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Iron oxide-based magnetic nanoparticles (MNPs) play a major role as contrast agents for magnetic
resonance imaging (MRI). The introduction of Zn2þ and Mn2þ ions within their crystal lattice alters the
magnetic anisotropy and the spin dynamical properties of the systems, which in turn influence the nuclear
relaxation mechanisms that drive contrast enhancement in MRI. This work explored two sets of doped-
magnetite MNPs (chemical formula ZnxMnyFe3−x−yO4) with core diameters of d ∼ 4 or 15 nm produced
by the fast and reproducible microwave-assisted synthesis method, and using different solvents like water
or polyols. The d ∼ 4 nm MNPs were doped with Zn2þ, from x ¼ 0 to 0.9; for Zn2þ ¼ 0.5, Mn2þ was
introduced at y ¼ 0.2; 0.4. The d ∼ 15 nm MNPs were doped with Zn2þ from x ¼ 0 to 0.4, with Mn2þ

added at y ¼ 0.1 for Zn2þ ¼ 0.3 and at 0.3 for Zn2þ ¼ 0.4. Both sets were dispersed in water with
carboxymethyl-dextran or polyacrylic acid coatings to ensure their colloidal stability, even under high
magnetic fields. We highlighted the influence of the size and of the Zn2þ=Mn2þ doping on the static and
dynamical magnetic properties, also through the 1H-NMR-dispersion profile analysis over a wide
frequency range and the application of the superparamagnetic relaxation heuristic model. Larger particles
exhibited higher nuclear relaxometric efficiency and anisotropy compared to the smaller ones, consistently
outperforming the commercial contrast agents. On the other hand, the magnetic response and the nuclear
relaxivities are enhanced by a Zn2þ content of x ¼ 0.1 ions for approximately 4 nm MNPs and of x ¼ 0.4
for approximately 15 nm MNPs, while a slight enhancing effect was obtained by Mn2þ introduction. It is
thus shown how a proper size and doping combination provide an attractive way to modify the static and
dynamical magnetic properties of MNPs by acting on different spin-spin correlation times dominating in
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specific frequency intervals, thus enabling the fine-tuning of image contrast properties suitable for
magnetic resonance imaging.

DOI: 10.1103/n4jy-9t8m

I. INTRODUCTION

Iron oxide-based magnetic nanoparticles (MNPs) are
widely utilized for diagnostic purposes in nanomedicine
[1–4]. The MRI technique allows us to observe internal
sections of the human body, and the related images depend
on the proton density, the longitudinal (T1), and the
transverse (T2) relaxation times of the different tissues
and molecules [5]. The introduction of contrast agents
(CAs) shortens the relaxation times of the surrounding
hydrogen nuclei, resulting in black and/or white spots
according to their biodistribution [6–8] and thus enhancing
the image contrast. Consequently, it is of crucial impor-
tance to understand how both the magnetic anisotropy and
the electron spin dynamics (i.e., the spectral density of the
electronic spin fluctuations JðωÞ), led by the CAs magnetic
center, influence nuclear relaxation. At a general level,
the magnetic nature of MNPs induces inhomogeneities
in the local magnetic field, and the related fluctuations of
the hyperfine field at the nuclear site enhance the nuclear
spin-spin interactions, making them effective T2 contrast
agents [9]. The involved correlation times arise from
both inner and outer-sphere mechanisms (this last one
being the dominant one in MNPs), which take into account
the electronic relaxation, the coordinated-bulk water
exchange, the rotational motion of the particles, and
the relative diffusion of the hydrogen nuclei [10,11].
Consequently, there is a strong dependence of the relaxo-
metric properties on the morpho-structural and magnetic
characteristics of the MNPs. The role of the shape [12–14],
size [15–17], coating [18–21], and magnetic core compo-
sition [13,22–25] is of major interest, being strongly
influential on the spin dynamics of the particles [26,27].
In this context, the morpho-structural features of nano-
particles have also been explored for advanced function-
alities beyond contrast enhancement, such as temperature
sensors for MRI [28–30], heat releasers for tumor treat-
ments through magnetofluid hyperthermia [31–34], and
for quantitative imaging through the magnetic particle
imaging (MPI) technique [35].
In previous works, our group investigated the role of the

size of maghemite nanoparticles in MRI contrast effi-
ciency (i.e., the nuclear relaxivity) [19]: a set of 4.4-nm
particles was compared with an 8.9-nm set. The highest
nuclear longitudinal relaxivity) r1 of the smallest set was
30% lower than that of the biggest. The nuclear transverse
relaxivity r2 values of the 8.9-nm particles reached the
highest magnitude at 10 MHz, whereas those of the 4.4-nm
set reached their highest magnitude above 100 MHz.

As concerns the ion species, Bordonali et al. [36]
studied the effect of cobalt introduction in magnetite
MNPs structure, underlying how strongly it enhances the
anisotropy of the systems: by increasing the Co2þ content
from 0 to 0.4, the anisotropy increases. and consequently
r1 goes from 10 to approximately 300 s−1mM−1. Because
of the proportionality between anisotropy and MNPs’
volume, the authors utilized a wide range of sizes and
doping amount combinations to map a broad interval of
energy barriers and thus to study spin dynamics. The use of
cobalt is questionable because, despite its significant
enhancement of the MNPs’ properties, its potential tox-
icity limits applications in the medical scenario.
Vuong et al. [37] developed a model to predict the

maximum transverse relaxivity depending on the particle
size and clustering level, which is based on the knowledge
of the size of the particle and the saturation magnetization
at the corresponding volume. As the magnetic properties
are affected by the variations in the elemental composition,
the authors analyzed the case of doped particles and
showed that Zn-Mn doped particles can reach r2 values
of about 1200–1800 s−1 mM−1 above 15 nm.
Baricic et al. [38] investigated how the substitution of

cobalt ions with Zn or Ni in cobalt ferrites improves the
anisotropy of the systems and their magnetic response,
reaching a 40% increase in saturation magnetization when
48% of Co is replaced by Zn. The authors underline how
the variations in the doping elements influence the super-
exchange interactions, the coupling between the sublatti-
ces, and the spin-orbit interactions. These variations, in
addition to the arrangement of the ions within the crystal
structure, affect the magnetic response of the systems.
The influence on the magnetic properties of MNPs due

to Mn2þ and Zn2þ doping elements has been investigated
by Jang et al. [39] on 15-nm ZnxFe1−xFe2O4 MNPs, with
x: 0, 0.1, 0.2, 0.3, 0.4, 0.8. It was shown that the saturation
magnetization MS is maximized when Zn2þ is 0.4, reach-
ing 161 emu=gðionÞ, i.e., 117 emu=gðNPÞ, meaning that
the bulk value is overcome by 23%. Consequently, an
enhancement of the transverse relaxivity r2 is observed up
to 687 s−1 mM−1 when Zn2þ ¼ 0.4 at 4.7 T, i.e., 2.5 times
more effective than the undoped 15-nm-sized sample.
When the Mn is introduced (Zn0.4Mn0.6Fe3O4), the MS
is increased up to 175 emu=gðionÞ, i.e., 124 emu=gðNPÞ
(þ38% of the bulk value), while the transverse relaxivity at
4.7 T is 2.5 times higher than that for similarly sized and
undoped particles. It is worth noting that this relaxivity
study is limited to one field (i.e., frequency) value, and it
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does not allow to investigate the physical mechanisms
inducing the nuclear relaxation.
Thus, one can observe that most previous works on

Zn/Mn-doped systems report studies about static magnetic
properties and relaxivity values extracted from MRI
measurements at a single fixed field, without accounting
for the underlying dynamic relaxation processes respon-
sible for MRI contrast. In general, systematic studies of
relaxation mechanisms are mainly restricted to one field
and to cobalt-doped systems, whereas the role of Zn and
Mn doping in governing spin relaxation dynamics remains
largely unexplored.
In this work, we study the 1H-NMR nuclear longitudinal

and transverse relaxivities and the static averaged mag-
netic properties (M vs H curves) in Zn/Mn doped systems.
We evince how the spin dynamics of noninteracting or
weakly interacting particles plays a crucial role in the MRI
image contrast.
This conclusion has been reached by investigating how

the size and composition of Fe3O4-based MNPs doped with
Zn2þ and/or Mn2þ ions affect their spin dynamics and thus
their efficiency as MRI contrast agents. So, we focused on
two different-sized sets of ZnxMnyFe3−x−yO4 MNPs. The
first set is composed of eight batches of MNPs coated with
carboxymethyl-dextran (CM-D) having a mean diameter of
approximately 4 nm, with x ¼ 0; 0.1; 0.4; 0.5; 0.8; 0.9, and
when x ¼ 0.5, y ¼ 0.2; 0.4. The second set is composed of
five batches of MNPs coated with polyacrylic acid (PAA)
having a mean diameter of approximately 15 nm, with
x ¼ 0; 0.3; 0.4, ðx; yÞ ¼ ð0.3; 0.1Þ, and ðx; yÞ ¼ ð0.4; 0.3Þ.
The contribution of zinc and manganese to the magnetic and
relaxometric behavior of the MNPs was examined; the spin
dynamics is led by MS and the spectral density of the
electronic spin fluctuations.

II. METHODS

A. ZnxMnyFe3−x−yO4 MNPs synthesis

The small 4-nm-sized set of MNPs (Da) was synthesized
by microwave-assisted synthesis method in a water medium,
using hydrazine and iron(III)/zinc(II)/manganese(II) chlor-
ides in a total molar amount of 0.28 mmol [40] at different
ratios, and 100 mg of carboxymethyl-dextran sodium salt
CM-D (MW: 10 000–20 000 g/mol). The synthesis was
conducted in a Monowave300 reactor (Anton Paar GmbH).
The sample was heated up to 120 °C as fast as possible
(4 °C=s), the temperature was held for 10 min, and the
sample was cooled down to room temperature. The final
product was purified through a gel filtration column (PD-10)
and finally filtered through a 0.22-μm pore size filter.
This method produces particles coated with a hydrophilic
CM-D layer.
The big 15-nm-sized set of MNPs (Db) was synthesized

by the microwave-assisted synthesis method in a polyol
medium (diethylene glycol DEG), used as both solvent and

surfactant, and acetate precursors. For all samples, the total
molar amount of acetate precursors was kept at 1.73 mmol
[41,42], varying their ratios. The synthesis was conducted
in a Monowave300 reactor (Anton Paar GmbH) by heating
the samples to 230 °C in 1 h, maintaining this temperature
for 30 min, and cooling to 55 °C [41]. The resulting MNPs
are surrounded by a hydrophilic DEG layer.
To increase the colloidal stability of the particles,

they were coated with poly(acrylic acid) PAA (MW:
2100 g=mol), a biocompatible polymer.
More details about the materials, synthesis procedure, and

coating process are available in Supplemental Material [43].

B. Characterization techniques

1. Inductively coupled plasma-optical emission
spectroscopy ICP-OES

Their elemental composition was assessed through the
inductively coupled plasma-optical emission spectrometry
(ICP-OES) analysis by means of a PerkinElmer apparatus,
OPTIME 2100DV, after acid digestion. The presence of
the doping elements and the ratio in which they are present
are thus evaluated.

2. Transmission electron microscopy TEM

The transmission electron microscopy (TEM) images
were acquired on samples prepared by placing a few drops
of an MNP dispersion, highly diluted on a 200-mesh
carbon-coated copper grid, which was then air-dried.
Micrographs were acquired for the samples coated with
CM-D in the smaller set (Da) and covered with a thin
DEG layer in the case of the bigger set (Db). A 100-keV
JEOL-JEM 1010 microscope with a digital camera Gatan
model Orius 200 SC was used for the acquisitions. To
ensure statistical representativeness, TEM images were
collected from tens of different regions of the grid, and
particle diameters were manually measured for approxi-
mately 150 nanoparticles for each sample. During the
analysis, only isolated particles with clearly defined boun-
daries were considered, whereas overlapping particles and
agglomerated regions were excluded to avoid an overesti-
mation of the particle size. The obtained size distributions
were therefore considered representative of the analyzed
nanoparticle populations. The analysis was performed with
ImageJ software [44]. The diameters evaluated from the
images were then fitted with a log-normal distribution to

estimate the most probable diameter μ ¼ R0eð
σ2

2 Þ, where R
and σ are, respectively, the mean radius and its standard

deviation; and its error is σμ ¼ R0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eσ

2ðeσ2 − 1Þ
q

[45].

3. X-ray diffraction XRD

The x-ray diffraction (XRD) samples of the bigger
particles consist of fine powders pressed on a silicon
crystal sample holder, while the XRD samples of the small
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particles are made of some dispersion drops, completely
air-dried on the same silicon crystal sample holder. XRD
pattern acquisitions were performed using a Bruker D8
Advance powder diffractometer with Cu Kα radiation with
an energy discriminator in a 2θ range [10°; 70°] with an
angular step of 0.04°. We accurately evaluated the position
and width of the peaks to evaluate the crystal size of the
MNPs by the Scherrer equation, considering the instru-
mental broadening.

4. Vibrating sample magnetometry VSM

The sample consists of a capsule filled with a water
dispersion of the coated MNPs. Magnetization as a func-
tion of the external magnetic field was acquired in a
vibrating sample magnetometer ADE system EV7
KLA-Tenco, from −1.8 to 1.8 T at room temperature.

5. Nuclear magnetic resonance NMR and relaxivity

The relaxometric efficiency of MNPs was evaluated
by acquiring at room temperature the nuclear longitudinal
T1 and transverse T2 nuclear relaxation times of the
hydrogen nuclei in the presence of MNPs (i.e., CA).
These measurements were performed at different
Larmor frequencies ν, i.e., external static magnetic
fields μ0H, with ν ¼ γ

2π μ0H, where γ
2π ¼ 42.58 MHz T−1.

It was considered a Larmor frequency range of
0.01–63.86 MHz, i.e., 0.00023–1.5 T. Two different
instrumentations were used depending on the frequency
range. For 0.01 ≤ ν ≤ 7.2 MHz, Fast-Field-Cycling NMR
SMARTracer Relaxometer (Stelar s.r.l., Mede, Italy)
was used. The Saturation Recovery sequence pulse was
utilized for T1 measurements, and the Spin-Echo for T2

ones. Acquisitions below 3.7 MHz resorted to prepolari-
zation to enhance the low signal-to-noise ratio. For 7.2 ≤
ν ≤ 63.86 MHz, a classic electromagnet MAGNET B-E
25 by Bruker (Billerica, MA, USA) plus a Tecmag
(Houston, TX, USA) Apollo Fourier transform NMR
spectrometer were utilized. The Saturation Recovery
sequence pulse was used for T1 measurement, and the
Carr-Purcell-Meiboom-Gill for T2 ones.

The NMR samples were made of MNPs dispersed in
water at a millimolar (mM) concentration that ranged
from 0.7 to 15 mM for the smallest Da set, and from
0.04 to 0.2 mM for the largest Db one. Relaxometric
efficiency is evaluated through the relaxivity ri from the
longitudinal (i ¼ 1) and transverse (i ¼ 2) nuclear relax-
ation time measurements:

ri ¼
1

c
·
�

1

Ti;m
− 1

Ti;dia

�
i ¼ 1; 2: (1)

In this expression, c is the concentration of the para-
magnetic ions (usually expressed in mM units), 1

Ti;m
are the

measured relaxation rates of the 1H in the presence of
MNPs, and 1

Ti;dia
are the relaxation rates of the sole

dispersant (diamagnetic, dia). The NMR-d profiles re-
present the relaxivity values vs the Larmor frequencies.

III. RESULTS AND DISCUSSION

The elemental composition of the investigated samples
is listed in Table I, and their schematic representation is
shown in Fig. 1.

TABLE I. Morphostructural characteristics of the small (Da) and big (Db) sets of MNPs: elemental composition, core diameter dTEM
resulting from the TEM analysis, and crystal size dXRD calculated from the x-ray diffraction.

Sample
Elemental
composition

dTEM
(nm)

dXRD
(nm) Sample

Elemental
composition

dTEM
(nm)

dXRD
(nm)

Da4 Fe3O4 4.0 (0.6) 6.5 (1) Db15 Fe3O4 15 (2) 20.1 (3)
Da4 Z01 Zn0.1Fe2.9O4 4.6 (0.7) 5.6 (1) Db15 Z03 Zn0.3Fe2.7O4 14 (3) 29.6 (4)
Da4 Z04 Zn0.4Fe2.6O4 4.5 (0.6) 5.4 (1) Db15 Z04 Zn0.4Fe2.6O4 14 (3) 18.1 (3)
Da4 Z05 Zn0.5Fe2.5O4 4.6 (0.5) 5.6 (1) Db15 Z03M01 Mn0.1Zn0.3Fe2.6O4 15 (3) 16.0 (3)
Da4 Z08 Zn0.8Fe2.2O4 4.0 (0.4) 4.8 (1) Db15 Z04M03 Mn0.3Zn0.4Fe2.3O4 12 (3) 12.9 (2)
Da4 Z09 Zn0.9Fe2.1O4 4.0 (0.5) 4.5 (1)
Da4 Z05M02 Mn0.2Zn0.5Fe2.2O4 4.1 (0.5) 4.5 (1)
Da4 Z05M04 Mn0.4Zn0.5Fe2.1O4 3.8 (0.5) 4.5 (1)

FIG. 1. Schematic representation of the two sets Da and Db of
the samples studied.
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A. Morphostructural properties

The mean diameter of the MNPs was evaluated from
TEM images and ranged between 3.8 and 4.6 nm in the
first set (Da), and between 12 and 15 nm in the second one
(Db). TEM images of each set are shown in Fig. 2, and their
mean diameters are listed in Table I. The hydrodynamic size
was evaluated through dynamic light scattering (DLS)
measurements (see Supplemental Material [43]).
The XRD patterns are shown in Fig. 3 and confirm a

cubic spinel structure. Acquisitions of the smallest

particles Da resulted in broad peaks of diffraction pattern
(high noise), which were smooth as shown in Fig. 3(a).
The XRD patterns for the biggest Db display sharper peaks
[Fig. 3(b)]. The crystal sizes were evaluated from the
analysis of the (3 1 1) plane and are listed in Table I.
M · Fe2O4 ferrite, with M divalent cation, exhibits a

cubic inverse spinel structure divided into two sublattices:
the octahedral Oh and the tetrahedral Th. The magnetic
properties of the systems are determined by the metallic
ion distribution within these sites, and they will be
discussed in the next section.

B. Magnetic properties

The magnetization behavior as a function of the applied
magnetic field is illustrated in Fig. 4; the saturation
magnetization MS values were extrapolated from the
magnetic curves by fitting the high-field region of the
magnetization curves with an approximate series expan-
sion of the Langevin function (MS ¼ ðMÞ − A

μ0H
þ B

ðμ0HÞ2,
where M is the magnetization value, H is the applied
magnetic field, and A and B are two constants) and are

FIG. 2. Example of TEM images for the two sets of samples:
(a) approximately 4 nm set Da, (b) approximately 15 nm set Db.

FIG. 4. Hysteresis curves of the Da small set of MNPs coated
with CM-D (a), and of the Db big set of MNPs coated with PAA
(b). The acquisitions were performed on water dispersions at
room temperature. M values are in emu=g of magnetic core.

FIG. 3. XRD patterns of the smallest Da set of CM-D coated
particles (a) and of the biggest Db set of particles coated with a
thin DEG layer (b).
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listed in Table II with the coercive fieldHc of each sample.
All the following MS values are reported in emu/g of
magnetic core (emu=g½ZnxMnyFe3−x−yO4�).
For Da small set (4 nm), the saturation magnetization

MS of the undoped sample (Da4) resulted in 49 emu/g,
and it is enhanced when introducing an amount of Zn ¼
0.1ðDa4 Z01Þ, increasing up to 63 emu=g [Fig. 4(a)]. In
contrast, the highest amounts of Zn, equal to 0.8 and 0.9
for Da4 Z08 and Da4 Z09, respectively, reduced MS.
Concerning the role of Mn, when Zn is fixed at 0.5, it
turned out that an amount of Mn equal to 0.2 enhancesMS
of the sample (Da4 Z05M02), whereas an amount of Mn
equal to 0.4ðDa4 Z05M04Þ reduces it.
For Db big set (15 nm), the introduction of the selected

amount of Zn enhanced the magnetic response of all the
samples, reaching a maximum MS up to 119 emu=g when
Zn ¼ 0.4 [Fig. 4(b)], in agreement with the literature [39].
Mn introduction in zinc-dopedMNPs resulted in an enhance-
ment of theMS values in the case of Db15 Z03M01, whereas
they are strongly decreased for Db15 Z04M03.
The undoped samples of different sizes have MS values

of 49 (d ¼ 4.0� 0.6) and 68 (d ¼ 15� 2) emu/g, and
focusing on Da4 Z01 with MS ¼ 63 emu=g, it is high-
lighted how the Zn ¼ 0.1 in the small particles leads to a
magnetic response comparable with that of Db15, which
has a volume 50 times larger than Da4 Z01.
The introduction of dopant ions also affects the effective

magnetic anisotropy Keff by modifying the cation distri-
bution, the magnetocrystalline anisotropy, and the surface
spin configuration. These changes can be reflected in the
coercive field Hc, which is approximately related to the
effective anisotropy according to Hc ∼

2Keff
μ0Ms

.
For the Da series (4 nm), both Zn and Zn-Mn incorpo-

ration lead to a progressive increase in the coercive
field, from 0.5 Oe for Zn ¼ 0.1 up to 344 Oe for
Zn ¼ 0.5=Mn ¼ 0.4. Conversely, the Db series (15 nm)
exhibits coercivity values below 0.4 Oe, consistent with a
superparamagnetic behavior at room temperature.
The effective anisotropy can be expressed as Keff ¼

KB þ 6KS
d where KB is the bulk magnetocrystalline

anisotropy, KS is the surface anisotropy, and d is the
particle diameter. Therefore, while doping incorporation
may modify both bulk and surface magnetic properties, its
effect is expected to be more pronounced in the 4-nm
nanoparticles because the surface contribution to Keff is
enhanced as the particle size decreases. Consequently, the
increase in coercivity observed for the Da series is more
likely associated with doping-induced modifications of the
effective anisotropy, particularly through surface-related
effects.
In Fig. 5,MS values as a function of doping introduction

are displayed with the associated error bars, which were
estimated by considering the electronic chain, the normali-
zation to the magnetic content determined by ICP-OES,
and the postprocessing corrections (diamagnetic back-
ground subtraction and drift correction). The MS values
for samples Da Z04 and Da Z05 were evaluated by fitting
the NMR data with the Roch-Müller-Gillis (RMG) heu-
ristic model, which describes the spin dynamics of MNPs
(details in Sec. III C).
The octahedral (Oh) and the tetrahedral (Th) sublattices,

oriented oppositely, characterize the inverse spinel struc-
ture of M · Fe2O4, where M is a divalent cation. In
magnetite (M ¼ Fe2þ), Fe2þ ions occupy the Th site,
while Fe3þ ions are divided between both sublattices.
The balance between spins of oppositely oriented iron ions
determines the net magnetic moment. The introduction
of diamagnetic Zn2þ is expected to increase the overall
magnetic moment, as Zn2þ preferentially occupies Th site,
leaving the Oh one unbalanced. Jang et al. reported that the
optimal Zn2þ amount for enhancing the magnetic proper-
ties of the 15-nm-sized MNPs is 0.4 [39], in agreement
with our result; higher Zn2þ content may populate the Oh

FIG. 5. MS values vs Zn doping amount. Light full purple
pentagons represent Da set values, while light full pink diamonds
represent those of Db. When the Zn amount is fixed, the Mn
introduction is depicted by dark empty purple pentagons (Da set)
and by dark empty pink diamonds Db. MS values of Da4 Z04
and Da4 Z05 samples are estimated from the RMG fit and are
represented by light empty purple diamonds. MS values are
reported in emu/g of magnetic core.

TABLE II. MS and Hc of the samples of MNPs studied,
evaluated on water dispersions acquired at room temperature.MS
values are reported in emu=g of magnetic core.

Sample
MS

(emu/g)
Hc
(Oe) Sample

MS
(emu/g)

Hc
(Oe)

Da4 49 (12) 2.85 Db15 68 (7) 0.15
Da4 Z01 63 (16) 0.5 Db15 Z03 85 (9) 0.40
Da4 Z04 45 (11) Db15 Z04 119 (12) 0.16
Da4 Z05 32 (8) Db15 Z03M01 105 (10) 0.10
Da4 Z08 16 (4) 30 Db15 Z04M03 75 (8) 0.06
Da4 Z09 6 (2) 393
Da4 Z05M02 62 (16) 132
Da4 Z05M04 16 (4) 344
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site after saturating the Th one. When Mn2þ is considered,
its magnetic moment of 5.9 μB, larger than the 4.9 μB of
Fe2þ, suggests that it can replace divalent iron ions at
the Th site, thereby changing the magnetic response. The
substitution with Zn2þ and Mn2þ changes the magnetic
moment and anisotropy of the ferrite, as determined by the
ion distribution within the sublattices [7,39]. Besides
the selection of doping ions, their effect on structural
interactions must be considered. Incorporation of diamag-
netic Zn2þ disrupts the oxygen-mediated superexchange
(Fe3þ-O-Fe2þ=3þ), thereby reducing the magnetic cou-
pling between Th and Oh sites and limiting the increase of
MS beyond Zn2þ ∼ 0.5 [38]. Whereas magnetic Mn2þ
enhances the magnetic moment as it tends to occupy the Th
site [46,47] and reduces the monocrystalline anisotropy
due to the weak spin-orbit coupling [48].
Summarizing, magnetic curves revealed that saturation

magnetization is dependent on the zinc introduction for
both sets of particles Da (small) and Db (big).
Regarding MNPs with d ∼ 4 nm (Da), a Zn amount of

0.1 increases MS, while higher Zn amounts decrease it.
Taking into consideration theMS values evaluated through
the RMG model (see next paragraph) for sample Da4 Z04,
we can suppose that 0.1 ≤ Zn < 0.4 optimizes the mag-
netic response.
Bigger particles with d ∼ 15 nm (Db) displayed a

growing trend of MS up to Zn ¼ 0.4, in agreement with
the literature findings [39] that also show a MS decrease
above that amount. From these results, we could assume
that the Th site of the MNPs crystal structure is rather
populated by Zn2þ ions, with a consequent unbalancing of
Fe3þ allocated at the opposite Oh site and growth of the net
magnetic moment.
By considering the Mn2þ introduction, in the smallest

Da set of MNPs, when Zn is fixed at 0.5, the inclusion of
Mn ¼ 0.2 approximately doubles MS, while the highest
amount of Mn ¼ 0.4 decreases MS below the value of the
only zinc-doped sample. In the biggest set Db, the addi-
tional amount of Mn ¼ 0.1 when Zn ¼ 0.3 increased MS
by approximately 23%, while Mn ¼ 0.3 when Zn ¼ 0.4
decreased it by about 37%.
Our results suggest that additional introduction of Mn

could enhance the MS of Zn-doped MNPs only at reduced
amounts (Mn ∼ 0.1).

C. Relaxometry

1. Relaxivity profiles—group Da

The 1H-NMR-dispersion longitudinal (r1) and trans-
verse (r2) profiles (relaxivity vs frequency) of the smallest
group Da of samples are displayed in Fig. 6. The
uncertainty associated with the relaxivity values (15%)
was assessed by accounting for the contributions arising
from the selected acquisition parameters, pulse sequences,

instrumental factors (including the electronics), and errors
in the dilution procedure.
The longitudinal r1 profiles [Fig. 6(a)] display a

frequency behavior dependent on the introduction of
different divalent cations, i.e., different r1 peak intensity
and/or position, or “dispersion” degree (presence of a dip
at around some MHz). It is worth reminding that the peak
position and the “dispersion” degree are related to the
magnetic and morphostructural characteristics, such as
particle size or elemental composition. Furthermore, the
intensity of the r1 peak is proportional to the squared
saturation magnetization as rmax ∼ C · M2 · τD [10], with
rmax the maximum relaxation rate, C a constant, and τD the
diffusion time.
In our case, the undoped reference sample Da4 (black

squares) displayed a frequency behavior similar to
Da4 Z01 (green triangles), which has the highest iron
amount of 2.9 and the lowest iron substitution. In the other
samples, iron is more replaced, with a maximum value of
2.1 for Da4 Z05M04. Higher substitutions with Zn and Mn
(Da4 Z05M02 and Da4 Z05M04 samples) led to a marked

FIG. 6. Longitudinal (a) and transverse (b) nuclear relaxivity of
the small Da set of MNPs coated with CM-D, as a function of the
frequency. The error bar is calculated a priori to be 15%. Gray
stars refer to r1;2 values of the commercial contrast agent
Endorem.
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dispersion level, which is almost absent in the other
samples. The peak position is shifted from 8 MHz to
20–30 MHz. The highest r1 peak intensity, i.e., highest
relaxometric efficiency, was observed for the sample
Da4 Z01, with the lowest zinc amount of 0.1. Additional
amounts of Zn led to a progressive decrease in the
relaxometric efficiency of the particles, down to the case
of Zn ¼ 0.9ðDa4 Z09Þ. Magnetic measurements agree
with this trend; in fact, they highlight an MS peak for
the Da4 Z01 sample and a reduced magnetic response
when Zn ¼ 0.9.
Regarding the transverse relaxivity r2 [Fig. 6(b)], all

samples are still approaching their plateau at 63.86 MHz,
which appears to have a different value depending on the
doping introduction. Sample Da4 Z01 is slightly more
efficient than the undoped reference Da4, while higher
Zn/Mn doping amounts decrease transverse relaxometric
efficiency and delay the growth of the profile from
approximately 1 to 3–5 MHz. The introduction of man-
ganese at the fixed value of Zn ¼ 0.5 enhances the trans-
verse r2 relaxivity at the highest field when Mn is 0.2,
while it decreases when Mn is 0.4.
Despite reduced size, sample Da4 Z01 is moderately

more efficient than the commercial contrast agent Endorem
(product currently out of production but used as reference
for contrast agent relaxometric efficiency studies, marked
with gray stars in Fig. 6), in terms of highest intensity for the
r1, and at higher frequencies for r2.
The magnetic and relaxometric properties are enhanced

when the amount of Zn is 0.1 and reduced when it is ≥0.4.
It is suggested that the optimal amount of Zn that max-
imizes these properties could be ≥0.1 and <0.4 for
particles of this small size (approximately 4 nm). For
15-nm-sized MNPs, the preferential Zn amount is found to
be 0.4, in agreement with the literature [39], but at reduced
size, we can guess that it might no longer be verified.

2. Roch-Müller-Gillis heuristic model—group Da

The Roch-Müller-Gillis (RMG) heuristic model [49]
was applied to the experimental r1 data to extrapolate
microscopic information about MNPs subject to this study.
In this model, the r1 expression is

1

T1

¼
�

32π

135000

�
μ2γ2I

�
NACFe

RD

�

×
�
7P

LðxÞ
x

JF½ΩðωS;ω0Þ;τD;τN�

þ
�
7Q

LðxÞ
x

þ 3

�
1−L2ðxÞ− 2

LðxÞ
x

��
JFðωI;τD;τNÞ

þ 3L2ðxÞJAð
ffiffiffiffiffiffiffiffiffiffi
ωIτD

p Þ
�

(2)

where CFe is the iron ion concentration, μ the magnetic
moment of a single particle, γI the proton gyromagnetic

ratio, D the diffusion coefficient of MNPs in the water
medium, and R the distance of minimum approach. The
other factors expressed in the r1 function are as follows:

(i) the Langevin function LðxÞ with x ¼ μH0

kBT
.

(ii) the Freed spectral density functions
JF1

ðΩðωS;ω0Þ; τD; τNÞ and JF2
ðωI; τD; τNÞ.

(iii) the Ayant spectral density function JAð ffiffiffiffiffiffiffiffiffiffi
ωIτD

p Þ.
The term ΩðωS;ω0Þ is introduced to represent the

dispersion at low fields, and its empirical formulation is

ΩðωS;ω0Þ ¼
	
ω1=4
S − ω1=4

0


4 if ωS > ω0

¼ 0 if ωS < ω0; (3)

whereω0 is a factor dependent on the anisotropy energy Ea
and it is null for Ea ¼ 0. The parameters P and Q quantify
Ea, being PþQ ≤ 1. P ¼ 1 and Q ¼ 0 denote Ea ¼ 0,
while P ¼ 0 and Q ¼ 1 represent high Ea. It is worth
noting that in Eq. (2) τN is considered to follow the

Arrhenius law τN ¼ τ0e
KV
kBT (with τ0 the preexponential

factor, K the anisotropy constant, V the particle volume,
kB the Boltzmann constant, and T the temperature), i.e.,
interparticle interactions are neglected and are assumed to
give a negligible contribution in nuclear relaxation mech-
anisms. Such approximations are considered good enough
for particles having the dimensions reported here.
This heuristic model describes the relaxometric

response of nanoparticle systems in the intermediate aniso-
tropy regime, where the Freed and Ayant spectral densities
that represent the limiting cases of low and high aniso-
tropy, are combined through weighting parameters P and
Q. Within this framework, the model interpolates between
the two regimes where diffusion and Néel relaxation,
respectively, dominate. The inflection points observed in
NMRD profiles can be interpreted as crossover regions,
where the characteristic correlation diffusion time τD of
the local dipolar field fluctuations induced by nanoparticle
dynamics becomes comparable to the inverse Larmor
angular frequency, marking a transition between distinct
spin-relaxation regimes.
The interpretation of the fitting parameters provides

access to microscopic properties of the particles. The
average core radius rfit is determined from the relaxa-
tion behavior in the intermediate-field region. Since
τD ¼ R2=D, the characteristic minimum approach distance
R can be directly inferred from the inflection point occurring
at ωIτD ∼ 1. The specific magnetization MS is estimated
from the amplitude of the high-field relaxation peak, scaling
asMS ∝ ðRmax=τDÞ1=2, and therefore reflects the strength of
the average saturationmagneticmoment of the nanoparticle.
The anisotropy energy Ea governs the low-field behavior:
the presence or absence of low-field dispersion directly
indicates the entity of the anisotropy barrier and the related
Néel dynamics. Finally, the Néel relaxation time τN deter-
mines the relaxation rate in the low-field limit when
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τN < τD, thus providing information on the internal mag-
netization reversal dynamics of the crystal [50].
The model adaptation to the experimental data is ruled

by the saturation magnetization MS, the core radius rfit,
the Néel relaxation time τN, the distance of minimum
approach R, the diffusion coefficient of the solvent D,
the P parameter, the temperature T, and a multiplicative
constant. This multitude of parameters is managed by
fixing some of them at the experimental/theoretical values
(as reported in the discussion below) and by introducing
realistic constraints. Specific description of the used
parameters is subsequently described. Overall, from the
fit procedure, we determined the saturation magnetization
MS, the core radius rfit, the Néel relaxation time τN, and
the distance of minimum approach R.
About the initialization of the physical quantities: (i) the

initial value of the saturation magnetization MS was set to
the results of the magnetic measurements carried out on
liquid dispersions at room temperature, where the signifi-
cant diamagnetic contribution led us to consider an
experimental error of 25% on the magnetic moment.
However, for Da4 Z04 and Da4 Z05 MS, it was a free
parameter, and the first fit results gave 45 emu/g for
Da4 Z04 and 32 emu/g for Da4 Z05, a behavior in
agreement with the magnetic response as a function of
Zn doping values. (ii) After a first fit, the MS was fixed at
the obtained value to decrease the number of free param-
eters in the subsequent final fitting procedure; (iii) the core
radius rfit was a free parameter; (iv) the Néel relaxation
time τN initial value was set to 1 ns; (v) the distance
of minimum approach R was left free to range between
rfit þ 1 nm and rfit þ 3.5 nm, an estimation based on
chemical characteristics.
The resulting fitting curves are shown in Fig. 7, and the

parameters obtained from the fit are summarized in
Table III. The model gives an accurate representation of
the r1 frequency behavior at both low and high frequen-
cies, where the Néel relaxation and the Curie one domi-
nate, respectively.

The values of the core radius rfit of the undoped Da4 and
Zn-doped samples obtained from the fit exceeded approx-
imately 2 times the radius resulting from the TEM
evaluation, envisaging the possibility of small aggregates
of MNPs which are not detectable by TEM but might be
evidenced by dynamic light scattering (DLS) measure-
ments and supported by thermogravimetric analysis
(TGA) data (Supplemental Material [43]): the hydrody-
namic size results approximately 5 times larger than rTEM
and the TGA indicates the presence of 80%–90% of
organic material, suggesting the possibility of soft agglom-
eration within the solvation shell. The Néel relaxation time
τN was of the order of 10−9 s, typical for particles with this
reduced dimension, indicates a small energy barrier that
allows the magnetic moment to fluctuate. The distance
of minimum approach R exceeded rfit by approximately
1–1.5 nm in all cases, suggesting that CM-D is a flexible,
hydrophilic polysaccharide, forming a highly hydrated and
dynamic polymeric shell around the nanoparticles. While
this interfacial layer may locally hinder direct approach of
water molecules up to approximately 1–1.5 nm from the
magnetic core, the high organic content observed by TGA
suggests that a more extended and water-permeable
polymer region is also present, which is likely accessible
to solvent penetration over a larger spatial extent.

3. Relaxivity profiles—group Db

The longitudinal r1 and transverse r2 nuclear relaxivity
of the group Db of samples are displayed in Fig. 8.
The longitudinal r1 1H-NMR-d profiles [Fig. 8(a)] do

not have the peaked shape typical of ultrasmall particles
(e.g., samples of the groups Da) and show growing r1
values at the lowest frequencies, except for sample
Db15 Z05M03. The absence of “dispersion” and the
low-frequency r1 increase suggest a high anisotropy. In
particular, at 0.01 MHz, the r1 value is enhanced (∼40%)
when the Zn amount is increased up to 0.4, meaning
an even higher anisotropy. On the other hand, when Mn

FIG. 7. Longitudinal relaxivity r1 1H-NMR-d profiles of the
small Da set of MNPs coated with CM-D (symbols), fitted with
the RMG model (continuous lines).

TABLE III. Parameters estimated from the fit of the
r1 1H-NMR-d profiles of the small Da set of MNPs: the
saturation magnetization MS, the core radius rfit resulting from
the fit and rTEM from the TEM analysis, the Néel relaxation time
τN, and the minimum approach distance R.

Sample
MS

(emu/g)
rfit
(nm)

rTEM
(nm)

τN
(ns)

R
(nm)

Da4 57 (14) 4.8 (0.1) 2.0 (0.3) 4.4 (4) 5.7 (0.1)
Da4 Z01 78 (19) 4.5 (0.1) 2.3 (0.4) 8 (10) 6.2 (0.2)
Da4 Z04 45 (11) 3.9 (0.3) 2.3 (0.3) 1.6 (0.4) 4.9 (0.1)
Da4 Z05 32 (8) 4.4 (0.3) 2.3 (0.3) 1.6 (0.6) 5.3 (0.2)
Da4 Z08 20 (5) 4.0 (0.3) 2.0 (0.2) 2 (1) 5 (1)
Da4 Z09 7.5 (2) 5.2 (0.7) 2.0 (0.3) 3.5 (3) 6.2 (2)
Da4 Z05M02 61 (15) 2.9 (0.1) 2.0 (0.3) 4.1 (1) 3.9 (0.7)
Da4 Z05M04 20 (5) 2.7 (0.4) 2.4 (0.3) 5 (3) 3.7 (0.7)
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is introduced, a decrease in anisotropy is observed.
Moreover, in the case of Zn ¼ 0.4 and Mn ¼ 0.3
(Db15 Z04M03), the r1 profile is peaked, but one has to
consider that this sample has slightly lower dimensions
(approximately 12 nm) compared to the others, an occur-
rence that can promote the peaked shape and the reduced
anisotropy.
The r2 values are shown in Fig. 8(b). Values below

5 MHz are not shown because the low-frequency T2

acquisitions are very sensitive to aggregation processes,
and particles with a mean diameter of approximately 15 nm
are prone to form small clusters. Sample Db15 Z03M01
showed an effective electronic spin dynamics over the
hydrogen nuclear relaxation rate, hinting at the prevalence
of dynamics contributions.
Within the high-frequency range, all the doped

samples turned out to be more efficient than the undoped
reference one Db15, for both longitudinal r1 and transverse
r2 cases. We compared our results with the commercial
contrast agent Endorem (gray stars in Fig. 8), whose r2

relaxometric efficiency was overcome in all cases. In
particular, Db15 Z03M01 exceeds the Endorem efficiency
approximately 2.5 times at 63.86 MHz and approximately
5 times at 7.2 MHz. These findings highlight the pos-
sibility of reducing the amount of MNPs injected into
patients during MRI diagnostic examinations.

4. Roch-Müller-Gillis heuristic model—group Db

Also, for the bigger samples, the r1 experimental data
were fitted with the heuristic model of Roch-Müller-Gillis
[49]. The resulting fitting curves are displayed in Fig. 9,
and the fitting parameters obtained are listed in Table IV.
About the initialization of the physical quantities

involved in the fitting procedure: (i) the saturation mag-
netization MS has been set to the value obtained from the
magnetic measurement carried on in liquid dispersions at
room temperature; an error of 10% was considered;
(ii) then, MS was fixed at the value resulting from a first
fit to reduce the number of free parameters; (iii) the Néel
relaxation time τN initial value was set at 1 ns and it was
constrained to not become larger than 10−4 s; (iv) the
distance of minimum approach R was left free to range
between 1 and 3.5 nm over the outcome core radius.

FIG. 8. Longitudinal (a) and transverse (b) nuclear relaxivity of
the big Db set of MNPs coated with PAA, as a function of the
frequency. The error bar is calculated a priori to be 15%. Gray
stars refer to r1;2 values of the commercial contrast agent
Endorem.

FIG. 9. Longitudinal relaxivity r1 1H-NMR-d profiles (symbols)
of the big Db set of MNPs coated with PAA, fitted with the RMG
model (continuous lines).
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Regarding the parameter values obtained from the fit,
we can see that the saturation magnetization MS as a
function of doping follows the same trend as the exper-
imental magnetic data. The estimation of the core radius
rfit was comparable, within the experimental error, with the
core radius evaluated from the TEM analysis rTEM. The
Néel relaxation time τN and the distance of minimum
approach R saturated to the highest limit, denoting a thick
nonpermeable coating layer of about 2–5 nm, except for
sample Db15 Z04M03, which displayed τN ¼ 69� 8 ns
and R ¼ 8.7� 0.2 nm. This result is compatible with the
following observations: the PAA is a highly hydrophilic
polyelectrolyte polymer forming a hydrated interfacial
layer around the nanoparticles; TGA results mark approx-
imately 40%–50% of organic material, which is coherent
with the thickness estimation.
According to the Arrhenius (or Vogel-Fulcher) law

τN ¼ τ0e
KV
kBT , a bigger volume and/or anisotropy constant

leads to longer Néel relaxation times, due to the increase of
the anisotropy energy barrier. Times of about 10−4 s
suggest that the nanoparticles are no longer in the fast
superparamagnetic fluctuation regime, likely due to the
combined effects of large magnetic volume, enhanced
effective anisotropy, and possible interparticle magnetic
interactions. The evaluation of the spin dynamical regime
showed that these nanosystems fall into the motional
averaging regime (MAR). R2 ¼ 16

45
fτDðΔωÞ2, with the

angular frequency shift Δω ¼ γμ0MV
3

and f the volume
fraction [37].

5. Relaxivity at 7.2 and 63.86 MHz

We studied the effect of Zn2þ and Mn2þ doping at two
typical MRI frequencies commonly used in clinical prac-
tice: 7.2 and 63.86 MHz (i.e., 0.17 and 1.5 T).
Concerning the small Da subset (Fig. 10), the longi-

tudinal relaxivity is more effective at 7.2 MHz, while the
transverse one has a higher efficiency at the highest
frequency (63.86 MHz). Theoretical simulated curves
[49] of particles with this size are consistent with our
findings. It is highlighted that zinc introduction improves

both r1 and r2 at lower amounts (0.1), improving the r1 at
7.2 MHz by about 70%. On the other hand, the addition of
manganese led to a reduction in r1;2 compared to the
undoped reference sample Da4. However, at 63.86 MHz,
the r2 is enhanced when Mn is 0.2 for an amount of Zn
fixed at 0.5.
Concerning the big Db subset (Fig. 11), it is shown that

the Zn introduction increases r1 and r2 values until an
amount of 0.4, in agreement with the literature [39], with
an increment of approximately 70% in the case of r2 at
63.86 MHz.
By comparing the Da and Db sets, we observe that the

ideal zinc amount for MRI contrast enhancement is related
to the particle size.
However, as several parameters contribute to relaxation

processes, the doping contribution is tricky to isolate. In
this scenario, first we assume that the synthesis processes
used to produce the smaller and bigger sets of particles do
not significantly affect the resulting products. Second, the
concentration is expected not to influence the relaxivity,
in the limit of their mutual linear dependence. Then, as
concerns MS role, we highlighted in both sets of particles

FIG. 10. Longitudinal r1 (a) and transverse r2 (b) relaxivity
values of the small Da set of particles as a function of Zn doping
amount. The undoped and zinc-doped particles are represented
with full symbols, while particles doped with zinc and man-
ganese are denoted with empty symbols.

TABLE IV. Parameters estimated from the fit of the r1
1H-NMR-d profiles of the Db set of MNPs: the saturation
magnetization MS, the core radius rfit resulting from the fit
and rTEM from the TEM analysis, and the minimum approach
distance R.

Sample
MS

(emu/g)
rfit
(nm)

rTEM
(nm)

R
(nm)

Db15 61 (6) 8.5 (6) 7.5 (1) 12 (1)
Db15 Z03 86 (9) 6 (7) 7 (2) 9.6 (0.3)
Db15 Z04 107 (11) 7 (8) 7 (1) 10.5 (3)
Db15 Z03M01 95 (9) 6.7 (1) 7.5 (2) 10.2 (0.2)
Db15 Z04M03 79 (8) 6.6 (0.6) 6 (2) 8.7 (0.2)
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its relevant contribution to the r2 behavior, as the magnetic
moment induces inhomogeneities in the local magnetic
field, promoting 1H spin dephasing and thus accelerating
the transverse relaxation (out of equilibrium) time T2.
Such T2 decrease is also due to out of equilibrium
dynamical processes, led by mainly the diffusion correla-
tion time τD and the Néel relaxation time τN.
Another factor influencing T2 is the size distribution

(due, e.g., also to the aggregation), which is correlated to a
distribution of magnetic moments and might influence the
correlation times and spin interaction dynamics. On this
respect, we observe, however, that the RMG model
reproduces correctly the experimental data despite it does
not include distribution of size and spin-spin interactions.
On the other hand, the inclusion of such quantities requires
a formidable theoretical work. Additionally, it is worth
noting that the coating might play a role in the relaxometric
response of MNPs: in our previous works [19,21], we
observed that, for diameters of about 14 nm, the coating
does not seem to influence the r2, while at 4 nm, where the
surface/volume ratio increases, its influence is singled
out. However, as for each set size, the coating is the same

(CM-D for 4 nm, and PAA for 15 nm), we assumed that for
each set of particles, the coating effect cannot be present.
As a consequence of the above considerations, we might

be confident that our discussion on the role of Zn/Mn
doping is quite well founded.
From applicative point of view, although the proposed

nanoparticles show improved relaxometric performance,
their biomedical relevance is ultimately dictated also by
additional biological and clinical translational factors.
Particle’s cytotoxicity is influenced by composition, sur-
face coating, and colloidal stability [51]. Zinc and man-
ganese are biocompatible elements and are incorporated
into the spinel ferrite structure as divalent cations (Zn2þ

and Mn2þ), where they are stabilized within the crystal-
line. Moreover, as Zn2þ and Mn2þ ions are involved in
several physiological processes, their potential biological
impact is associated with their free divalent ionic form,
which may contribute to oxidative stress or modulation of
cellular pathways [52–54].
On the other hand, the biological response to ferrite

nanoparticles is strongly affected by experimental con-
ditions, including cell model and surface functionalization,
which govern nanoparticle uptake, colloidal stability, and
interactions with biological media [55]. In this context,
degradation of Zn/Mn-doped ferrites has been reported as
a relatively slow process under physiological conditions,
with negligible adverse effects associated with ion release
at relevant exposure levels [56]. Remarkably, the choice of
biocompatible coatings such as PAA and CM-D plays a
crucial role in enhancing colloidal stability and reducing
cytotoxicity, as previously demonstrated for similarly
coated Zn-Mn ferrites showing high cell viability in both
cancer-derived and normal cell models [57,58].
Finally, it could be observed that the investigated

nanoparticles are intended as blood-pool MRI contrast
agents, where their performance is primarily governed by
colloidal stability and circulation time rather than exten-
sive cellular internalization. In this context, maintaining
stability in physiological media is essential to ensure signal
enhancement within the imaging time window, prior to
significant clearance or tissue uptake processes.

IV. CONCLUSIONS

We explored the role of Zn2þ=Mn2þ doping in nano-
particles of different sizes on the magnetic static (M vs H)
and spin dynamical (1H-NMR) relaxation properties of
ZnxMnyFe3−x−yO4 systems, with the aim of tailoring such
characteristics for MRI applications. The smallest set Da,
mean diameter of approximately 4 nm, is constituted of
CM-D-coated particles, with doping: (i) x: 0, 0.1, 0.4, 0.5,
0.8, 0.9; (ii) x: 0.5 and y: 0.2. The biggest Db set,
mean diameter of approximately 15 nm, is composed of
PAA-coated particles with doping: (i) x: 0, 0.3, and 0.4;
(ii) x: 0.3, y: 0.1, and x: 0.4, y: 0.3.

FIG. 11. Longitudinal r1 (a) and transverse r2 (b) relaxivity
values of the big Db set of particles as a function of Zn doping
amount. The undoped and zinc-doped particles are represented
with full symbols, while particles doped with zinc and man-
ganese are denoted with empty symbols.
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As the magnetic properties are concerned, the contri-
bution of zinc and manganese to the M vs H behavior of
the MNPs was investigated, including the corresponding
variation in saturation magnetization. The results suggest
that for particles Da (d ∼ 4 nm) 0.1 ≤ Zn < 0.4 optimizes
the magnetization saturation MS, while for particles Db
(d ∼ 15 nm), a growing MS was observed up to Zn ¼ 0.4,
consistent with the literature [39], where a decrease for
higher Zn amounts was also observed. This is a conse-
quence of the spin balance within the crystal sublattices of
the ferrite, and we hypothesize that the best amount of Zn
to enhance the magnetic response is size-dependent. By
considering the Mn role in Zn-doped particles, it resulted
in MS enhancement only at lower amounts for both sizes,
doubling it for small Da particles when Mn ¼ 0.2 and
Zn ¼ 0.5, and improving it by about 23% when Mn ¼ 0.1
and Zn ¼ 0.4.
On the spin dynamics side, the relaxometric efficiency

follows roughly the MS trend and displays a maximum in
r1 and r2 when Zn ¼ 0.1 and Zn ¼ 0.4 for the biggest Db
set of particles.
To exploit more spin dynamics details, the longitudinal

1H-NMRD profiles were fitted with the heuristic RMG
model, from which: (i) the resulting saturation magneti-
zation follows the same trend of the experimental magnetic
data in both sets; (ii) a τN of about 10−9 s resulted for the
4-nm particles, while it results much longer for the 15-nm
ones; (iii) the minimum approach distance denotes the
presence of a 1- to 1.5-nm nonpermeable covering layer
for the 4-nm particles, and a thicker layer of about 2–5 nm
for the 15-nm ones.
Summarizing, our experimental results highlighted that

(i) as already well known from previous literature, the
size strongly affects both the longitudinal and transverse
nuclear relaxometric efficiency and the anisotropy of the
systems; (ii) the enhancement of magnetic response,
anisotropy, and the relaxometric efficiency induced by
Zn2þ doping is size-dependent, with the optimal Zn2þ

content varying with particle size; (iii) the Mn2þ intro-
duction enhances the magnetic response and the relaxo-
metric efficiency at the lowest ion amount and decreases
the anisotropy of the biggest set Db; (iv) all the samples
of the biggest Db set resulted better T2 contrast agents than
the commercial Endorem, reaching an efficiency r2 about
2.5 times higher at 1.5 T, and about 5 times higher
at 7.2 MHz.
Overall, this work highlights the importance of probing

spin relaxation dynamics across a broad frequency range,
to unravel the involved physical mechanisms and more
specifically the spin-spin correlation times, here namely
the Néel and diffusion relaxation ones. Thus, our results
remark that, acting properly on the size and doping of
coated Fe3O4-based MNPs, the MRI image contrast and
sensitivity can be optimized.
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