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We here develop stable bidimensional magnetic nanoclusters
(2D-MNCs) of iron oxide nanocubes (IONCs) arranged in thin
nanosheets of closed-packed nanocubes. The assembly occurs by
means of a two-step approach: in the first one, the ionic surfactant,
sodium dodecyl sulfate (SDS), acts as a transient water transfer
agent and as 2D clustering agent to induce formation of a mono-
layer of nanocubes arranged in thin nanosheets. Next, the addition
of dopamine followed by solution basification, induces the in situ
polymerization of dopamine with a tunable shell tickness depend-
ing on the dopamine amount, which helps to compact the clusters
and ensures the long term water stability of the clusters. TEM, cryo-
EM, and SAXS techniques helped to reveal structural features of the
2D-clusters. The pH-dependent degradation properties of polydo-
pamine, enable to disassemble the clusters in acidic tumour micro-
enviroment leading to a four-fold increase in the magnetic particle
imaging signal and a concomitant increase of the magnetic heat
losses of these clusters, makes them appealing in magnetic
hyperthermia, while the shortening of T, relaxation time suggests
their use as contrast in magnetic resonance imaging. Finally, with
crystal violet dye, used as drug molecule, the feasibility to release
payloads pre-encapsulated with the polydopamine polymer shell
has been also shown.
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Magnetic nanosheets: from iron oxide nanocubes
to polydopamine embedded 2D clusters
and their multi-purpose propertiesy
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New concepts

We reported the successful preparation, via anionic surfactant inter-
action, of nanosheet clusters (2D-MNCs@PDO) composed of closely
packed iron oxide nanocubes (IONCs), with control bidimensional
structures enwrapped in a polydopamine (PDO) shell. The PDO coating
besides ensuring water stability to the structure with or without exposure
to magnetic fields can disassemble in acidic tumor microenvironments,
making these clusters suitable for drug delivery. Structural characterization
techniques such as SAXS, cryo-EM, and TEM techniques confirmed the
bidimensional lamellar organization of the clusters. Magneto heating
performance of 2D-MNCs@PDO, showed higher heating performance with
respect to clinical used iron oxide nanoparticles. Remarkable, the heating
performance as well as the magnetic particle imaging signal showing a pH-
dependent enhancement increase, together with their r, relaxation rates
higher than the individual nanocubes provide proofs of these multipurpose
nanoplatform tools.

Introduction

In recent years, the assembly of iron oxide nanoparticles (IONPs) is
exploited as a means to re-design magnetic properties'” resulting
in nanostructures with applications in nanoelectronics,® sensors,*
food,” cosmetics,® drug delivery, and controlled drug release.””®
Magnetic nanoclusters (MNCs) are also proposed as a mean to
redisperse hydrophobic IONPs into aqueous media.'>™ In the
liquid-liquid interface method'**'* interactions between IONPs
and nanoparticles/polymer induce self-organization into ordered
meso-/microscopic structures.'>*® Alternatively, assembly is driven
by polyelectrolytes'®" in layer-by-layer (Ibl) approach, or by
employing biomolecules which act as linkers®*>* Indeed, in this
latter approach different molecules surface as proteins,> nucleic
acids,® polymers®’ or surfactants,®® which can complement with
specific molecular counterparts are introduced on the IONPs and
their self-assembly drives their organization into chains,*>?
sheets,**"** vesicles,>**** or more complex 3D architectures.*®°
Cation surfactants, like cetyltrimethylammonium bromide
(CTAB), stabilize IONPs and induce clustering into water stable

This journal is © The Royal Society of Chemistry 2025
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centrosymmetric spheres in oil-in-water emulsion.*® However,
CTAB, it is not considered biocompatible and may represent a
problem for biological exploitation. Alternatively, biocompati-
ble polymers, like glycidyl methacrylate (GMA) and ethylglycol
dimethacrylate (EGDMA), can stabilize IONP clusters and
enhance their functionalization in water, as demonstrated by
Paquet et al.>” Among these polymers polydopamine (PDO) is a
bio-adhesive polymer inspired by mussels, useful for clustering
and forming thin layers on various surfaces.*’ PDO is also used
for cancer therapy to construct multifunctional nanomaterials
with excellent therapeutic performance shown both in vitro and
in vivo.**** Moreover, PDO can form a shell via oxidation and
self-polymerization under alkaline conditions, simplifying and
reducing the cost of clustering processes.*>>*

MNCs play a role in both diagnosing and monitoring
tumors, acting as contrast agents for magnetic resonance
imaging (MRI), as a tracer in magnetic particle imaging (MPI)
as heat mediators for cancer therapy by magnetic hyperthermia
(MHT) treatment®>>* and as drug-delivery platform for targeted
chemotherapy.>*™”

The magnetic heating efficiency of IONPs under the appli-
cation of AMFs is evaluated through the Specific absorption
rate (SAR) parameter, which is influenced by factors like size,
shape, and composition of the nanoparticles, as well as AMF
parameters.’®®® For clinical use, SAR values must remain
within certain limits.®** Recent studies showed that iron oxide
nanocubes (IONCs), with unique shape anisotropy and lower
spin counting surface disorders, offer higher SAR values than
spherical nanoparticles.®* *° Efforts to control the aggregation
of IONCs in polymeric beads have shown promising results,
though SAR values for clusters decrease due to demagnetiza-
tion effects and changes in hydrodynamic size.®>”°7*

One-dimensional (1D) chain-like assemblies””*
sional arrangements (2D), are clusters types with better heating
performance than centrosymmetrical once. We reported,”” the
synthesis of 2D-MNCs coated with polyhydroxyalkanoate (PHA), a
bio-resorbable bacteria-derived polymer, which possess higher
heating efficiency than spherical beads. Moreover, some MRI
studies on nanocubes and nanocube clusters have also suggested
their good T,-weight contrast for MRI imaging with diagnostic
performances comparable to those of spherical shaped IONPs.”®
In the last decade, few studies have also focused on the MPI signal
generated by IONC and IONC clusters since, by this technique and
differently by MRI, in MPI magnetic nanoparticles can be quanti-
fied within a short image acquisition times.””””® This technique
provides detailed maps of IONP locations and combines well with
high-resolution imaging methods.”®* Due to uniaxial magnetic
dipolar coupling, MPI measurements of dimers and trimers show
higher signals than 3D-clusters or commercial tracers.** There-
fore, for MHT, MRI and MPI applications high and precise
clustering control is becoming central to reveal the relationship
between the conformational structure of the clusters and their
relative properties.

In this frame, here we report a versatile, direct and quick
one-pot method to control the assembling of IONCs in close-
packed 2D arrangement (2D-MNCs). This clustering process is

and bidimen-
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based on an oil-in-water emulsion obtained by mixing a chloro-
form solution of well dispersed IONCs with a SDS aqueous
solution. Both the choice of oil dispersant and the SDS concen-
tration are parameters that can be tuned to control the 2D
arrangement of IONCs when using iron oxide nanocubes at
different cube edge (12, 17, 22 and 24 nm).

Following the formation of the 2D-MNCs in SDS, the MNCs
are coated by PDO polymer (2D-MNCs@PDO) via in situ poly-
merization to provide a shell that promotes higher water
stability of the pre-formed bi-dimensional clusters. This study,
by using a combination of different material characterization
techniques (TEM, cryo-EM, SAXS), aims at correlating the
structural features of 2D-MNCs with their unique magnetic
properties characterized via static and dynamic magnetic mea-
surements including SQUID-magnetization curves, MHT calori-
metric, MRI relaxation measurements, and MPI signal analysis.

Experimental section
Materials

All chemicals were obtained from commercial suppliers and
except otherwise stated, used without further purification.
Triethylamine (TEA), toluene (99%), chloroform (CHCl;, 99%),
sodium dodecyl sulfate (SDS), dopamine hydrochloride (DOPA,
>98%), oleic acid (OA, >99%) were purchased from Sigma-
Aldrich. 1-Octanol (anhydrous, >99%; Sigma-Aldrich) hexade-
cylamine (98%; Sigma-Aldrich), Iron pentacarbonyl (> 99.99%;
Sigma-Aldrich), Benzaldehyde (>99%, ReagentPlus; Sigma-
Aldrich, didodecylamine (>97%, Sigma-Aldrich), Ultrapure
water (18.2 MQ x cm at 25 °C filtered with filter pore size
0.22 uM) obtained using a Milli-Q (MQ) water system was used
throughout all experiments. Gallol-poly(ethylene glycol) (PEG)
carboxylic-terminated ligand (GA-PEG-OH) prepared
accordingly to our previously reported protoco

was
1.71:84

Synthesis of IONCs

The synthesis of IONCs of 12-24 nm was conducted by a
solvothermal-based process reported by some of us with minor
modifications.®* Briefly, oleic acid and an alkyl amine are
dissolved in 1-octanol at 60 °C for 30 min and magnetic stirring
of 800 rpm, using a three-neck round-bottom flask (with a
capacity of 25 mL) and a heating mantle and a hot plate stirrer.
This solution is allowed to cool down to room temperature.
Then, iron pentacarbonyl is added, along with benzaldehyde
molecule, which acts as the key shape-directing agent. This
solution is mixed vigorously (1100 rpm) for 30 min. The
obtained mixture is transferred to a Teflon-lined autoclave for
solvothermal crystallization at 200 °C for certain time. The
autoclave volume is 25 mL except for sample IONCs-22, which
is 100 mL. The precise amounts and experimental conditions
used for each sample are summarized in Table 1.

After solvothermal crystallization, the autoclave is removed
from the oven, and it is allowed to cool down to room tem-
perature. The content of the autoclave is recovered with chloro-
form and transferred to two falcon tubes. The sample is washed

Nanoscale Horiz., 2025, 10, 140-1158 | 1141
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Table 1 Amounts and experimental conditions used for each IONCs
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Solvent Surfactant Iron precursor Aldehyde
1-Octanol Oleic acid Alkyl amine Iron pentacarbonyl Benzaldehyde Temperature Time Sample
Volume (mL) Volume (mL) Mass (g) Volume (mL) Volume (mL) (°Q) (h) name

Hexadecylamine 2 200 4 IONCs-12
7 0.6 0.2 2

Hexadecylamine 1.2 200 4 IONCs-17
7.8 0.6 0.2 2

Hexadecylamine 2 220 6 IONCs-22
8 0.6 0.2 1

Didodecylamine 2 200 4 IONCs-24
8 0.6 0.294 2

once with acetone (4500 rpm, 20 min). The supernatant is dis-
carded, and the pellet sample is redispersed in approximately
20 mL of chloroform.

2D Clustering of IONCs (2D-MNCs)

In a typical synthesis, 2D-MNCs were first obtained by an oil-
phase evaporation-microemulsion which induces self-assembly
strategy. 90 pL of IONCs-12 nm in cube edge (64 mM,
10 gg. L") were dispersed in 155 pL of Chloroform and mixed
with 4 mL of sodium dodecyl sulfate (SDS, 1.8 mg mL ') in a
40 mL glass vial. The solution was left to sonicate for 1 h at
80 °C in a hot water bath sonicator thus enabling to slowly
evaporate the organic solvent. After sonication, to narrow the
size distribution of the nanoclusters, 2D-MNCs were trans-
ferred to a 50 mL falcon tube and two centrifugation steps
were performed: the first centrifugation was done at 700 rpm
for 30 min Sigma 3-16PK centrifuge with a swing-out rotor
(no. 11180); the supernatant was collected and transferred in a
new 50 mL falcon tube, while the pellet containing big MNCs
(size > 400 nm) was discarded. The collected supernatant
was again centrifuged at 3600 rpm for 30 min on the same
centrifuge, the supernatant was discarded and the 2D-MNCs
fraction (D < 150 nm) was collected and redispersed in 200 pL
of Milli-Q water. A typical concentration of the obtained
solution is of 2 mg mL ™" in Iron.

In situ polymerization of PDO on 2D-MNCs (2D-MNCs@PDO)

To coat the 2D-MNCs with PDO polymer (2D-MNCs@PDO) a
one-step approach was adapted from a published protocol.®”
The aqueous solution of 2D-MNCs12 nm (200 pL, 3 mgg. mL ")
was mixed with 300 uL of a DOPA solution (67 mM in 10 mM
Tris-HCl, pH 7.4). The pH was adjusted to 8.5 with NaOH
1 M and the mixture was continuously shaken on a orbital
shaker at RT for 3 h. The polymerization of DOPA monomers
immediately occurred and a change in color from pale brown to
dark black was observed, which is consistent to the observation
by other group.®® Next, the excess of unbounded PDO was
removed by magnetic separation of the 2D-MNCs@PDO sam-
ples (using a permanent magnet of 0.3 T) leaving the 8 mL vial
solution on the magnet for 2 h. The solution was discarded,
and the pellet of 2D-MNCs@PDO collected on the magnet was
re-suspended in 500 pL of Milli-Q water. This washing step was
repeated 4 times.

1142 | Nanoscale Horiz., 2025, 10, 1140-1158

Stability test of 2D-MNCs12@PDO in PBS at different pH

The stability test of 2D-MNCs12@PDO was assessed at RT in
both acidic (pH 5) and alkaline (pH 9) environments. To this
aim, 1 mL of 2D-MNCs12@PDO solution was centrifugated to
remove the MilliQ-water and redispersed in 1 mL of Phosphate
Buffer Solution (PBS) solution, to simulate physiological con-
ditions. The solution was divided into two different aliquots,
and the pH was adjusted using 0.4 M hydrochloric acid (HCI)
and 1 M sodium hydroxide (NaOH), respectively. The pH was
measured with a pH meter. Samples were shaken at RT, with
aliquots taken at four different time points: 0, 3, 12, and 24 h.
The stability test on 2DMNCs12@PDO was performed to eval-
uate the behaviour of the PDO coating under different pH
conditions through TEM characterization.

Encapsulation of crystal violet (CV) in 2D-MNCs

For CV loading, 200 uL of 2D-MNCs (3 mgg. mL™ ', 17 = 1 nm
nanocubes size), 300 pL DOPA in buffer 7.4 (33 mM) and 300 puL
CV in water (2 mg mL ") were mixed and the mixture was left
on an orbital shaker (1000 rpm) for 30 min. Then, the pH was
adjusted to 8.5 by addition of 10 pL. NaOH 1 M and the mixture
was maintained under shaking at room temperature for 24 h.
The clusters were then magnetically collected by exposing the
4-mL vial to a 0.3 T magnet for 24 h and the pellet resuspended
in 200 pL Milli-Q water. The supernatant solution, containing
the excess of CV dye, which was not loaded into the clusters,
was used to measure the characteristic emission peak of CV dye
by using a Varian Cary Eclipse fluorescence spectrophotometer
equipped with a xenon lamp source. The supernatant samples
were transferred to 1 mL quartz cuvette. The Photolumines-
cence (PL) spectra intensity of the supernatant with a maximum
at 628 nm when excited at 590 nm, was compared with the
initial CV dye solution on a calibration curve reporting the PL
(628 nm) signal intensity versus dye concentration. The encap-
sulation efficiency was calculated as the percentage of the
difference between the initial concentration of the CV solution
and that of the supernatant (after cluster separation) normal-
ized to the concentration of the initial CV solution.

PH release experiment on CV-loaded PDO coated 2D clusters

To 500 L of CV-loaded 2D clusters at 1.2 mgg. mL~" (contain-
ing an encapsulated amount of 0.48 mg of CV), 50 uL of 0.36 M
HCI solution were added such that the pH reached 5 and the

This journal is © The Royal Society of Chemistry 2025
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sample was shaken on an orbital shaker (1000 rpm) at RT for 1,
3 or 6 h. Four aliquots were prepared and the 2D-MNCs17@
PDO cluster sample at time 0 and the supernatants taken at 1,
3, and 6 h after exposure at pH 5 having magnetically separated
the clusters (as explained in the previous paragraph), were
transferred into a 1-mL cuvette and diluted to 1 mL with
Milli-Q water to then read their emission peak intensity at
628 nm thus extracting the corresponding dye concentration on
the dye calibration curve.

Water transfer of individual IONCs

The water transfer of single IONCs, with edge lengths of 12 +
1 nm (IONCs12 nm, Fig. S1, ESIt), was done following a ligand
exchange protocol previously reported by us with minor
modifications.”"®* Briefly, in a 40-mL glass vial, 1 mL of
IONCs12 nm in chloroform (1 gg. L) was added to a 8.65 mL
chloroform solution of Gallol modified PEG (GA-PEG, 0.05 M),
and corresponding to 150 ligands per nm* of IONCs surface.
Next, 0.865 mL of trimethylamine (TEA) was added to the
mixture, which was vigorously shaken overnight at room tem-
perature (RT). Later, the mixture was transferred to a separation
funnel, which contained 100 mL of water and 40 mL of toluene;
an emulsion was created by shaking the funnel. After leaving
the solution undisturbed for 1 hour, the lower aqueous phase
containing the water transferred nanocubes, was carefully
collected and the phase extraction process was repeated until
all the nanoparticles fraction was extracted in the water phase
(no more brown colour in the organic phase). Residues of
organic solvent were removed by bubbling nitrogen inside the
aqueous solution, followed by evaporation of organic solvent
with rotavapor, under reduced pressure conditions at 40 °C for
1 hour. The excess of free GA-PEG ligands was removed by five
centrifugation washings, using centrifuge filter (Amicon filters,
with molecular weight cut-off-MWCO- of 50 000 Da, 1500 rpm
Sigma 3-16PK centrifuge with a swing-out rotor (no. 11180). The
PEG-IONCs12 nm were concentrated to 2 mL and sonicated for
30 min at 65 °C. The same protocol was also applied to IONCs
of edge length 22 + 4 nm following a very similar approach.

Magnetic hyperthermia measurements

The calorimetric measurements were performed using a commer-
cially available magnetic nano-heating device (DM 100 series,
nanoScale Biomagnetics Corp), by comparing the SAR values of
the 2D-MNCs12@PDO and 2D-MNCs22@PDO with the respective
single IONCs in water. For the measure, 150 pL of each sample
at 4 gr. L™, after sonication, were exposed to the AMF at two
different frequencies (110 and 182 kHz) and magnetic field
amplitudes of 12, 16, 20, and 24 kA m~'. The temperature
increase was monitored with an optic fiber thermosensor (Luma-
Sense). To calculate and compare the heating efficiency of these
samples, in terms of SAR, the initial slope of the heating curve T
vs. t curve was considered. The SAR can be estimated from the
following eqn (1):

7Cdmd dTr
T om dt

SAR (Wg™) 1)

This journal is © The Royal Society of Chemistry 2025

View Article Online

Nanoscale Horizons

where Cq is the specific heat capacity of the dispersion medium
(4.186 J (27" °C™) for water), mq is the dispersion medium mass,
and m is the mass concentration of elemental iron in the sample

(gFe Lfl).75

SAR signal evolution of PDO-coated 2D clusters at pH 5

We investigated the trend of SAR variations in 2D-MNCs12@
PDO clusters at pH 5, over a period of 7 hours. For this
experiment, a calorimetric set up (DM 100 series, nanoScale
Biomagnetics Corp) was used at frequency (f) of 300 kHz and
a magnetic field amplitude (H) of 24 kA m™". For the sample
preparation, 150 pL of 2D-MNCs12@PDO dispersed in water
(4 mgg. mL~ ") were acidified at pH 5 at RT by addition of 10 uL
of a 0.36 M HCI solution. The SAR values of the 2D-MNCs12@
PDO were recorded as previously described, at different time
points: 0, 1, 2, 3, 4, 5, 6 and 7 h. The temperature increase was
monitored with an optic fiber thermosensor (LumaSense).
To calculate and compare the heating efficiency of 2D-
clusters, in terms of SAR, the initial slope of the heating curve
T vs. t curve was considered and eqn (1) was applied.

Magnetic relaxation measurements

Longitudinal (7;) and transverse (T,) proton relaxation times
of the samples (2D-MNCs12@PDO, 2D-MNCs22@PDO, PEG-
IONCs12 nm and PEG-IONCs22 nm) were measured using com-
mercially available Minispec spectrometers (Bruker, Germany) of
three different magnetic fields; mq 20 (0.5 T), mq 40 (1 T), and mq
60 (1.5 T). For the measurements, calibration curves were prepared
by serial dilutions of each sample at an iron concentration in the
range between 1 mM and 0.015 mM (i.e. 8 dilution points, 500 pL
of volume each), in quartz NMR tubes. Before the analysis, the
samples were kept at 40 °C for 20 min. Firstly, the T; and T, proton
relaxation times of samples were collected; the T} relaxation times
were derived from the saturation-recovery sequence, with 16 data
points and 3 acquisitions for each measurement, and the T,
relaxation time was obtained from a Carr-Purcell Meiboom Gill
(CPMG) spin-echo pulse sequence (100 data points, 3 acquisi-
tions). The data provided is an average of three independent
measures, which are reproducible with a standard deviation of
less than 5%. Here, the r; and r, values were estimated by
deriving the slope of a linear fit obtained by plotting the
reciprocal of relaxation times (1/7; and 1/7,) as a function of
iron concentration.”®

Magnetic particle imaging

MPI analyses were performed in a custom made x-space mag-
netic particle relaxometer.®® Representative samples of 2D-
MNCs and single IONCs in water (500 pL each) were measured
at a fixed iron concentration of 1.0 mggp. mL™"; the samples
were sonicated prior to perform each Magnetic Particle Spectro-
scopy (MPS) relaxometry measurement. All MPS studies were
conducted under an AMF field intensity of 16 kA m™" and
frequency of 16.8 kHz. The MPS signals were normalized to the
MPS signal of a commercial MPI tracer, VivoTrax™ (Resorvist®
licensed for distribution in USA through Magnetic Insight for
pre-clinical MPI studies, 500 pL, 1.0 mgg. mL ).

Nanoscale Horiz., 2025,10, 1140-1158 | 1143
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MPI signal evolution of PDO-coated 2D clusters at pH 5

2D-MNCs17@PDO clusters relaxometry was performed on a
MOMENTUM™ system (Magnetic Insight Inc.) using the Relax
mode. For the preparation of the sample, four aliquots were
prepared each made of 20 uL of a 0.36 M HCI solution and
20 uL of PDM-coated 2D clusters at 4 mgg. mL™" such that the
pH of the solution was set at 5 and the clusters concentration
was fixed at 2 mgp. mL™". After shaking the Eppendorf at RT,
one aliquot was measured immediately while the other three
were left at RT for 1, 3 or 6 hours before performing the
relaxation measurements on the MPS relaxometry of the
MOMENTUM™ system.

Small angle X-ray scattering (SAXS) characterization

SAXS measurements were performed on 2D-MNCs12 nm, 2D-
MNCs12@PDO, 2D-MNCs24 nm, and 2D-MNCs24@PDO.
Experiments were performed on a GANESHA pin-hole SAXS
instrument (SAXSLAB ApS, Skovlunde, Denmark) equipped
with a two-dimensional 300k Pilatus detector (Dectris Ltd,
Baden, Switzerland) and a Genix 3D X-ray source (Xenocs SA,
Sassenage, France). The source had a wavelength of 1.54 A. Two
different sample-to-detector distances were used, giving an
effective g-range of 0.004-0.15 A™'. Here g is the scattering
vector given by g = 41/ sin{6/2} where / is the X-ray wavelength
and 6 is the scattering angle. Measurements were performed
under vacuum at ambient temperature (21 °C). Samples were
injected into 1.5 mm disposable quartz capillaries that were
sealed with glue. The isotropic two-dimensional (2D) scattering
pattern was radially averaged using the SAXSGui software, to
obtain the scattered intensity, (¢).

Elemental analysis characterization

ICP-OES. The iron content of each of the sample was
determined by means of inductively coupled plasma-optical
emission spectroscopy (ICP-OES, iCAP 6500, Thermo). 25 pL of
each sample were digested overnight in 2.5 mL of aqua regia
solution (3 : 1 HCl: HNO3), subsequently diluted to 25 mL using
Milli-Q water and finally, before analysis, the solutions were
filtered through 0.45 uM PTFE filter.

Transmission electron microscopy. The morphology and
size distribution of 2D-MNCs were examined by a transmission
electron microscope (TEM; JEOL JEM-1400Plus), operating at
an electron voltage of 120 kv. The samples were prepared by
drop-casting 30 pL of diluted solution, on a carbon-coated
copper grid, which was dried at RT for 16 h. The diameters
and size distributions from the TEM images were analyzed
using Gatan Microscopy Suite (GSM) software. The average size
and the standard deviation (s) have been calculated for each
sample of clusters and single IONCs.

Cryo transmission electron microscopy and cryo-electron
tomography analyses. About 3 nL of each sample was deposited
on glow discharged Quantifoil 1/2 carbon grids (200 mesh,
Quantifoil, Ted Pella) followed by vitrification using an FEI
Vibrot Mark IV (FEI Company, Eindhoven, Netherlands) in liquid
ethane cooled at liquid nitrogen temperature. Imaging was

144 | Nanoscale Horiz., 2025, 10, 1140-1158
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performed at cryogenic temperature (i.e. below —170 °C) using a
Tecnai G2 F20 cryo transmission electron microscope equipped
with a Schottky field emission electron source (FEG) operating at
200 kv, a US1000 2k x 2k charge-coupled device (CCD) camera
(GATAN, Pleasanton, USA) and a FEI Retractable cryo Box (FEI
Company, Eindhoven, Netherlands). For cryo-electron tomogra-
phy data acquisition single-axis tilt series were recorded with the
following tilting scheme: 2° tilt in the range between 0° and + 50°
and 1° tilt in the range between + 50° and + 60° with a cumulative
electron dose of around 80 e~ A~2. Data collection was performed
at a calibrated magnification of 29 000 corresponding to a magni-
fied pixel size of 3.6 A. Tilt series assembling and tomograms
generation was performed by both WBP and SIRT algoritms using
IMOD IMOD 4.9.% 3D reconstructions have been performed using
Amira™ Software (Thermo Fisher Scientific).

Dynamic light scattering (DLS) and {-potential measurements.
Hydrodynamic diameter and surface charge of 2D-MNCs, 2D-
MNCs@PDO, and that of the single IONCs dispersed both in
chloroform and water were evaluated by DLS (Malvern Zetasizer
Nano ZS90) equipped with a 4.0 mW He-Ne laser operating at
633 nm and a photodiode detector. The measurements were
performed with 173° backscatter (NIBS default) as the angle
of detection, and five acquisitions were made for each sample.
The samples for analysis were prepared by diluting 10-30 pL at
3 gpe L samples in 1 mL of Milli-Q water. Size distribution is
described in terms of polydispersity index (PDI). The {-potential
measurements, were carried out by laser Doppler velocimetry after
sample dilution of 10-30 pL at 3 gg. L~ " in 800 uL of Milli-Q water.
All reported data are presented as mean values =+ standard
deviation of three replicates.

SQUID characterization. Static magnetization M(H) curves
were performed on a superconducting quantum interference
device (SQUID) from Quantum Design Inc. The magnetization
curves were recorded within the magnetic field of £70 kOe at
5 K and 298 K. Samples were prepared accordingly with their
solvent. The samples in water (2D-MNCs@PDO and PEG-
IONCs) were prepared by dropping 50 pL of sample solution
(ca. 1 g L™Y) in a polycarbonate capsule filled with 50 mg of
calcium sulphate dehydrate, the mixture was left to dry for 12 h.
The samples in chloroform (IONCs) were prepared by dropping
100 pL of sample solution (ca. 1 g L") on a stripe of Teflon
(100 mg) and left to dry for 15 minutes. The curves were
normalized to iron concentration (obtained by elemental analysis)
and the magnetic contribution of either gypsum or Teflon was
subtracted point-by-point by the curves, meaning that for each
data point in the measurement, the corresponding value mea-
sured for the substrate alone was subtracted.

Thermogravimetric analysis. Thermogravimetric analysis
(TGA) was performed by using a TGA Q500 from TA instru-
ments, in the temperature range from 25 to 700 °C increasing
the temperature at 10 °C min~ ' under nitrogen flow. For these
measurements an amount of IONC12 nm equal to 1 g L'
dispersed in 0.5 mL of chloroform was used. The study of the
correlation between the OA/IONCs ratio and the arrangement
of IONCs was performed changing the amount of OA add to the
IONCs solution. First, increasing the OA/IONCs ratio to the as
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synthesized suspension of IONCs with a (24% of OA dispersed
in chloroform, 64 mM), two different amounts of OA, 20 puL and
40 pL were added respectively. Instead, to decrease the OA/
IONCs ratio, the surfactant was removed by the following
protocol: about 4 mL of acetone was added to 0.9 mg of
previously dried IONCs12 nm and vigorously mixed. The mix-
ture was centrifuged at 4500 rpm for 20 min to tear off the OA
molecules from the surface of the IONCs. After removing the
supernatant, this washing protocol was repeated three times.

Results and discussion
Clustering 2D-MNCs

For the 2D-MNCs protocol in our one-pot approach, in a water
bath set at 80 °C under sonication, the emulsion was achieved
by dispersing surfactant-coated IONCs in chloroform with an
aqueous solution of sodium dodecyl sulfate (SDS), used as
micellization agent. Indeed, during the microemulsion process,
the hydrophobic chains of SDS, intercalated with the hydro-
carbon tails of OA at the surface of the IONCs, while the
extended polar heads of SDS offer the water solubility of the
emulsion in which IONC are entrapped.””*° Such high tem-
perature of the bath enables the slow evaporation of CHCl;
solvent thus inducing a gradual change of the media polarity.
These changes drive the interaction between the flat surface of
the nanocubes, and those of nanocubes and SDS surfactant
molecules leading to a 2D ordering of nanocubes as observed
under TEM (see 2D-MNCs in Fig. 1).® Indeed, the formation of
2D-MNCs starting from nanocubes of 12 nm and 22 nm after
SDS intercalation/micellization was confirmed by respective
DLS profiles in which monomodal peaks were recorded, with
average size distribution by intensity of 146 + 62 nm and 106 +
36 nm, and with polydispersity indexes (PDI's) of 0.150
and 0.167 respectively (Fig. S2, ESIt). The clusters, at this stage,
showed surface {-potential values in the range between —41 +
8 mV and —54 £ 10 mV, likely attributed to the presence of
SDS (Fig. S2B, ESIt). To explain the 2D ordering of nanocubes,
we refer to phase diagrams from literature on ternary systems
of chloroform, water, and SDS surfactant.”>°* Our mixture was
near the water vertex, with small amounts of chloroform and
SDS, indicating a predominantly aqueous region where chloro-
form is dispersed as droplets stabilized by SDS. At higher SDS
concentrations and a larger organic-to-aqueous phase ratio, the
system enters a lamellar region, leading to the self-assembly
of ordered structures like bilayers or 2D clusters. Moreover,
the geometry of the SDS molecule plays an important role in
nanoparticle assembly due to its self-assembly behavior in
aqueous solutions, which is governed by the packing parameter
‘P’ defined as the ratio between the volume of the surfactant tail
and the product of the length of the surfactant tail and
the surface area of the hydrophilic headgroup. SDS can form
different structures in water, such as micelles, vesicles, or
bilayers, depending on its P value.”” Du et al.°® demonstrated
as SDS exhibits a low P value (0.30-0.44) at the liquid-liquid
interface, favoring spherical micelle formation. However, interaction
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Fig. 1 (A) Schematic drawing illustrating the micro emulsion-based sol-
vent evaporation technique used for controlled 2D ordering of IONCs.
TEM images of (B1) as-synthesized IONCs of 12 nm in CHClz and (C1) as-
synthesized IONCs of 22 nm in CHClz and corresponding (B2) 2D-MNCs12
nm and (C2) 2D-MNCs22 nm after emulsification with SDS deposited from
water, after purification.

with solid surfaces (the nanocube surface here) increases the
P value (0.53-0.70), enabling vesicle formation. A P value
approaching 1 on glass particles suggests the formation
of bilayer structures. These considerations can provide a
reasonable explanation for the nanoparticle 2D assemblies
observed by us.

The effects of the nanoparticles dispersing solvent as well
as the amount of free OA into the nanoparticle solution were
studied to correlate them to the final arrangement of the clusters.
In fact, the particle-particle interaction can be adjusted by chan-
ging the particles surrounding,” likewise, changing the solvent®®
in which the IONCs are dispersed or by tuning the optimal
surfactant amount in the IONCs dispersion. A first experiment
was performed by replacing CHCI; with toluene on 12 nm IONCs
by simply drying CHCI; under a nitrogen flow and redispersing
the IONCs powder in toluene. After microemulsion of the
toluene sample with SDS water solution the resulting clusters
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had a three-dimensional centrosymmetric ordering (3D-MNCs12 nm,
Fig. S3A, ESIT) rather than 2D order obtained on the sample from
CHCI; on the same batch of nanocubes (Fig. S3B, ESIt). This was
also the case when changing the nanocubes size (Fig. S3C and D,
ESIt). A reasonable explanation for this change can be found in
a previous study by Park et al,’® which highlighted how the
nature of the organic phase in terms of polarity and different
boiling point of the solvent, affected the morphology of the
colloidal interfacial assembly of nanoparticles: by using a mixture
composed of a chloroform solution of iron oxide nanoparticles
and an aqueous solution of hexadecyltrimethylammonium
bromide (CTAB) well-defined nanoparticle assemblies with a
2D arrangement were achieved while with toluene solution of
the same nanoparticles’ solid assemblies with small cavities
and a 3D arrangement were obtained. They speculated as the
higher solubility of chloroform in water (0.82% w/w versus
0.052% w/w of toluene at 25 °C) and the fast evaporation of
CHCI; (68 °C versus 110 °C) determined the miscible properties
and the different morphology.

Moreover, in the attempt to reproduce these 2D structures
from batch to batch of nanocubes, we noticed that the OA
amount in the nanocubes solution was crucial to obtain the 2D-
MNGCs, likely because these molecules at the surface of the
nanoparticles are also involved in the direct interdigitating
interactions with the anionic SDS surfactant molecules."**"%
The assembling experiments, by tuning the OA percentages at
the surface of the nanocubes (from 4 to 76 wt%), were per-
formed on IONCs12 nm. The TGA analysis was used to evaluate
the amount of OA covering IONCs affecting the arrangement
of the final magnetic clusters (see materials and methods and
Fig. S4, ESIt). As observed, the surfactant amount dictated the
particles ordering in the cluster (Fig. S4, ESIt) with the best
2D orderings obtained when the OA’s content was close to
50-60 wt% (Fig. S4C, ESIt). At this optimal range, OA likely
forms a balanced structure, where a double layer of OA is partially
adsorbed and partially bonded to the nanoparticle surface, pro-
moting both steric stabilization and uniform assembly behavior.
This double layer OA coating is supported by the two TGA peaks
with a first weight loss in the temperature range from 150 to
280 °C corresponding to the physisorbed OA layer (the predomi-
nant fraction) and a second weight loss from 280 to 400 °C
(the less abundant fraction) likely due to the chemisorbed OA
layer (Fig. S4, ESIt).'®* Instead, deformed shaped clusters
were observed at 24 and 76 wt% (Fig. S4B and D, ESIt) with the
prevalence of 3D-MNCs at 4 wt% (Fig. S4A, ESIt).

These data suggest that, when the OA amount is rather low it
maybe not enough to entirely cover the IONCs surface and
properly interdigitate with SDS and it likely leads to a high-
density assembling, like 3D-MNCs, in which hydrophobic
nanocubes interactions become more predominant with each
others.’®® Conversely, the optimal tuning of free OA dispersed
in the IONCs could lead to a gradual increase of the inter-
particle interactions originating from the van der Waals inter-
actions due to the intercalation of the hydrocarbon chain,"°**°”
thus, reducing the surface tension with the SDS surfactant
during the clustering process.'®1°
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To note that other synthesis parameters including SDS
concentration, sonication temperature, and solvent evapora-
tion time, were also considered to tune the structural para-
meters of the clusters. For SDS concentrations below or above
the SDS value of 1.8 mg mL ™" adopted in the optimal protocol
to form 2D clusters, MNCs showed both 2D and 3D arrange-
ments (Fig. S5A, ESIf for 1.1 mg mL ™' and Fig. S5B, ESI} for
2.6 mg mL "), These observations suggested that the assembly
process is highly sensitive to small variations in SDS concen-
tration. For the same reason sonication temperature was set at
80 °C in the optimal 2D clustering protocol because in the
attempt to reduce the temperature to 25 °C double populations
of 3D and 2D-MNCs were found (Fig. S6, ESIf).

The solvent evaporation time played also a key role in
guiding the self-assembly of IONCs over the final arrangement.
The influence of this parameter was analyzed by monitoring the
TEM structural evolution of the MNCs by taking different
aliquots of samples at specific time points during the sonica-
tion process, ranging from 5 to 50 minutes (Fig. S7, ESIt). TEM
images revealed a clear progression from an initial disorga-
nized state at 5 and 20 minutes (Fig. S7, ESIt) to increasingly
ordered 2D arrangements at 30, 40, 50 minutes, choosing
40 minutes as the ideal evaporation time.

Scaling up the synthesis of magnetic assemblies has always
been a challenge, because on bulk production, often the
assembly suffers from either low yields or poor reproducibility,
while still controlling the desired morphology.”"”> Here, by
starting from IONCs-12 nm and IONCs-22 nm simply by
increasing the reaction volumes by 20 folds (with respect to
small scale) and maintaining the water solution - to - CHCl;
phase ratio equal to 16:1 v/v, the 2D assemblies morphology
was maintained without no remarkable difference in size
distribution (see Fig. S8, ESIT).

PDO coating on 2D-MNCs

The 2D-MNCs transferred in water by SDS were unstable and
irreversibly aggregates if exposed to permanent magnets or
AMFs. To overcome this issue, 2D-MNCs were additionally
coated with PDO polymer layer, to increase the stability of the
nanosystems in water for further exposure to magnetic fields.

The self polymerization of DOPA molecules on 2D-MNCs
was obtained via a simple method already reported in litera-
ture."" As schematized in Fig. 2(A), a mixture of 200 uL of 2D-
MNCs (3 mgp. mL™") and 300 uL 300 pL of DOPA solution
(67 mM in 10 mM Tris-HCl, pH 7.4) were mixed and the pH of
the solution was adjusted to 8.5 by addition of NaOH 1 M. The
mixture was continuously shaken at room temperature for 3 h
at 1000 rpm to promote the polymerization of DOPA. Indeed,
the interaction of the DOPA with the surface of the nanoclus-
ters was achieved through the ionic interaction between the
amino groups (-NH,) of dopamine and the sulfonic groups
(-S0; ) of the SDS."'* After 3 h of polymerization, the solution
colour changes from orange to dark black, which indicates the
formation of PDO on the surface of the 2D-MNCs.

From the analysis of TEM images (Fig. 2(B)) the 2D structure
of 2D-MNC12 nm (named as 2DMNCs12@PDO) was unaltered

This journal is © The Royal Society of Chemistry 2025
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(A) General scheme showing the coating process of 2D-MNCs by PDO. TEM images of, (B) 2D-MNCs12 obtained after PDO polymerization

(2D-MNCs12@PDO); inset — size distribution histogram of 2D-MNCs12@PDO; (C) 2D-MNCs22@PDO obtained from 2D-MNCs22 nm. Inset — size
distribution histogram of 2D-MNCs22@PDO; (D) TEM images of 2D-MNCs12@PDO clusters, where we assess the PDO thickness on clusters as a
function of dopamine solution concentrations; (D1) 0 mM, (D2) 20 mM, (D3) 32 mM and (D4) 65 mM.

by the coating procedure and the thickness of PDO shell was
around 3 nm in these clusters. The TEM size distribution
analysis indicated that the 2D-MNCs12@PDO have an average
edge-length of 132 + 46 nm (inset Fig. 2(B)), which is in
agreement with the hydrodynamic size of the same sample
measured by DLS (Fig. S2, ESIT). The (-potential in water of 2D-
MNCs12@PDO was measured at —21 + 8 mV, due to the multi
catechol -OH groups of the PDO shell. Indeed, the electrostatic
repulsive forces generated by the negative charge on the surface
of 2D-MNC12 nm@PDO ensured the colloidal stability in water
of these assemblies without undesired aggregation.

This journal is © The Royal Society of Chemistry 2025

The parameters used to coat 2D-MNCs12 with PDO were
adapted also for 2D-MNCs22 nm obtaining 2D-MNCs22@PDO
(Fig. 2(C)). Interestingly, the same 3 nm thickness of the PDO
shell was obtained while the average edge-length was 112 +
33 nm and the arrangement of the IONCs was also kept (inset
in Fig. 2(C)). To tune the thickness of the PDO shell on
2D-MNCs12 nm, the DOPA amount was adjusted using three
different solution concentrations: 20 mM, 33 mM, and 65 mM
respectively. As the DOPA concentration increased, the thick-
ness of the PDO shell deposited on the 2D-MNC12 nm was
gradually growing from 3 nm to 20 nm (Fig. 2(D)). Finally, in
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order to simulate physiological conditions, the 2D-MNCs12@PDO
was redispersed in PBS at pH 5 and pH 9 at four different time
points, 0, 3, 12 and 24 h at RT. Interestingly, after 3 hours of
shaking in PBS at pH 5 (Fig. 3(A)), the PDO shell started to
destabilize as seen by the different polymer edge on the clusters
but it took 24 hours to observe the detachment of some of
the nanocubes from the core of the cluster, confirming the pH
degradation behaviour of PDO reported by another group.'*®
This is due to the protonation of the hydroxyl groups of catechol in
an acidic condition.'™* To note that if 2D-MNCs17@DPO with
thinner PDO shell were exposed to the acidic solution, the
degradation at pH 5 is much quicker and already at 1 hour, a
different shadow of the polymer shell was visible while the
nanocube’s release was observed already at 6 hours Fig. 3(B)).
Instead, when the 2D-MNCs12@PDO were incubated at pH 9,
no degradation of the PDO shell was observed within 24 h,
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because catechol group of PDO cannot be deprotonated in an
alkaline environment (Fig. S9, ESIt).""

Crystal violet loading and release on 2D-MNCs17@PDO

With the aim to quantify the effect of the polymer degradation,
CV dye was used as a probe. For the encapsulation, during PDO
shell formation on the clusters, it was enough to add to the
aqueous solution of 2D-MNCs, first CV then DOPA and finally
adjusting the pH to 8.5 with NaOH solution to initiate the
polymerization. The amount of CV trapped in the PDO shell,
was measured at 628 nm by PL intensity difference between the
initial CV stock solution and the PL signal of CV left in the
supernatant after magnetic separation of the CV-loaded clus-
ters (Fig. S10, ESIt for the calibration curve). The amount of
loaded CV associated to the 2D clusters corresponds to 80% of
the initial CV (meaning 0.48 mg of CV per 0.6 mgg. of the 2D
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Fig. 3 TEM images of PDO-coated 2D clusters with (A) a thick PDO shell (ca. 20 nm) or (B) a thin PDO shell (ca. 7 nm) after exposing the samples to pH 5
for different time points. TEM images of the CV-loaded 2D clusters (C1) before and after exposure to pH = 5 solution for (C2) 1 h (C3) 3 h and (C4) 6 h.
In all TEM images a progressive disassembling of the clusters with nanocubes detachment from the core of the clusters is clearly visible. (D) PL spectra of
CV-loaded 2D clusters at O (orange line), and of the supernatant at 1 h (blue line), 3 h (green line) and 6 h (red line) hours after exposure to pH 5.
CV spectra of the dye (purple line) at the same concentration used for the loading experiments (0.48 mg mL™Y). Inset: Cuvettes showing the color of the
2D clusters (orange frame), of the supernatants after 3 h (green frame) and 6 h (red frame) at pH 5 and of the CV solution at 0.48 mg mL™%.
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clusters). To note also that the TEM structure of the CV-loaded
2D-clusters is fully preserved like that of 2D clusters with no CV
encapsulated in the shell (Fig. 3(C1)). On the supernatant we
could also follow the release of the CV dye at pH 5. Again, after
having magnetically separated the clusters left at pH 5 for 1, 3
and 6 hours, the PL intensity of the supernatant solutions at
628 nm (when excited at 590 nm) was measured: there was a
constant increase of the PL signal intensity, indicating a
progressive release of the CV dye (Fig. 3(D)). The estimated
dye release at 6 hours, read on the calibration curve, corre-
sponds to about 70% of that loaded CV amount. The release
was also confirmed by the visible change in color of the 2D
clusters solutions at 0 with respect to the solution of the
supernatant at 3 and 6 h (Fig. 3(D) insets) and additionally
confirmed by the TEM images of the progressive disassembling
of the CV-loaded 2D clusters overtime (Fig. 3(C)). As a final
consideration, CV can be considered as a small drug model,
and these results suggest the use of the PDO shell as a pH-
delivery system for small cargo molecules.

Cryo-TEM characterization and cryo-electron tomography

To investigate, in-depth, the assembly arrangement we performed
cryo-electron microscopy-(cryo-EM) followed by cryo-electron
tomography (CET), an approach in which the IONPs assemblies
were three-dimensionally imaged in their native fully hydrated
state, thus, providing a full 3D view of the clusters and potentially
minimizing the artefacts arising from the 2D projection obtained
by conventional TEM imaging (Fig. 4(B)-(D) and (F)-(I)). CET
performed on vitrified 2D-MNCs12@PDO and 2D-MNCs22@PDO
allowed the reconstruction of their 3D spatial distribution consist-
ing, for both samples in ordered monolayers composed of nano-
cubes (Fig. 4(C), (D) and (G)(I)) respectively. This data further
demonstrated that the proposed clustering procedure allowed us
to obtain a two-dimensional arrangement of the IONCs used as
building blocks, complementing the information that was shown
by conventional TEM.

Small-angle X-ray scattering

The structural features of the 2D-MNCs12@PDO were investi-
gated more in detail, through small-angle X-ray scattering
(SAXS). Precisely, SAXS data were analyzed with a paracrystal
lamellar Model''® model which describes the scattering from a
stack of repeating lamellae, treated as a paracrystal. The poly-
dispersity of lamellae periodicity is described by a Gaussian
function. Moreover, a further evaluation was performed by
testing 2D-MNCs24@PDO composed of IONCs with edge size
of 24 + 4 nm (IONCs24 nm, Fig. S11A, ESI}). From the fitted
curves, (Fig. 5), a two-dimensional planar organization was
displayed for all the samples tested. In addition, all of them
showed that the ordering and the spacing values of the IONCs
were reasonable and in agreement with the TEM characteriza-
tion (see Fig. S11, ESIt). By fitting the experimental data for the
2D-MNCs12 nm and 2D-MNCs12@PDO samples, a 5 times
periodicity was obtained, with an A + B repetition, where A
refers to the intra-nanocube space and B refers to the nanocube
size. These data demonstrated that the interparticle distance in
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Fig. 4 Cryo-EM and cryo-electron tomography of 2D-MNCs12@PDO
(A)-(D) and 2D-MNCs22@PDO (E)-(l) samples. Cryo-EM projection
images of vitrified (A) 2D-MNCs12@PDO and (E) 2D-MNCs22@PDO
samples. The insets show the same areas imaged at lower magnification.
Cryo-electron tomography 3D models (in red) for 2D-MNCs12@PDO and
2D-MNCs22@PDO superimposed to a single cryo-tomographic slice and
alone ((B), (C) and (F), (G) respectively). The image in (D) shows the average
of a few central cryo-tomographic slices for the 2D-MNCs12@PDO
sample. The right and bottom panels represent the XY and the XZ projec-
tions, respectively. The images in (H), (I) represent single cryo-electron
tomographic slices of the 2D-MNCs22@PDO sample.

the 2D-MNCs12@PDO sample was 2.4 nm (Fig. 5(B and C)).
On the other hand, analyzing the 2D-MNCs24 nm and 2D-
MNCs24@PDO, 2 times periodicity was found, a lower value
compared to the result obtained for 2D-MNCs12@PDO. Finally,
the intra-cube space was 2.4 nm in agreement with the TEM
characterization (Fig. 5(E and F)).

SQUID measurements

The magnetic properties of the 2D-MNCs12@PDO and the 2D-
MNCs22@PDO were studied in comparison with their respec-
tive single IONCs (12 nm and 22 nm) after water transferring
the nanocubes samples through a ligand exchange protocol,
using a gallol-PEG derivate as hydrophilic polymer and with a
protocol previously reported® and here named PEG-IONCs12
nm and PEG-IONCs22 nm, respectively (Fig. 6 and Fig. S12,
ESIT). The magnetic response to the external magnetic field
(sweeping between —70 and +70 kOe) was measured at 298 K
(Fig. 6) and 5 K (Fig. S12, ESIf) for all samples. The saturation
magnetization (M;) of the 2D-MNCs22@PDO sample was
slightly higher (120 emu g~') than that of the PEG-IONCs22
nm (about 100 emu g~ '), while 2D-MNCs12@PDO (Fig. 6(A))
showed a similar M profile (about 100 emu g~ ') compared to
PEG-IONCs12 nm (100 emu g~ ') as seen in Fig. 6(A)). This effect
can be ascribed to the packing and to the morphology of the
clusters: when the IONCs12 nm and IONCs22 nm are close-
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packed and highly ordered within the clusters, their magnetic
dipolar coupling could influence the M,.'"”"**® Therefore, we
counted the average number of IONCs per cluster for both
samples and we found that the 2D-MNCs12@PDO sample
was composed of ca. 30-100 IONCs12 nm (see Fig. S8D, ESIt).
This may account for higher interparticle interaction for 2D-
MNCs12@PDO, which are reflected in the decreasing of the Mg
values (Fig. 6(a) and Fig. S12, ESIt). Instead, in 2D-MNCs22@
PDO clusters composed of approximately 4-9 of 22 nm nano-
cubes (see Fig. S8H, ESIY), the interaction between these
nanocubes may be beneficial as it can lead to a more favorable
alignment of the individual magnetic moments, promoting a
parallel alignment that results in a greater overall magnetic
moment compared to that of a single nanocube (Fig. 6(C) and
Fig. $12, ESIY).'%* Further assessment of the magnetic proper-
ties of the 2D-MNCs@PDO was obtained by measuring the
magnetization curves as a function of temperature taken in
zero-field cooling (ZFC) and field cooling (FC) modes. In this
regard, as shown in Fig. 6(B), in agreement with the smaller size
of the IONCs used as building blocks, the blocking temperature
(Tp) estimated from the maximum of ZFC curves, increased
from 325 K for PEG-IONCs12 nm to 350 K for 2D-MNCs12@
PDO. This shift in T, towards higher value provides also an
indication of interparticle dipole interactions occurring only in

1150 | Nanoscale Horiz., 2025, 10, 1140-1158

the clusters and not on individual nanocubes in water. At the
same time, the assembling did not alter the superparamagnetic
behavior of the IONCs packed.'*®*2°

Hyperthermia measurements

The magnetic heating efficiencies of the clusters were mea-
sured by using a calorimeter and evaluating the SAR values in
aqueous media for 2D-MNCs12@PDO and 2D-MNCs22@PDO
(4 mgg. mL™"), in comparison to single IONCs, still in water
(PEG-IONC12 nm and PEG-IONCs22 nm). The SAR values were
measured at different AMF amplitudes (from 12 to 24 kA m ™)
and at two different frequencies (110 kHz and 182 kHz)
whose H X f products were below the biological safety limit
(<5 x 10° Ams™").”” The SAR values of 2D clusters were always
lower than their respective single IONCs at any frequency and
field conditions (Fig. 7(A) and (B)). The SAR values of 2D-
MNCs12@PDO and 2D-MNCs22@PDO clusters were 64 =+
4Wgp 'and 144 £ 13 W gFefl, respectively (f: 110 kHz, H:
24 kA m ™). These results were in agreement with a recent work
of our group in which the SAR performances of 2D clusters
coated with a bacterial extracted biopolymer were investigated.”®
It was interesting to note, that for the clusters, the absolute SAR
values doubled by increasing the frequency (see Fig. 7(B)). In fact,
by exposing 2D-MNCs12@PDO and 2D-MNCs22@PDO at a

This journal is © The Royal Society of Chemistry 2025
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higher frequency (182 kHz) at the same field strength (24 kA m ™),
the SAR increased up to 164 + 8 W gp. ' and 242 + 11 W gg. |,
respectively.

To evaluate the heating performances of the produced 2D-
MNCs when enclosed in viscous media which can resemble the
biological tumor or cell environment, the SAR of both 2D-
MNCs12@PDO and 2D-MNCs22@PDO was measured in four
different aqueous solution containing an increasing percentage
in volume of glycerol (25%, 50%, 75% and 81%) (Fig. 7(C)-(F)).

At a frequency of 110 kHz and at a field strength of 24 kA
m~" the heating losses for 2DMNCs12@PDO was less than
25%, while for 2D-MNCs22@PDO the losses reached 40%
(Fig. 7(C) and (E)). Moreover, by exposing 2D-MNCs12@PDO
and 2D-MNCs22@PDO at a higher frequency (182 kHz) at the
same field strength (24 kA m™'), the percentage losses were in
the range of 30% and 45% respectively, thus showing slight
heat losses as the frequency increases (Fig. 7(D) and (F)).
Therefore, the heating capability of 2D-clusters exposed to
viscous media is also frequency dependent."””" The best SAR
values were reached for a 25% mixture of glycerol, in the
2DMNCs12@PDO the value was 131 + 6 W gr. ' (f 182 KHz,
H: 24 kA m™') and in the 2D-MNCs22@PDO the maximum
value reached 223 + 12 W gg. ' (£ 182 KHz; H: 24 kA m™ ).
In the case of 2DMNCs12@PDO the differences in SAR values
between 25, 50% and 75% of the glycerol mixture (f: 110 KHz,
H:12kAm ', 16 kA m " and 20 kA m ") were negligible as also

This journal is © The Royal Society of Chemistry 2025

expected for the 12 nm nanocubes used for the assemblies.
This is consistent with the fact that the Brown relaxation
becomes negligible with respect to Néel relaxation for clusters
made of this nanocube size.'*

Relaxivity measurements

Next, water proton relaxation signals for the 2D-MNCs12@PDO
and 2D-MNCs22@PDO were measured at three different static
magnetic fields (0.5 T, 1 T, and 1.5 T) by making a comparison
with their respective single-coated PEG-IONCs12 nm and
PEG-IONCs22 nm nanocubes. The r; and r, relaxivities for all
samples indicate that 2D-MNCs12@PDO and 2D-MNCs22@
PDO clusters exhibited higher absolute r, values than their
respective single-coated nanocubes for all field conditions
(Fig. 8(A), (B) and Table 2 Fig. S13, ESI}). For instance, at
1.5 T (Table 2), the r, values of 2D-MNCs12@PDO (325 mM " s ')
and 2D-MNCs22@PDO (426 mM ' s~ ') are higher than the
corresponding single coated nanocubes (236 mM ' s for
PEG-IONCs12 nm and 268 mM ' s~ ! for PEG-IONCs22 nm,
respectively). The enhancement of r, in 2D-ordered IONCs may
be likely attributed to their multimagnetic core features, hydro-
dynamic size (Dy;), and spatial confinement. Here, the magnetic
exchange coupling between the cubes plays a crucial role in
reducing the spin-spin relaxation time (7,). Magnetic exchange
coupling refers to the interaction between the magnetic
moments of adjacent nanocubes within the 2D clusters.

Nanoscale Horiz., 2025, 10, 1140-1158 | 1151
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This interaction can create strong local magnetic field gradi-
ents and enhance the degree of magnetic inhomogeneity within
the system. As water protons diffuse through these magnetic
field gradients, their transverse magnetization dephases faster,
shortening T, relaxation time. This phenomenon is observed
in other multicomponent nanostructures, where magnetic cou-
pling enhances spin-dephasing and shortens the spin-spin
relaxation time (7,)."**"'?® For example, Paquet et al.’*” showed
that clustering iron oxide nanoparticles increased magnetic field
gradients, amplifying 7, relaxivity. Similarly, Lartigue et al'*®
described an enhanced relaxation effect due to cooperative dipole
interactions. These insights align with our observations for 2D-
MNCs12@PDO and 2D-MNCs22@PDO clusters, where the mag-
netic coupling effect contributes significantly to their superior r,
relaxivity compared to single-coated PEG-IONCs. Furthermore, the
spatial arrangement within the clusters enhances the exchange of
magnetic energy, further supporting the observed relaxivity trends.
Moreover, since our clusters have an increased Dy; size, which is

1152 | Nanoscale Horiz., 2025, 10, 1140-1158

known to enhance the r, relaxivity within an optimal size range,
this parameter may also have played a role. Poselt, Elmar, et al.,"*
had for instance, self-assembled SPIO of different sizes into
various hydrodynamic cluster sizes using an amphiphilic polymer
and demonstrated an increase in r, rates with Dy up to a critical
size threshold which was correlated to the motional average
regime and static de-phase regime, and echo-limiting regime.
Likewise to this work, our 2D clusters with a larger hydro-
dynamic size than single nanoparticles were assumed to be in
the motional average regime or at the static de-phasing regime
thus showing higher r, rates (or shortened T, time)."*°
In addition, the IONCs in such 2D-confinement, as a whole
entity, offer a higher magnetic diffusion surface for water
molecules, in comparison to the smaller structures, because
of the broader planar surface, thus the faster dephasing. Over-
all, the r, values of our magnetic clusters are higher than many
other iron oxide-based commercial products,**" because of the
cubic and magnetically anisotropic feature of nanoparticles used."

This journal is © The Royal Society of Chemistry 2025
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Table 2 Relaxivities (ry, r2) and rp/ry ratio of PEG-IONCs (12 nm and 22 nm)
different static magnetic fields

and 2DMNCs@PDO (composed of IONCs12 nm and IONCs22 nm) under

05T 1T

15T

Relaxivity (mM " s7)

Relaxivity (mM " s7)

Relaxivity (mM ™" s7)

Sample 2] 123 ralry 12
PEG-IONCs12 nm 86.63 274 3.16 48.4
PEG-IONCs22 nm 18.82 279 14.82 7.22
2D-MNCs12@PDO 6.47 349 54.94 3.15
2D-MNCs22@PDO 2.87 465 162 5.34

For the MNCs12@PDO, the relatively lower r, relaxivity can be due
to the smaller nanocube size (12 nm) and their lower saturation
magnetization. On the other hand, the absolute r; values of 2D-
MNCs@PDO clusters were lower than those of the PEG-IONCs. The
poor r; values measured for the clusters are likely related to the
presence of the extra hydrophobic interface (OA) between the outer
PDO layer and inner magnetic cluster that prevents the free access
of water molecules. Instead, for single IONCs, the hydrophilic PEG
molecules are directly bound to the cube surface thus enabling a

This journal is © The Royal Society of Chemistry 2025

T ralry r s ralry
254 5.24 30.4 236 7.76
270 37.4 3.82 268 70.2
317 100 1.88 325 172
497 93.1 13.9 468 33.7

direct water retention close to the surface of the iron atoms,
resulting in higher r; rate. In addition, at lower magnetic fields
(Fig. 8(B)) the differences in r; between MNCs22@PDO and
IONCs22 were less significant because dipole-dipole interactions
and local magnetic field inhomogeneities were weaker, and relaxa-
tion is mainly influenced by factors like Brownian motion and
intrinsic spin."* In contrast, at 1.5 T, the strong magnetic field
amplified local magnetic field inhomogeneities in magnetic clus-
ters, enhancing dipole-dipole interactions and accelerating proton

Nanoscale Horiz., 2025, 10, 1140-1158 | 1153
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relaxation, resulting in a higher r; for MNCs22@PDO. The collec-
tive magnetic effects and larger effective magnetic moment of
clusters further increased their impact on proton relaxation.
Additionally, the spatial arrangement of cubes in 2D clusters
created anisotropic effects that also contributed to higher
r1.1*133 To better describe a magnetic material, either as a Ty
(positive) or T, (negative) weighted MR imaging agent, it is been
said theoretically, that, when the r,/r; ratio was higher than 2,
the agents are considered T, contrast agents for MRL'*
Accordingly, all our magnetic clusters have r,/r; ratios much
larger than 2. For instance, 2D-MNC12@PDO have a r,/r, ratio
range between 54.94 to 172 depending on the magnetic fields
where they were measured, while the 2D-MNCs22@PDO ranged
between 162 to 33.7. The higher r,/r, ratios for our clusters are
consistent with those found by group’s previous reports.”"'?
From these observations, it can be deduced that 2D-MNCs12@
PDO and 2D-MNCs22@PDO are excellent T, or negative con-
trast enhancers for MR imaging.

Despite the several studies on magnetic clusters, in relation
to MH and MRI,'>®>7>104136 only few studies have been
reported on the MPI signals of magnetic clusters.** For this
reason, MPI signal studies were performed on aqueous disper-
sions of 2D-MNCs12@PDO, 2D-MNCs22@PDO, PEG-IONCs12
nm and PEG-IONCs22 nm (all at 500 pL and 1 mgg. mL™"),
using a custom made x-space magnetic particle relaxometer"”
available at Case Western Reserve University, that operated at a
fixed sinusoidal magnetic excitation field of 16.8 kHz and
20 mT (Fig. 8(C) and (D)). 2D-MNCs@PDO cluster samples
exhibited relatively lower MPI signals than their single particle
counterparts (Fig. 8(C)). For instance, the point spread function
(PSF) of 2D-MNCs12@PDO (Fig. 8(C)), was 50% less intense and
much broader (FWHM = 20.2 mT, which indicates the low
resolution), of that of corresponding isolated PEG-IONCs12 nm
similar values were also recorded for the 2D-MNCs22@PDO.

Moreover, it should be noted that even, the Vivo Trax™ used
as a standard for comparative MPI signal measurements, shows
higher MPI signal than our 2D clusters but lower values than
that of single nanocubes. The reduced MPI response of the 2D
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assembly could be correlated to their unique spatial arrange-
ment: the interparticle magnetic dipolar interactions of the
nanocubes that stabilize them in the 2D confined architecture
may promote reduced overall magnetization response of the
cluster assembly to the external field at the low frequency and
field intensity used in MPI measurements: in contrast from
magnetic field conditions used in the MH measurements,
the low frequency and field amplitude may be not enough to
oscillate the structure under this time varying field.®

MPI and SAR signal evolution of PDO-coated 2D clusters at
acidic environment

Provided that the degradation of PDO shell in acidic environ-
ment results in important structural differences of the clusters
before and after exposure to pH 5, which, in turn, can affect the
magnetic properties of the clusters, we have designed an in-test
tube experiment to follow the evolution of MPI signal and SAR
values upon continuous exposure of the clusters to pH 5.

For the MPI signal, on four aliquots of the same PDO-coated
2D-MNCs (2 gg. L") sample, the pH was adjusted to pH 5 and
the MPI signal amplitude was recorded at 0, 1, 3, and 6 h time
points. A gradual increment of the MPI signal amplitude was
observed over a period of 6 hours with a signal intensity that
was almost 4 times higher than the value recorded when
starting the experiment (Fig. 9(A)). As expected, this change is
likely a direct consequence of the degradation of the PDO
coating, leading to the disaggregation of the nanocubes pre-
viously packed in the 2D-sheets and to the changing of the
surrounding environment of the nanocubes which are no
longer blocked in the PDO shell thus gaining freedom to switch
their magnetic moments in MPIL.

It is remarkable to observe a very similar signal trend when
considering the evolution over the same time window of the
SAR values at pH 5 (Fig. 9(B)). In the first three hours, the SAR
performances of 2D clusters showed a decrease of the signal
with a minimum value of 214 + 5 W gz~ * at 1 h with respect to
SAR value measured at the begging of the experiment (369 +
29 W gp. " at t = 0). In the next four hours the SAR value
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(A) MPI signal of 2D-MNCs@PDO clusters after being exposed to acidic environment (pH = 5). (B) SAR values of 2D-MNCs@PDO shaken

in agueous solution at pH 5 at different incubation time. Plot shows the variation in the SAR value as a function of shaking time at pH 5 and measured at

300 kHz and 24 kA m™%.
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gradually increase to reach a value as high as 481 + 17 W gp.
after 7 h overcoming the SAR signal of the initial clusters. The
initial low SAR values may be due to a first destabilization effect
of the 2D clusters in an acid environment, however, with the
time, upon exposure to the acidic environment with the degra-
dation of the PDO shell and the release of single nanocubes,
the freed nanocubes enhanced their ability to absorb magneto
energy, thus explaining the observed SAR increase. To note that
these data are supported by the structural change in morphol-
ogy and destabilization of the PDO shell observed under TEM
(Fig. 3) and, also, confirmed by the change in hydrodynamic
size of the clusters in acidic environment measured by dynamic
light scattering (Fig. S14, ESIt). Altogether, these data suggest
the possibility to use MPI signal of the cluster as a tracer signal
to gain information on the status of the disassembling of the
clusters thus enable to plan the magnetic hyperthermia therapy
only when the heat generated by the disassembled clusters will
be maximized.

Conclusions

In this work, we have succeeded to prepare nanosheet clusters
(2D-MNCs@PDO) with unique structural and magnetic proper-
ties, composed of close-packed IONCs, with control on the 2D
structure and to their stability in water thanks to the PDO shell.
The assembling requires a simple microemulsion process in
hot water bath sonicator of an organic CHCl; solution of
magnetic nanocubes with a aqueous SDS surfactant solution.
We found that the water: CHCl; couple choice is crucial to
obtain these specific 2D-clusters. The use of PDO shell, obtained
through a self-polymerization process of DOPA in alkaline environ-
ment, is required to increase stability under magnetic field but
also to introduce a protective shell.

SAXS and cryo-EM techniques are used to confirm the 2D
ordered configuration. Noteworthy, these techniques highlight
the formation of the 2D-MNCs, in which the IONCs are
assembled in a two-dimensional lamellar organization. More-
over, the IONCs order, the IONCs number per cluster and the
interparticle spacing values are reasonable and in agreement to
those measured by TEM characterization.

The final shell thickness of the PDO polymer is controlled by
tuning the initial amount of DA while the kinetic of degrada-
tion is also adjustable by the thickness of the shell: it is more
rapid when the PDO shell is thinner (around 7 nm) and it
requires longer time when the PDO shell is ticker (ca. 20 nm).
Finally, as here shown with CV dye, the PDO shell provides also
a versatile framework for encapsulating small antitumoral drug
molecules and, eventually, the release occurs under acidic pH.
Although 2D-MNCs@PDO exhibit lower hyperthermia perfor-
mance than their respective individually dispersed IONCs, the
SAR values of the 2D-MNCs12@PDO are better than those of
iron oxide nanosphere used in clinic.”® A remarkable aspect of
the 2D-MNCs@PDO is their enhanced magnetic properties as a
function of the pH. Under acidic environment, as that of tumor
microenvironment, the PDO shell of the 2D clusters can be

This journal is © The Royal Society of Chemistry 2025
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destabilized enabling the disassembly of the clusters. This has
a direct effect on the MPI signals which gradually increase
overtime. In concomitance, a SAR value enhancement is recorded
in acidic pH solution, which is attributed to the release of free
nanocubes upon disassembling of the clusters.

Moreover, the 2D-MNCs@PDO allows for higher r, relaxa-
tion rates compared to their respective IONCs due to a faster
dephasing of the hydrogen protons and therefore, to a short-
ening of T,. Having established such a theranostic platform,
future work will aim at applying such systems as drug delivery
tools, magnetic hyperthermia agent, MPI tracer and MRI agents
first in vitro and then in vivo on tumor cells.
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