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Magnetic nanoparticles offer the possibility of combining diagnostic and therapeutic purposes within a
single nano-object. In this work, we explore two distinct sets of iron oxide-based nanospheres for their
application as contrast agents in magnetic resonance imaging and as heating mediators in magnetic fluid
hyperthermia. The nanoparticles were produced with the green microwave polyol-assisted method. The
nanoparticles in the first set have a mean core diameter of 11 nm and are coated with polyacrylic acid
(PAA), carboxymethyl-dextran (CM-D), or dimercaptosuccinic acid (DMSA). The second set has nano-
particles of a mean diameter of 14 nm, which are coated with PAA or CM-D. The longitudinal and trans-
verse 'H-NMR nuclear relaxivities (ry,2) exhibit a field behavior that depends on the particle core size and
on the coating. It is shown that the combination of size and coating is relevant to optimize the relaxo-
metric efficiency, with the PAA coating being able to double the r, efficiency for the smallest size. The
heating release was evaluated under various combinations of external alternating magnetic fields, with
frequency values ranging from 102.2 kHz to 971.2 kHz and amplitude values ranging from 7 mT to 40 mT.
The results indicate that the heating efficiency is independent of the coating for both the 11 and 14 nm
particles, while it is significantly higher for the samples of largest size. We conclude that the combination
of size and coating (i.e., surface modifications) of the magnetic nanoparticles can play a crucial role in the
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1 Introduction

One of the key advantages of magnetic nanoparticles (MNPs)
is their ability to combine therapeutic and diagnostic func-
tions within a single nano-object."™ Iron oxide-based MNPs,
in particular, are widely used due to their high magnetization,
superparamagnetic behavior and good biocompatibility.*™®
These properties make them ideal for use as contrast agents
(CAs) in magnetic resonance imaging (MRI) and as heating
mediators in magnetic fluid hyperthermia (MFH).”®* Magnetite
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relaxometric and heating properties of magnetic nanoparticles with core size of <15 nm.

(Fe;0,) and maghemite (y-Fe,O3) MNPs are particularly suit-
able due to their low toxicity and the body’s natural metabolic
pathways for iron absorption and excretion.”'® MRI is a diag-
nostic tool that offers high spatial resolution, but is often
limited by its low sensitivity,"""*> which makes it challenging
to detect small lesions, such as, for example, early-stage
tumors. The use of contrast agents can significantly enhance
MRI sensitivity. . Besides, the contrast in MRI is correlated to
differences in signal intensity associated with the concen-
tration of molecules containing hydrogen within the tissue
(and their mobility, i.e. diffusion, flow), and also to the values
of spin-lattice T, and spin-spin T, relaxation times of the
hydrogen nuclei.’*'® MNPs decrease the longitudinal (T,) and
transverse (T,) relaxation times of hydrogen nuclei close to the
MNPs according to their biodistribution, thereby enhancing
the contrast in MRI scans. The nuclear relaxivity (r;, { = 1,2),
i.e., the inverse of the relaxation time per unit magnetic center
with respect to the pure dispersant, quantifies the contrast
efficiency and it is influenced by a variety of factors, including
the temperature and composition of the solvent, the strength
of the external magnetic field, and the kind of contrast
agent."®"” Furthermore, the contrast efficiency is affected by
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the size, the magnetic moment, and the aggregation of nano-
particles, as well as the type and thickness of their coating and
the number of water 'H nuclei bound to the magnetic core
among other factors."®"?

In magnetic fluid hyperthermia (MFH), the MNPs are
injected into tumors and subjected to an external alternating
magnetic field (AMF) with an amplitude of tens of milliTesla
and a frequency of the order of hundreds of kHz so that heat
is generated by the interaction between the AMF and their
magnetization.”>*! In the therapeutic temperature range of
40-45 °C, MFH has an antitumor effect by disrupting impor-
tant cancer cell structures such as membranes, organelles, and
DNA. As a result, the combination of MFH with chemotherapy,
radiotherapy, or surgery can improve the life expectancy of
cancer patients.'®**?* The specific absorption rate (SAR)
measures the heat released per MNP mass unit and it depends
on factors such as particle size, static magnetic properties, and
spin dynamics, as described by various heuristic or theoretical
models.”* It is worth noting that the SAR can also be evaluated
from the magnetic and structural properties of MNPs, as
shown in ref. 25.

Our research is aimed at developing magnetic nanoparticles
that combine both diagnostic and therapeutic functions
within a single nano-object. The application of iron oxide
nanoparticles as dual-purpose agents for MRI and MFH has
been explored and documented by using a wide range of meth-
odologies and approaches.>*>® The work of Perton et al.”’
introduced magnetic and fluorescent nanocomposites with an
iron oxide core, a stellate silica shell, and quantum dots,
coated with human serum albumin (HSA) for biocompatibility.
These nanocomposites are effective for dual imaging (fluo-
rescence and MRI) and magnetic hyperthermia, showing
enhanced therapeutic potential, especially when combined
with doxorubicin. Wang’s study®® developed multifunctional
SPIO-M2pep nanoparticles that target M2 macrophages,
enhancing MRI-guided magnetic hyperthermia in a breast
cancer model. The nanoparticles, with a high r, relaxivity of
149 mM™' s7!, remodeled the tumor immune microenvi-
ronment, reduced immunosuppressive factors, increased anti-
tumor immune responses, and showed strong potential for
MR imaging-assisted therapy.

In our study, we have investigated two sets of iron oxide-
based nanospheres: the first with MNPs of 11 nm core size,
coated with polyacrylic acid (PAA), dimercaptosuccinic acid
(DMSA), or carboxymethyl-dextran (CM-D), and the second
with MNPs of 14 nm core size, coated with either PAA or
CM-D. The selected coatings ensure high colloidal and mag-
netic stability of the MNPs and, additionally, they promote bio-
compatibility, reducing possible side effects and extending the
permanence of MNPs in the human body; they also allow for
specific targeting.”**

This work aims at producing effective theranostic agents by
using the relatively new microwave polyol-assisted technique,**
a green method that exploits polyols as a solvent, reducer and
surfactant, and microwaves as a heating source, saving energy
costs and time, and preserving a narrow size distribution.>®
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The focus is on finding the right combination of size and
coating, and on the crucial role of the kind of coating. By tai-
loring the core size and surface coating, we found the micro-
scopic parameters that optimize the dual functionality of these
nanoparticles, enhancing their performance as contrast agents
in MRI and as heating mediators in MFH. This approach seeks
to maximize their clinical effectiveness, paving the way toward
more precise and effective cancer diagnosis and treatments.

2 Experimental
2.1 Materials

Iron(n) acetate and diethylene glycol (DEG) were purchased
from Sigma-Aldrich (St Louis, MO, USA), while poly(acrylic
acid) sodium salt (PAANa, MW: 2100 g mol~ "), carboxymethyl-
dextran sodium salt (CM-dextran, MW: 10 000-20 000 g mol ™)
and meso 2,3 dimercaptosuccinic acid (DMSA, MW: 182.22 ¢
mol™") were acquired to coat and thus stabilize the MNPs. All
reactants were used as received without further purification.

2.2 Synthesis of y-Fe,O; nanospheres

For the synthesis of MNPs, 300 mg (1.73 mmol) of iron(u)
acetate was mixed with 18.3 mL of DEG and 0.4 mL or 0.7 mL
of milliQ water, respectively, for 11 nm and 14 nm sized par-
ticles. The precursors were combined in a 30 mL vial and
stirred magnetically for 20 minutes. The synthesis was con-
ducted in a Monowave300 (Anton Paar GmbH) synthesis
reactor by heating the samples to 170 °C over 50 min, main-
taining this temperature for 2 h, and then cooling them to
55 °C. Gallo et al.’s work®* was used as a reference for the syn-
thesis procedure. We will refer to the produced particles as
NS11 for the 11 nm set and NS14 for the 14 nm set.

2.3 Stabilization of MNPs with CM-D/PAA/DMSA

Colloidal and magnetic stabilization of the MNPs was per-
formed by surface modification with CM-dextran (CM-D), poly
(acrylic acid) sodium salt (PAANa), or dimercaptosuccinic acid
(DMSA). The MNPs were dispersed in deionized (DI) water
(16.6 mg of MNPs in 3.25 mL for CM-D and 20 mg of MNPs in
4 mL for PAA/DMSA) and the pH was adjusted to 2.5-3 using
HNO;. Separately, solutions of the modifying agents (CM-D,
PAANa, or DMSA) were prepared in DI water, maintaining
specific molar ratios of the modifier to iron: 0.0029 for CM-D,
0.0368 for PAANa, and 0.1 for DMSA. While sonicating, the
modifying agent solutions (3.125 mL of CM-D and 3 mL of
PAA or DMSA) were added dropwise to the MNP dispersions,
followed by at least 2 hours of sonication at room temperature.
The pH was then increased to 9-10 using KOH, and the mix-
tures were dialyzed for at least one day using membranes with
a molecular weight cutoff of 12 kDa (pore size < 2.5 nm), with
frequent changes of DI water. After dialysis, the pH was read-
justed to 9-10 using KOH, and the dispersions were filtered
through a 0.22 um pore-size filter to remove impurities.

The different coatings will be marked in each series with
the “@PAA”, “@CM-D”, and “@DMSA” tags.

This journal is © The Royal Society of Chemistry 2025
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Hydrodynamic sizes below 100 nm are required to favor col-
loidal stability under the magnetic fields applied for conduct-
ing evaluations (data are included in the ESIY).

2.4 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was conducted on
samples prepared by air-drying a few drops of the MNP col-
loidal dispersion placed on a carbon-coated copper grid. TEM
images were captured using a JEOL-JEM 1010 microscope
operating at 100 keV equipped with a Gatan Orius 200 SC
digital camera. Image analysis was performed using Image]
software, with measurements taken from at least 150 particles.
The particle diameters were then fitted to a log-normal distri-
bution, and the most probable diameter, x4, and its associated
error, o,, were determined from this distribution, being x =
Roe"z/ 2 where R, is the mean radius and ¢ its standard devi-

ation, 6, = Ryy/e”* (e” — 1).

2.5 X-ray diffraction (XRD)

The X-ray diffraction (XRD) technique was utilized to obtain the
XRD patterns of the samples using a Bruker D8 Advance powder
diffractometer with a Cu Ka radiation source and an energy dis-
criminator. The measurements were carried out on finely pow-
dered samples pressed onto a silicon crystal sample holder, cover-
ing a 26 range from 10° to 70° with an angular step of 0.04°. The
resulting diffraction pattern was analyzed to determine the peak
positions and widths. The crystal size of the MNPs was calculated
using Scherrer and Bragg equations, taking into account instru-
mental broadening. In addition, the lattice parameters for each
sample were derived from the XRD data using Bragg’s law.

2.6 Atomic force microscopy (AFM)

AFM imaging was performed using a Nanoscope Multimode ITId
system (Bruker, Santa Barbara, CA, USA) operating in tapping
mode. AFM images were obtained using the RMS amplitude of
the cantilever as the feedback signal for the vertical sample posi-
tion. The RMS free amplitude of the cantilever was approximately
15 nm and the relative set-point was above 95% of the free ampli-
tude. Rectangular silicon nitride probes with a nominal spring
constant of ~2.5 N m~" (NT-MDT, Russia) and cantilever length
of 20 pm were used. The cantilever resonance frequency was
about 130 kHz. The mica support (Ted Pella, CA, USA) was glued
to a metal disk that was magnetically fixed to the AFM sample
holder. The images were recorded at a line rate of ~1 Hz, and a
resolution of 512 x 512 pixels per image was chosen. All AFM
images were subjected to a line-by-line subtraction of the linear
background to eliminate sample tilt from the images and correct
for stepwise changes between individual scan lines. The size of
the MNPs, evaluated from the AFM data, has been reported in
the work as the mean value + standard deviation calculated con-
sidering n = 30 single MNPs visualized in several images of AFM

topography.
2.7 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectra were recorded to
confirm the presence of the coating layers of CM-dextran, PAA,

This journal is © The Royal Society of Chemistry 2025
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and DMSA. The measurements were performed using a Bruker
Vertex 70 V spectrophotometer on a KBr pellet from dried pow-
dered samples. 100 scans for the samples were acquired,
ranging from 250-4000 cm ™", with a resolution of 0.2 cm™".

2.8 Magnetometry

The magnetization curves as a function of the applied mag-
netic field were acquired at 300 K, ranging from —2 T to 2 T,
using a Quantum Design MPMS-5 SQUID magnetometer. The
samples were made of capsules filled with cotton, where the
MNP suspensions were dried. The concentration of the
samples was used to correct the acquisitions, and this was
measured by elemental analysis (inductively coupled plasma
optical emission spectroscopy, ICP-OES) after digestion in
acid.

2.9 Nuclear magnetic resonance (NMR) and relaxivity

The longitudinal, Ty, and transverse, T,, nuclear relaxation
times were acquired over a wide range of Larmor frequencies
(0.01 < v < 63 MHz), ie., external static magnetic fields of

poH = 0.00023 — 1.5 Tesla (v = ZL,uOH, where v is the Larmor
TT

frequency and y/2m = 42.58 MHz T '). The relaxivity, i.e. the
efficiency of MNPs as a CA, was evaluated at each frequency.
The magnetic field range was chosen to cover the most typical
fields used in clinical and research laboratory MRI tomography
(#oH = 0.2, 0.5, and 1.5 T). Different instrumentation and
acquisition sequences were used depending on the frequency
range.

2.9.1 0.01 MHz < v < 7.2 MHz. The fast field cycling tech-
nique was performed using a fast-field-cycling NMR
SMARTracer relaxometer (Stelar s.r.l., Mede, Italy).*® In the
case of measurements using v < 3.7 MHz, pre-polarized (PP)
pulse sequences were applied to overcome the low signal-to-
noise ratio: saturation recovery (SR) for T; and spin-echo (SE)
for T,. For v > 3.7 MHz, no pre-polarization procedure was
applied, and thus no pre-polarized (NP) pulse sequences were
used. For T; and T, measurements, the standard SR sequence
and a classical Carr-Purcell-Meiboom-Gill (CPMG) sequence
were applied, respectively.

2.9.2 7.2 MHz < v < 63 MHz. The acquisitions were per-
formed by using a classic electromagnet, MAGNET B-E 25
from Bruker (Billerica, MA, USA) and a Tecmag Apollo Fourier
transform NMR spectrometer with standard SR pulse sequence
to acquire T,, while CPMG was used for T, acquisitions.

All measurements were conducted at room temperature.
The samples were prepared by diluting the MNPs in DI water
to achieve a millimolar concentration.

From the T; and T, measurements, we extracted the
nuclear relaxivities. The longitudinal (i = 1) and transverse (i =
2) nuclear relaxivity, r;, represent the efficiency of the particles
in shortening the T; and T, values of 'H nuclei, i.e., in enhan-
cing the image contrast in MRI. The relaxivities are defined as:

1 1 1 ,
r=—"- - i=1,2 (1)
C \Tim Tidia
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where C is the concentration of the paramagnetic centers
(millimolar, mM), T;,, is the relaxation time of hydrogen
nuclei in the presence of contrast agents (i.e., MNPs), and T; qia
is the relaxation time of the hydrogen nuclei in the dispersant
medium (diamagnetic, dia). The measurements were per-
formed after diluting the former stock solution; from the relax-
ivity values, we obtained the NMR-dispersion (NMR-d) profiles
for each sample. The error on the relaxivity values was calcu-
lated a priori to be ~10%, due to the electronics and the error
on the acquisition parameters.

2.10 Magnetic fluid hyperthermia and specific absorption
rate

The hyperthermia measurements were conducted on aqueous
dispersions of MNPs. The acquisitions of temperature vari-
ations vs. time (of the AMF application) were carried out using
a Magnetherm™ NAN201006 instrument (nanoTherics Ltd,
Warrington, UK). A high field strength option and an 18-turn
water-cooled copper coil were properly used to adjust the fre-
quencies of the external magnetic field from 102.2 kHz to
971.2 kHz, and its amplitude from 7 mT to 40 mT (the
maximum magnetic field strength depends on the AMF
frequency).

The frequencies and their corresponding maximum mag-
netic field strengths are summarized in Table 1. The system is
equipped with two fiber-optic temperature probes. To ensure
consistent and reproducible magnetic field applications, the
sample was carefully positioned at the center of the coil. The
sample dispersions were tested at magnetic nanoparticle
(MNP) concentrations ranging from 0.2 mg mL™' to 2 mg
mL™".

The SAR of the MNPs was determined from the temperature
increase rate acquired from calorimetric experiments, utilizing
the following expression:

_ Mu,00H,0 + MyFe,0,Cy-Fe,0, AT

SAR
My-Fe,0, At

(2)

where my o and myp. o, represent the masses of water and
maghemite in the colloidal solutions, respectively; cy,0 =
4.18 JK' g7 and ¢ype,0, = 0.75 JK~* g7 are the specific heat of
water and maghemite, respectively.

3 Results and discussion
3.1 Morpho-structural properties

The TEM images are displayed in Fig. 1. The first set of MNPs
has a mean core diameter of 11 + 2 nm and MNPs were coated
with PAA, DMSA, or CM-D, while the second set has a mean
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(a) (b)

Fig. 1 TEM images of the investigated samples. The magnetic cores are
coated with a thin layer of DEG, which results from the synthesis
process prior to surface modification with PAA, CM-D, or DMSA. (a)
NS11 sample. (b) NS14 sample.

core diameter of 14 + 2 nm and MNPs were coated with PAA or
CM-D.

Spherical particles with a mean size below a critical dia-
meter display a single domain configuration,®” which for
maghemite is estimated to be about 168 nm®® while for mag-
netite, it is estimated to be about 100 nm.**** By further redu-
cing the size, the coercivity is reduced to zero and superpara-
magnetic (SPM) behavior is observed (usually below
~20 nm).*?

The AFM technique enabled the assessment of the overall
size of the MNPs, which includes both the magnetic core and
the surrounding coating (see Fig. 2 and ESI_Fig. 17).
Furthermore, AFM allowed for the differentiation between
MNP agglomerates and individual MNPs. As anticipated, the

(a) (b)

Fig. 2 AFM topography images of the studied PAA-coated MNPs. Single
particles and MNP small clusters are visualized on a mica support; the
images were collected in air in tapping mode. Scan area: 1 x 1 pm?2.
Range of the vertical color scale: 0-15 nm. (a) NS11 sample. (b) NS14
sample.

Table 1 Maximum magnetic field peak strength and AMF frequencies used for the measurements of this work performed with the Magnetherm™

system; v = frequency and poH = AMF intensity

v (kHz) 102.20 167.10 250.80 423.70 598.90 971.20
JoH (mT) 30 40 38 30 28 20
vpoH (kA s™' m™) 24.4 x 10° 53.2 x 10° 75.8 x 10° 101.1 x 10° 133.4 x 10° 1545.6 x 10°

9060 | Dalton Trans., 2025, 54, 9057-9068
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average diameter measured by AFM was larger than that esti-
mated from the TEM data, as expected because of the coating.
The thickness of the coating, estimated from the difference in
diameters obtained by the two techniques, is approximately of
the order of 1 nm for both MNP sets and for the different coat-
ings studied in this work (Table 2). The resulting thickness of
the coatings does not take into account the number of layers
deposited; as a consequence, it could happen that smaller
molecules yield a thicker coating.

The X-ray diffraction (XRD) patterns, shown in Fig. 3,
confirm the presence of a cubic spinel structure. The crystal
size and lattice parameters were determined using the
Scherrer equation, which was applied to the width of the peak
corresponding to the reflection of the (4 0 0) crystallographic
plane. The values are shown in Table 3, where we can see that
the resulting crystal size is always comparable with the TEM
size, within the experimental error. In terms of lattice para-
meters, the NS11 set displays values that fall between those of
maghemite (z = 8.3461 A, JCPDS 39-13*°) and magnetite (a =

Table 2 Dimensions of the investigated samples, estimated from the
TEM and AFM analyses: core diameter drgm and overall MNP diameter
darm (core + coating)

Sample Coating drenv (NM) dary (Nm)
NS11@PAA PAA 11+2 13.5+0.8
NS11@CM-D CM-D 11+2 13.8£1.0
NS11@DMSA DMSA 11+2 14.1 £ 1.0
NS14@PAA PAA 14 +2 15.8+1.1
NS14@CM-D CM-D 14+ 2 16.2 £ 1.1
40 T T T T T
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Fig. 3 XRD patterns of the NS11 and NS14 magnetic cores.

Table 3 Elemental composition, crystal size, lattice constant, and sat-
uration magnetization of the cores of the investigated samples

Lattice Saturation
Crystal constant magnetization
Sample Composition size (nm) (A) (Am* kg™
NS11  y-Fe,0; 11.0(2)  8.36(0.01) 87.7(0.2)
NS14  y-Fe,0, 15.3(3)  8.34(0.01) 88.6 (0.1)

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 FTIR transmittance spectra of the uncoated (magnetic cores)
and coated (with PAA, CM-D, and DMSA) MNPs. (a) NS11 samples. (b)
NS14 samples.

8.396 A, JCPDS 19-062940). In contrast, the lattice parameter of
NS14 particles can be associated with just the presence of
maghemite.

The FTIR transmittance spectra shown in Fig. 4 confirm the
presence of coatings on the surface of the particles. Some
common features are found in the peaks observed at
3422 em™" and at 2925 cm ™", assigned respectively to O-H and
C-H vibrations due to water molecules absorbed at the surface
and to the hydroxyl groups present in the molecules coating
the particles; as well as in the initial DEG, the peaks between
1400 cm™' and 1300 cm™' were assigned to CH, bond
vibrations while the peaks located at 1154 cm™', 1107 cm™"
and 1012 cm™" were assigned to C-O vibrations.***

The peaks observed are indicative of bond formation
between the coatings and the iron oxide surface. For the PAA,
the peaks at 1560 and 1454 cm™" correspond to the R-COO™~
antisymmetric and symmetric stretching vibrations, indicating
that PAA was coordinated directly with the surfaces of iron
oxides.”® The same was observed for the DMSA (peak at
1590 cm™ ') and for the CM-D (peak at 1596 cm™); these peaks
can also be related to the vibrations of the carboxylic group
(COO™) of DMSA and CM-D bound to the particle surface.
Unbound carboxylic groups will present an absorption band at
1710 cm™.

The peaks found for all the samples in the 630 and
400 cm™" region (light red area in Fig. 4) are representative of
the bending and stretching vibrations of Fe-O. Upon oxidation
to form maghemite, these peaks become more complex.
Samples from both sets of MNPs display this feature, which is
more pronounced in the NS14 core, suggesting a higher degree
of oxidation than that in the NS11 sample, in agreement with
the XRD data.

3.2 Magnetic properties

The magnetic behavior of the particles was studied by record-
ing the hysteresis loops at 300 K (Fig. 5) for particle disper-
sions dried on cotton. The coercive field that resulted in both
cases was lower than 0.0015 T, suggesting the substantially
superparamagnetic nature of the systems, which is expected
for particles of comparable size.?” The saturation magnetiza-
tion of the NS11 samples is 87.8 Am” kgjvnp) ' and that of the

Dalton Trans., 2025, 54, 9057-9068 | 9061
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Fig. 5 Hysteresis loops of the studied MNPs acquired at 300 K. The
values are expressed in Am? kg™t of MNPs.

NS14 sample is 88.1 Am? kgpune] ', which are in line with the
values reported for particles produced with classic thermal
decomposition in organic solvents (82 Am?® kgpney * (ref. 48))
and with the proposed synthesis method (78 Am” kgmnej |
(ref. 49)). Despite the larger size of NS14 particles compared to
that of NS11 particles, their magnetization values are similar.
XRD and IR analyses revealed that the NS11 core has a lattice
parameter and a transmittance peak indicative of the presence
of unoxidized magnetite (maghemite); in fact maghemite has
a disordered internal structure, and thus a lower magnetic
response. This may contribute to the higher saturation magne-
tization (Ms) observed in the smaller particles. As the magneti-
zation values are corrected by using the TGA results, we can
also consider the coercive field H variation (more significant):
the largest Hc for the NS11 particles agrees well with the pres-
ence of magnetite, which has a larger magnetic anisotropy
than maghemite.

In Table 3, the morphological and magnetic properties of
the investigated particles are summarized.

3.3 Nuclear magnetic resonance

In Fig. 6 and 7, the longitudinal (r,) and transverse (r,) relaxiv-
ity profiles for the sets of 11 nm and 14 nm MNPs are shown.
The commercial contrast agent Endorem (withdrawn from the
market), indicated with grey stars, shows lower efficiency com-
pared to all of the samples studied here.

The longitudinal "H-NMR-d profiles of the 11 nm particles
display a peak in r; relaxivity at ~2 MHz, where the signal for
the sample coated with PAA is marginally more intense. The
absence of dispersion features at low frequencies suggests
high values of magnetic anisotropy energy. The 14 nm-sized
particles with diverse coatings exhibit a frequency behavior
essentially superimposed, within the experimental error: the
peak is missing and the relaxation rate increases monoto-
nously as it approaches the zero-field limit. The high relaxivity
values at the lowest frequencies (ry, > 200 s mM ") are signa-
tures of high anisotropy. As the external field approaches zero,
Néel relaxation becomes the dominant mechanism, which
depends on the energy barrier K.V, where K. is the effective
anisotropy constant and V is the magnetic core volume.
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Fig. 6 Longitudinal (r;) and transverse (r,) relaxivity *H-NMR-d profiles
of the NS11@DMSA, NS11@PAA, and NS11@CM-D samples. Acquisitions
were performed at RT. Endorem r;, values are marked with grey stars.
Endorem is used as a reference for CA efficiency evaluation. (a)
Longitudinal relaxivity. (b) Transverse relaxivity.

The transverse r, relaxivity profiles reach a plateau at
~2.5-3 MHz in both sets of samples, even though relaxivity of
NS11@PAA is apparently still slightly increasing. For the smal-
lest NS11 set, different coatings give rise to different r, plateau
intensities at high frequencies, while for the largest NS14 set,
r, values of samples with different coatings are comparable
within the experimental error. The r, plateau values observed
in the smallest NS11 set are ~264 s™* mM ™" (NS11@CM-D),
~382 s' mM' (NS11@DMSA), and ~557 s ' mM™’
(NS11@PAA), with the PAA-coated particles being more
efficient. CM-D molecules may cover the magnetic core non-
homogeneously, with a layer that is usually thick when com-
pared with DMSA and PAA molecules, which influences
surface spin exposure to the surrounding environment;*?
moreover, the smaller PAA molecules are rich in carboxylic
groups and coat the magnetic core homogeneously, thus pro-
moting higher surface spin order and reduced spin canting.
This could positively influence the magnetic response of the
particles, and potentially their transverse r, relaxivity, but the
dependency of r, efficiency on the dynamics has to be con-
sidered also; therefore, the coating structure alone might not
be enough to explain the resulting data. Since the magnetic
core of the NS11 set is the same, the change of r, values with

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Longitudinal (r;) and transverse (r,) relaxivity *H-NMR-d profiles
of the NS14@PAA and NS14@CM-D samples. Acquisitions were per-
formed at RT. Endorem r; , values are marked with grey stars. Endorem
is used as a reference for CA efficiency evaluation. (a) Longitudinal relax-
ivity. (b) Transverse relaxivity.

coating indicates that the type, the thickness and permeability
of the coating can impact the global spin dynamics. The
results show that by tailoring the dimensions of the core and
the type of coating, it is possible to manage the relaxometric
efficiency of MNPs. Interestingly, in the case of the present
samples, the coating effect is already evident at unexpected
particle dimensions compared to past results.’® However, in
the case of ref. 50, different types of coatings were considered
and, consequently, it can be concluded that for the same (or
similar) size, the type of coating is crucial in determining
effects on r; and r,.

For all samples, above 1 MHz, the r,/r; value was found to be
higher than 2 (Fig. 8), indicating that these samples may be suit-
able as T, contrast agents in this frequency region.>'** As shown
in ref. 53, the outer-sphere theory implies that the r,/r; ratio
increases with increasing particle size. It is deduced that in this
case, both sets are very efficient T,-shortening agents, with NS14
being on average the more efficient. The resulting hydrodynamic
sizes (ESI_Fig. 2 and ESI Table 1}) do not show significant dis-
crepancies among the differently coated particles.
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Regarding the effect of the size, one can conclude that the
NS11 set exhibits the characteristic peaked profile at around
2 MHz of r; vs. frequency typical of MNPs with dimensions
< 20 nm, although the low-frequency “dispersion” point is
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Fig. 9 Longitudinal relaxivity r; profiles of the NS11@CM-D, NS11@PAA,
and NS11@DMSA samples (a) and the NS14@CM-D and NS14@PAA
samples (b) fitted with the Roch—Mduiller—Gillis heuristic model.
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Table 4 Parameters extracted from the fit of the r, *H-NMR-d profiles with the RMG model. Mg was fixed at values resulting from the magnetic
measurements. The core size rc was a free parameter initialized with the rrgm for the NS11 set, while it was fixed to the rrgm for the NS14 one. The
Néel relaxation time 7y and the distance of minimum approach R are also listed

Sample Mg (Am? kg™) rrem (NM) rc (nm) 7 (5) R (nm)
NS11@DMSA 87.8 55+1 6.5+ 0.4 (1.53 +6.0) x 107° 8.1+0.3
NS11@PAA 87.8 55=%1 6.5 £ 0.4 (1.16 £ 5.0) x 1078 8.3+0.3
NS11@CM-D 87.8 5.5+1 6.4 +0.2 (2.97 + 0.65) x 10°® 8.3 +0.1
NS14@PAA 88.1 7+1 7.0 (1.30 £ 0.7) x 107° 9.78 £ 0.01
NS14@CM-D 88.1 7+1 7.0 (2.26 +1.0) x 107° 10.32 +0.02

missing. Conversely, the peak disappears for the largest MNPs
of the NS14 set, as expected for higher magnetic anisotropy.

Regarding the effect of the coating, it is found that 11 nm
particles show r; peak intensity values at ~2 MHz that seem
partially affected by the coating, whereas the peak intensity of
NS11@PAA is the most pronounced. The transverse r, plateau
values (~3 MHz for NS14 and ~11 MHz for NS11) show differ-
ences when the coating is changed and particularly PAA
doubles the CM-D r, relaxometric efficiency. For the 14 nm
particles, the resulting r, , values are comparable within the
experimental error, indicating the equivalence (for spin
dynamics) of PAA and CM-D coatings.

3.4 The Roch-Miiller-Gillis (RMG) heuristic model

The ry profiles were fitted using the Roch-Miiller-Gillis (RMG)
heuristic model®* (more details can be found in the ESI{) to
obtain microscopic information about the chemico-physical
properties of the MNPs. The obtained fitting curves are shown
in Fig. 9. This analysis provided insights into parameters such
as the core size r¢, the Néel relaxation time 7y, and the dis-
tance of minimum approach R between the magnetic centers
and the water molecules. The values of the parameters
extracted from the fit are summarized in Table 4. The fittings
were done by fixing the temperature T at 300 K, the diffusion
coefficient D at a theoretical value of 2.3 x 10™° m? s2, and the
saturation magnetization Mg at the values obtained from mag-
netic measurements, namely 87.8 Am” kg™" for the NS11 and
88.1 Am” kg™ for the NS14 sets.

Regarding the core radius, it was treated as a free parameter
for the smallest MNPs of the NS11 set, initialized with the
value estimated from TEM analysis and constrained within the
experimental error, while for the largest MNPs of the NS14 set,
it was fixed at the resulting rrgy value to allow for the conver-
gence of the fitting procedure. Regarding the fitting results, it
is found that the resulting core radius r¢ is compatible with
rrem. The Néel relaxation times 7y are of the order of 1072 s for
NS11, while for the NS14 set Néel relaxation times are of the
order of 107 s or less, in agreement with the proportionality
of the anisotropy and volume of MNPs.§ However, this 7y value
is longer than that usually observed for 14 nm-sized particles
(another sign of the high anisotropy of the NS14 set of par-

§on = oeh7: Arrhenius (or Voghel-Fulcher) law, where 7, is the pre-exponential
factor.
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ticles). The distance of minimum approach R resulted in
[1.6 nm + 3.3 nm] > ¢, suggesting the presence of a thick non-
permeable additional layer in both NS11 and NS14 sets.

In summary, the main outcomes of the fits by the Roch-
Miiller-Gillis heuristic model of the experimental longitudinal
r1 "H-NMR-d profiles are: (i) the Néel relaxation time 7y is on
the order of 107 s for the NS11 particles and on the order of
107° s for the NS14 ones. Considering the model constraints
(non-interacting particles) and the 7y < 7p condition, more
quantitative information about different coatings are difficult
to be estimated. (ii) The distance of minimum approach R
exceeds the core radius, indicating a thick, partially non-pene-
trable layer for both sets of MNPs and their coatings.

3.5 Magnetic fluid hyperthermia

In Fig. 10, the specific absorption rate (SAR) values evaluated
using eqn (2) at different AMF frequencies fand amplitudes H
are shown. As the coating is changed, no significant variations
are observed at each (v, uoH) combination, while if considering
the size variations, it is found that the largest NS14 particles
are more efficient in releasing heat; under the highest field
conditions (971.2 kHz, 20 mT), the NS14 set has a SAR of ~
170 W g™, while the NS11 set has a SAR on average of ~106 W
g~ ', In ref. 55, it is found that under the field conditions of
109.8 kHz and 20 mT, 10 nm DMSA-coated MNPs showed SAR
values comparable with our results under field conditions of
102.2 kHz and 20 mT for the NS11 set of MNPs (SAR ~ 8 W
g™ "), while if we consider 14 nm-sized particles under the
same field conditions, the results for our MNPs are ~50% less
efficient than those for MNPs described in the literature; this
discrepancy can be traced back to different synthesis tech-
niques: our MNPs were synthesized thorough MWe-assisted
thermal decomposition in a polyol medium, whereas in ref.
55, the synthesis was carried out thorugh classic thermal
decomposition in an organic medium. Additionally, the discre-
pancy may also arise from the reduced homogeneity of our
particle size distribution. By considering the work of Lemine
et al.,>® it is observed that 14 nm particles synthesized with a
sol-gel method, under similar field conditions (110 kHz,
18 mT), display a SAR value of 30 W g~!, meaning a lower
efficiency when compared with our results (~50 W g™ ).

It is worth being reminded that the LRT model (linear
response theory model), in which SAR = aH?"” is valid for & =
HoMs,VH ax/ksT < 1, where u, is the vacuum permeability, Mg,
is the volumetric saturation magnetization and kg is the

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 SAR values of the samples dispersed in water vs. the applied H
at different f values. The LRT model validity limits are indicated by the
grey bar (£ < 1 with its uncertainty). The continuous lines mark the best-
fitting curves obtained using the LRT model (applied within its validity
limits). The dotted lines represent the best fit to the free-exponent
model. The dark blue rhombi represent 971.2 kHz, the blue stars rep-
resent 598.9 kHz, the light blue flipped triangles represent 423.7 kHz,
the light yellow circles represent 250.8 kHz, the light brown triangles
represent 167.2 kHz, and the brown squares represent 102.2 kHz. (a)
NS11@CM-D. (b) NS11@DMSA. (c) NS11@PAA. (d) NS14@CM-D. (e)
NS14@PAA.

Boltzmann constant. The £ < 1 region is limited for the NS11
set in the 3.4 < poHpax < 10.2 mT range, while for the NS14 set,
it is limited in the 5.3 < poHmax < 24.7 mT range. Beyond these
limits, the free-exponent model SAR(H) = fH* was used.

3.6 SARvs.H

The SAR vs. field amplitude was investigated in and out of the
LRT regime.

For the smallest NS11 particles, the NS11@DMSA,
NS11@PAA, and NS11@CM-D samples are well represented by
the LRT model within the £ < 1 region (continuous lines in
Fig. 10a-c); for NS11@CM-D at a frequency of 971.2 kHz, the
model reaches its limits. On the other hand, the free-exponent
power-law model SAR(H) = H* was used out of the LRT regime
(¢ > 1) (dotted lines in Fig. 10a-c). The value of the exponent x
ranges from 2 to 3 and corresponds to regime behavior inter-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

mediate between the LRT model and the Rayleigh model, with
the latter being valid for multidomain particles and described
by the power-law model SAR = yH".

Regarding the largest NS14 particles, all data fall outside
the area of the LRT model and so they were fitted only with
the free-exponent power-law model. The fitting curves are in
agreement with the experimental data (dotted lines in Fig. 10d
and e). A small constant term was added to the SAR expression
to account for the contribution of the sample holder.

The energy absorbed by the MNPs and subsequently dissi-
pated in the environment is described by the imaginary sus-
ceptibility y” of the system. The susceptibility can be evaluated
by using the LRT model as y"(f) = aC/uqnf, where C is the con-
centration of the MNPs and «a represents the coefficient of the
slope of the quadratic power-law model used to fit the data
within the range of the LRT limits. Only the NS11 set satisfies
the ¢ < 1 condition, giving the possibility of calculating the »”
(f) values of NS11@PAA, NS11@DMSA, and NS11@CM-D,
which resulted in the range of 107>-107'; ¢ values were
extracted by fitting »"(f) as a function of f, using the
oM’V 2mfr
-~ 3kgT 1+ (2mf7)?’
volume of a single MNP and @ is the volumetric fraction occu-
pied by the magnetic material, calculated as Vxp/Vaisp (Ve iS
the volume occupied by all the MNPs and Vi, is the total
volume of the measured sample). The order of magnitude of 7
is 107® s, comparable to the results obtained from the
'H-NMR-d fit.

expression y" (f) where V is the

3.7 SARvs. fat constant H

Conducting further analysis, we focused on the SAR variation
vs. frequency f of the applied AMF at 10 mT, 20 mT, and
30 mT.

For the NS11 set, the SAR increases monotonously with f
for all the samples at each frequency.

For the NS14 set, one can observe a minimum at 167 + 32
kHz for every field amplitude and coating (see Fig. 11) (some
points are experimental while others were extracted from the
free-exponent fitting curves and marked in the graphs with
black arrows). A minimum is representative of a quasi-static
response of the system. The effective relaxation time z.¢ = 1/w
= 1/2xfmin Was evaluated with this tentative procedure, which
includes some approximations, and it was found to be (9.5 +
2.0) x 1077 s. Since the Brownian contribution can be con-
sidered negligible for this core dimension, it might be
assumed that z.¢ represents the Néel relaxation time, paying
attention to the fact that the size distribution of our MNPs
includes larger particles, and so this assumption may not be
entirely correct. The resulting value is consistent with the
values obtained from the "H-NMR Roch-Miiller-Gillis fitting
parameters, roughly confirming the order of magnitude of the
Néel correlation time, which is unusually long for spherical
particles of this size.

In summary, the NS11 set follows the linear response
theory model up to 24 mT, i.e., the quadratic model accurately
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Fig. 11 SAR vs. f of the NS14-coated samples at AMF amplitude H
values of 10, 20, and 30 mT. The black arrows indicate the points evalu-
ated from the free exponential best-fit curves.

describes the SAR increase with H, SAR = aH’, except in
NS11@CM-D for f ~ 971.2 kHz. The NS14 set never falls within
the LRT model validity conditions; thus the free-power law model
was applied (SAR = BH"), and the exponent value always fell
between 2 and 3, i.e., below the Rayleigh model value of x = 3.
For the NS11 particles, we estimated the imaginary com-
ponent of the susceptibility " inside the LRT regime, and
then we tentatively evaluated the effective correlation

. 1 1 1 . _ .
time — = — + —, which resulted of the order of 107’ s, in
Teff TN 7B

agreement with the NMR Roch-Miiller-Gillis model. The
Brownian rotation (zp) can thus be assumed to be irrelevant in
the heating release process, but it should be noted that the
size distribution of MNPs includes also larger particles that
can partially contribute through Brownian relaxation.

4 Conclusions

Spherical y-Fe,O; nanoparticles of different sizes and with
different coatings were investigated to assess their dual role as
contrast agents in magnetic resonance imaging and as heating
mediators in magnetic fluid hyperthermia.

It has been observed that (i) the combination of size and
coating turned out to be significant for small MNPs that can act
as T, MRI contrast agents, with the r, plateau of the NS11 set
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being increased about 2 times when PAA is used, a result that is
not reproduced in the NS14 set, possibly due to the lower surface/
volume ratio that leads to different effects (diverse dynamics of
surface spins, core spin contribution, etc.) and (ii) larger size
leads to more efficient hyperthermic agents for MFH.

Thus, this study shows how the NMR-detected spin
dynamics of nanosystems is subject to modification due to
morphological and surface properties. The understanding of
the variation of the corresponding physical properties could
allow their characteristics to be fine-tuned to optimize their
application performances across multiple fields of interest.
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