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Abstract. In the near future there would be a need for a high ﬁeld MRI contrast agent for the MRI
diagnostic due to the several disadvantages of Gd-based complexes, such as short circulation time and
decrease in efﬁciency at high magnetic ﬁeld i.e., greater than 3 T. The lanthanide-based nanoparticle can be
an alternative to these complexes due to a high density of metal ions per unit of contrast agent. The high
density of the metal ions will enable the MR signal shortening usually, at lower concentrations compared to
chelates that typically are used at micro-molar concentrations. Additionally, the nanoparticles would retain
their relaxivity efﬁciency at high magnetic ﬁeld greater than 3 T.
Keywords. MRI; nanoparticles; magnetic ﬁeld; relaxivity.

1. Introduction
Nanoparticle-based (NP-based) imaging is currently
advancing rapidly for biomedical application such as
diagnostic imaging and cancer therapy.1–23 The major
challenge to improve cancer therapy is the detection at
early stages when the cancer is still conﬁned to the site
of its origin, which could facilitate a more favorable
outcome.2 Magnetic resonance imaging (MRI) is a
powerful non-invasive diagnosis technique widely
applied for clinical imaging. MRI has a submillimeter
spatial resolution, allows whole (human) body scans,
and provides details of many diseases.5–25 As MR
image resolution increases with the strength of the
magnetic ﬁeld, high magnetic ﬁelds (e.g., 7 T or
higher) are used for pre-clinical animal imaging while
lower ﬁelds (B3 T) are used for humans. The signal
intensity in MRI depends on the proton density and on
the T1 and T2 relaxation times of the water protons. As
the water density is similar for various soft tissues, the
differences in the relaxation times are used to provide
contrast. However, the differences are often not sufﬁciently large to allow visible contrast between tumor
and normal tissue. Therefore, the tumor contrast must
be further improved, by the administration of a contrast agent (CA). The CAs are typically characterized
as the enhancement in the T1 – the longitudinal (spin*For correspondence

lattice) and T2 – transverse (spin-spin) relaxation rate
of the nearby water proton. The enhancement in the
relaxation rate is also known as relaxivity, represented
as r1 (= 1/T1[CA]) and r2 (= 1/T2[CA]).10–13
The most commonly employed T1 CAs are Gd3?based chelates because Gd3? strongly shortens T1 due
to its seven unpaired electrons and long electronic
relaxation time (10-9 s).13,20 These complexes show
their suitable r1-relaxivity at clinical magnetic ﬁeld
strengths (1.5–3.0 T). However, much higher magnetic
ﬁelds ([7 T) are used for small animal (pre-clinical)
imaging as the signal-to-noise, and thus resolution, is
obtained at high ﬁeld strength4,21 but smaller Gd3?based chelates tumble very fast (faster than 10-10 s)
which drastically decreases their r1-relaxivity at higher
ﬁelds.16 Moreover, these chelates have short circulation time due to fast renal excretion limiting further
their usefulness in small-animal studies.7,15 Usually,
the short circulation time has been overcome by
combining the Gd3? ion with bigger proteins and
polymer molecules, but the tumbling times of such
complexes are still too fast (10-10 s) for optimal performance at higher magnetic ﬁelds.7,11 In contrast,
selected NPs with longer tumbling times can overcome the shortcomings of these Gd3?-based complexes. The NPs have a high density of metal ions per
unit of CA enabling MR signal shortening at lower
concentrations compared to chelate that usually are
used at micro-molar concentrations.15,14
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NP-based CAs can broadly be categorized into two
major classes, namely iron-based and Ln3?-based
NPs.14,18 Iron oxide NPs (\3 nm) have been demonstrated as a T1 CAs owing to the low magnetic
moment, while the bigger iron oxide NPs are known as
T2 CAs due their superparamagnetic (SP) nature.15,18
Nevertheless, smaller iron oxide NPs are known to be
unstable in biological media and the size uniformity is
still challenging for the bigger NPs.13,9 Additionally,
SP iron oxide NPs could distort the magnetic ﬁeld of
the neighboring normal tissues and lead to magnetic
susceptibility artifact which limits their clinical
application.28 Therefore, to improve diagnostic capabilities of MRI, the iron oxide NPs labeled with Gd3?complexes have been reported as T1–T2 dual-mode
CAs.3,24 Consequently, to overcome the perturbation
effect of SP iron oxide,28 manganese-loaded mesoporous silica NPs have been proposed for more
accurate T1–T2 dual-mode imaging at clinically relevant ﬁelds.19 Therefore, for high-ﬁeld ([9.4 T) MR
imaging the paramagnetic lanthanide NPs could be a
potential alternative because they show saturation
magnetization at high ﬁeld ([30 T) as demonstrated
previously.20
Recently, dysprosium (Dy3?) ion has received much
attention as a potential T2 CA for high-magnetic-ﬁeld
MRI because of its high effective magnetic moment
(10.6 lB) and short electronic relaxation time
(T1e * 10-13 s).20 The high effective magnetic
moment of Dy3? would lead to higher magnetic susceptibility per unit volume of the NPs (because one NP
comprises a large number of Dy3? ions) which causes
greater local ﬁeld perturbation and thus higher r2-relaxivity. Moreover, the short T1e of Dy3? allows the
Curie spin to return to thermal equilibrium before the
molecule changes its position or tumbles and thus
becomes an important contributor to relaxivity.20
Aforementioned, the long T1e of Gd3? makes it a
suitable T1 CA and r1-relaxivity particularly dominated
by the Gd3? at the surface.14,12 The use of combined
T1/T2-weighted MR imaging that employs the same
CAs could improve cancer detection (diagnostic MRI
capability) accuracy and it could be achieved by Dy3?
and Gd3? core/shell nanostructures as shown in the
proposed scheme in Figure 1.12 However, in the current
review we will discuss the capability of NaDyF4
nanoparticles as T2 CA for high ﬁeld MRI diagnostic.
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hydrate or with RE(III) chloride hydrate. In a typical
synthesis of 1 mmol of NaDyF4, 0.78 mmol of dysprosium (III) chloride hydrates were added to 50 mL
three-neck round bottom ﬂask subsequently, added
1.5 mL oleic acid together with 7.5 mL of 1-octadecene.1
Consequently, the mixtures were heated under vacuum
to 140 °C with continuous stirring for 30 min that
produces the dysprosium-oleates complex. The complex mixture was cool down to room temperature.
Subsequently, added the 2.8 mmol of NaOH and
4 mmol of NH4F dissolved in 7.5 mL of methanol that
precipitated the complex. Later, the precipitates were
mixed together at room temperature (25 °C) that gave
the homogenous solution mixture. Then the temperature of the solution mixture was slowly raised to 65 °C
to remove the methanol and other impurities such as
chlorides from the solution mixture. After the removal
of the impurities, the temperature of the solution
mixture was raised to *300 °C at the rate *15 to
20 °C per minutes for 1.5 h in an inert gas atmosphere.
Subsequently, the mixture was cool down to room
temperature and precipitated with an excess of ethanol
and washed out by centrifugation. The obtained product was hexagonal oleate-stabilized NaREF4
nanoparticles. The sizes of these nanoparticles can be
tuned with respect to reaction time. The nanoparticles
synthesized up to this stage (assume stage I) would act
as either T1 or T2 contrast agent, because the synthesized product would be NaGdF4 or NaDyF4 i.e., only
the core nanoparticles.
In case of the materials, needed for both T1–T2
diagnostic simultaneously, at stage I, the pre-synthesized calculated amount of sacriﬁcial, cubic NaGdF4
nanoparticles would be injected and after the
completion of the reaction the product would be
oleate-stabilized NaDyF4/NaGdF4 nanoparticles. The
synthesis of cubic nanoparticles has been reported.1

T1CAs such as NaGdF4
H

H
H

H

O

T2CAs such as
NaDyF4 or NaHoF4

H
H

1.1 Experimental design
The synthesis of hexagonal NaREF4 (RE = Dy, Gd,
Y) can be carried out with their RE (III) acetate

O

H

O

H

O

Figure 1. Schematic representation of the model for T1–
T2 MRI diagnostic simultaneously.
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However, as we mentioned earlier the plan in this
review is to discuss more about NaDyF4 nanoparticles
that are a potent T2 MRI contrast agent. The desired
NaDyF4 nanoparticles of any size can be achieved
adjusting reaction time. Their syntheses are very
similar as proposed in the scheme in Figure 2. For
instance, different sizes of nanoparticles 5.4 nm,

Ar

Ar

Cooled to 25 °C,
Precipitated with
Ethanol

Mixed for 1h, Methanol
evaporated at 65 °C, then
heated to 300 °C

Under vacuum, 1h
1 mmole RECl3.6H2O + Oleic
acid + 1-Octadecene

9.8 nm, and 20.3 nm have been reported (Figure 3);10
their shapes were nearly spherical as shown in
Figure 4. The surface modiﬁcations of these oleatestabilized NaDyF4 nanoparticles were performed with
amphiphilic poly(maleic anhydride-alt-1-octadecene)
(PMAO) and poly(ethylene glycol) methyl ether
(PEG-OH) using chloroform as a solvent. After the

At 25 °C, Added 2.5
mmoles of NaOH and 4
mmoles of NH4F dissolved

Heated to 130 °C
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Washed 3 times
with Ethanol and
centrifuged to get
oleate stabilized
NaREF4
nanoparticles
dispersible in
Hexane

RE-Oleates

Figure 2. Schematic representation of the synthesis process of NaREF4 nanoparticles.
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Figure 3. (a) The TEM image and (b) XRD of synthesized NaDyF4 nanoparticles.
permission from Ref.1 Copyright (2017) American Chemical Society.

This ﬁgure is reprinted with

Figure 4. TEM image of NaDyF4 nanoparticles (a) 5.4 nm, (b) 9.8 nm and (c) 20.3 nm. This ﬁgure is reprinted with
permission from Ref.10 Copyright (2011) American Chemical Society.
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Figure 5. SQUID magnetometer data of mass magnetize
NaDyF4 nanoparticles. This ﬁgure is reprinted with
permission from Ref.10 Copyright (2011) American Chemical Society.

evaporation of the chloroform, the water dispersible
PMAO-PEG modiﬁed nanoparticles were obtained.10
The SQUID magnetometer of NaDyF4 nanoparticles of sizes 5.4, 9.8 and 20.3 nm has been reported by
Gautom et al.10 shown in Figure 5. It is clear from
Figure 5 that magnetization of nanoparticles increases
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with the increase in the size of the particles. The
reasons of increase in the magnetization of the bigger
nanoparticles were due to the availability of a greater
number of Dy3? compared to their availability in the
smaller nanoparticles. Usually, the overall magnetization of the nanoparticles remained independent of
the shape for NaDyF4 nanoparticles as reported by
Zhang et al.27 For instance, as shown in Figure 6, the
measured magnetization of rod-like NaDyF4
nanoparticles of dimension (15 nm 9 20 nm) was
nearly 7 emu/g, however as the dimension changes
to (19 nm 9 25 nm) the magnetization changed to
8 emu/g at 7 Oersted.27 Furthermore, as the size of
nanoparticles increases to 25 nm 9 35 nm, the magnetization increases to 10.8 emu/g at the same magnetic ﬁeld.27 The surfaces of these oleate-stabilized
(hydrophobic in nature) nanoparticles were further
modiﬁed with PMAO-PEG in order to disperse in
water.10,27
1.2 Relaxivity measurement of the PMAP-PEG
coated NaDyF4 nanoparticles
Relaxivity of a CA can be deﬁned as a change in the
relaxation rate after addition of a CA, normalized to

Figure 6. TEM image of NaDyF4 nanoparticles of sizes (a) 15 nm 9 20 nm, (b) 19 nm 9 25 nm and (c) 25 nm 9 35 nm.
This ﬁgure is reprinted with permission from Ref.27 Copyright (2016) American Chemical Society.
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Table 1. r2-relaxivities of NaDyF4 nanoparticles and 9.4 T.
9.4 T
Contrast agents

Size (nm)

Shape

r2[Dy3?] (mM-1 s-1)

per NPs (mM-1 s-1)

Surface coating

References

NaDyF4
NaDyF4
NaDyF4
NaDyF4
NaDyF4
NaDyF4

5.4
9.8
20.3
15 9 20
19 9 25
25 9 35

Spherical
Spherical
Spherical
Elongated
Elongated
Elongated

32
51
101
65
91
204

50 9 104
350 9 104
570 9 104
313 9 104
1117 9 104
4767 9 104

PMAO-PEG
PMAO-PEG
PMAO-PEG
PMAO-PEG
PMAO-PEG
PMAO-PEG

10

Figure 7. In vivo T2-weighted MR images of tumor
bearing mice: brain tumor and breast tumor before (left)
and 12 min post injection (right) of the NaDyF4 nanoparticles. This ﬁgure is reprinted with permission from Ref.27
Copyright (2016) American Chemical Society.

10
10
27
27
27

get prohibited to reach the surface of the metal
nanoparticles. Therefore, the only out-sphere contribution is expected that will lead to r2-relaxivity
(Table 1).
Zhang et al.27 achieved the highest r2-relaxivity
204 mM-1 s-1 per Dy3? with the 25 nm 9 35 nm,
elongated NaDyF4 nanoparticles. Therefore, it was
more appropriate for MRI at high ﬁeld (9.4 T) and
used for MR imaging of the brain tumor and breast
tumor of mice. These nanoparticles were injected into
mice via the tail vein. The amount of nanoparticles
injected was 0.25 mL of NaDyF4 (25 nm 9 35 nm) in
water weighing 2 mg/mL of NaDyF4. The MR images
are shown in Figure 7. Figure 7a shows the brain
tumor (high-grade glioma) bearing the image before
injection of nanoparticles. Figure 7b shows the brain
tumor (high-grade glioma) bearing image 12 min post
injection of the NaDyF4 nanoparticles. The contrasts
between the tumor and brain tissue are evidently seen
in Figure 7a and 7b. The increased T2 contrast can be
seen in Figure 7b, due to the accumulation of NaDyF4
nanoparticles at the tumor site. The similar effects
were also seen in breast tumor Figure 7c and 7d before
and after injection respectively. The maximum T2
reduction was 13.5% just after the injection of the
NaDyF4 nanoparticles. The result suggested that
NaDyF4 nanoparticles were effective in the detection
of both brain and breast tumors.27

the concentration of the CA. The equation is given
below,6,12
ri ¼ Dð1=Ti Þ=½M;

2. Conclusions

where i = 1 or 2, and M is the concentration of CA.
As we mentioned the NaDyF4 is T2 contrast agent,
therefore for the Dy3?-based nanoparticles (i = 2) then

In this article, we have discussed why there is need of a
relevant CA for a high magnetic ﬁeld application. Additionally, we discussed the advantages of NaREF4 nanoparticles over the RE-based complexes (RE = Gd, Dy) as an
MRI CA. Moreover, we have compared the SQUID magnetometer data of NaDyF4 nanoparticles of different size
and shapes. The result suggested that magnetization was
independent of the shape for NaDyF4 nanoparticles. However, the magnetization of nanoparticles increases with the
increasing particles size. The reason of increase in the

r2 ¼ Dð1=T2 Þ=½M;
The relaxivity is usually governed by the in-sphere
and outer-sphere mechanism for lanthanide-based
complexes.12 However, due to the hydrophobic barrier
on the surface of nanoparticles, the water molecules
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magnetization of the bigger nanoparticles was due to the
availability of a greater number of Dy3? compared to their
availability in the smaller nanoparticles. Finally, the biggest
size i.e., 25 nm 9 35 nm elongated NaDyF4 nanoparticles
were used for the MRI of brain and breast tumors at 9.4 T
had shown good contrast between normal brain tissue and
the tumor region. The result suggested the NaDyF4
nanoparticles have the potential for high ﬁeld MRI applications as T2 CA.
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