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Vanadium incorporation in ferrite nanoparticles
serves as an electron buffer and anisotropy tuner
in catalytic and hyperthermia applications¥
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Cancer research has gradually shifted its focus from individual therapies to a combination of them for
enhanced treatment effectiveness. In particular, the increased interest in the field of catalytic medicine
through nanozymes proposes promising combinations with photothermal therapy, photodynamic
therapy, and magnetic fluid hyperthermia (MFH). Nanozyme activity centers around the hydroxyl radical
‘OH, the most toxic of the reactive oxygen species (ROS). With a synergistic approach in mind, we studied
V,Fes_,O4 magnetic nanoparticles (MNPs) as agents for ROS production and heating. These MNPs were
exhaustively characterised both morphologically and magnetically. A compositional analysis through elec-
tron microscopy and spectroscopy unveils a core—shell structure with a V-rich shell. A study of the power
absorption of these MNPs fixed into a gel matrix, emulating cytosol viscosity, provides values of up to
1000 W g~ for samples with 0.5 wt% MNPs, an AC magnetic field amplitude of 65 mT and a frequency of
350 kHz, typical in the MFH application. A concentration of the "OH-adduct of up to 2300 nM has been
measured through electron spin resonance analysis as a result of peroxidase-like activity. Through the
comparison with similarly-sized ferrite MNPs, we determined that V incorporation lowers the magnetic
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1 Introduction

The concept of using nanomaterials to develop artificial
enzymes (“nanozymes”) was proposed approximately 16 years
ago, following the discovery of intrinsic peroxidase-like (POD-
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anisotropy and serves as an electron buffer, explaining the enhanced MFH and ROS-production results.

like) catalytic activity in iron-oxide magnetic nanoparticles
(MNPs)" serving as heterogeneous catalysts in Fenton reac-
tions. In the homogeneous Fenton reaction, reactive oxygen
species (ROS) such as the hydroxyl ("fOH) and hydroperoxyl
("OOH) free radicals are produced through®

k=63M's!

Fe?t + H,0, — Fe*" +"OH + OH "~ (1a)

Fe*t + H,0, — Fe’' +"O0H + H" k' =0.001 M ' s (1b)

where k and k' are the corresponding kinetic constants. As k'
< k, reaction (1b) is the limitant and Fe®" is neatly “con-
sumed” during experiments.

One of the primary objectives of this field is to utilize "OH,
the most toxic of the ROS, to initiate oxidative stress in biologi-
cal systems at the cellular level. This process enhances mem-
brane permeability, rendering cells more susceptible to
exogenous stimuli such as heat. Given the fact that certain
MNPs can also function as heating agents for magnetic fluid
hyperthermia (MFH) applications, there is significant interest
in studying synergistic effects between heating and enzymatic-
like activity for cancer therapies.*”

From the perspective of using MNPs as nanozymes, current
research focuses on the optimization of ROS production by
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modifying the size, structure, morphology, and surface of the
MNPs,® as well as the material they are composed of. In par-
ticular, for experiments with a fixed MNP mass, an increased
surface-to-volume ratio is desired as it provides more super-
ficial active sites.””®

In MFH application, an AC magnetic field with frequencies
between 100 kHz and 1 MHz is applied to cells or tissues with
MNPs. As these are high dynamic viscosity environments, the
main relaxation contribution is given by the Néel mechanism
(i.e., the orientation of the moment through an energy barrier
Eg).° The relaxation process takes a characteristic time, known
as the relaxation time z, which for the Néel mechanism is*°

E
T =1y €Xp (kB—';), (2)

where 7, ~ 107'°-107 s, ky is the Boltzmann constant and T is
the temperature. As the energy barrier Ep is proportional to
K.V, where K is the effective anisotropy constant and V is
the volume of the MNPs,"" modifying K. is one of the strat-
egies used to tune both the energy barrier and the relaxation
time. This effective anisotropy arises from the combined con-
tributions of magnetocrystalline, shape and surface
effects.”>

In particular, one of the usual materials chosen for MNPs
in this application is magnetite (Fe;O,) because it is approved
by the US Federal Drug Administration (FDA) for clinical
assays.'>'® Efforts are underway to reduce K¢ through divalent
cationic substitution (e.g.,, Ni**, Zn**, and Mn*").""?* As a
result of the diminished energy barrier and relaxation-to-
measurement time ratio, this can lead to minor loops with an
increased enclosed area,>*** and thus, an enhanced specific
loss power (SLP) with respect to the unsubstituted ferrite
systems.

However, obtaining MNPs that produce considerable
amounts of ROS and exhibit a satisfactory heating response in
MFH is challenging. On the one hand, although ROS pro-
duction is benefited from MNP size reduction, MFH imposes
limitations on it, as MNPs with sizes below 30 nm result in a
significant decrease in their specific loss power (SLP).>> On the
other hand, although MFH may benefit from divalent cationic
substitution, it is important to note that Fe®" plays a crucial
role in the POD-like activity of iron-oxide MNPs," and there-
fore, its substitution is not desirable.

Certain vanadium (V) compounds have garnered interest as
potential therapeutic agents for treating major health issues
such as atherosclerosis, diabetes, and cancer.>®*” Numerous
studies indicate a correlation between vanadium toxicity and
ROS, which can induce mitochondria-mediated cell apoptosis
and affect signal transduction pathways.>®* Its use in substi-
tuted-ferrite MNPs for MFH is just starting to be explored, pro-
curing its genomic safety.**

In this study, we synthesised V ferrite (V,Fe;_,0,) MNPs by
adding a V** precursor in the synthesis. These MNPs were
designed to exhibit a significant performance in both catalytic
and MFH applications. On the one hand, the Fe** ion was
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retained in the structure, with only a small amount of V**
introduced to lower K. On the other hand, the mean size (d)
was targeted to be around 30 nm to achieve considerable SLP
values, as ferrite systems of these sizes have been reported to
exhibit such properties.>>**>*® The MNP structure was exten-
sively characterized using various techniques, revealing a core-
shell structure with a V-rich shell, which affects catalytic
activity where surface ions play a key role. The performance in
MFH was obtained through the determination of the SLP by
AC magnetometry and ROS production was assessed by elec-
tron paramagnetic resonance (EPR) analysis, yielding consider-
able values in both cases. The comparison with a similarly-
sized ferrite MNP makes clear the enhancing effect of V incor-
poration: lowering anisotropy and providing electrons for MFH
and catalysis, respectively. This underscores the importance of
targeted MNP design for the optimization of therapeutic
applications.

2 Results and discussion
2.1 Structural and magnetic characterisation

We used the thermal decomposition method to synthesise
V,Fe;_,O, MNPs. Reports on this synthesis route state that the
final average MNP size and morphology depend on experi-
mental parameters such as the boiling point of the solvent,
boiling time, agitation speed, temperature ramping speed of
the different steps, the chemical nature of the precursor, the
precursor/surfactant/diol ratios, etc.*”~*> More details on the
experimental parameters used in this particular synthesis are
given in section 4.1.

From transmission electron microscopy (TEM) images (see
Fig. S1f), we obtained the size distribution of the MNPs
through statistical analysis and fitted it by a lognormal distri-
bution, as shown in the inset of Fig. 1(a). More details on this
process are given in section 4.2. We determined a mean MNP
characteristic size of (d) = 33 nm and a standard deviation ¢ =
4 nm. The high-resolution transmission electron microscopy
(HRTEM) image shown in Fig. 1(b) reveals the high crystalli-

9726 30 40 50 60 70 80

d (nm)

Fig. 1 (a) STEM image of the synthesised V,Fes_,O4 MNPs, the inset
presents the characteristic-size histogram. The dashed line shows the
lognormal fit of the distribution. (b) HRTEM image of an individual MNP;
the inset shows the FFT of the HRTEM image with the cubic spinel struc-
ture lattice planes being indicated.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) M(H) curve measured at T = 5 K. The inset shows the region around H = 0 highlighting a coercive field Hc(5 K) = 45 mT. (b) M(T) curve

acquired using the ZFC (full symbols) and FC (open symbols) protocols. (c) Angular dependence of the resonance field Hg obtained from the FMR

spectra at T = 300 K. The continuous line is the fit of the data.

nity of the MNPs and enables us to confirm their FCC crystal-
line structure by the indexing of its fast Fourier transform
(FFT) to the spinel phase, shown in the inset of Fig. 1(b). This
structure is also confirmed by the analysis of a large number
of MNPs through their selected-area electron diffraction ring
pattern, whose indexing enables to estimate the lattice para-
meter of a = (8.60 + 0.09) A (see Fig. S1t). It is also possible to
observe from the scanning transmission electron microscopy
(STEM) image the presence of faceted MNPs with cubic and
hexagonal projections (see Fig. 1 and Fig. S27).

Moreover, the relative abundance of V and Fe was obtained
from energy-dispersive X-ray spectroscopy (EDX) analysis in
scanning electron microscopy (SEM). More details on the
methodology are given in section 4.3 and one of the spectra
can be found in Fig. S2.1 The chemical stoichiometry formula
of the material was determined to be V,,¢Fe,-40,4, which
reflects a good V ion incorporation if we consider that 0.3 mol
were originally intended.

Regarding the magnetic behaviour of the MNPs, hysteresis
loops M(H) measured at T = 5 K, shown in Fig. 2(a), provided a
saturation magnetisation value of M5 K) = 85 Am* kg™,
which decreased to My(300 K) = 77 Am* kg™ at room tempera-
ture (see Fig. S21). Despite this reduction, usually related to
surface effects when considering MNPs, the M, values
obtained were only 13-16% lower than values reported for
bulk magnetite, that has the highest saturation magnetisation
among the ferrite compounds.** This reflects, once again, a
good crystallinity of the samples as was previously determined
through HRTEM.

The magnetisation as a function of temperature M(T)
curves obtained using the zero-field cooling (ZFC) and field-
cooling (FC) protocols are shown in Fig. 2(b). An increment of
M with T is displayed in the ZFC curve at T =~ 90 K, associated
with a Verwey transition, widely reported for other kinds of
ferrite MNP systems.**™*® The absence of both a clearly-
defined maximum in the ZFC curve and a Curie-like decay
reflects that a fraction of the MNPs is still blocked at room
temperature. Moreover, the plateau observed in the FC curve
below 100 K evidenced interactions between MNPs, even if the

This journal is © The Royal Society of Chemistry 2025

sample was dispersed low
concentration.

To further investigate the magnetic properties of the MNPs,
ferromagnetic resonance (FMR) measurements were per-
formed in an oriented sample.”” More details on sample
preparation can be found in section 4.4. The spectra for
different orientations of the sample with respect to the exter-
nal magnetic field 6 were recorded (see Fig. S31) and the reso-
nance field uoHg was extracted from the field values where the
derivative of the absorption is 0. The angular dependence of
the resonance field (uoHg vs. 8) shows a maximum at 90° and
two minima at 0° and 180°, which corresponds to the defi-
nition of uniaxial symmetry. Our samples, like all ferrite com-
pounds, exhibit cubic magnetocrystalline anisotropy. However,
the effective anisotropy of the sample results from the com-
bined contributions of magnetocrystalline, shape and surface
anisotropy, among others.

Both Raikher et al. and later De Biasi et al.***° studied the
FMR spectra of uniaxial-anisotropy MNPs based on the shape
contribution to anisotropy. De Biasi et al derived an
expression for the angular variation of the resonance field
from Smit and Beljers’ formalism in the linear approximation.

deduced

in epoxy resin at a very

We used their expression o Hg(0) = C; —

3 .
E'MOHK cos?( + C,) to fit our FMR data, where C; and C, are

constants.*® Fig. 2(c) shows agreement between the measured
data and this fit, from which the value of the anisotropy field
uoHy = 46 mT was obtained.

This uniaxial symmetry for effective anisotropy of single-
domain MNPs is commonly accepted and is used to model the
effective behavior of iron-oxide nanoparticle systems
(with cubic magnetocrystalline anisotropy) under MFH
conditions.”**?* It is sometimes argued that MNPs are not
completely spherical and that a subtle elongation in one direc-
tion can contribute to the effective anisotropy not being
cubic.' A very recent study®® highlights that both uniaxial and
cubic + uniaxial anisotropy describe the power absorption of
MNPs as a function of the applied MFH field similarly. This
study shows that the addition of the cubic term is relevant for

Nanoscale, 2025, 17,10205-10218 | 10207
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low intensities of the magnetic field (less than 10 mT), which
does not apply to the FMR conditions.

The anisotropy field value obtained from FMR, together
with the saturation magnetisation M(300 K) = 77 Am* kg™
and a density p = (5-5.2) kg m ™, yields an effective magnetic
anisotropy constant K¢ between (0.88-0.92) x 10 Jm™ at T =
300 K. Both of the p limit values used correspond to the ones
reported for the MnFe,O, and Fe;O, spinel structures in the
bulk phase, respectively.*®> The obtained uoHyx values are
slightly below (~16-20%) the magnetocrystalline anisotropy of
bulk phase Fe;0,.

2.2 Compositional analysis

Focusing on the chemical nature of the material, Fig. 3(a)
shows an X-ray photoelectron spectroscopy (XPS) survey spec-
trum, where we identified the intensity peaks corresponding to
the Fe (Fe 2p) and V (V 2p) edges, besides those of oxygen (O
1s, both from sample and sample support) and carbon (C 1s,
from the sample support). The information on the oxidation
state of Fe and V in our MNPs is obtained by a detailed ana-
lysis of high-resolution XPS spectra, which are shown in
Fig. 3(b)-(d). As previously reported, the oxidation states
corresponding to different ions can be determined by the pres-
ence of characteristic satellite peaks. For Fe coordinated by
oxygen in the cubic spinel structure (as in the ferrite com-
pound that is being analysed), the two main peaks appear at
710.3 and 723.8 eV, which correspond to Fe 2p;, (L; edge) and
2p12 (L, edge) respectively. In the case of Fe*, its fingerprint
is the existence of a 2pj;, satellite peak at a binding energy of
around 719 eV, while for Fe*" this satellite peak appears at
around 715.5 eV. The absence of the satellite peak between
both L; and L, edges®"* is usually associated with the pres-
ence of both Fe*" and Fe®" species like in the case of the mag-
netite compound Fe;0,.

Based on this evidence, it is clear that Fe** is present in our
sample, due to the marked satellite peak at 719 eV [red peak in
Fig. 3(b)]. However, the widening of the Fe 2ps, component
reflects the presence of a multiplet splitting, commonly
present in atoms with unpaired electrons, in which the coup-
ling between the unpaired electrons in the core with the
unpaired outer shell electrons creates a number of final states
that will manifest in the XPS spectrum, as has been reported

View Article Online
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in detail for several transition metals, including Fe.”* In our
case, ten satellite peaks have been identified in the energy
range between 708 and 716 eV, five for each iron species [rep-
resented by blue peaks for Fe* and orange for Fe®" in
Fig. 3(b)]. From this analysis, the total content of the different
Fe species corresponds to 32% for Fe** and 68% for Fe*" (see
Fig. S4t1), which is in accordance with the relative percentages
in magnetite.

Regarding V, Fig. 3(c) shows the V 2p,,, and V 2p;,, edges
centered at 524 and 517 eV respectively, with a separation of
only 7 eV. This is consistent with the presence of V°*. However,
V> species, which lack unpaired valence electrons, typically
exhibit a single sharp line. This is not the case here, as
Fig. 3(c) clearly shows a broadening around 515 eV. Similar to
the case of Fe 2pj3,, this broadening indicates the presence of
multiplet splitting compatible with V**, which matches pre-
viously reported spectra for this species.> The presence of V°
species was ruled out, as its characteristic peak at around 513
eV, accompanied by a satellite peak at 519 eV, was not observed
in our data.

The presence of V>* might seem unexpected given that our
vanadium precursor has only V with the +3 valence [V(acac);].
However, it is important to note that XPS is a surface-sensitive
technique with a depth range below 10 nm. Consequently, the
data and compositions collected in Fig. 3 primarily reflect the
surface of the MNPs, which could have oxidized, resulting in
an increase in the oxidation state of both V and Fe species.
Quantification indicates that V species are present as 62.5%
V>" and 37.5% V" (see Fig. S41).

To further our compositional analysis, chemical compo-
sition maps were obtained using electron energy-loss spec-
troscopy (EELS) performed in STEM mode on individual
MNPs. We show the representative analysis of an individual
MNP [Fig. 4(a)], with Fe, O, and V intensity maps depicted in
Fig. 4(b), accompanied by the total chemical map obtained
through the sum of the individual elements. The total chemi-
cal composition map reveals that V is concentrated at the
borders of the MNPs and is distributed inhomogeneously.
This increased intensity at the surface is confirmed by compar-
ing two spectra of the V-L and the O-K edges obtained from
the shell and core regions, which shows a strong increase in
the V-L double peak intensity in the shell region (Fig. S57).

a b c d
~ 4 3l 0 .
‘\C_) g S st gs
53 e 0 1s x 2.5 = 10 < 5
2 /4‘bi wFe2p | & % 3.
<2 ‘%é 1 Q20 Gos &
2 o S,
> :
2 q‘ /% %15 Fospe S ol Latice
§ 1 L ;/ Ci1s E : § iy § e
=0 L ] E10 = ) |
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Fig. 3
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(a) XPS survey spectra. XPS spectra of regions corresponding to (b) Fe, (c) V and (d) O. Open symbols show the experimental data, while the

solid black line corresponds to the envelope curve obtained from fitting the background-subtracted spectra.
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Fig. 4 Elemental mapping performed by EELS-spectrum image on an isolated V,Fes_,O4, MNP. (a) STEM image of the MNP. (b) Compositional maps
of different elements and the total one for the area marked by the white rectangle in (a). (c) Atomic percentage (excluding O) as a function of the
position extracted from the area marked in orange also in (a). The arrow denotes the direction of increasing position.

Regarding the O-K and Fe-L edges, their intensity decreases
due to the reduced thickness of the MNP at the shell. A compo-
sition line profile across the MNP indicates a V : Fe ratio of 1: 2
in the shell and 1:9 in the core [see Fig. 4(c)]. This evidences
that the incorporation of V was not uniform and was in fact
richer in the shell of the MNPs. It is worth noting that the EDX
data collected in the SEM yields a 0.26:2.74 ~ 1:10 V:Fe
ratio, which is similar to the ratio obtained in the core through
EELS. As the shell is really thin, the core makes up the
majority of the MNP and better reflects the average
composition.

In addition to compositional maps, EELS data can be used
to analyse the valence of the involved species. Particularly, the
O-K peak is highly sensitive to the oxygen’s chemical environ-
ment. The O-K spectrum corresponding to the core of the
MNP (Fig. S51) depicts a strong peak at 532 eV, typical of mag-
netite (Fe;0,4).>> Even more, the Fe-L; edge agrees with a mag-
netite structure in the core showing a highly overlapping
doublet characteristic of the combination of Fe** and Fe*".>®
The intensities of both O-K and Fe-L are not only found to
decrease in the shell region, but the spectra also change in
shape. The O peak at 532 eV practically disappears and is
broadened and reduced in intensity for the V-rich shell. The
shape of the Fe-L edge only changes slightly as the higher-
energy peak of the doublet seems to increase in intensity. The
V-L edge exhibits two peaks, which appear slightly sharper
and with a minor shift to higher energy in the shell region.

We could not find literature data on EELS from V ferrite
specimens, but a comparison to spectra obtained from both Fe
and V oxides can be used to estimate the valence and the
difference between core and shell.’°>® The O-K edge of
vanadium oxides indeed shows the absence of the strong peak
at 532 eV observed in magnetite, but a further interpretation is
difficult as it is strongly influenced by the presence of other
metals.’” The same is true in the case of the Fe-L; edge, where
the peak at higher energy is attributed to Fe*". The observed
small increase of this contribution thus could suggest a higher
oxidation state of Fe in the shell, but could as well be caused

This journal is © The Royal Society of Chemistry 2025

by the increased presence of V. A clear identification of the V
valence is challenging, but the trend towards higher energy
and sharper peaks observed in the shell might reflect an
increase in the V oxidation state,”” which agrees with the
observations of V°* made through XPS. The identification of
the valence in the shell and core regions would require refer-
ence V ferrites spectra and a more complex analysis with high
spatial resolution.

2.3 Magnetic hyperthermia application

As the ultimate goal of these MNPs is their application in com-
bined medical therapies, characterizing them in a medium
that can emulate the biological environment is crucial for
accurately assessing their heating performance. To mimic the
intracellular viscosity,”® MNPs were fixed in polyacrylamide
gels with 8% acrylamide, which has a viscosity similar to
cytosol.®® AC magnetometry under typical MFH conditions was
measured for these gels.

Two spatial MNP configurations were used: dispersed and
oriented. In the oriented configuration, MNPs were exposed to
an alternating magnetic field of 40 mT during the polyacryl-
amide polymerization process. The oriented samples exhibit
elongated arrangements aligned with the direction of the alter-
nating field applied during preparation (see Fig. S671). This
orientation was considered to investigate whether MNPs aggre-
gating into elongated agglomerates can enhance the SLP
values with respect to the dispersed system, as supported by
current consensus.”*®'"® As the SLP can be quantified from
the enclosed area of the sample’s hysteresis loop (see section
4.8), they were measured under MFH conditions for two MNP
concentrations (0.1 and 0.5 wt%) and the aforementioned
configurations (dispersed and oriented). Two MFH frequencies
(f = 132, 350 kHz) and magnetic field intensity amplitudes
HoH, up to 90 mT were used, as depicted in Fig. 5.

Across all parameter combinations, the oriented sample
shows a slightly more rectangular hysteresis loop shape®®
and higher magnetic susceptibility [Fig. 5(e)-(h)] when com-
pared to the dispersed sample [Fig. 5(a)-(d)], yielding SLP

Nanoscale, 2025, 17, 10205-10218 | 10209
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Fig. 5 Comparison of AC hysteresis loops under MFH conditions for (a—d) dispersed and (e—h) oriented MNPs fixed into polyacrylamide gels, for
measurements at 132 and 350 kHz and at MNP concentrations of 0.1 and 0.5 wt%. (i—-1) Comparison between SLP vs. uoHq curves for both configur-
ations, for measurements at 132 and 350 kHz and at MNP concentrations of 0.1 and 0.5 wt%. The dashed blue boxes represent the region when the

safety condition H x f <9.59 x 10° Am~t s is fulfilled.

values up to 25% higher [marked with blue arrows on Fig. 5(i)
and (k)]. Additionally, the SLP as a function of the field ampli-
tude curve reaches a saturation value around 60 mT, similar
both the oriented and dispersed samples. This
indicates that, at high field amplitudes, orientation has
negligible effects on the area enclosed by the hysteresis loop
(i.e., on the SLP).

for
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Interesting differences have been observed between
measurements at 132 and 350 kHz. While SLP values are
almost the same for the 0.1 and 0.5 wt% samples at low fre-
quency (f = 132 kHz) [Fig. 5(i) and (k)], the SLP at high fre-
quency (f= 350 kHz) for the 0.1 wt% samples is slightly higher
than that of the 0.5 wt% one [Fig. 5(j) and (1)]. This could be

related to a dipolar-interaction effect. In the sample at a con-
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centration of 0.5 wt% in MNPs, the average distance between
them is smaller than that at 0.1 wt%, which can increase the
probability of agglomeration during preparation. At f = 132
kHz, the measurement time is longer than that at 350 kHz,
which increases the thermal fluctuation of the magnetic
moment between energy minima,>” regardless of their agglom-
eration. However, when the measurement time is shorter (at
f =350 kHz), the interaction effects become more pronounced.
Consequently, the different behavior observed for the concen-
trations analysed are more apparent at higher frequencies.

Another important aspect of medical therapies is the safety
conditions for the final application. When discussing MFH,
the safety conditions are imposed by an upper limit to the
product of the magnetic field intensity and frequency H x f,
encompassing the experimental conditions in which eddy-
current effects are manageable for the patient. It was initially
established by Atkinson-Brezovich®® but many research groups
are emphasising the necessity of redefining the threshold. A
recent study establishes that H x £ <9.59 x 10° Am™" s~ is safe
when considering both local and systemic physiological effects
of MFH.®” Taking this limit into account, the safe region is
showcased through the blue rectangles for the SLP as a func-
tion of field intensity amplitude curves in Fig. 5(i)-(1). It is
important to balance the parameters involved in MFH to
achieve the optimal SLP performance while ensuring a safe
treatment for the patient.

First of all, Fig. 5(i)-(1) illustrate something intuitive: when
the frequency or MNP concentration is lower, higher field
intensity amplitudes are needed to achieve a given SLP value.
However, even for low frequencies or MNP concentrations,
considerable SLP values within the safe limits are obtained
with V ferrite MNPs (around 300 Wg™!, sometimes even
higher). It is worth noting that we obtained these values for
MNPs fixed in a gel matrix, with different degrees of agglom-
eration,®® where relaxation will be achieved through the Néel
process. Even more, when we ease up on the safety conditions,
SLPs up to 1000 Wg " were obtained.

2.4 ROS production

Based on our compositional analysis with the XPS presented
in section 2.2, which indicates that there is a higher concen-
tration of V°* on the surface of the MNPs, a detailed catalysis
study is crucial. The surface of the MNP plays a leading role in
these applications. Therefore, to gather catalytic information
on our MNPs, we performed EPR studies to quantify the free
radicals produced by our V ferrite MNPs.

To detect free radicals formed due to the POD-like activity
of these MNPs through EPR, a spin-trap solution is needed to
increase their half-life time. We used DMPO in a DMSO solu-
tion and detected the adduct radicals formed by the inter-
action of DMPO/DMSO with the original radicals. An MgO
crystal with Mn”>* impurities was attached to the sample
holder tubes and used as the reference signal. Six spectra were
recorded at 10-minute intervals following the MNPs’ exposure
to H,0,. Fig. 6(a) shows the spectra obtained at 10 and
60 minutes after the addition of H,0,, along with their corres-
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Fig. 6 (a) EPR spectra of adducts obtained for nanoparticles in DMPO/

DMSO after 10 and 60 min since H,O, addition. (b) Adduct concen-
tration as a function of time after addition of H,O,.

ponding fits. The full-time evolution of the spectra can be
found in Fig. S7 and their fitting parameters in Table S2.}

As previously reported,’® each spectrum depicted in
Fig. 6(a) consists of the resonance signals from five different
paramagnetic species. The outer lines correspond to the
central resonance lines of the Mn”" ions in the MgO crystal
used as reference. The DMPO/"OH adduct spectrum (marked
with “*”) shows four lines with a 1:2:2:1 intensity ratio
(from the convolution of 6 resonances), resulting from the
hyperfine splitting due to the interaction of the electronic spin
with the nuclear spin of a nitrogen and a hydrogen in DMPO.
The DMPO/'OOH adduct spectrum (marked with “+”) displays
six lines surging from the convolution of 12 resonances,
corresponding to the hyperfine interaction of the electron spin
with the nuclear spin of a nitrogen and two hydrogens in
DMPO. The DMSO/'CH; radical contribution (marked with
“+”) arises from a secondary reaction of DMSO with the ‘OH
radicals produced. Additionally, three broad lines denoted
with “@” are related to the interaction of the electron spin of
oxidized DMPO with the nuclear spin of nitrogen in it
(DMPO/'N) and is intrinsic to DMPO.

The net concentration of adducts formed is determined
quantitatively by comparing their signals to those produced by
Mn®>" impurity as described in our previous work.®® The results
are presented in Fig. 6(b) and details on the calculation can be
found in section 4.9.
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Regarding the DMPO/'OH adduct, we observe that a con-
centration of (1400 + 200) nM is detected 10 min after the
exposure to H,O, and it increases systematically during the
experiment, reaching (2300 + 200) nM after 60 min. Contrarily,
the maximum concentration of the DMSO/"CH; adduct is the
initial one, (1000 + 100) nM, and has a decreasing trend
throughout the experiment. This is coherent with the fact that
the DMSO/'CH; adduct is produced by a secondary reaction of
DMSO with the available formed ‘OH radicals and this
amount decreases with increasing DMPO/'OH adduct
formation.

Although there is DMPO/"OOH adduct production, the con-
centration values are always smaller than 100 nM. This implies
that V°* in the shell of the MNPs can only produce this radical
and does not play an important role in the catalytic activity of
the compound. The concentration differences between
DMPO/'OH and DMPO/'OOH adducts also lie in their respect-
ive radical formation kinetics. The formation of ‘'OOH has a
slower kinetic than the formation of ‘OH”® and thus limits the
reaction with DMPO.

The increasing concentrations registered for the DMPO/"OH
adduct are not common for experiments with ferrite catalysts
for this time span, where a saturation concentration is usually
already reached at 60 min. The implications of this finding
will be discussed in section 2.5, where we compare application
results in our V ferrite with a similarly sized typical undoped
ferrite.

2.5 The effect of V for the applications

We have evaluated the performance of the synthesised V ferrite
in MFH and ROS-production applications, but in order to
determine the effect of V in the structure, comparison with
another MNP is needed. In fact, a similarly-sized undoped
ferrite MNP is ideal for the comparison, as ROS production is
greatly affected by the surface-to-volume ratio of the agents.”®
MNPs with a size of ~30 nm were prepared through an ana-
logous thermal decomposition synthesis, without the addition
of V(acac);. Details can be found in section 4.1. A representa-
tive TEM image of the prepared ferrite MNPs is displayed in
Fig. 7(a), alongside their size distribution [Fig. 7(b)]. Their
mean size iS (d)ferrite = 25 Nm with a standard deviation of
Oterrite = 7 M. Being slightly smaller than the V ferrite MNPs

Fig. 7 (a) TEM image of the ferrite MNPs. (b) Characteristic-size histo-
gram. In continuous line, the lognormal fit of the distribution is shown.
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that we have analysed throughout this article, we expect an
enhanced ROS production. The same experiments that we pre-
sented for the V ferrite were carried out with these ferrite
MNPs.

Regarding MFH, polyacrilamide gel phantoms at 0.1 and
0.5 wt% in ferrite MNPs were also prepared, both for dispersed
and oriented configurations. Their AC hysteresis loops at 132
and 350 kHz were measured for several magnetic field inten-
sity amplitudes. From their area and corresponding experi-
mental frequency, the SLP was calculated and compared with
the ones presented in section 2.3 for the V ferrite MNPs. The
comparison is displayed in Fig. 8 for all of the 0.5 wt% gels. As
the results are analogous to that for the 0.1 wt% concentration,
they were included in Fig. S8t to ensure a clear and organized
discussion here.

We have already seen for the V ferrite that oriented samples
have higher SLP values than their corresponding dispersed
sample at the same concentration and under the same experi-
mental conditions (section 2.3). The same trend was repro-
duced for the ferrite MNPs. However, the difference between
the oriented and dispersed configuration is less pronounced
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Fig. 8 Comparison between SLP values for ferrite and V ferrite MNPs
dispersed and oriented in polyacrylamide gels, for measurements at (a)
132 and (b) 350 kHz at a MNP concentration of 0.5 wt%.
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for the ferrite MNPs than for V ferrite ones, which is coherent
with their smaller size. As the size of the MNP decreases, their
relaxation is more influenced by thermal fluctuations and this
counteracts the effect of dipolar interactions on the
hysteresis.>®

It is also noticeable that the SLP as a function of u,H, satu-
rates for the V ferrite samples in the field intensity amplitude
range explored. Meanwhile, the ferrite sample needs higher
amplitudes to reach its maximum (which would be the
optimum) SLP value, which means that the effective energy
barrier Ep that an MNP needs to surpass in order to orient is
bigger. This fact cannot be explained by the size difference
between both samples, as Ez « K.V, where V is the volume of
an MNP. This implies that the V ferrite MNPs have a lower
effective magnetic anisotropy than the ferrite ones,”® which
corroborates the working hypothesis that, by doping the ferrite
with V, the effective anisotropy can be diminished to achieve
better MFH performances.

Finally, for some magnetic field amplitudes, the SLP values
obtained with V ferrite are up to 1.5 times higher than the
ones from the non-doped ferrite, with only a slight decrease of
the effective anisotropy K. It is important to keep in mind
that the dependence of the SLP on MNP-intrinsic parameters
(such as effective anisotropy, size, saturation magnetization,
dipolar interactions) and experimental conditions (AC field
intensity and frequency, as well as medium viscosity) is
complex. A model is needed to explain the effect of the
decrease in K.¢ on the SLP and it is imperative to have infor-
mation on MNP agglomeration to grasp interaction effects.

To measure their ROS production, ferrite MNPs were dis-
persed in a DMPO/DMSO solution and again six EPR spectra
were taken at 10-minute intervals once H,0, was added to the
solution. The amount of adducts formed through the inter-
action of free radicals with DMPO and DMSO molecules was
once more quantified by comparing a reference Mn”>" signal
with the adduct one. The parameters obtained through the
fitting of the EPR spectra corresponding to ferrite MNPs are
displayed in Table S3.f The comparison between ROS pro-
duced for ferrite and V ferrite is shown in Fig. 9 for the
DMPO/'OH adduct and in Fig. S97f for the rest of the species.

We can see that the DMPO/'OH adduct concentration deter-
mined for the ferrite sample is initially (1100 + 110) nM and
saturates at around 1400-1500 nM at 30 min. This behaviour
is typical of ferrites,*®”" that catalyse a quick "OH production
(reflected in the DMPO/"OH adduct formation) that suddenly
becomes limited by the Fe** content (as the other reactant,
H,0, is in excess). This produces a saturation to a maximum
value of the DMPO/'OH adduct concentration and, when
enough time is given, a diminishing of it®>”" occurs due to
surpassing the half-life time of the adduct.

The difference in the DMPO/'OH adduct concentration
trends as a function of time for ferrite and V ferrite needs to
be addressed as there are competing interests to take into
account: the size of the MNPs and the catalyst concentration
availability on their surface. Considering that the mass used in
the experiments was the same for both MNPs and assuming
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Fig. 9 DMPO/ OH adduct concentration as a function of time after the
addition of H,O, for ferrite and V ferrite MNPs in DMPO/DMSO.

that the catalyst density on the surface is not modified, the
surface-to-volume ratio would account for an ~1.3 increase in
the production for the smaller MNPs (i.e., ferrite ones), which
is not observed.

From XPS and EELS measurements, we gathered that we
have a V-rich shell, which forces us to consider the different
reactions taking place. Initially, we have both V** and V** but
V2" and V** can be obtained in small amounts as byproducts
of Fenton-like reactions. We propose the reactions

v¥* + H,0, — V¥ +"OH + HO™ (3a)
v* + H,0, — V' +"OH + HO™ (3b)
V¥ 4+ H,0, — V3" +'O0H + HO™" (3c)
V5T + H,0, — V*" 4+ "OOH + HO™ (3d)

taking place at the same time compared to those of Fe**/Fe®*
(section 1), with reactions (3c) and (3d) being the limitants as
we did not measure a significant increase in the DMPO/"OOH
adduct production for V ferrite. This implies that the multiple
oxidation states of V facilitate electron transfer to H,O,, provid-
ing multiple steps in which OH is produced. Previous
reports agree on the mechanism for other mineral systems
containing V> and on a higher photocatalytic activity from
V¥ V¥ than v**.7

Another possible route for enhanced "OH production is
that, as Fe*" on the surface of the MNP oxidises from its POD-
like activity, an electron (e”) migration from the core of the
MNP reduces it again. This happens with magnetite in the
initial steps of catalysis due to its high conductivity, but as it
oxidises to maghemite, conductivity decreases drastically and
the electron transfer is hindered.”* We consider that this
mechanism is not the greatest contribution to the enhanced
‘OH production for V ferrite because systematic studies of V
incorporation in different ferrites report an impoverished elec-
trical conductivity.”
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We have already stated that the multiple oxidation states of
V facilitate electron transfer to H,O,, but it can also serve to
reduce Fe*" and replenish the surface of Fe*" as

Fe’" fe” = Fe’", Epaper =077V (4a)

V¥ fem = VL Bl e = 0337V (4b)

where E° is the corresponding standard potential.”® This
means that the energetically favoured reaction (AE > 0) is the
reduction of Fe** coupled with the oxidation of V**, as
Egers e+ > Eyac jyar, yielding

Fe’t + V3" — Fe?t + v AE=0.433V. (5)

An analogous reduction of Fe*' is
compounds.”’

To summarise, in any of the mechanisms proposed for reac-
tions (3) and (5), V acts as an electron buffer that enhances
POD-like activity by catalysing the reaction by itself or by redu-

cing Fe*" to recover the active Fe>* ion.

reported for Al

3 Conclusions

This article presents a systematic characterisation of the struc-
tural and magnetic properties of V ferrite nanoparticles, com-
plemented by experiments both on magnetic hyperthermia
and reactive-oxygen-species production.

Regarding the sample preparation, we have obtained a pro-
minent V incorporation in the ferrite matrix of approximately
87% of the nominal value that was initially calculated for the
synthesis. This allowed us to obtain a reduction in the an-
isotropy constant of approximately 20% compared to the value
of bulk magnetite.

Regarding the composition of the prepared V ferrite nano-
particles, we have verified that there is an increased V pro-
portion on the surface of the MNPs, providing a V-rich shell
which plays an important role in catalysis applications.

Magnetic hyperthermia experiments for these V ferrite
nanoparticles dispersed and oriented in polyacrylamide gels
(that emulate cytosol’s viscosity) show large specific loss power
values of up to 1000 W g~ for samples with 0.5 wt% in nano-
particles, a magnetic field amplitude of 65 mT and a frequency
of 350 kHz. The oriented samples show larger specific loss
power values in comparison with their dispersed equivalents,
which highlights that for these elongated aggregates and con-
ditions, dipolar interactions favour magnetic hyperthermia
performance.

A study on the catalytic activity of the V ferrite nanoparticles
through the evaluation of adduct formation provide important
information on POD-like activity that is sustained through
time for 1 h long experiments, reaching concentration values
of up to 2300 nM for the adduct associated with the "OH
radical.

Finally, we complemented our studies with a comparative
analysis between these V ferrite and similarly-sized conven-
tional ferrite nanoparticles. The comparison yields that the V
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ferrite effective anisotropy was lowered through V incorpor-
ation in the structure, enhancing the specific loss power in
magnetic hyperthermia experiments. Moreover, the role of V in
the catalytic activity is elucidated when the free radical pro-
duction as a function of time is contrasted for both nano-
particles, serving as an electron buffer both for hydrogen per-
oxide in Fenton-like reactions and for the reduction of Fe®*,
The performance of V ferrite nanoparticles as nanoheaters for
magnetic hyperthermia and nanozymes for catalysis is promis-
ing for future combined applications.

4 Experimental
4.1 Synthesis of V,Fe;_,0, nanoparticles

The ferrite MNPs used in this work were synthesised via the
thermal decomposition of Fe(m) and V(m) acetylacetonates,
with trioctylamine for x = 0 (ferrite) and benzyl ether for x =
0.26 (V ferrite) as solvents. Oleic acid and oleylamine were
used as surfactants.

For ferrite, 6 mmol Fe(acac); was mixed with 18 mmol of
oleic acid and 18 mmol of oleylamine in 60 ml of trioctyla-
mine, and mechanically stirred under a nitrogen flow. The
mixture was heated until reflux conditions were reached
(~350 °C) and maintained for 30 min.

For V ferrite, 2.7 mmol of Fe(acac); and 0.3 mmol of
V(acac); were mixed with 9 mmol of oleic acid, 3 mmol of oley-
lamine, and 1.5 mmol of 1,2-octanediol in 60 ml of benzyl
ether, and mechanically stirred under a nitrogen flow. The
mixture was heated to 200 °C for 60 min, followed by heating
until reflux conditions were reached (298 °C) and maintained
for an additional 90 min.

The mixtures were then cooled to room temperature by
removing the heat source. Under ambient conditions, ethanol
and acetone were added, precipitating a black material, which
was separated magnetically. The final product was dispersed
in hexane. To modify the hydrophobic nature of the syn-
thesised MNPs, the oleic acid coating was removed through an
etching process involving several washes with methanol and
hot acetone. The coating was then replaced with glucose by
dispersing the uncoated MNPs with 10 times their mass in
glucose in a pH = 12 ammonia solution.

4.2 TEM

The morphological and structural characterisation of the
samples in this work was conducted using TEM. TEM images
were acquired with a Thermo Fisher Scientific Tecnai
T20 microscope equipped with a thermionic gun (LaBe at 200
kv) and a Thermo Fisher Scientific Tecnai F30 microscope
(Schottky-FEG) operating at an accelerating voltage of 200-300
kv. In the latter, selected area diffraction patterns were
acquired. For all of these experiments, a drop of the MNP sus-
pension (in either hexane or water) was deposited on a holey
carbon-coated microgrid. TEM images were acquired after the
solvent had fully evaporated and the sample was completely

dry.
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Characteristic-size histograms were generated from low-
magnification images, from which we gathered a significant
amount of statistical data (n > 350). As faceting is not clear in
these images, we approximated the area A of an MNP with that
of a circle (i.e., the projection of a sphere in 2D), to obtain the
MNP’s characteristic size as d = 2,/A/xz. We fitted the histo-
gram using lognormal distribution functions.

4.3 SEM and EDX

SEM secondary electron images were acquired with a Thermo
Fisher Scientific INSPECT F microscope operating at 15 kV.
The microscope is equipped with an Oxford Instruments INCA
PentaFETx3 system, using which EDX spectra were recorded.
The quantification software INCA Energy was used to evaluate
the atomic percentages of the different elements in the
sample. The software performs digital filtering and peak
deconvolution to be able to identify the different peaks in the
spectrum. It also carries out matrix corrections to the data to
quantify. One of these corrections is the XPP correction, based
on the Phi-Rho-Z method to account for the atomic number
and absorption effects. Particularly, for our quantification, the
software selected the V-K, O-K and Fe-L peaks.

4.4 Magnetic characterisation

M(H) at room temperature and T = 5 K were conducted using a
commercial vibrating sample magnetometer (Lake Shore 7400
Series VSM) and a SQUID magnetometer (MPMS5S Quantum
Design), respectively. For VSM, dried powder samples were
placed inside plastic capsules and for SQUID, the powder was
embedded into epoxy resin at low MNP concentrations (below
0.1 wt%) to prevent dipolar interactions between MNPs.

Samples for FMR measurements were prepared by embed-
ding MNPs into epoxy resin for about 24 h under an applied
field intensity of ~800 mT to align the easy axes of the MNPs.
The X-band (9.4 GHz) FMR measurements were carried out
using a Bruker ELEXSYS II-E500 spectrometer at 7' = 300 K.
The spectra were recorded by varying the sample orientation
with respect to the applied field using a goniometer. This
preparation and measurement protocol is analogous to the
one presented in ref. 23.

4.5 STEM-EELS

HRSTEM images were acquired using a high-angle annular
dark field detector (Fischione) on a CS-probe-corrected Titan
microscope (Thermo Fisher Scientific) operating at 80 kV. For
EELS and energy loss near edge structure (ELNES) experi-
ments, the microscope was equipped with a Gatan Energy
Filter Tridiem 866 ERS and used in conjunction with a mono-
chromator. The experimental conditions were as follows:
detector DF4, camera length 48 mm, filter entrance aperture
2.5 mm (acceptance angle 21 mrad), dispersion 0.15 eV per
pixel, C3 30 mm, and spot size 16. EELS data were analyzed
using custom Matlab software that applied power-law back-
ground subtraction and principal component analysis (PCA)
for denoising. Quantification was performed by integrating a
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30 ev-wide window and using theoretical scattering cross-
sections.

4.6 XPS

XPS spectra of the powdered materials were obtained using an
AXIS Supra surface analysis instrument from Kratos Analytical.
Due to the magnetic properties of the samples, the spectra
were acquired with an electrostatic lens and without charge
neutralization. For individual peak regions, a pass energy of 20
eV was used, while survey spectra were recorded at a pass
energy of 160 eV. Peak analysis was performed using CasaXPS
software. After subtracting the Shirley background, the peaks
were fitted using a weighted sum of Lorentzian and Gaussian
components.

4.7 Polyacrylamide gel preparation

The gels were prepared as described in detail in ref. 60. A solu-
tion of acrylamide and bisacrylamide (30/0.8% w/v) was pre-
pared, and a 24 pl aliquot was mixed with 25 pl of 0.375 M
Tris-HCI buffer solution at pH = 8.8 for each gel. Then, 44 pl of
Milli-Q water containing 0.1 or 0.5 mg of dispersed glucose-
coated MNPs was added for 0.1 wt% or 0.5 wt% gels, respect-
ively. To this mixture, 7 ul of ammonium persulfate (APS) was
added as a free radical initiator, along with 6 pl of N,N,N',N"-
tetramethylethylenediamine (TEMED) to stabilize the polymer-
ization chain reaction. This process yields ~100 pl of polyacryl-
amide gel.

For gels with oriented MNPs, a mixture of acrylamide, bisa-
crylamide, Tris-HCI buffer, and Milli-Q water with MNPs was
placed into the sample holder capsules and positioned inside
a coil. An AC field with an amplitude of 40 mT and a frequency
of 350 kHz was applied for 2 min before adding the polymeri-
zers (APS and TEMED), which fixed the elongated MNP
arrangements.

4.8 AC magnetometry

AC magnetometry characterisation was performed at two fre-
quencies (132 and 350 kHz) with an applied magnetic field
intensity of up to 90 mT, using two different sample configur-
ations: dispersed and oriented at 0.1 wt% and 0.5 wt% MNP
concentrations. The measurements were conducted using a
lab-built magnetometer capable of generating high magnetic
fields to saturate the samples. This device operates over a wide
frequency range (100 kHz < f < 1 MHz) with field intensities of
90 mT at the lower frequency end and 35 mT at the higher fre-
quency end. Further details on the setup can be found in ref.
65.

SLP was determined from the area enclosed by the hyster-
esis loop through

SLP = — (ﬁyonH = Af. (6)

4.9 Catalytic activity

The generation of DMPO and DMSO adducts was determined
at room temperature using a Bruker ELEXSYS II-E500 EPR
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spectrometer with an X-band resonant cavity (9.4 GHz). The
reaction mixtures for the EPR experiments were prepared by
dispersing 120 pg of nanoparticles in 200 pl of acetate buffer
solution (pH = 5) and 50 pl of DMPO/DMSO solution. The reac-
tion was initiated by adding 10 pl of 30% H,O, (0.49 M).

To quantify the amounts of DMPO adducts, the EPR spec-
trum of each solution in a Quartz tube was recorded simul-
taneously with a MgO crystal pattern doped with a known con-
centration of Mn>" attached to the tube. All spectra were fitted
using EasySpin software’® following the same procedure: the
baseline of each spectrum was considered cubic, the spectra
computed with the “pepper” function and the resonance lines
adjusted using the Nelder-Mead simplex algorithm using the
reported hyperfine parameters of the identified components
as seed.”® The concentrations of DMPO/DMSO adducts were
obtained by comparing the EPR-fitted spectrum intensities of
each species I,,q with the intensity of the Mn>" reference I e
through®

Nret grefZSref(Sref + 1)Il‘ad

Adduct concentration (M) = § 5 ,
Vv grad Srad(Srad + 1)Iref

(7)

where 6 = 2 is the fill factor, N, is the number of spins in the
reference sample, V is the solution volume, graq/er is the gyro-
magnetic ratio and Spagjrer is the spin of the radical/reference
sample.
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