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Gadolinium oxide (Gd2O3) nanoplates have been successfully
synthesized by thermal decomposition method in the presence
of oleic acid and oleylamine as surfactants. As a result, the
nanoplates have average edge length and thickness around
10 nm and 1.1 nm, respectively. The hydrophobic OA/OM
capped Gd2O3 nanoplates were encapsulated with amphiphilic
poly (maleic anhydride-alt-1-octadecene) polymer (PMAO) for
phase transfer into aqueous media. The obtained Gd2O3@PMAO
showed a hydrodynamic size of 32 nm with good dispersion in

water solvent and stable in wide range of pH (pH =2�11) and
at electrolyte concentrations as high as NaCl 380 mM. In
addition, the in vitro toxicity tests confirmed the biocompati-
bility of Gd2O3@PMAO nanoplates. The magnetic resonance
imaging (MRI) result exhibited the r1 of Gd2O3@PMAO nano-
plates (16.95 mM� 1s� 1) is four times higher than that of
clinically used Gd-DTPA. These results suggest that the PMAO
coated -Gd2O3 nanoplates are potential T1 contrast agents for
in vivo MRI application.

Introduction

MRI is one of the most powerful molecular imaging techniques
with outstanding advantages, such as, fast scan speed,
unlimited tissue penetration, high spatial resolution and no
radiochemical damage.[1–3] However, the main drawback of this
diagnostic technique is its relatively low sensitivity, therefore it
is necessary to use contrast agents (CAs) to improve diagnostic
accuracy, especially for diagnosis of tumors.[4] Currently,
approximately 40–50 % of clinical MRI scans are performed with

the assistance of CAs.[5–7] Until now, two types of CAs in use
clinically are paramagnetic gadolinium -based chelates for T1-
weighted MRI (positive CAs) and superparamagnetic iron oxide
nanoparticles for T2-weighted MRI (negative CAs).[8,9] These
contrast agents operate by interacting with the surrounding
water protons to shorten their relaxation times, resulting in
enhanced contrast in the regions of interest with the brighter
signal in the T1-weighted images or darker signal in T2-
weighted images.[10] However, T1 contrast agents are more
commonly used in clinical practice because their brighter signal
can be easily distinguished from other pathogenic or biological
conditions.[11]

Gadolinium (Gd)-based chelates such as gadolinium-dieth-
ylenetriamine pentaacetic acid (Gd-DTPA) and gadoterate
meglumine (Gd-DOTA) are commonly used as positive MRI
contrast agents due to seven unpaired electrons in gadolinium
ion, thus they exhibit high magnetic moment and long
electronic relaxation time with longitudinal relaxivity (r1) values
of 3–5 mM� 1 s� 1 suitable for MRI contrast enhancement.[12–14]

Notwithstanding, Gd-based chelates still have some obstacles.
They exhibited a short blood circulation duration and rapid
excretion due to their low molecular weights.[15,16] In addition,
the low local concentration of Gd3 + ions per each chelate leads
to the need for a large amount of contrast agent to complete
the MRI scan. Most important, the release of free Gd (III) ions
from Gd-chelates was reported to be responsible for nephro-
genic systemic fibrosis (NSF) in patients.[17–20] In contrast, Gd2O3

nanostructures are considered as potential candidates to
replace Gd-chelate compounds for T1-weighted MRI because of
their high longitudinal water proton spin relaxivity (r1).

[21–23] The
Gd2O3 nanocrystals contain a high payload of Gd3+ ions on
their surface for water hydration, so the longitudinal relaxation
is significantly larger than that of Gd-chelates, which has great
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significance in reducing the dose of Gd3+ ions injected into the
body.[20,24,25] Furthermore, Gd2O3 nanostructures can minimize
the leaching of Gd3 + ions on account of their stable solid
crystal structure thereby limiting possible toxicity.[26,27]

Because of above advantages, much research on gadoli-
nium oxide as effective contrast agents in preclinical and
clinical applications has been reported in recent years.[25,27–32] In
particular, ultrasmall gadolinium oxide nanostructures have
been demonstrated to significantly enhance the longitudinal
relaxation presumably due to a high density of Gd3+ ions on
each particle’s surface as the particle size decreases.[4,26,33–35] This
reveals that a high performance T1 contrast agent can be made
by designing Gd2O3 nanostructures with a high surface-to-
volume (S/V) ratio to offer more surface paramagnetic Gd3+

ions for water hydration, resulting in enhanced contrast effect.
Among the various nanostructures of Gd2O3, ultrasmall Gd2O3

nanoparticles and nanoplates with large specific surface area
have attracted considerable attention.[19,36] Especially, the 2D
Gd2O3 nanoplates are much preferred for T1-weighted MRI as
they are formed by assembly of single layer of unit cells, and
thus have higher surface area than that of conventional
spherical nanostructures with the same volume.[36–39] Further-
more, 2D nanostructures can provide a pathway for the close

approach of water molecules through their unblocked edges
because the surface ligands tend to bind to the larger faces of

Figure 1. (a) TEM image of Gd2O3 nanoplates, (b) illustration of OA/OM capped-Gd2O3 nanoplates and (c) Edge length distribution histogram and (d) Thickness
distribution histogram of Gd2O3 nanoplates.

Figure 2. XRD pattern of Gd2O3 nanoplates.

ChemistrySelect
Research Article
doi.org/10.1002/slct.202202062

ChemistrySelect 2022, 7, e202202062 (2 of 8) © 2022 Wiley-VCH GmbH

Wiley VCH Donnerstag, 08.09.2022

2234 / 265414 [S. 12879/12885] 1



nanoplates, resulting in the T1 relaxation was significantly
enhanced.[40–42]

In order to be used as T1 MRI contrast agents, Gd2O3

nanoplates should be non-toxic, well dispersed and stable in
aqueous media. Thus far, most of the synthesis methods of
Gd2O3 nanoplates are often conducted in organic-phase and
use hydrophobic surface ligands to control of their morphology
anddimension.[43,44] So, it is necessary to modify the surface of
hydrophobic Gd2O3 nanoplates with hydrophilic and biocom-
patible ligands. Here, a more hydrophilic ligands not only
supports Gd2O3 nanoplates to disperse well in aqueous media,
but also provides a higher r1 value because they can allow
more water molecules to access and interact with Gd+3 ions on
particle surface.[19,26,31] Recently, amphiphilic polymers have
emerged as efficient biocompatible coating agents with the
ability to improve the stability of the nanoparticles (NPs) and

facilitate subsequent surface functionality. As being an amphi-
philic biodegradable polymer, poly (maleic anhydride-alt-1-
octadecene) (PMAO) is a cost-effective strategy for transferring
hydrophobic NPs into aqueous media.[45,46] PMAO polymers as a
bio-responsive shell encapsulate the hydrophobic NPs to
control the surface charge and cytocompatibility of NPs in vivo.
The phase transfer mechanism is based on ability to interact
with both lipophilic and hydrophilic molecules of PMAO due to
its structure consisting of both polar and nonpolar parts.
Specifically, the PMAO molecules are attached to the surface of
NPs through the interaction between the hydrocarbon chains
of the polymer and those of the NP capping, whilst the
hydrophilic anhydride groups of PMAO are pointed outward to
the solution forming a hydrophilic surface to make NPs well-
dispersed in water or polar solvents. The anhydride groups can
be readily hydrolyzed, resulting in the formation of free
carboxylate moieties that provide electrostatic stability to the

Figure 3. (a) FT-IR spectra of Gd2O3 nanoplates capped with OA/OM and PMAO molecules, (b) TGA scans of Gd2O3 nanoplates before and after encapsulation
with PMAO.

Figure 4. DLS pattern of Gd2O3@PMAO nanoplates after 1 day, 6 months and
9 months of storage.

Figure 5. Zeta potential of Gd2O3@PMAO nanoplates.
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colloid. Besides, the presence of carboxylate groups as an
anchor allows conjugation with other biomolecules or ligands
for biomedical applications.[47,48]

In this study, we report a facile method to synthesize of
ultrathin Gd2O3 nanoplates encapsulated with PMAO polymer
(Gd2O3@PMAO) as an effective-contrast agent with good
biocompatibility and improved T1 contrast effect. The charac-
terizations of the obtained sample such as size, morphology
and surface properties were investigated by using transmission
electron microscopy (TEM), X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FT-IR), thermogravimetric
analysis (TGA), dynamic light scattering (DLS) and Zeta
potential measurements. The MRI result of Gd2O3@PMAO
nanoplates exhibited the maximum r1 value of 16.95 mM� 1 s� 1,
which is four times higher than that of Gd-DTPA commercial
contrast agent. The cytotoxicity test on HEK293 cell line proved

that the Gd2O3@PMAO nanoplates are relatively safe for
bioapplications.

Results and Discussion

Characterizations of Gd2O3 nanoplates

In this work, Gd2O3 nanoplates were synthesized by thermal
decomposition method with high temperature of 320 °C in the
presence of oleic acid (OA) and oleylamine (OM) as surfactants.
The OA and OM ligands were bound to the Gd2O3 nanoplates
to prevent self-aggregation of nanoplates via inter-particle
dipolar- dipolar repulsive force; in which OA tends to attach on
the surface of oxide nanocrystals more strongly than OM due
to its higher oxophilicity. Therefore when parameters such as
temperature and reaction time were remained constant, the
ratio of OA to OM plays an important role in the formation and
growth of ultra-thin nanoplates. In this study, the OA/OM ratio
of 1 : 1 was used to achieve dimensional control of Gd2O3

nanoplates. The reaction pathway for the synthesis of Gd2O3

nanoplates is shown in Scheme 1.
The morphology of as-prepared Gd2O3 nanoplates was

determined using TEM. As can be seen from the TEM image of
Figure 1, the morphology of the obtained Gd2O3 particles is
square nanoplate with an average face dimension of 10 nm
and thin edges approximately 1.1 nm. Besides, the edge length
and thickness distribution of the Gd2O3 nanoplates are
relatively uniform, as demonstrated in Figure 1c,d.

The crystalline phase structure of the as-prepared Gd2O3

nanoplates was identified by XRD analysis. Figure 2 shows the
XRD pattern of the obtained Gd2O3 nanocrystals with hydro-
phobic surfactant and the vertical bars below are the
corresponding standard card of Gd2O3. It can be seen the Gd2O3

sample exhibits peaks located at the 2θ angle of 28.6°; 33.2°;
35.3°; 42.7°; 47.9°; 52.2°; 56.5° corresponding to the (222), (400),
(411), (431), (440), (611) and (622) planes of the cubic crystal
structure with unit cell parameters a=b= c= 10.8012 Å. This
obtained result is similar to some previous reports about Gd2O3

Figure 6. The stability test of PMAO coated Gd2O3 nanoplates at different pH conditions (a) and various NaCl concentrations (b) compared with a control
sample has pH=7 and [NaCl]= 0 M; DLS patterns of Gd2O3@PMAO colloidal at different pH conditions (c).

Figure 7. Plot of HEK293 cell viabilities incubated with different concentra-
tions of Gd2O3@PMAO nanoplates evaluated by MTT assay after 48 h.
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nanoplates. For example, Zhow et al. successfully synthesized
Gd2O3 nanoplates with a typical cubic phase (a= 10.8 Å) rather
than monoclinic structure.[36] By a similar method, Stinnett et al.
prepared Gd2O3 nanoplates with the presence of cubic and
monoclinic phase, however the contributions of monoclinic
Gd2O3 phase to the XRD pattern is minor.[40] In this study, our
obtained XRD spectrum only displays the diffraction peaks
characteristic for the cubic phase of Gd2O3 without any other
phase, indicating that the obtained Gd2O3 nanoplates have
high phase purity, or it also can be because the content of the
monoclinic Gd2O3 phase is too small to be detected by the XRD

device. Generally, comparing with the standard data, the X-ray
peak positions and intensities generally match well with the
reference (PDF Card No.: 2106881).

In this work, the hydrophobic OA/OM capped Gd2O3

nanoplates were transferred into water by encapsulating with
amphiphilic PMAO polymer. The interaction between OA, OM
and PMAO molecules for the stabilization of Gd2O3 nanoplates
was investigated by FT-IR and TGA analyses.

Figure 3a shows FT-IR spectra for the Gd2O3 nanoplates
capped with OA/OM and PMAO and the reference spectrum for
pure OA, OM and PMAO. It can be seen that all samples

Figure 8. (a) T1-weighted images of Gd2O3@PMAO nanoplates, (b) Plot of T1 signal intensity corresponding to different TR and Gd concentrations, (c)
Longitudinal relaxation of Gd2O3@PMAO as a function of Gd concentration.

Scheme 1. Schematic illustration of the fabrication of 2D Gd2O3@PMAO nanoplates for T1-weighted MRI.
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exhibited absorption peaks at 2850 and 2920 cm� 1, which can
be assigned to stretching vibration of aliphatic C� H bonds. In
FT-IR spectrum of OA/OM-capped Gd2O3 nanoplates, no
absorption peaks were found characteristic for the carbonyl
group of oleic acid as well as the amine group of oleylamine,
indicating the absence of free � COOH and � NH2 groups on the
surface of Gd2O3 nanoplates. Instead, the appearance of peaks
at 1548 cm� 1 and 1442 cm� 1 represents the asymmetric COO�

stretching and CH2 bending mode, suggesting that the acid-
base complex which was formed by the reaction between oleic
acid and oleylamine bonded to the Gd2O3 nanoplates. For sole
PMAO, the absorption peaks at 1785 cm� 1 and 1860 cm� 1 were
attributed to the symmetric and asymmetric stretching vibra-
tion of the C=O bond in the anhydride groups. In addition, the
presence of the anhydride C� O vibrations at 1083 cm� 1 and
925 cm� 1 was also observed. For PMAO encapsulated Gd2O3

nanoplate sample, FT-IR data exhibits enhanced intensity of
absorption bands at 2850 and 2920 cm� 1, demonstrating the
conjugation of PMAO. In addition, the disappearance of the
anhydride C=O vibrations at 1785 cm� 1 and 1860 cm� 1 and the
formation of peak at 1712 cm� 1 corresponding to the carboxylic
acid C=O stretching vibrations, indicating the hydrolysis of the
anhydride rings of PMAO can be observed.

The presence of PMAO molecule on the surface of Gd2O3

nanoplates was also further confirmed by TGA analysis. In
addition, the information about the proportion of Gd2O3

nanoplate cores and surfactant layer in the sample is also
provided through the TGA heating curves. Figure 3b shows the
TGA thermal analysis curve of Gd2O3 nanoplates before and
after PMAO encapsulation. Here, the obtained TGA data
indicates that the total weight loss of OA/OM and PMAO
capped- Gd2O3 nanoplates is 22 % and 57 %, respectively. For
the Gd2O3@OA/OM case, only a one-step mass loss process
(22 %) in the temperature between 300–600 °C can relate to the
decomposition of the OA/OM complex coated around Gd2O3

core. Meanwhile, the thermogram of the Gd2O3@PMAO sample
shows a two-steps weight loss process. It can be observed

that the first weight loss at temperatures below 200 °C
corresponds to the evaporation of adsorbed water or solvents.
The second weight loss of about 52 % at higher than 300 °C can
be assigned to the decomposition of OA/OM complex and
PMAO. Thus, the weight percentage of Gd2O3 core, OA/OM and
PMAO of the as-synthesized sample obtained from the TGA
data is 43, 22 and 30 %, respectively. The obtained results in
the current study on the surface structure of Gd2O3@PMAO
nanoplates are similar to that of our previous publications on
Fe3O4 and CoFe2O4 nanoparticle systems.[49,50]

The colloidal stability of PMAO encapsulated Gd2O3 nano-
plates was confirmed with DLS. Figure 4 presents the results of
hydrodynamic diameter analysis of Gd2O3@PMAO nanoplates in
water after 1 day, 6 months and 9 months of the solution
preparation. The obtained results show that the average
hydrodynamic diameter of the Gd2O3@PMAO nanoplates after
1 day and more than 9 months of storage is almost unchanged
with only one peak at around 32 nm and a narrow size
distribution on the DLS spectra were observed, demonstrating

the monodisperse and high colloidal stability of the PMAO
polymer coated Gd2O3 nanoplates.

Besides, the Zeta potential value of Gd2O3@PMAO sample
was found to be � 47 mV in aqueous media (Figure 5),
indicating the negative charge biomolecules adhere onto the
surface of the Gd2O3 nanoplates, which further confirmed that
the Gd2O3 nanoplates had been successfully encapsulated into
PMAO polymer. Simultaneously, this high value also confirmed
good colloidal stability.

In addition, the stability of Gd2O3@PMAO in various media
is tested under different pH conditions and NaCl concentra-
tions. The obtained results are shown in Figure 6, in which the
control sample has pH=7 and salt concentration is zero. As
shown in Figure 6a–b, it can be observed that there are no
aggregations of the sample over a wide pH range from 2 to 11,
as well as at the NaCl concentrations up to 380 mM.

Cellular cytotoxicity test

The cytotoxicity experiments were performed in vitro with
normal HEK293 cell line by using standard MTT assay. As shown
in Figure 7, it could be found that the cell viability remained
above 80 % at Gd2O3 doses of up to 100 μg/mL for 48 h of
incubation. The optical microscope images of HEK293 cell
indicate that the cells exhibit the good adhesion with
morphology of cells was not different from control sample
even at the highest concentration of Gd2O3 nanoplates (Fig-
ure S1). This cell viability data indicated that the Gd2O3@PMAO
nanoplates are not toxic for the tested Gd2O3 concentration
range and suitable for in vivo applications.

In vitro T1-weighted magnetic resonance imaging

In order to evaluate the potential of the as-prepared
Gd2O3@PMAO nanoplates as an T1-weighted MRI contrast
agent, the T1 measurements of the sample with a series of Gd
concentrations were performed on a 1.5 T MR scanner. The
obtained results are shown in Figure 8. It can be observed from
Figure 8a–b that T1 relaxation time depends on the Gd
concentration. The T1 image of the Gd2O3@PMAO nanoplates
became brighter with the increasing of Gd (III) concentration
from 0.05 to 1.0 mM. Besides under a constant Gd concen-
tration, the T1 signal intensity increased with the repetition
time (TR). Figure 8c shows the longitudinal relaxation rate of
the Gd2O3@PMAO nanoplates as a function of Gd concen-
tration. The obtained data reveals the linearly proportional
relation between 1/T1 and Gd concentration. The longitudinal
relaxation (r1), which is characterized by the slope of the 1/T1

versus Gd2O3 concentration, is calculated to be 16.95 mM� 1s� 1.
The obtained r1 value for our Gd2O3 nanoplates is about four
times higher than that of commercial contrast agent Magnevist
(Gd-DTPA, r1 =4.1�0.2 mM� 1 s� 1),[51] and it is also greater than
most of previously reported CAs based on Gd.[6,52–56] The high r1

value of Gd2O3 nanoplates is attributed to the significant
contribution of their 2D structure with larger surface area,
which provides more Gd atoms for interaction to water
molecules, shortening the longitudinal relaxation time and
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enhancing the r1 value. Besides, PMAO shell also plays an
important role in the enhancement of contrast effect of Gd2O3

core because the presence of polar COO� groups in each
monomer of PMAO allows water molecules to easily pass
through the coating layer and interact with Gd2O3. According
to these results, it is clear that the Gd2O3@PMAO nanoplates
are potential candidates for in vivo MRI application.

Conclusion

The ultrathin Gd2O3 nanoplates with edge length and thickness
around 10 nm and 1.1 nm, respectively, were successfully
synthesized by the thermal decomposition method. The surface
of the Gd2O3 nanoplates was modified by encapsulating with
PMAO polymer as a biocompatible surface ligand. The superior
coating stability was assessed under various experimental
conditions by changing pH and saline concentration. The
Gd2O3@PMAO nanoplates exhibited good dispersion and
stability in aqueous media for the long time (over 6 months)
with hydrodynamic size of 32 nm. The longitudinal relaxivity
rate r1 of the Gd2O3 nanoplates is up to four times higher than
that of the commercially available Gd-DTPA at 1.5T magnetic
field. The in vitro cell viability test demonstrated that
Gd2O3@PMAO nanoplates are relatively safe in the range Gd2O3

concentration up to 100μg/ml. Although these results require
further in vivo tests, they indicated that the PMAO coated-
Gd2O3 nanoplates could be a potential candidate to use as an
effective T1 MRI contrast agent.

Supporting information summary

The Supporting Information includes the detailed experimental
section of this work.
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