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Biocompatible PMAO-coated Gd,0Oz/FezO,4
composite nanoparticles as an effective T,-T;
dual-mode contrast agent for magnetic
resonance imagingt
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In this study, we developed novel Gd,Oz/FesO4 composite nanoparticles (GFO CNPs) via a simple one-
step thermal decomposition of Fe(i) actylacetonate and Gd(i) acetate in octadecene solvent, with oleic
acid (OA) and oleylamine (OM) serving as surfactants. The effects of the Gd/Fe molar ratio on the
formation, size, and T;, T, relaxation efficiency of the NPs were investigated. The as-synthesised GFO
CNPs were characterised using various analytical techniques such as TEM, HRTEM, XRD, UV-Vis, VSM,
EDX and XPS. The results showed that GFO CNPs synthesised at a Gd/Fe ratio of 7/3 (GFO-7/3 CNPs)
had an average size of about 10 nm, exhibited monodispersity with a narrow size distribution, and
demonstrated superparamagnetic properties at room temperature. Additionally, surface modification of

Received 23rd October 2024, the NPs with PMAO improved their dispersibility and stability in agueous media. Cytotoxicity tests

Accepted 7th January 2025 confirmed the biocompatibility of the PMAO encapsulated GFO CNPs. In vitro relaxivity studies showed
DOI: 10.1039/d4ma01067a high r; and r, values of 18.20 and 94.75 mM ™ s, respectively, with an r,/r; ratio of 5.21, outperforming

commercial products such as Feraheme, Resovist, Feridex, and Dotarem. These findings suggest that
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Introduction

Magnetic resonance imaging (MRI) is one of the modern non-
invasive diagnostic techniques widely used in clinical practice.
This technique utilizes non-ionizing safe radiation, providing
high spatial resolution and almost infinite tissue penetration
depth, which enhances the ability to distinguish between
normal and pathological tissues.' However, the primary limi-
tation of MRI lies in its relatively low sensitivity, especially
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GFO CNPs provide a promising nanoplatform for non-invasive T;—-T, dual-modality MRI diagnosis.

when distinguishing between tissues with similar properties.
To address this challenge, contrast agents are often employed
to enhance signal intensity differences, making structures or
abnormalities more visible.*™®

In clinical practice, gadolium (Gd) complexes are most
commonly used as MRI contrast agents. They are effective for
T;-weighted imaging by brightening areas of interest through
shortening of the longitudinal relaxation time (7;).”* However,
most clinically relevant T; contrast agents are small molecules
with limitations, including low longitudinal relaxivity (with
r, usually < 10 mM " s~ ), short circulation time in the body,
lack of specificity to tumors and the requirement for high
dosages.”'® Additionally, Gd complex-based contrast agents
pose a high risk for patients with kidney or liver disease.'™"?
Recently, iron oxide NPs (IONs), such as Fe;O, and vy-Fe,Os3,
have attracted a great deal of attention as 7,-weighted contrast
agents due to their high magnetic properties, biocompatibility and
low toxicity.">'* However, T,-weighted dark signals generated by
IONs are susceptible to disturbances caused by signals originating
from calcification, bleeding, or metal deposits, and these artifacts
can impact the quality of background imaging.'>"®

Each type of contrast agent has its own strengths and limita-
tions, leading to increased interest in developing multimodal
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imaging agents for more precise diagnostic information. T;-T,
dual-modal contrast agents, which combine the benefits of
both positive and negative contrasts, could enhance diagnosis
by providing sharper anatomical details in MR images.
Recently, significant efforts have been made to synthesise
T;-T, dual modal CAs for MRI by incorporating gadolinium
species with iron species into a single nanosystem such as Gd
chelate conjugating to the surface of IONs,"”'® Gd-doped
IONs,"*?° and Gd-compound coatings on magnetic cores.”' >
For example, Yang et al. developed a T,-T, dual-mode MRI
contrast agent by utilising gadolinium complex-coupled SiO,@
Fe;0, core-shell NPs, which exhibited excellent MRI contrast
capabilities.* Similarly, Mustafina and colleagues fabricated a
core-shell structure by incorporating ultra-small iron oxides as
the core and Gd(m) complexes doped into the silica nano-
particles as the exterior layer, achieving high r; and r, relaxivity
values.” Sun et al. designed a yolk-like nanostructure with an
ION core and a mesoporous Gd,O; shell, separated by an
interstitial hollow space. This structure effectively reduces the
disturbance of the magnetic core with the T; image, thereby
significantly enhancing the T,-T, contrast effect.>® Miao and
co-workers reported a highly efficient T,-T, dual-mode MRI
contrast agent using ultra-small gadolinium oxide-decorated
magnetic iron oxide nanocrystals (GMIOs).?” Zhang and collea-
gues developed a mesoporous I0/GdO nanocomposite as a
T,-T, dual-modal MRI contrast agent through a hydrothermal
synthetic method enhancing the attenuation of T, and T,
relaxation times.>®

However, the aforementioned nanostructures encountered
different problems. Previous studies have shown that the
effectiveness of T; contrast agents depends on their contact
area with water molecules, while T, agents rely on the distance
between the agent and water molecules. Therefore, increasing
the contact area between T7; agents and water protons and
minimizing the distance between T, agents and water mole-
cules can optimize the T,-T, dual imaging performance. In the
case of Gd compounds located outside and directly in contact
with a magnetic core, the magnetic field generated by a
magnetic core can perturb the spin-lattice relaxation process
of the paramagnetic T; contrast agent, which can lead to a
decrease in T, contrast ability.>*>*?° Therefore, gadolinium
centers need to be spatially separated from the magnetic core to
reduce local magnetic disturbance. In contrast, Gd ions inside
superparamagnetic IONs (SIONs), such as Gd-doped SIONSs,
exhibit parallel spin alignment with the magnetic field gener-
ated by the SIONs, which could effectively prevent magnetic
disturbance, while significantly enhancing local magnetic field
intensity and inhomogeneity, thus improving both T, and T,
imaging performance.’® Despite progress in developing T;-T,
dual-modal CAs based on gadolinium and iron compounds,
challenges remain, such as a low contact area of gadolinium with
water-proton, inappropriate distance between Fe;O, and water
molecule, or undesirable disturbance of gadolinium by Fe;O,,
which compromise their dual-contrast capabilities.*>*" Therefore,
further research is essential to strike a balance between the
saturated magnetism and superparamagnetism of magnetic NPs.
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In this work, Gd,03/Fe;0O, composite nanoparticles with a
unique structure were synthesized using a one-step thermal
decomposition process to develop a novel T,-T, dual-modality
contrast agent. By utilizing a high Gd/Fe precursor ratio, the
resulting GFO CNP structure demonstrated partial integration
of Gd** ions into the Fe;0, lattice, along with the deposition of
ultrasmall Gd,O3; NPs on their surface. This not only enhanced
the longitudinal T; relaxation effect but also optimized the
transverse T, relaxation effect. The as-prepared GFO CNPs were
systematically characterized to determine the optimal composi-
tion for dual-mode MRI applications. Among the obtained GFO
samples, GFO CNPs synthesised at a Gd/Fe ratio of 7/3 demon-
strated the most promising balance of properties, showing both
high T, and T, relaxivity values and excellent biocompatibility.
Furthermore, these CNPs exhibited uniform size distribution
and good aqueous stability, making them well-suited for
potential clinical applications. The results suggest that GFO
CNPs could serve as an effective dual-modality MRI contrast
agent, overcoming the limitations associated with conventional
single-mode agents.

Experimental

Chemicals

Gadolinium(m) acetate hydrate (Gd(Ac)s, 99.9%), iron(m) acetyl-
acetonate 97% (Fe(acac);), oleic acid (OA, 90%), oleyamine
(OM, 70%), 1-octadecene (ODE, 90%), poly(maleic anhydride-
alt-1-octadecene) (PMAO), chloroform, absolute ethanol and
hexane were purchased from Sigma-Aldrich, Ltd and used as
received without further purification.

Synthesis of GFO CNPs

The GFO CNPs were synthesized by a thermal decomposition
method following our previously reported work with some
modifications.>®? In a typical process, a mixture of 10 mmol
precursor containing gadolinium(m) acetate and iron(m) acetyl-
acetonate at different molar ratios was added to a 100 mL
round-bottomed three-neck flask containing a pre-mixed
solution of OA/OM (molar ratio of 2:1) and 40 mL of octade-
cene solvent. The reaction mixture was stirred at 100 °C for 1 h
until the precursors completely dissolved. Subsequently, the
reaction mixture was heated to 200 °C and kept at this tem-
perature for 3 h, followed by a further increase to 320 °C and
maintained for 2 h. Throughout the process, a continuous flow
of nitrogen gas was maintained. After the reaction, the solution
was cooled to room temperature, and the GFO CNPs were
collected by centrifugation and washed four times with abso-
lute ethanol. Finally, GFO CNPs were resuspended in chloro-
form at a concentration of 10 mg mL ™.

Surface modification of GFO CNPs

To achieve a stable dispersion of GFO CNPs in aqueous medium,
we encapsulated the CNPs with the poly(maleic anhydride-ai#-1-
octadecene) (PMAO) polymer using our previously reported
procedure.*>*® In a typical experiment, 10 mL of GFO CNPs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 |lllustration of the synthesis and surface modification process of GFO CNPs.

in chloroform (10 mg mL™") were mixed with 10 mL of PMAO
polymer in chloroform (0.2 g mL™"). The mixture was continu-
ously stirred at room temperature until all the chloroform
evaporated. Next, a diluted NaOH solution was added, and
the mixture was sonicated for 30 min. The resulting GFO@
PMAO solution was collected by centrifugation to eliminate
excess free PMAO and NaOH, and redispersed in 10 mL of
distilled water. The synthesis and surface modification proce-
dure of GFO CNPs with PMAO is presented in Scheme 1.

Characterisation

The morphology of GFO CNPs and the selective area electron
diffraction (SAED) pattern were studied by transmission elec-
tron microscopy (TEM, JEM1010-JEOL) and HRTEM. The mean
size and the standard deviation were evaluated from the
electron micrographs by counting around 300 particles. The
crystal structure and phase composition of GFO CNPs were
determined by X-ray diffraction analysis. The distribution of the
elements within the GFO samples was determined by energy
dispersive X-ray spectroscopy (EDX) analysis using Hitachi
S-4800 FESEM equipment. The magnetic properties of the
samples were studied using a vibrating sample magnetometer
(VSM, DMS 800, Quantum Design, Inc.). The saturation mag-
netization (M) was measured at room temperature with the
magnetic field ranging from —11 to 11 kOe. X-ray photoelectron
spectroscopy measurements (XPS, Thermo Fisher) were carried
out using monochromatic Al Ko radiation (hm = 1486.6 eV).
The UV-Vis spectra of the samples were recorded on a Jasco
V-670 spectrometer. FT-IR spectroscopy (Nicolet 6700) and TGA
(Nezsch, Germany) analyses were used to characterise the sur-
face structure of GFO CNPs. Dynamic light scattering (DLS)
and zeta potential measurement were used to investigate the
distribution and stability of GFO CNPs in aqueous medium.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The concentration of Fe and Gd in the GFO samples was
measured by inductively coupled plasma mass spectroscopy
(ICP-MS) (Agilent Technologies, Japan).

Cytotoxicity assay

The cytotoxicity of GFO CNPs was assessed by the methyl
thiazolyl tetrazolium (MTT) assay using Vero cells (Kidney,
African green monkey) as model cells. Firstly, Vero cells with
a density of 1.5 x 10° were seeded in a 96-well plate and further
incubated in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin solution at 37 °C for 24 hours in the
incubator containing 5% CO,. The culture medium was then
replaced with fresh medium containing GFO CNPs at various
concentrations of 8, 16, 32, 64 and 128 ng mL™" and then
incubated for 48 hours. The cell viability was determined by
adding 20 pL of MTT to each well and incubating for 4 h at
37 °C. The crystalline formazan metabolite formed within the cells
was dissolved by adding dimethyl sulfoxide (DMSO, Sigma-
Aldrich) to each well, and the optical density was measured at
540 nm using a Tecan Spark device (Mannedorf, Switzerland).

MRI relaxivity measurement

For MRI phantom study, GFO solutions with concentrations
ranging from 0.0625 to 0.8 mM were used for the MRI test.
To evaluate the properties of the dual-mode contrast agents, T;-
weighted (T3W) and T,-weighted (7,W) magnetic resonance
images were obtained using a clinical 1.5 T MRI scanner
(Siemens Magnetom, Germany). The T, W images were obtained
using a turbo spin-echo sequence with the following para-
meters: the repetition time (TR) varied from 100 to 1000 ms,
with a constant echo time (TE) value of 12 ms, the field of
view (FOV) was set to 190 x 190 mm?, and the matrix size

Mater. Adv,, 2025, 6,1319-1329 | 1321
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was 256 x 192. For the T,W images, a multi-spin echo sequence
was applied with a TR = 3000 and TE ranging from 24 to
106 ms. The FOV was set to 230 x 230 mm?, the matrix size
set to 320 x 240 and the slice thickness was 1.6 mm. The
relaxivity r; and r, values were calculated by determining the
slope of the relaxation time versus the total metal concentration
in mM, respectively.

Results and discussion
Characterisation of GFO CNPs

In this work, GFO CNPs were synthesised through a one-step
thermal decomposition process using a precursor mixture of
Fe(acac); and Gd(Ac); in octadecene solvent containing oleic
acid (OA) and oleylamine (OM) as surfactants. The mixture was
thermally decomposed at 320 °C for 2 h to form GFO CNPs.
In this procedure, we investigated the effect of the Gd/Fe
precursor molar ratio on the formation of the GFO CNPs by
varying the Gd/Fe molar ratios to 7/3, 8/2, 9/1, and sole Gd,
while maintaining the reaction time, temperature, and surfac-
tant constant. Fig. S1 (ESIf) shows TEM images and photo-
graphs of the obtained GFO solutions (insets of Fig. Sla-d,
ESIt) synthesized at different Gd/Fe precursor ratios. The TEM
images confirm that the resulting GFO CNPs are spherical. It
can be seen that the mean size of the GFO CNPs decreases as

50 nm
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the Gd/Fe molar ratio increases. This trend is possible due to
the higher binding energy required to form gadolinium-oxygen
bonds compared to ferric-oxygen bonds, so the incorporation
of Gd*" ions slow down the crystal growth of the GFO CNPs.*

Photographs for the GFO CNP solutions reveal that the
solution color turned lighter progressively when the molar ratio
of Gd/Fe in the precursors increases. The Gd and Fe contents in
the GFO CNPs, as determined by inductively coupled plasma
mass spectrometry (ICP-MS), are shown in Table S1 (ESIf).
The obtained molar ratios of Gd/Fe for GFO-7/3, GFO-8/2
and GFO-9/1 were 1.237, 2.093 and 3.751, respectively. Notably,
the Gd/Fe molar ratio in the GFO CNPs is slightly lower than
that of the precursors, suggesting that Gd(m) has a lower
reaction efficiency compared to Fe(ur) under the same condi-
tions. In the current study, GFO-7/3 CNPs were selected for
further study.

From the TEM image and size distribution histogram, it can
be observed that the GFO CNPs have a relatively uniform
spherical shape with a mean size of 10.1 &+ 0.7 nm. In addition,
the high-resolution TEM (HRTEM) image (Fig. 1c) reveals that
the interplanar spacing distance within the CNP is 2.46 A,
which corresponds to the (222) crystal plane in the cubic
structure of Fe;0,.>* However, this value is slightly larger than
that expected for pure Fe;O,, likely due to the substitution of
bigger Gd** ions (0.94 A) into the position of smaller Fe*" ions
(0.67 A), resulting in lattice expansion and distortion.

Z\ d=10.1:0.7 nm

1.’ 4 G 8 10 12 1I4 1.6 18
Size (nm)

(311)

(400)

(533)

——110.00 nm"!

Fig. 1 TEM image (a), histogram of size distribution (b), HRTEM images (c) and SAED pattern (d) of the GFO-7/3 CNPs.
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To further confirm the phases present, selected area electron
diffraction (SAED) analysis was conducted, as shown in Fig. 1d.
The obtained SAED pattern revealed concentric rings with spots,
indicating that the as-synthesized GFO is polycrystalline in
nature. Interplanar spacings, calculated from the diffraction
pattern and summarized in Table S2 (ESIt), are consistent with
those reported for cubic phase Fe;O, (JCPDS, card 19-0629) and
Gd,O; (PDF Card No. 2106881). The diffraction rings correspond
to the Bragg reflections of (311), (400), (422), (440), and (533)
planes of Fe;0, (highlighted in yellow) and the (222) and (622)
planes of Gd,O; (highlighted in red).>>*>*° Notably, the calcu-
lated d-spacing values for Fe;O, are slightly larger than those
reported in the JCPDS card, suggesting a minor structural
distortion of the Fe;0, lattice possibly due to the incorporation
of Gd** 13293738 These findings confirm the coexistence of Fe;0,
and Gd,O; phases and indicate partial Gd doping within the
Fe;0, lattice.

The crystal structure of the synthesized GFO-7/3 CNPs was
analysed using X-ray diffraction (XRD). As illustrated in Fig. S2a
(ESIT), the XRD pattern of the CNPs reveals peak broadening
across the spectrum with relatively low diffraction peak inten-
sity. A broad peak centered in the 20 range of approximately 25°
to 40° exhibited the mixed diffraction peaks assigned to the
characteristic (220), (311) and (222) diffraction peaks of Fe;0,4
and the (222) and (440) diffraction peaks of Gd,O; NPs. The
lack of sharp and well-defined peaks can be attributed to the
presence of very small (1-2 nm) or highly amorphous Gd,0;
clusters on the surface of Fe;0, NPs resulting from the excess of
free Gd** ions. This incorporation or clustering could lead to
the lattice distortion within the Fe;O, NPs. The evidence for the
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presence of very small Gd,O; NPs or clusters is provided by UV-
Vis spectroscopy (Fig. S2b, ESIT), which shows a weak absorp-
tion peak around 270 nm, consistent with previous studies on
Gd203.39’4o

The magnetic properties of GFO-7/3 CNPs were evaluated at
room temperature (300 K), as shown in Fig. S2c (ESIt). The
remanence and coercivity were found to be very low, suggesting
that the GFO-7/3 CNPs exhibit superparamagnetic behavior.
The field-dependent magnetisation (M/H) curves of the GFO-7/3
CNPs showed a moderate saturation magnetization (M) of
approximately 10.3 emu g~ ', which is significantly lower than
that of Fe;0, NPs.*' The reduction in saturation magnetization
is likely due to the decreased iron oxide content in the NPs.
Additionally, when Gd** ions are introduced into the spinel
structure of Fe;0,, they preferentially occupy octahedral B sites
rather than tetrahedral A sites due to their larger size, disrupt-
ing the normal magnetic interactions between Fe®" ions at
these sites.>® At higher Gd/Fe molar ratios, the magnetic
properties of the CNPs begin to resemble those of cubic
Gd,0; due to the formation of Gd-O-Gd bonds instead of
Gd-O-Fe bonds, which further disrupts the magnetic structure
and reduces the overall magnetization of the particles."

To verify the composition and distribution of elements in
the GFO-7/3 CNPs, the energy-dispersive X-ray element map-
ping was performed (Fig. 2). The EDS spectrum shows that iron,
gadolinium and oxygen were the main elements present in the
CNPs. No other impurity elements can be detected except
carbon element, which stems from OA and OLA molecules.
EDS mapping indicates that iron and gadolinium distribute
uniformly in the scanned area. The molar ratio of Gd/Fe for

Gd

Fe
Gd
R € Gd
1 y Bt vy - 1 i 1

8 9 10

4 5 6 7
Energy (keV)

Fig. 2 SEM image (a), EDX spectrum (b) and elemental mapping of GFO-7/3 CNPs (c)-(e).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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GFO-7/3 CNPs is approximately 1.237, determined by induc-
tively coupled plasma mass spectroscopy (ICP-MS).

The chemical composition and oxidation states of the
different chemical species in the GFO-7/3 CNPs were further
analyzed using X-ray photoelectron spectroscopy (XPS), with the
results presented in Fig. 3. The XPS survey spectrum (Fig. 3a)
confirms the presence of C, N, O, Fe, and Gd elements within
the binding energy range of 0 to 1300 eV. Fig. 3b shows the
high-resolution XPS spectrum of Fe 2p peaks, where Fe 2p;,
and Fe 2p,,, peaks are observed at binding energies of approxi-
mately 710 eV and 723.5 eV, respectively. This suggests the
presence of both Fe(un) and Fe(m) oxidation states in the NPs.
The gap between these two peaks is about 13.5 eV. Further
deconvolution of these peaks revealed five main peaks at 708,
710, 712, 722.9, and 725.1 eV, along with a satellite peak at
718.3 eV. The peaks at 708, 710, 722.9, and 725.1 eV correspond
to the Fe-O bond of the Fe*' ion, while the one at 712 eV is
attributed to the Fe-O bond of the Fe*' ion in Fe;O,. The
satellite peak at 718.3 eV confirms the presence of Fe** species.

As seen in Fig. 3c, the Gd 4d spectrum displays Gd 4ds,, and
Gd 4d;,, peaks around 143.6 eV and 149.1 eV, confirming the
presence of Gd(m). Fig. 3d presents the high-resolution XPS
spectrum of O 1s, which features three peaks at binding
energies of 528.5, 530.4, and 532 eV. The main peak at
530.4 eV is attributed to lattice oxygen in metal-oxygen bonds,
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while the peak at 528.5 eV corresponds to interface lattice
oxygen. The O 1s peak at 532 eV is assigned to oxygen in
absorbed OH™ and H,O species on the surface.

In this study, the GFO CNPs synthesised in organic solvents
were initially coated with surfactants of OA and OM, resulting
in hydrophobic NPs. For biomedical applications, it is crucial
for NPs to be dispersible and stable in aqueous medium.
To achieve this, the synthesised NPs were surface modified by
coating them with the amphiphilic polymer poly(maleic anhy-
dride-alt-1-octadecene) (PMAO). Fig. 4a shows the FTIR spectra
of the GFO CNPs before and after encapsulation with PMAO. All
samples exhibit the absorption peaks at 2854 and 2923 cm ™",
corresponding to the stretching vibrations of C-H bonds in the
hydrocarbon chains. A broad band in the range of 3300 cm ™" to
3600 cm ' is attributed to the -OH stretching. In the FTIR
spectrum of GFO-7/3@O0OA/OM, the characteristic absorption
peaks for the -COOH and -NH, groups from oleic acid and
oleylamine have disappeared. Instead, the appearance of peaks
at 1546 cm ' and 1423 cm ' correspond to the asymmetric
stretching vibrations of the COO™ group and the bending
vibration of C-H bonds, respectively, indicating the formation
of an acid-base complex between OA and OM on the GFO
CNPs’ surface.

Additionally, two intense absorption bands located at 547
and 434 cm™" are assigned to the Gd-O stretching vibration of

150
Binding energy (eV)

(a) Scan survey XPS spectrum of GFO-7/3 CNPs and high-resolution XPS spectra of (b) Fe 2p, (c) Gd 4d and (d) O 1s.
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Fig. 3
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the Gd,O; and Fe-O vibration of Fe;0,, respectively. For the
GFO®@PMAO sample, the FT-IR spectrum shows the disappear-
ance of the characteristic C=0 (1781 cm ™" and 1862 cm ™ ') and
C-0O (1083 ecm™ " and 925 cm™ ') vibrations in the anhydride
groups, and the appearance of a broadening peak at 1712 cm ™"
corresponding to the C=O stretching vibration of carboxylic
acid, which indicates the formation of carboxylate groups due
to the hydrolysis of PMAQO’s anhydride ring.

TGA was performed to quantify the amount of PMAO poly-
mer bound to the surface of GFO CNPs. As shown in Fig. 4b, for
the sample before encapsulating (OA/OM coated GFO CNPs),
we recorded a weight loss of about 25.8% in the temperature
range of 100 to 700 °C due to the evaporation of physical
adsorbents (such as water or solvents) and decomposition of OA
and OM. After modification with PMAO, a large weight loss of
about 63.9% was observed, which is attributed to the evaporation
of water adsorbed on the particle surface during the storage of the
sample and the decomposition of OA/OM and PMAO. These
results in the current study are similar with our previous works
using PMAO as a surface-capping agent for NPs.*>?>*!

The colloidal stability of the GFO@PMAO is essential for
their biomedical applications. To evaluate this stability, we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measured the hydrodynamic diameter and zeta potential of
the GFO@PMAO CNPs using a dynamic light scattering (DLS)
technique. As shown in Fig. 4c and d, the hydrodynamic
diameter and the zeta potentials of the NPs are 58.7 nm and
-63.4 mV, respectively. To further assess colloidal stability, the
hydrodynamic diameter and zeta potential of GFO@PMAO
CNPs were monitored over time and their stability under various
acidic, basic saline conditions were analyzed. The results, as
shown in Fig. 5, indicate that both the hydrodynamic diameter
and zeta potential of the CNPs remained relatively constant over
two months. In addition, the CNPs demonstrate their stability
across a pH range of 2 to 13 and in salt solutions up to 0.45 M. The
results demonstrate that GFO@PMAO CNPs exhibit excellent
colloidal stability, which is highly beneficial for the further bio-
logical applications.

Cytotoxicity assay

Toxicity is an important factor to consider for the clinical use of
magnetic NPs as contrast agents. To evaluate the suitability of
GFO@PMAO CNPs, we conducted an MTT assay to assess their
cytotoxicity on Vero cells. As shown in Fig. 6, there was no
significant change in cell morphology across the GFO@PMAO
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CNP concentration range of 8 to 128 pg mL ™", indicating that
the GFO@PMAO CNPs do not cause any morphological altera-
tions in the cells, even at high concentrations. Additionally,
cell viability remained above 80% after 48 hours of incubation
with NP concentrations up to 128 pug mL ™', suggesting low
cytotoxicity. This is likely due to the PMAO coating, which
prevents direct interaction between the inorganic core and
the cells. Moreover, this result is comparable to that observed
with Gd,0;@PMAO nanoplates at a lower concentration
(100 pg mL™"), as reported in our previous study.’® These
findings suggest that the incorporation of Fe into the NP
composition improved the biocompatibility of GFO CNPs
compared to pure Gd,O; nanoplates, thus enhancing their
potential for biomedical applications.

1326 | Mater. Adv, 2025, 6, 1319-1329

(a) Hydrodynamic diameters and (b) zeta potential of the GFO@PMAO CNPs over time, and (c) and (d) the photographs of the GFO@PMAO CNPs

MTT assay of Vero cell viability after incubation with different concentrations of GFO@PMAO CNPs for 48 hours.

In vitro MR imaging

To quantitatively analyze the relaxivities of the GFO@PMAO
CNPs, we measured the T; and T, relaxation times utilizing a
1.5 T clinical MRI scanner. The longitudinal relaxivity (r;) and
transverse relaxivity (r,) of the CNPs were determined from the
slopes of the plots of 1/T; and 1/T, as a function of metal
concentrations, respectively. As shown in Fig. 7a and b, a
gradual brightening of the T;-weighted phantom images and
a darkening of the T,-weighted phantom images were observed
with increasing concentration of the CNPs. The determined
r, and r, values were 18.2 mM ' s * and 94.75 mM ' s},
respectively. A moderate r,/r; ratio of 5.21 within a range of
5-10 suggests that GFO@PMAO CNPs are advantageous for
T,-T, dual-mode MR imaging.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transverse relaxation (d) of GFO@PMAO as a function of (Gd + Fe) concentration.

Notably, both r; and r, values of the GFO@PMAO CNP are
higher than those of several previously reported Fe- and Gd-
containing contrast agents.’*** The r, value of GFO@PMAO
CNPs is approximately four times larger than that of commer-
cial T, contrast agents (Dotarem, Magnevist, Gadovist) while
the r, value is still comparable to that of commercial T, contrast
agents (Ferumoxytol).**** These high relaxivity values are pos-
sible due to the synergistic effect of the iron and gadolinium
elements within the GFO CNPs. The presence of Gd, both
incorporated into the Fe;0, lattice and as Gd,Oj; on the particle
surface, plays a crucial role in enhancing the relaxivity proper-
ties. Gd*" ions in the Fe;0, lattice ensure that the spin order
of Gd** has the identical direction with the magnetisation of
the iron oxide NPs under an external magnetic field, which
significantly increases the local magnetic field of the T, con-
trast material, and further enhances the T, contrast effect.
Meanwhile, the presence of a large number of Gd** ions in
the ultrasmall Gd,Oj; structure on the surface of the GFO CNPs
provides a high surface-to-volume ratio, enabling direct inter-
action with water molecules. This configuration contributes to
the T, contrast effect by promoting efficient water exchange.
Additionally, the partial T; shortening effect from the iron
oxide nanoparticles further enhances the overall T; contrast
performance. This unique dual-modality behavior demon-
strates the potential of GFO@PMAO CNPs to serve as effective
contrast agents for both T; and T, imaging applications.

To systematically evaluate the MRI performance of GFO CNPs
with varying compositions, the longitudinal and transverse

© 2025 The Author(s). Published by the Royal Society of Chemistry

relaxivity of the GFO@PMAO CNPs at different Gd/Fe ratios
were also measured. The r, and r, values for these Gd/Fe ratios
are also summarized in Table S1 (ESI{) and demonstrated in
Fig. S3 (ESIY). It can be found that the r; value increased slightly
from 18.20 to 20.45 mM * s ' while the r, value decreased
significantly from 94.75 to 54.60 mM ' s™" as the Gd/Fe ratio
increased from 7:3 to 9:1. Consequently, the r,/r; ratio of the
samples decreased from 5.21 to 2.69, indicating that the
GFO@PMAO CNPs are more suitable as T; contrast agents with
a higher Gd/Fe ratio. This phenomenom can be explained by
the existence of a large amount of effective paramagnetic Gd
ions in the GFO CNP composition, which enhances a local
magnetic field. This enhancement improves the relaxivity of Gd
ions, and influences the positive contrast effects of the NPs. At
higher Gd/Fe ratios, the magnetisation value of the GFO CNPs
significantly decreases, primarily due to the paramagnetic
nature of Gd and also because of the significant reduction in
the NP size. The decrease in magnetism lead to a reduction in
the r, value.

Conclusion

In summary, Gd,03/Fe;0, composite nanoparticles with high
dispersibility, colloidal stability and low toxicity were success-
fully synthesised by a simple procedure. The Gd and Fe con-
tents in the NPs could be adjusted by varying the Gd/Fe ratios.
The results demonstrated that PMAO encapsulated GFO CNPs

Mater. Adv,, 2025, 6,1319-1329 | 1327
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were well dispersed in aqueous solution, colloidally stable and
biocompatible. The r; and r, relaxivities of the GFO@PMAO
CNPs with various Gd/Fe ratios were measured. The high values
of both r; and r, relaxivities are possibly attributed to the
synergistic effect of the Gd and Fe elements in the NP composi-
tion. While further in vivo experiments are necessary, these
findings suggest that GFO CNPs show potential as a promi-
sing candidate for an effective T,-T, dual-modality MRI
contrast agent.
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