the magnetic interactions between
the polymer-coated nanoparticles are not clearly observable in
the colloids but are systematically observed when the nano-
particles are forced to form the networks building up the gels.
For that, the nanoparticles are coated with amphiphilic poly-
mers in which the hydrophobic side chain length is varied and
then hydrogels are formed upon the addition of Ca** ions,
observing an increase in the inter-particle or inter-aggregate
interactions within the hydrogel when the chain length is
shorter and no changes when the length is slightly longer. In
the case of the shorter alkyl chain (octylamine), the blocking
temperature of the hydrogel increases 4 K on average systemati-
cally with respect to the aqueous colloidal nanoparticles, inde-
pendently of the amount of polymer used to coat the nano-
particles. On the other hand, when using the longer dodecyla-
mine chain, there is no measurable increase or decrease of the
interactions between the nanoparticles, being the blocking
temperature the same as in its colloidal counterpart. Small
differences in the magnetic properties upon aggregation, which
in most cases are not expected, can have an undesired influ-
ence in different applications such as magnetic hyperthermia.
Thus, having a better understanding of these systems is of
crucial importance towards the applications of magnetic nano-
particles and hydrogels and to design systems which are more
robust against undesired aggregation, as it is the case of the
polymer-coated nanoparticles with dodecylamine as side chain.
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