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ABSTRACT

Ultra-high-field magnetic resonance imaging (UHF-MRI, B, > 7 T) combined with contrast enhancement (CE-MRI) offers
unmatched spatial resolution, but high-field effects limit the performance of negative contrast agents. Here, we report a ligand-
driven strategy to modulate the T, relaxivity (,) of monodisperse 12 nm iron oxide-based contrast agents synthesized by thermal
decomposition. Five surface chemistries—polyacrylic acid (PAA), poly(isobutylene-alt-maleic anhydride) (PMA), poly(maleic
anhydride-alt-1-octadecene) (PMAO), citric acid (CA), and silica (SiO,)— were investigated under physiological conditions and
in vivo using relaxometry (1.4 T), clinical (3 T), and UHF (9.4 T) MRI, achieving up to a 333 mM ™! s™! increase in r,. CA-coated T,
contrast agents exhibited record-high r, values (522 mm~' s™! at 3 T; 381 mm ™' s™! at 9.4 T) in spherical iron oxide MNPs within
the superparamagnetic size range (d < 20 nm). Correlations of r, with hydrodynamic size, {-potential, and coating thickness
revealed that ligand chemistry-specifically hydrophilicity and anionic surface charge-dominates over physical shell dimensions
in governing water accessibility and magnetic dephasing. This scalable ligand-exchange strategy enables precise T, tuning at UHF,
with phantom results reliably predicting in vivo UHF-MRI performance in rat brain models, advancing the design of neuroimaging
nanoprobes.

1 | Introduction Since FDA approval in 2017, UHF-MRI has gained clinical
relevance [8-12]. Its combination with CE-MRI, enabled by
contrast agents, further improves tissue visibility and signal

modulation, enhancing diagnostic accuracy [13, 14]. Contrast

Magnetic resonance imaging (MRI)-based techniques have been
widely used in disease diagnosis and monitoring due to their non-

invasive nature, absence of ionizing radiation, and high spatial
and temporal resolution [1-4]. However, alternative modalities
such as computed tomography (CT) and positron emission
tomography have driven continuous MRI development. Ultra-
high-field-MRI (UHF-MRI, B, > 7 T) has recently emerged as
an advanced imaging modality [5-7], characterized by improved
spatial resolution and increased signal-to-noise ratio (SNR).

agents modulate hydrogen proton relaxation times, essential for
image contrast, and are classified into T, agents (bright signals)
and T, agents (dark signals) [15]. Iron oxides magnetic nanopar-
ticles (MNPs) stand out as versatile contrast agents, primarily
functioning as negative contrast agents (T, enhancement), while
recent advances-including exceedingly small magnetic iron oxide
nanoparticles (ES-MIONs)-have enabled positive T, contrast
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[16-22]. Beyond imaging, MNPs also offer multifunctional thera-
peutic applications such as magnetic hyperthermia [23-25], drug
delivery [26-28], gene therapy, or as cell trackers [29].

The study and translation of T, and T, effects in UHF-MRI
have become particularly relevant, as they aim to enhance
tissue differentiation and enable higher spatial resolution for
the precise detection of small lesions and complex structures
[30-32]. However, this translation remains challenging for iron
oxide-based contrast agents due to UHF-induced effects. Well-
defined iron oxide MNPs exhibit high magnetic susceptibility,
which can limit their utility as T, contrast agents due to magnetic
saturation and motional averaging effects related to the high
Larmor frequency [1, 33, 34]. Additionally, iron oxide MNPs
have been investigated in core-shell architectures for T,-T, dual
contrast [35, 36]-a strategy developed to overcome the limitations
of single-mode MRI [37-40]. However, the strong T, effect can
dominate, reducing M, recovery and attenuating T, contrast
agent relaxation [37], a phenomenon further amplified under
UHF-MRI conditions [5, 6]. Therefore, precise modulation of T,
performance in iron oxide MNPs is of particular interest at UHF.
This is not only to improve their T, contrast efficiency in UHF-
MRI, but also to enable “magnetic neutralization” in dual-mode
designs.

Recent studies have shown promising results based on structural
modification of T, contrast agents, particularly through atom-by-
atom manipulation, as well as dopant effects [5, 41, 42]. However,
the clinical translation of any material requires the search for
simple, accessible, and cost-effective methods. Therefore, tuning
the magnetic moment magnitude through precise control of the
mesoscopic characteristics of iron oxide-based contrast agents
offers a potentially more effective approach. In this context,
ligand exchange has been extensively explored as a method to
adjust the colloidal stability and prevent aggregation of iron
oxide-based MNPs [43-47]. These surface modifications-along
with changes in particle size, coating properties, and functional
groups-could significantly influence MRI contrast performance.
However, the relationship between these parameters and MRI
efficiency remains complex and not fully understood. Recent
work has highlighted the role of surface chemistry-particularly
the molecular weight and composition of surface coatings-in
tuning the relaxivity of T, contrast agents (3.6 and 10.9 nm
iron oxide-based MNPs) [48]. These effects appear to be size-
dependent (ranging from 4 to 33 nm iron oxide-based MNPs)
[49] and may be linked to alterations in surface spin dynamics
[50]. Addressing current limitations, emerging systems such as
ligand-mediated magnetism-conversion probes and pH- or dual-
stimuli-activatable assemblies have shown enhanced responsive-
ness under UHF-MRI, emphasizing the pivotal role of surface
chemistry in modulating magnetic behavior and contrast effi-
ciency at high fields [51-53]. Nevertheless, consistent trends in
colloidal behavior following ligand exchange remain elusive, and
most studies have yet to determine how these insights translate
under UHF-MRI or in vivo conditions, both essential for the
development of next-generation T, contrast agents.

In this study, five different compounds- polyacrylic acid (PAA),
poly(isobutylene-alt-maleic anhydride) (PMA), poly(maleic
anhydride-alt-1-octadecene) (PMAO), citric acid (CA), and silica
(SiO,)- were used to explore how ligand exchange influences

T, contrast performance from physiological conditions to in
vivo environments, evaluating their effects under both clinical
and UHF-MRI fields (Figure 1). The T, contrast agents were
spherical iron oxide MNPs with a narrow size distribution
(d = 12.3 £+ 1.6 nm), synthesized via thermal decomposition.
Relaxometric measurements (B, = 1.4 T) and MRI imaging
(By =3.0 T and B, = 9.4 T) revealed the crucial role of ligand
exchange in modulating T,-weighted image efficiency, producing
steep changes in r, and achieving some of the highest reported
relaxivities for spherical iron oxide MNPs (r, = 522 mM™'s™,
B, = 3 T). Under UHF-MRI conditions, r, generally declined
due to enhanced T, decay, though values remained above
200 mM~! s71 in most cases. Notably, CA-coated MNPs exhibited
the highest r, at 9.4 T (r, = 381 mm~! s7!), followed by PMA-
coated MNPs (r, = 322 mm~! s7!), indicating that these coatings
effectively optimize CE-MRI under UHF conditions. Translation
to preclinical animal models, specifically targeting the brain,
confirmed that surface-chemistry-driven mesoscopic effects
persist in vivo, with strong negative contrast in T,-weighted
images and signal attenuation patterns closely matching
phantom data. These findings highlight the predictive value of
phantom-based assessments and reaffirm ligand exchange as a
robust chemical strategy to tune T, contrast in iron oxide-based
agents across clinical and UHF-MRI settings.

2 | Results and Discussion

2.1 | Design and Characterization of
Ligand-Functionalized Iron Oxide Nanoprobes

The ligand exchange procedure was performed on 12 nm iron
oxide-based T, contrast agents synthesized via the thermal
decomposition method, characterized by a well-defined spherical
morphology, non-aggregated dispersion (Figure 2a), and a nar-
row size distribution (Figure Sla). The crystal structure of the
precursor MNPs corresponds to a cubic spinel crystallographic
structure, consistent with the coexistence of both magnetite
and maghemite phases (Figure 2c). The crystalline size was
determined to be Dxzp = 10.3 nm for IO@OA MNPs, aligning
with values obtained from Dy, albeit approximately 20% lower,
suggesting that each nanoparticle consists of single crystals.
The presence of a band at ~550 cm™! in the FT-IR spectra
(Figure 2b), corresponding to tetrahedral Fe3*—Q?~ stretching
vibrations, confirms the presence of Fe oxide MNPs. Additional
bands at 2914, 3843, 1516, and 1403 cm™!, attributed to (—CH,)
stretching, the OA hydrocarbon chain, and COO~ groups, indi-
cate surface functionalization with OA. Surface modification with
five different coatings (PAA, PMA, PMAO, CA, and SiO,) enabled
transfer to aqueous media without observable alterations in mor-
phology (Figure 2d) and with a well-maintained size distribution
(Figure S1b—f). However, variations in the arrangement of T,-
contrast agents were observed, with noticeable aggregation in the
IO@PAA MNPs.

These ligands differ in molecular weight, backbone structure, and
functional groups, resulting in variations in coating thickness,
hydration, and hydrophobicity. CA is a low-molecular-weight
molecule (192 g mol™') bearing three carboxylic acid groups
and one hydroxyl group, enabling multidentate coordination and
the formation of a thin, highly hydrated interfacial layer. In
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FIGURE 1 | Schematicillustration of the ligand exchange process on iron oxide MNPs using different surface coatings- PAA, PMA, PMAO, CA, and
SiO,-with their corresponding chemical structures shown to highlight functional groups and interactions with the nanoparticle surface. These coatings

were employed to modulate the efficiency of iron oxide-based T, contrast agents under clinical and UHF conditions (B, = 9.4 T), and to evaluate their

response to physiological conditions in in vivo preclinical models.

contrast, polymeric ligands such as PAA (5100 g mol™!), PMA
(~6000 g mol™!), and PMAO (30 000-50 000 g mol™') possess
extended carbon backbones with carboxylic or cyclic anhydride
groups, forming thicker coatings and introducing hydrophobic
segments that may reduce local hydration. The SiO, shell (~10
nm) constitutes an inorganic diffusion barrier, limiting water
accessibility at the interface.

These structural differences are further corroborated by FT-IR
spectroscopy, which confirms both the preservation of the iron
oxide core and the successful surface functionalization (Figure
S2). In all samples, the characteristic Fe—O stretching band in
the 400-600 cm™! region evidences the presence of the iron
oxide core after coating. Coordination of the organic ligands is
indicated by asymmetric and symmetric carboxylate stretching
bands (v,,(COO™) » 1550-1625 cm™' and v,,(COO~) ~ 1400-
1450 cm™!), together with C—O vibrations at ~1000-1050 cm™!
associated with interfacial C—O—Fe bonding. IO@PAA MNPs
exhibit a pronounced v,,(COO~) band at around 1624 cm~!, while
IO@PMA and IO@PMAO MNPs show similar features consistent
with partial hydrolysis of maleic anhydride units. In IO@PMAO

MNPs, strong C-H stretching bands at 2850-2950 cm™~! confirm
the presence of long aliphatic chains, whereas a broad O—H band
around 3400 cm™! arises from surface hydroxyls and adsorbed
water. The SiO, coating is identified by the dominant Si—O—Si
stretching band at 1000-1100 cm™, consistent with a dense
inorganic shell [54-57]. The aliphatic C-H stretching bands of
oleic acid (x2850-2920 cm™!), prominent in the native OA-
coated MNPs, are noticeably attenuated or masked after surface
modification, reflecting partial ligand exchange or overcoating by
amphiphilic polymers such as PMA and PMAO.

The influence of ligand exchange on the magnetic properties of
iron oxide-based T, contrast agents was evaluated by measuring
blocking temperature (Tg), saturation magnetization (Ms), rema-
nence (My), and coercivity (H.). These parameters were obtained
from the hysteresis loop measurements (Figure 2e; Table S1).
I0@OA MNPs exhibited Mg > 80 emu g, close to bulk magnetite
(92 emu g!), indicating high crystallinity. My ~ 0 and Hc ~ 0
confirmed superparamagnetic behavior at 300 K, while higher Mg
and nonzero My and H, indicated ferrimagnetism at 5 K. Post-
ligand exchange, the hysteresis loops (Figure S3), did not reveal
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FIGURE 2 | (a)Representative TEM micrographs of the precursor IO@OA MNPs synthesized by thermal decomposition. (b) FTIR spectra and (c)
X-ray diffraction patterns of IO@OA MNPs. The solid black line represents the magnetite reference pattern. (d) Representative TEM micrographs of
iron oxide-based contrast agents after transferring to aqueous medium by ligand exchange. (e) Hysteresis loops developed at T =300 K and T =5 K

of the IO@OA MNPs for applied magnetic fields between +25 kOe. The insets represent a magnification of the hysteresis loops. (f) Ty obtained from
the ZFC-FC curves of batches iron oxide-based contrast agents as a function of ligand. (g) Hydrodynamic size (black dots) and ¢-potential (orange dots)
of iron oxide-based contrast agents as a function of the ligand used. Only for panel (g), data are shown as mean + SD (n = 3); all other panels show

representative images or individual measurements.

significant changes in Mg compared to the precursor MNPs,
maintaining values  close to 80 emu g~! (at T =300 K) and close
to 93 emu g! (at T = 5 K). Additionally, My and H. approached
zero at T = 300 K, rising to significantly higher values at T=5XK.
ZFC-FC curves (Figure S4a) showed Ty = 226 K in precursor
IO@OA T,-contrast agents, confirming superparamagnetism at
room temperature, essential for bioapplications. Ty variation with
different ligands (Figure 2f) indicated minimal effects from PAA
and PMA, whereas thick SiO, coatings (~10 nm) reduced T by
>50%, decreasing dipolar interactions.

The dispersity and stability of the T, iron oxide-based contrast
agents were evaluated using DLS measurements to determine
the hydrodynamic size (Dy) and {-potential (Figure 2g; Figure
S5; Table 1). PMA, PMAO, and SiO, ligands provided better
colloidal stability, with low PDI (<0.1) and Dy values around

20 nm for PMA and PMAO, and 50 nm for SiO,. In con-
trast, PAA-functionalized MNPs exhibited higher Dy; and PDI
values, correlating with aggregates observed in TEM images.
The {-potential values, generally above —30 mV, confirmed
stable dispersions due to electrostatic repulsion, with all MNPs
exhibiting negative surface charges. Negatively charged iron
oxide MNPs are particularly suitable for biomedical applica-
tions, as they combine prolonged circulation, reduced uptake
by the reticuloendothelial system, and minimized nonspe-
cific interactions with proteins and cells, while maintaining
low cytotoxicity. In contrast, positively charged MNPs tend
to interact strongly with cell membranes, accumulate rapidly
in organs, and are eliminated quickly, limiting their practi-
cal use [58-65]. These properties provide a clear rationale for
employing negatively charged iron oxide MNPs in biomedical
imaging.
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TABLE 1 | Nanoparticle size obtained by TEM micrographs (Drgy) and its corresponding PDIrgyy; hydrodynamic size (Dyp) and its corresponding
PDIp; 5, obtained by DLS; and ¢-potential values of MNPs, and the estimation of the shell thickness &g}, . *For the IO@SiO, sample, due to its inorganic
nature and the possibility of direct visualization by TEM, the shell thickness was directly measured from TEM images.

Sample Dy (nm) S (nm) PDI gy Dy (nm) PDIy ¢ ¢Potencial (mV)
I0@OA 123 +1.6 2.2 0.02 — — —
I0O@PAA 126 +1.3 1.7 0.01 99.1 +49.2 0.25 —42.7+10.6
I0O@PMA 1317 2.5 0.02 18.5+5.8 0.09 -19.4 +11.9
I0@PMAO 13.5+1.6 7.6 0.01 21.6 £5.9 0.07 —40.6 + 25.5
I0@CA 12.9+1.9 1.6 0.02 36.8 +12.3 0.11 -14.7+5.9
I0@SiO, 332 +3.9(%) 10.3(%) 0.01 54.5+15.7 0.08 —475+13

TGA analysis (Figure S6; Table S2) provided insights into the
surface structure of the iron oxide-based T, contrast agents
before (OA coating) and after (PAA, PMA, PMAO, CA, SiO,)
transfer to aqueous media. Two distinct mass loss phases were
observed: 60°C-200°C, corresponding to adsorbed solvents, and
200°C-400°C, associated with organic ligand decomposition. In
this early stage of the temperature ramp, precursor IO@OA
MNPs exhibited weight losses of 12%, while functionalized T,
contrast agents with PAA and CA showed lower losses, con-
firming OA removal. MNPs with PMA and PMAO showed
higher losses, indicating successful ligand anchoring, and SiO,
showed the lowest weight loss (8%). At 800°C, organic matter
was fully decomposed, and the mass remaining was attributed
to Fe oxide. The functionalized MNPs with PAA and CA
showed lower losses (<25%), while those with PMA and PMAO
showed higher losses (>30%). The inorganic SiO,-coated contrast
agents showed losses of around 10%. By combining TEM data,
MNP density (Ppe;0s = 5.17 g cm™3), and TGA concentration,
the ligand shell thickness (6y,) was calculated, considering
the organic mass loss (Table 1). SiO, thickness was directly
measured from TEM. The thinnest coatings were found in
IO@CA (84 = 1.7 nm), while the thickest were in IO@PMAO
(64, = 7.6 nm). In general, PAA and CA functionalized MNPs
had thinner coatings, while PMA and PMAO showed thicker
coatings, confirming their amphiphilic nature and resistance to
OA removal.

2.2 | MRI Characterization of
Ligand-Functionalized Iron Oxide Nanoprobes

The transverse relaxation properties of iron oxide-based T,
contrast agents were evaluated through relaxometry techniques
at B, = 1.4 T (Figure 3a) and MR imaging at clinically rele-
vant (B,= 3 T, Figure 3b) and UHF conditions (B, = 9.4 T,
Figure 3c). The linear dependence of 1/T, on iron concen-
tration enabled the determination of transverse relaxivity (r, ),
revealing a significant dependence on both the applied field
and surface functionalization. T, parametric maps acquired at
B, =3 T and B,= 9.4 T (Figure 3d) illustrate the spatial
distribution of relaxation values as a function of Fe concen-
tration. The extracted r, (Figure 3e; Table 2) indicates that at
By= 1.4 T, PMA-coated MNPs exhibit the highest relaxivity
(r,= 277 mm~ s71) followed by PAA and CA-functionalized
MNPs.

At B, = 3 T, a marked increase in r, was observed for CA-
functionalized MNPs (r, = 522 mM™! s7!), which surpasses all
other ligands, highlighting the enhanced efficiency of these MNPs
under clinically relevant field conditions. The superior transverse
relaxivity of CA-functionalized MNPs at 3 T likely arises from
the multidentate coordination and minimal steric hindrance of
the thin citric acid layer, which promotes efficient interaction
of water protons with the magnetic core, consistent with the
chemical and structural features discussed previously. IO@PMA
MNPs also exhibit an increase in r, (r,= 378 mm~'s™'), while
PMAO and PAA remain relatively unchanged (r, ~# 200 mM ™' s™).
Interestingly, SiO,-coated MNPs exhibited a substantial increase
in r, (r, = 289 mM~' s7'), despite their inorganic and relatively
impermeable nature. This suggests that the silica shell may influ-
ence relaxivity not only by modulating water accessibility but also
by altering the local magnetic environment. Although moderate
increases in r, are expected up to 3 T due to enhanced dephasing
effects, the relatively high r, value observed for SiO, coatings-
compared to organic ligands-may also reflect changes in the
effective magnetization of the nanoparticle core, potentially due
to altered surface interactions or aggregation behavior induced by
the rigid shell.

In the UHF regime (B,= 9.4 T), a significant decline in r,
was observed for most formulations. CA-functionalized MNPs
retain the highest relaxivity (r, = 381 mMm™ s™'), albeit lower
than at B, = 3 T, reinforcing their robustness across different
fields. PAA- and PMAO-coated MNPs did not exhibit the 7,
reduction under UHF-MRI conditions that has been observed in
the other functionalized T, contrast agents, a behavior generally
attributed to enhanced susceptibility-related effects and, more
recently, to the contribution of interparticle dipolar interactions
[66]. For IO@PAA, this behavior could be related to ligand-
induced aggregation, as evidenced by increased Dy from DLS
measurements and higher Ty in magnetic characterization.
This pre-existing aggregation may mask additional field-induced
aggregation effects, helping maintain r, across different magnetic
fields. For IO@PMAQO, the relatively bulky nature of the PMAO
ligand, with partially hydrophobic segments, may help preserve
the colloidal structure across increasing magnetic field strengths
and limit variations in water accessibility at the nanoparticle
interface under UHF conditions.

The obtained r, = 522 mM~! s7! (B, = 3 T) for CA-functionalized
MNPs ranks among the highest reported for conventional, spher-
ical and superparamagnetic iron oxide MNPs (<20 nm). For
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FIGURE 3 | Inverse of transverse relaxation time (1/T,) obtained by (a) relaxometry measurements at By = 1.4 T and by the MR images at (b) By = 3

and (c) By = 9.4 T as a function of the Fe concentration for the different ligand-functionalized MNPs. (d) T, maps (color-mapped image) of the iron
oxide-based contrast agents at different concentrations from 0 mm (H,0) to 0.1 mMm at By = 3 T (left) and By = 9.4 T (right). Dependence of r, with (f)
Dy, (g) ¢-Potential, and (h) &, obtained at By = 1.4, 3, and 9.4 T of iron oxide-based T, contrast agents. Data are shown as mean + SD (n = 3).

reference, the highest r, values reported to the best of our
knowledge for MNPs with similar characteristics typically range
from 300 to 425 mm~! s~L. Specifically, for MNPs smaller than
10 nm, r, values of 355 mM~! s7! (8 nm, B, = 3 T) [67] and up
to 425 mM~! s (9 nm, B, = 1.5 T) [68] have been observed. In the
10-15 nm range, r, values of 385 and 360 mM ™! s™! (both 14 nm,
B, =0.47 T) [69, 70] have been reported, while MNPs larger than
15 nm show r, values between 276 and 385 mM~' s7!, depending
on particle size, coating, and applied field [49, 71-74].

Some non-conventional nanosystems reach even higher r, values,
exceeding those reported in this work. These include cation-
doped spinel ferrite nanoparticles such as Zn,; Mn,, Fe, O,
(15 nm, r, = 860 mMm~! s7!) and Zn,, Fe,s Fe, O, (15 nm,
r, = 687 mMm! s7! ) [73], anisotropic morphologies such
as nanocubes (22 nm, r, = 761 mM~! s7!) or octapods
(30 m, r, = 989 mM~! s7!) [75, 76], nanoclusters (181 nm,

TABLE 2 |
and relaxometry measurements of the iron oxide-based T, contrast agents.

Transversal relaxivities (r,) obtained by the MR images

Awtp estimated from the effective size of the MNPs, considered as the
hydrodynamic diameter (Dy).
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14T 3T 94T
r; r; r;
Sample (mM1s?) (mMmls!) (mmls™) Awrp
IO@PAA 191 + 21 189 + 11 203 +18 39.1
I0@PMA 278 + 6 378 + 46 174 + 6 13
IO0@PMAO 142+ 4 202 + 4 211 +4 1.8
I0@CA 177+ 3 522 + 25 381 + 24 5.4
10@SiO, 171 + 2 289 + 26 25+4 118
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r, = 604 mM~! s7!) [77] and spherical MNPs outside the super-
paramagnetic regime (33 nm, r, = 510 mM ™! s1) [49]. However,
they do not always guarantee an optimal balance between
efficiency and safety, as the presence of cations in spinel ferrites
can increase cytotoxicity [78], non-spherical morphologies may
affect cellular uptake and toxicological profile [79, 80], and some
nanocluster systems do not meet the size requirements to cross
physiological barriers such as the blood-brain barrier (<100 nm)
[81] for neurological applications.

2.3 | Correlation Between Physicochemical
Properties and MRI Performance of
Ligand-Functionalized Iron Oxide Nanoprobes

To elucidate the relationship between the physicochemical prop-
erties of iron oxide-based T, contrast agents and their efficiency in
MRI r, was analyzed as a function of Dy; (Figure 3f), {-potential
(Figure 3g), and &, (Figure 3h). The dependence of r, on Dy
does not follow a monotonic trend, suggesting that nanoparticle
size alone does not dictate relaxation efficiency. A correlation
between r, and {-potential was observed, where MNPs exhibiting
more negative surface charges showed higher r, values. This
effect may be attributed to enhanced water proton accessibility
and mobility near the nanoparticle surface, which facilitates
spin-spin relaxation. Strongly negative {-potentials promote elec-
trostatic attraction of positively charged water protons, leading
to increased local water density at the particle-solvent inter-
face. This, in turn, could enhance the dephasing effect caused
by the local magnetic field inhomogeneities generated by the
nanoparticle core.

Despite the expected inverse relationship between coating thick-
ness and r,, the observed trend was not straightforward. While
thicker coatings are generally believed to restrict water access
and reduce r,, this pattern does not hold consistently across
different ligands. For instance, IO@PAA, with 8, = 1.7 nm,
exhibits a lower r, value compared to IO@PMAO and IO@SiO,
despite having a greater thickness. Interestingly, IO@CA, with a
thinner coating of only 1.6 nm, shows the highest r,, indicating
that the chemical nature of the ligand plays a more significant
role in determining the water-ligand interactions and contrast
efficiency.

The effect of the magnetic field on proton relaxation is modeled
through Larmor frequency dispersion (Aw). MRI contrast effi-
ciency depends on the time protons remain in these magnetically
influenced regions (7p). If the Redfield condition (Awt, < 1) is
met, r, follows the outer sphere model or motional averaging
regime (MAR), expressed as [1, 49, 82]:

r, = 4Umat(7H,“0Mvd)2 )
450Dy
where yy is the 'H gyromagnetic ratio, y, is the vacuum per-
meability, D is the water diffusion coefficient, v, is the molar
volume of magnetic ions, d is the nanocrystal diameter, and M, is
the volumetric saturation magnetization. If Awtp, > 1, the system
enters the static dephasing regime (SDR), where r, stabilizes.
For Awt, > 20, in the echo-limited regime (ELR), r, decreases
with increasing size, which should be avoided in contrast agent

design. To maximize r,, MNPs should meet the SDR constraint
with 5 < Awt, < 20, corresponding to optimal sizes between
36-72 nm [49], while avoiding non-superparamagnetic particles
with significant coercivity. Additionally, MNP clustering can alter
r,, making the choice of nanoparticle coating crucial for MRI
efficiency. To investigate the influence of ligands on r, modula-
tion, the impact on Awt;, was analyzed. The resulting r, values
depend on the dynamic regime of the MNPs, such as MAR, ELR,
or SDR. Awt;, was obtained, assuming yy; = 2.68 X 108 rad T™! s71,
Uy =47 X107 Tm A™, Dy = 3.1 X 1072 m? s™! at 37°C, approx-
imating M, to M, ~ 4.26 X 10° A m~! with d = 12.07 nm, obtained
from the magnetic cores IO@OA, respectively. Specifically, the
calculated values were Awtp = 0.5. According to this, r, should
be described by the MAR regime, with d and My dominating the
modulation of r,.

To understand the role of the employed ligand, Awt, was
obtained considering the effective particle size of each MNP,
approximated to Dy (Table 2). IO@PAA exhibited the highest
Awt, (Awtp =39.1), placing it in the ELR regime, with a moderate
r, (r,=203mM™ s, B, = 9.4 T). Conversely, I0@PMA and
I0@PMAO displayed lower Awt, (Awt, = 1.3 and Awt), = 1.8,
respectively), situating them near the MAR-SDR boundary,
which correlates with their reduced r, .I0@SiO, , (Awt, =11.8),
exhibited a lower r, , suggesting that the SiO, shell limits
water accessibility, shifting its regime toward SDR. Interestingly,
I0O@CA displayed an elevated r, (r,= 381 mM~ s}, By = 9.4 T)
despite a moderate Awt, (Awt, = 5.4), indicating contributions
from ligand-induced effects, such as colloidal stability or local
magnetic interactions.

In summary, CA-functionalized MNPs exhibited the highest
r, across clinically relevant and UHF fields, reflecting the
efficiency of thin citric acid layers in enhancing water-ligand
interactions and proton relaxation. SiO,-coated MNPs, despite
their relatively thick inorganic shell, also showed enhanced r,,
indicating that silica surface chemistry, likely through silanol
groups, promotes water accessibility and proton mobility at
the nanoparticle interface. Organic ligand coatings such as
IO@PAA and IO@PMAO, however, possess thinner shells but
lower r,, highlighting that ligand hydrophilicity and chemical
composition, rather than coating thickness alone, govern relax-
ation efficiency. Additionally, the correlation between a more
negative -potential and elevated r, underscores the contribution
of electrostatic effects. Together, these results demonstrate that
ligand surface chemistry—particularly hydrophilicity and surface
charge of anionic MNPs-dominates the modulation of transverse
relaxivity.

2.4 | InVivo MRI Performance of
Ligand-Functionalized Iron Oxide Nanoprobes

The translation of the observed effects in physiological environ-
ments must be demonstrated in preclinical models. To achieve
this, the efficiency of iron oxide-based T, contrast agents was
explored in vivo through a proof-of-concept study in animal
models, specifically targeting the brain. The different iron oxide-
based T, contrast agents were injected into the right hemisphere
of the brain (10 pL, 0.5 mM Fe, n = 3), with a PBS injection
used as a control in the left hemisphere. The effect of the
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FIGURE 4 | (a)Representative T,-weighted (left) and T,*-weighted (right) MR images of rat brains (coronal plane) after injection of iron oxide-
based T,-contrast agents into the right hemisphere and PBS into the left hemisphere. Yellow circles highlight regions of hypointensity due to iron oxide
nanoparticle accumulation. Corresponding phantom images of each iron oxide nanoformulation dispersed in H,O are shown on the far left. (b) SNR
and (c) CNR derived from T,- and T,*weighted MRI after intracerebral injection of iron oxide-based T, contrast agents (0.5 mM Fe) (d) T,-weighted
MR signal intensity of phantom samples containing iron oxide MNPs coated with different ligands: PAA, PMA, PMAO, CA, and SiO, obtained from T,-
weighted MR images (Figure S6). (¢) Normalized in vivo T,- and T,*-weighted MRI signal intensity obtained from rat brains after intracerebral injection
of iron oxide-based T,- contrast agents (0.5 mM Fe). Signal intensities in both (d,e) were normalized to the H,O (phantom) and PBS (in vivo) controls,
set to 100%. Data are shown as mean + SD (n = 3). Statistical significance is indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant).

TABLE 3 | Normalized T, and T,* signal intensities (% + SD) and contrast-to-noise ratio (CNR, mean + SD) for iron oxide-based T, contrast agents
in phantom (0.04 mMm Fe) and in vivo (T, and T,* after intracranial injection, 0.5 mMm Fe, 10 pL).

Normalized T, T, CNR-in T,* CNR-in Normalized T, Normalized T,*
Sample Signal-Phantom (%) vivo (a.u.) vivo (a.u.) Signal-in vivo (%) Signal-in vivo (%)
IO@PAA 17+2 26+1 33+1 18+3 14+2
I0@PMA 35+5 15+2 37+1 31+7 24 +5
I0@PMAO 22+2 24 +2 48 +1 24+6 19+4
I0@CA 10 +2 25+1 53+2 17+2 10+3
I0@SiO, 21+2 26+1 24 +2 41+ 4 18+5

T, contrast agents was demonstrated by the observation of a
strong negative contrast in the T,-weighted and T,*-weighted
in vivo MR images of rat brains after intracranial injections
(Figure 4a).

Following the qualitative observation of signal hypointensity,
a quantitative analysis was performed by evaluating the SNR
and contrast-to-noise ratio (CNR) in the injected brain regions
(Table 3; Figure 4b,c; details of SNR and CNR calculation are
provided in the Materials and Methods section). In T,-weighted
images, SNR was markedly reduced after injection of contrast

agents, with PMAO- and CA-functionalized MNPs producing the
most pronounced signal attenuation (from ~31 a.u. to ~7 a.u.).
In T,*-weighted images, the stronger effect of PMAO- and CA-
functionalized MNPs was even more evident (from ~60 to
~13 a.u.). Consistent with these trends, the CNR analysis, which
normalizes the signal variations relative to the contralateral
control, revealed enhanced contrast generation for PMAO- and
CA-functionalized MNPs, particularly in T,*-weighted images,
reaching values of 48 and 53 a.u., respectively, in agreement
with trends observed under physiological conditions in phantom
experiments at UHF-MRI.
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To further deepen the analysis and gain a more direct measure
of the signal reduction induced by the contrast agents, the
variation in the normalized signal relative to the control region
of interest (ROI) was calculated (Table 3), revealing ligand-
dependent signal variations (Figure 4e). These in vivo observa-
tions were in good agreement with the phantom results obtained
for the same nanoparticle formulations dispersed in aqueous
media (Figure 4d; Figure S7). Under physiological conditions,
all iron oxide-based contrast agents exhibited a concentration-
dependent reduction in T, signal intensity, with clear differences
observed across surface ligands. This trend was comparable to
the reduction in T, signal observed in vivo. The corresponding
in vivo values were 18% for IO@PAA, 31% for IO@PMA, 24%
for IO@PMAO, 17% for IO@CA, and 41% for IO@SiO,. Taken
together, the phantom calibration curve provides a quantitative
framework to estimate the effective local concentration of iron
oxide-based contrast agents in brain tissue from the observed
in vivo signal attenuation, suggesting an apparent concentration
of approximately 0.04 mM despite an injected dose of 0.5 mM,
while acknowledging limitations due to tissue heterogeneity and
diffusion. At 0.04 mM in the phantom experiments, the normal-
ized MR signal decreased to 17% for IO@PAA, 35% for IO@PMA,
22% for IO@PMAO, 10% for IO@CA, and 21% for IO@SiO,. This
correspondence at differing nominal concentrations suggests that
the effective local concentration of iron oxide-based contrast
agents in brain tissue is substantially lower than the administered
dose, likely due to limited diffusion, tissue retention, or partial
leakage during injection.

The modulation induced by ligand exchange remained the pri-
mary determinant of T, contrast efficiency in vivo. Consistent
with its higher susceptibility sensitivity, T,*-weighted imaging at
UHF generated stronger contrast than conventional T,-weighted
scans. Notably, the ligand-dependent performance observed in
phantom studies translated seamlessly to the brain, with CA-
functionalized MNPs achieving the highest efficiency under
complex tissue conditions. These findings underscore the pre-
dictive value of phantom assays, particularly at sub-maximal
concentrations, and highlight surface chemistry as a crucial
factor for optimizing T, contrast agents in translational UHF-MRI
applications.

2.5 | Biosafety and Biodistribution Assessment of
Ligand-Functionalized Iron Oxide Nanoprobes

To evaluate the biosafety of the contrast agents and the potential
effects of ligand variation, serum levels of glutamate oxaloacetate
transaminase (GOT), urea, and creatinine were measured in
Sprague-Dawley rats as indicators of hepatic and renal injury.
Measurements were taken at baseline and after intravenous
administration of the contrast agents (1 mL, 2.5 mM Fe), revealing
no significant differences in GOT levels among the different
ligands (Figure 5a). A slight transient increase was detected
during the early post-injection period, particularly at 4 h, followed
by a return to baseline values at 24 h. Importantly, GOT values
remained below the established toxicity reference level for the
experimental set (92 U L™!) throughout the study, suggesting
the absence of significant hepatotoxicity for all contrast agents.
Renal function was assessed by measuring serum urea, which
exhibited a trend similar to that observed for GOT, with a slight

transient increase exceeding the reference level (29 mg dL™1!)
in some animals during the first hours post-injection, but
returning to near-baseline values by 24 h (Figure 5b). This
pattern indicates a temporary physiological response rather
than sustained renal damage, as further evidenced by creati-
nine levels, remaining below the detection limit of the assay
(<0.5mgdL™).

On the other hand, CA-functionalized T, contrast agents were
selected due to their superior contrast performance to evaluate
their in vivo biodistribution by MRI. Biodistribution was assessed
by comparing pre-injection and post-injection T,-weighted MR
images acquired 30 min after intravenous administration of
IO@CA MNPs (2.5 mM Fe, 1 mL), evaluating the signal changes
in various organs, including the brain, liver, kidneys, and lungs
(Figure 5d). Changes in SNR, reflected as image darkening, were
used as an indicator of nanoparticle accumulation (Figure 5c).
A pronounced decrease in the T, signal was primarily observed
in the liver and, to a lesser extent, in the kidneys, suggesting
preferential accumulation of the MNPs in major metabolic and
filtration organs.

Although the present study does not provide an exhaustive
evaluation of the metabolic fate of the engineered contrast agents,
their clearance mechanisms have been extensively described.
Iron oxide-based MNPs are eliminated primarily via renal excre-
tion when their hydrodynamic size permits, or through the
mononuclear phagocyte system, where macrophages internal-
ize and enzymatically degrade them within lysosomes. The
released iron is subsequently incorporated into physiological
pathways, including ferritin storage and transferrin-mediated
transport [83-85]. In the central nervous system, MNP clearance
occurs mainly through the perivascular glymphatic system and
meningeal/cervical lymphatic network, allowing drainage from
brain parenchyma to deep cervical lymph nodes. Microglial
cells can also internalize MNPs, degrading them lysosoma-
lly and gradually releasing iron into intracellular metabolism,
paralleling peripheral macrophage pathways and limiting long-
term accumulation and neurotoxic risk [86-88]. Future studies
addressing the impact of targeting ligands on cerebral nanopar-
ticle metabolism, clearance pathways, and microglial processing
would provide valuable mechanistic insight.

3 | Conclusion

In summary, this work demonstrates that chemical modification
of iron oxide nanoparticles through ligand exchange is an effec-
tive strategy to modulate their T, contrast efficiency, particularly
under UHF-MRI conditions, where T, signal decay becomes
increasingly pronounced and challenging to manage. By varying
only the surface ligand-using PAA, CA, PMA, PMAO, or SiO,-
significant differences in r, relaxivity were achieved, with values
ranging from 188 to 521 mM~! s7! at 3 T (clinical field), and
from 173 to 380 mM~! s7! at 9.4 T (UHF-MRI). These findings
highlight the mesoscopic influence of surface chemistry on
magnetic performance, underscoring the need for precise control
over relaxation behavior in the design of contrast agents for UHF
imaging. To assess the biological relevance of these physicochem-
ical optimizations, the different nanoparticle formulations were
evaluated in vivo via injection in rat brains under UHF-MRI.
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FIGURE 5 | (a) GOT and (b) urea levels measured pre-injection (baseline) and 0.5, 1, 4, and 24 h after intravenous administration of ligand-
functionalized T, contrast agents (1 mL, 2.5 mM Fe) in Sprague-Dawley rats. (c) SNR in the brain, liver, kidneys, and lungs from in vivo studies before

and post-injection (0.5 h) of CA-functionalized T, contrast agents, quantified from MR images relative to muscle signal. (d) Representative T,-weighted

MR images of the brain and body organs-including liver, kidneys, and lungs-acquired before (left panels) and after (right panels) CA-functionalized
nanoparticle injection. Data are shown as mean + SD (n = 3). Statistical significance is indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not

significant).

The T, and T,* signal reductions observed in vivo under UHF
conditions were consistent with the trends seen in phantom
studies, although the extent of attenuation better aligned with
a lower concentration of 0.04 mM. This suggests that the actual
effective dose reaching brain tissue is substantially lower than
the nominal injected concentration, likely due to limited diffu-
sion, tissue interactions, or partial loss during administration.
Importantly, despite these biological limitations, the contrast
efficiency hierarchy across ligands remained largely preserved in

vivo. Formulations such as IO@PAA, IO@CA, and IO@PMAO
consistently produced stronger T, and T,* attenuation, validating
the predictive value of ligand-driven optimization. Moreover,
after intravenous injections in Sprague-Dawley rats, the contrast
agents showed no significant hepatic or renal toxicity, and CA-
functionalized T, MNPs accumulated mainly in the liver and,
to a lesser extent, in the kidneys. These results demonstrate
that rational surface chemistry tuning translates into mean-
ingful differences in biological performance, and that in vitro
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screening can reliably guide the design of iron oxide-based T,
contrast agents for complex physiological environments. In par-
ticular, this work highlights ligand engineering as a simple and
cost-effective strategy to modulate T, efficiency. Among the
systems studied, CA-based contrast agents show strong potential
for MRI, combining high r, relaxivity with a favorable short-term
safety profile. Further studies addressing long-term biodistri-
bution and toxicity will be essential to support their clinical
translation.

4 | Materials and Methods

4.1 | Synthesis of Iron Oxide Nanoparticles in
Organic Media (I0@OA)

The synthesis of precursor hydrophobic iron oxide NPs
(drgm = 12.2 £ 1.6 nm) denoted as IO@OA, was carried out
following the thermal decomposition method previously
described with slight modifications [89]. Initially, iron
acetylacetonate (2.119 g), 1,2-hexadecanediol (6.203 g), oleic
acid (4.460 g), and oleylamine (3.209 g) were dissolved in
benzyl ether (40 mL) at 110°C for 60 min with mechanical
stirring at 400 rpm under vacuum. Subsequently, under a flow
of nitrogen and reflux conditions, the temperature increased
at a rate of 8°C/min to reach 210°C, where it was maintained
for 2 h. Then, the temperature was further increased to 300°C
following a heating ramp of 5°C/min and held for 1 h. Finally,
the reaction was allowed to cool to room temperature. After
cooling, the MNPs were precipitated by adding 50 mL of
ethanol, followed by a centrifugation process. The resulting black
precipitate was resuspended in a mixture of 50 mL of toluene
and 500 pL of OA and OAm. Subsequently, the solution was
centrifuged, the precipitate was discarded to eliminate possible
aggregates, and the supernatant was recovered and redispersed
in 50 mL of ethanol. Finally, the solution was centrifuged again,
and the precipitate was resuspended in an organic medium
(cyclohexane).

4.2 | Transfer to Aqueous Media

As a result of thermal decomposition conditions, the samples
obtained exhibit hydrophobic characteristics and required a
ligand exchange modification to ensure stable transfer to aqueous
media. Various compounds were utilized, namely PAA, PMA,
PMAO, CA, and SiO,, and the samples were accordingly named
by IO@X, where X represents the coating employed (X = PAA,
PMA, PMAO, CA, or Si0,).

421 | Phase Transfer by Ligand-Exchange with PAA

The sets of MNPs transferred to the aqueous medium using
PAA as the ligand (IO@PAA) were synthesized according to a
previously reported method [47]. Briefly, 1 mL (C = 5 mg mL™)
of IO@OA MNPs dispersed in cyclohexane was transferred into
a solution of PAA (11.5 mg) in 50 mL of dimethyl sulfoxide. The
amount of PAA employed was adjusted based on a molar ratio of
the exchange ligand-to-NP surface Fe atoms at 5:1. The mixture

was subjected to magnetic stirring for 48 h at 700 rpm. Finally, the
MNPs were precipitated by centrifugation (14 000 rpm, 30 min)
and redispersed in H,O.

4.2.2 | Phase Transfer by Ligand-Exchange with PMA

The sets of MNPs transferred to aqueous medium employed and
utilizing PMA as the ligand (IO@PMA) were synthesized fol-
lowing previously reported work [89]. Initially, a dodecylamine-
modified PMA polymer with amphiphilic character must be
synthesized. For this purpose, a specified amount of PMA
(3.084 g) was placed in a round flask, and a solution of dode-
cylamine (15 mmol) in tetrahydrofuran (100 mL) was rapidly
injected into the flask. The solution was vigorously mixed by
sonication and maintained at 60°C under vigorous stirring
(700 rpm) overnight. Subsequently, the solvent was evaporated
using a rotary evaporator (200 rpm, 45°C, and 450 mbar) until
complete solvent removal. The resulting dried polymer was
redispersed in anhydrous chloroform (25 mL), adjusting the final
concentration to 0.8 M. The transfer to an aqueous medium of
IO@OA MNPs was performed by mixing the previously synthe-
sized dodecylamine-modified PMA polymer (2.2 mL, 0.8 M) and
IO@OA MNPs (15 mg) both in organic medium (chloroform).
The respective quantities were adjusted to a ratio X = 400 nm~2,
where X represents the number of PMA monomers added
per effective MNP surface unit area (detailed calculations are
provided in [89]). Subsequently, a rotary evaporation process
(45 min at 200 rpm, 45°C and 450 mbar) was employed to
evaporate the solvent, and the resulting solid was redispersed in
chloroform (30 mL). This process needed to be repeated at least
two more times to ensure the proper functionalization of the
MNPs. The solid sample was dissolved in sodium borate buffer
(50 mM, pH 12) under sonication and vigorous stirring until the
MNPs were thoroughly dispersed in the medium. The resulting
solution was concentrated through centrifugal filtration using
a 100 kDa cut-off filter at 2000 rpm, collected, and transferred
to milli-Q water. Finally, the excess polymer was removed by
centrifugation at 13 300 rpm for 2 h, repeating the process at least
3 times.

4.2.3 | Phase Transfer by Ligand-Exchange with PMAO

The sets of MNPs transferred to the aqueous medium, using
PMAO as the ligand IO@PMAO), were synthesized following
a previously reported procedure [90]. Briefly, 20 mg of IO@OA
(in powder state), were added to a solution of PMAO (250 mg)
dissolved in chloroform (200 mL) and stirred magnetically (1 h,
25°C) until fully dissolved. The solvent was then removed under
vacuum, and a small amount of chloroform (1 mL) was added to
the dried MNPs. To facilitate the transfer to water, the MNPs were
first resuspended in NaOH solution (0.05 M), and the chloroform
present in the solution was evaporated by magnetic stirring
at T = 60°C. The resulting solution was concentrated using
centrifugal filtration with a 100 kDa cut-off filter at 2000 rpm,
collected, and transferred to milli-Q water. Finally, the excess
polymer was removed by centrifugation at 13 300 rpm for 2 h,
repeating the process at least 3 times.
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4.2.4 | Phase Transfer by Ligand-Exchange with Citric
Acid

The sets of MNPs transferred to aqueous medium, utilizing CA
as the ligand (IO@CA) were synthesized following a previously
reported work [45]. IO@OA (15 mg) were first dried and dispersed
in a 50:50 mixture of 1,2-dichlorobenzene (7.5 mL) and N, N'-
dimethylformamide (7.5 mL), to which CA (100 mg) was added.
The solution was magnetically stirred (18 h, 100°C) under reflux
and vacuum to prevent the oxidation of MNPs. Subsequently,
diethyl ether (40 mL) was added, and the MNPs were collected
using a permanent magnet. The obtained MNPs underwent sev-
eral washes with acetone and were precipitated by centrifugation
(13 300 rpm, 30 min). Finally, the MNPs were filtered through a
membrane pore filter (0.1 ym) and redispersed in milli-Q water.

4.2.5 | Phase Transfer by Ligand-Exchange with SiO,

The sets of MNPs transferred to the aqueous medium, employed
SiO, as an inorganic shell (I0@SiO,), were synthesized through
the microemulsion method as described in previous works [91,
92]. Initially, IGEPAL CO-520 (1.88 g) were dissolved in cyclohex-
ane (24 mL) under mechanical stirring (350 rpm, 30 min). Subse-
quently, IO@OA (10 mg) dispersed in cyclohexane were added
to the mixture and subjected to mechanical stirring (350 rpm,
30 min). The corresponding amounts of NH,OH (0.175 mL)
and tetraethyl orthosilicate (0.16 mL) were incorporated, and
the mixture was mechanically stirred (350 rpm, 16 h), ensuring
protection from solar radiation and light sources. Finally, the
corresponding amount of 2-propanol was added until flocculation
of the MNPs was observed. The MNPs were then retained using
a permanent magnet, and the supernatant was discarded. This
procedure was repeated successively using a 1:1 mixture of 2-
propanol-ethanol, ethanol, and a 1:1 mixture of ethanol: H,O.
Finally, the MNPs were washed twice with H,0 and centrifuged
(9000 rpm, 30 min), redispersing the pellet in H,O.

4.3 | Physicochemical Characterization of Iron
Oxide-Based T,-Contrast Agents

The characterization of MNPs crystalline phases was carried
out through X-ray diffraction (XRD) on powdered samples
using a Philips PW1710 diffractometer (Cu K, radiation source,
A = 1.54 186 A). Measurements were collected in a 26-angle
range between 10° and 80° with steps of 0.02° and a duration
of 10 s per step. The morphology of the MNPs was assessed by
transmission electron microscopy (TEM) using a JEOL JEM-1011
microscope (100 kV). Sample preparation involved depositing
7 uL of dispersed MNPs onto a carbon-coated Cu grid, followed by
solvent evaporation at room temperature. The Fe concentration
was determined using inductively coupled plasma emission
spectroscopy (ICP-OES, ICPE-9000 Multitype ICP Emission
Spectrometer, Shimadzu). Sample preparation included digesting
approximately 10—20 puL of MNPs in 1 mL of HCIl (37% v/v)
overnight, followed by dilution with Milli-Q water (10 mL total
volume). The composition of the samples in powder state was
analyzed using a TGA Perkin Elmer model 7 (Perkin Elmer,
Waltham, MA, USA). DC magnetization curves of MNPs were

measured using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer (Quantum Design,
Darmstadt, Germany). Approximately 1 mg of powdered MNPs
was placed in gelatin capsules. Zero-field-cooled (ZFC) and field-
cooled (FC) curves were recorded at an applied magnetic field of
100 Oe within the temperature range of 10 to 350 K. Hysteresis
loops were measured with an applied magnetic field between —25
and 25 KOe at 300 K.

4.4 | InVitro MR Relaxometry (B, =1.4T)

Relaxation performance of iron oxide-based T,- contrast agents
with Fe concentrations ranging from 0 and 0.8 mM was mea-
sured using a Minispec benchtop relaxometer (mq 60, Bruker,
B, =1.41T) operating at 60 MHz and conducted at a temperature
of 37°C. T, (s) were measured using a standard Carr-Purcell-
Meiboom-Gill (CPMG) sequence and from these measurements,
r, were determined.

4.5 | InVitro MR Imaging (B, =3T)

MR imaging was performed using a 3 T horizontal bore MR
Solutions Benchtop scanner equipped with 48 G cm™ actively
shielded gradients. To image the MNPs, a 56 mm diameter
quadrature bird-cage coil was used in transmit/receive mode.
MRI phantom samples were prepared dispersing MNPs with
different Fe concentrations ranging from 0 to 100 um in H,O.
Approximately 100 uL of each MNP was placed on a custom-
printed PLA well plate, positioned at the center of the coil.
T,-weighted images were acquired using the fast spin echo (FSE)
sequence with the following parameters: Echo time (TE) = 11-
110 ms, repetition time (TR) = 4 000 ms, number of averages
(NA) = 32. MRI images of phantoms were acquired with an
image matrix of 256 X 256, a field of view (FOV) of 6 x 6 cm?,
six slices with a slice thickness of 0.5 mm, and a slice gap of
0 mm.

4.6 | InVitro MR Imaging (By =9.4T)

MR imaging was performed using a 9.4 T horizontal bore magnet
(Bruker BioSpin) equipped with 12-cm actively shielded gradient
coils (440 mT m™'). MRI phantom samples were prepared
dispersing MNPs in an agar (1.6% w/v) mold with multiple wells,
following a procedure described elsewhere [93]. MNPs were first
diluted in water to obtain Fe concentrations ranging from 0 to
100 pM, then mixed with liquid agar (70°C) and placed in the
solid agar mold. The mold was then sealed with liquid agar and
cooled to room temperature. T,-weighted images were acquired
using the multi-slice multi-spin-echo (MSME) sequence with TE
= 11.32 ms, TR = 3000 ms, 16 echoes with echo spacing (ES) =
11.32 ms, 50 kHz spectral bandwidth (SB), a flip angle (FA) of
90°, 14 slices of 1 mm, and NA = 1. Images were obtained with
a FOV of 7.5 X 7.5 cm? (with saturation bands to suppress signals
outside this FOV) and a matrix size of 300 x 300, giving an in-
plane resolution of 250 um/pixel and implemented without fat
suppression.
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4.7 | InVivo Studies

The studies followed the ARRIVE guidelines (Animal Research:
Reporting In Vivo Experiments). The use of animals in this
study was approved by the Animal Research and Welfare Ethics
Committee of the Health Research Institute of Santiago de
Compostela (IDIS; Santiago de Compostela, Spain) and was
authorized under procedure number 15011/2025/002 by the Farm-
ing and Ranching Agency of the Xunta de Galicia (Regional Gov-
ernment, Spain), in accordance with European (Council Directive
2010/63/EU) and Spanish regulations (RD 53/2013). Online soft-
ware (Experimental Design Assistant; https://eda.nc3rs.org.uk/
eda/login/auth) was used for sample size calculation and animal
randomization. Eighteen (n = 18) male Sprague-Dawley rats
[7 weeks old, 239 + 13 g; Experimental Biomedicine Centre
(CEBEGA), University of Santiago de Compostela] were used.
The rats were housed in pairs in cages with enriched cardboard
material. Animals were kept in a controlled environment at
22°C + 1°C and 60% + 5% humidity, with 12:12 h light: dark
cycles, and had free access to standard food and water for one
week prior to the surgical procedure. The animals were randomly
divided into a control group (uninjected, n = 3) and five different
nanoparticle-treated groups (n = 3 each).

4.8 | InVivo Brain MRI

To perform brain MRI imaging, iron oxide-based T, contrast
agents and PBS were directly injected into the brain parenchyma
of the animals (n = 3, 0.5 mM Fe) under anesthesia. In brief,
the Hamilton syringe was filled with the respective nanoparticle
suspension, and 10 uL. of MNPs suspension was administered
into the right hemisphere of the brain at a flow rate of 1 pL/min
over a 10-minute period. The same procedure was applied to
the left hemisphere, where 10 pL of PBS was injected. Following
surgery, MRI scans were performed using a 9.4 T horizontal-bore
magnet (Bruker BioSpin) equipped with 12-cm actively shielded
gradient coils (440 mT/m). Signal transmission was carried out
using a linear birdcage resonator (7 cm in diameter), while
signal detection was performed using a 2 X 2 surface coil array
positioned over the animal’s head, which was secured with a bite
bar, earplugs, and adhesive tape. The transmission and reception
coils were actively decoupled. Gradient-echo pilot scans were first
conducted in each imaging session to ensure accurate positioning
of the animal within the magnet bore. Animals were included
in the study if nanoparticles were detected in the correct brain
area by MRI and were excluded if a blood vessel was severely
damaged during surgery. All surgeries were performed by the
same researcher.

To evaluate the in vivo presence of MNPs, MRI scans were
conducted using T,-weighted and T,*-weighted sequences. T,*-
weighted images were acquired with an multi-gradient echo
(MGE) sequence using a TE = 2.9 ms, TR = 1500 ms, 16 echoes
with ES = 3.28 ms, FA = 30°, NA = 2, and 14 slices of 1 mm
thickness. The FOV was 19.2 x 19.2 mm?, with a 192 x 192 image
matrix, providing an isotropic in-plane resolution of 100 um per
pixel. T,-weighted images were obtained with a rapid acquisition
with relaxation enhancement (RARE) T, sequence, featuring an
TE = 11 ms, RARE factor of 8, TR = 2500 ms, NA = 2, 1 repetition,

FA = 90°, 14 slices of 1 mm thickness, a 26 X 26 mm? FOV,
and a matrix size of 256 X 256, maintaining an isotropic in-plane
resolution of 100 pm per pixel. Fat suppression was not applied.
MRI post-processing was performed using ImageJ software (W.
Rasband, NIH, USA).

4.9 | Calculation of SNR and CNR in Rat Brain
ROIs

Quantitative analysis of the in vivo MR images was performed
by calculating SNR and CNR. ROIs were manually defined in
the injected brain area and in the contralateral hemisphere
injected with PBS, while background noise was estimated from
a signal-free region outside the animal. SNR was calculated as
the ratio between the mean signal intensity within the injected
ROI and the standard deviation of the background noise. CNR
was calculated as the absolute difference between the mean signal
intensities of the injected and contralateral ROIs, normalized to
the background noise standard deviation.

4.10 | In Vivo Biocompatibility of Iron
Oxide-Based T,-Contrast Agents

The biocompatibility of the MNPs in vivo was evaluated by
monitoring serum levels of GOT, urea, and creatinine after
intravenous injection via the tail vein in anesthetized rats (1 mL,
2.5 mM Fe, n = 3). A matching volume of PBS served as the
control. Blood samples were collected at 0 (baseline), 0.5, 1, 4,
and 24 h post-injection, using heparinized collection tubes (BD
Vacutainer Heparin). For analysis, 32 pL of blood were applied
to reagent strips to determine GOT, urea, and creatinine levels,
which were measured with a Reflotron Plus system (Roche, Basel,
Switzerland).

4.11 | In Vivo Biodistribution of Iron Oxide-Based
T,-Contrast Agents

Biodistribution was evaluated by magnetic resonance imaging
by acquiring T,-weighted images before and after intravenous
administration of CA-functionalized contrast agents (1 mL,
2.5mM Fe) in Sprague-Dawley rats, without removing the animal
from the magnet. T,-weighted images were obtained using a
RARE sequence with TE = 20 ms, TR = 906 ms, RARE factor of 4,
NA =4, SB =50 kHz, and FA = 90°. Thirty-five coronal or sixteen
axial slices were acquired for body or brain studies, respectively,
with a slice thickness of 1-2 mm. Imaging was performed using a
FOV of 7 x 7 cm? (body) and 8 x 6 cm? (brain), with saturation
bands applied to suppress signals from outside the selected
imaging volume. Images were reconstructed using matrix sizes
of 256 x 256 (body) and 384 x 192 (brain), yielding in-plane
spatial resolutions of 273 x 273 um? (body) and 208 x 312 pym?
(brain). No fat suppression was applied. T, signal intensities
(arbitrary units) for each organ were quantified by compar-
ing pre- and post-injection images relative to the surrounding
tissue.

Small, 2026

13 of 17

85UBD1T SUOLIWIOD BAEa1D a|qealjdde ay) Aq peusenob ae sajpilie YO ‘esn Jo ajnl 1oj Aigi auljuQ A8|IAA UO (SUOTIPUOI-pUe-SWLB)WCD A3 | IM A Reiq 1BU 1 uo//SdNY) SUONIPUOD pue SWwd 1 8Y)88s *[920z/70/Tz] uo Akigiauluo A8|Im ‘(Brsi) enies aq oLEISBAIN BWRXSIS 0Q OLEISBAIUNBIU| 012105U0D AJ 26/605202 |IWS/Z00T OT/I0p/Wod A3 | 1M Areiq 1puljuoy/sdny wolj pepeojumod ‘9T ‘9202 ‘6289ETIT


https://eda.nc3rs.org.uk/eda/login/auth

4.12 | Statistical Analysis

All statistical analyses were conducted with OriginPro 2016
(OriginLab Corporation, Northampton, MA, USA). Particle size
distributions derived from TEM images were processed using
ImageJ and reported as mean + SD. Furthermore, the Distri-
bution Fit function in OriginPro was utilized to evaluate the
fit quality of the size distributions. Hydrodynamic diameter, ¢-
potential, and iron content measurements were performed in
triplicate (n = 3) and are presented as mean + SD. Statistical
significance was determined using a two-sample Student’s t-test
comparing pre-injection (control) and post-injection groups. Lev-
els of statistical significance are indicated by asterisks (p < 0.05,
*p < 0.01, p < 0.001; ns, not significant).
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