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Abstract:

Magnetic nanoparticles, which make up a large part of nanomaterials, have the potential for clinical
diagnosis and treatment due to their unique properties such as magnetic and superparamagnetic
torque and the power of biological interactions at the cellular and molecular levels. The unique
properties of these nanoparticles include super-saturation, superparamagnetic and magnetic suscep-
tibility, which are derived from their inherent magnetic properties. In this review, we investigated
the properties of ultra-small iron oxide nanoparticles as a positive contrast agent in MRI. As a
result, ultra-small iron oxide nanoparticles have a high potential for use as a T weight contrast
agent in the clinic. Ultra-small iron oxide nanoparticles have been widely used as a contrast agent
in MR imaging. In ultra-small iron oxide nanoparticles, it has been shown that the states change
from superparamagnetic to paramagnetic by decreasing in size. Therefore, it can be said that as a
result of reducing the size of these nanoparticles, they change from being the T, contrast agent to a
T contrast agent. Unlike iron oxide nanoparticles larger than 5 nm, these nanoparticles can create
a positive contrast that will facilitate detection. Also, ultra-small iron oxide nanoparticles could
solve the problem of gadolinium toxicity and the high magnetic momentum of iron oxide. As a
result, this nanoparticle has a high potential for use as a T weight contrast agent in the clinic.
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1. Introduction

The highest rate of mortality in the world is still caused
by cancer despite progress in treating and diagnosing the
disease [1, 2]. Proper diagnosis is important to facilitate
treatment. To obtain effective treatment, we need a diag-
nostic system that can detect the lesion in the early stages.
Imaging techniques such as MRI and CT-Scan can show
lesions accurately with an accuracy of -2.4 mm [3]. How-
ever, these methods are not able to detect malignancies in
the early stages and at the cellular level. The use of molec-
ular imaging methods is needed because of this. The use
of nanoparticles in medicine has become widespread, es-
pecially in diagnostic devices. The development of nano
complexes is a very serious idea in nanotechnology so that

these nano complexes can remain in the circulatory system
for a long time and at the same time have therapeutic poten-
tial. To use nanotechnology in practical medicine, magnetic
nanoparticles have been proposed as a class of non-invasive
nanomaterials for various biomedical applications. In par-
ticular, magnetic nanoparticles have been considered by
researchers for the effective diagnosis of diseases. Various
modifications have been made to magnetic nanoparticles so
that they can be used to communicate with the biomass of
molecules and interact with the target tissue. As a result, the
market is witnessing the development of a new generation
of nanomaterials that have low toxicity and high diagnostic
capabilities which can help in the early diagnosis of diseases

[4].
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2. Magnetic resonance imaging (MRI)

MRI has a unique feature in imaging because it has such
features as no restriction on tissue penetration, high spa-
tial resolution (1 mm), high soft tissue contrast and also
safety due to the non-use of ionizing radiation is a medical
diagnosis [5, 6]. It is used in a wide range of applications,
including imaging-guided drug delivery [7, 8], Alzheimer’s
[9], angiography [10], pH measurement [11], liver disease
[12], and tumor diagnosis [13—15]. However, the main draw-
back of this imaging method is its low sensitivity [16]. It is
estimated that 40 to 50% of MRI imaging, and especially
tumor imaging, uses contrast media to increase sensitivity
[15,17,18].

2.1 MRI contrast agents

The contrast mechanism in MRI is much stronger than other
imaging methods due to differences in proton density, lon-
gitudinal (T1), and transverse (T,) relaxation times. MRI is
the most powerful imaging technique. Due to the small dif-
ference between the longitudinal and transverse relaxation
times of normal and abnormal tissues, the use of contrast
agents can help to identify these tissues, better display the
circulatory system and show the blood-brain barrier. There-
fore, there is still a need to use contrast agents in MRI. The
resulting image depends on the magnetization vector, which
is the result of the ratio of spins in two directions parallel to
the field and non-parallel to the field. The parameters that
determine the ratio of the number of spins up to the spin
down are obtained from the following equation:

hB
— exp VKTO] )

(# spinup)
(# spindown)

In this formula:

Y : Gyromagnetic ratio (Hz / Tesla)

h : Planck constant (6.626 x 1073* J sec)

By : External magnetic field (Tesla)

k : Boltzmann constant (1.381 x 10734 J/ K)
T : Temperature in Kelvin (K)

Since changes such as viscosity and temperature are
required to increase this ratio, these parameters can’t be
changed in clinical studies and can only be changed in labo-
ratory conditions. Besides the parameters mentioned above,
chemical properties such as proton density and comfort pe-
riods also play a role in image formation. In the clinic, these
parameters can be changed - especially changes in relax-
ation times with the use of contrast agents - to improve the
display of tissue. Contrast agents change signal intensities
and cause differences in signal intensities in different tissues
[19]. The nature of the contrast agents is different in CT
and MRI. In CT, contrast agents act directly through their
ability to absorb and scatter photons. X-ray attenuation on
CT is simply the sum of the attenuation of the tissue and the
contrast agent. MR contrasts act indirectly by changing the
local magnetic environment of the tissue, leading to changes
in relaxation patterns. A contrast agent that increases the
signal received from the patient is a positive contrast agent
and any substance that decreases the signal received from
the image is a negative contrast agent [20].

Amraee et al.

2.1.1 Classification of contrast materials in MRI

The properties of contrast agents in MRI can be classified
into several categories:

1) Magnetic properties of matter (paramagnetic and su-
perparamagnetic).

2) The effect of the contrast agent on the signal strength
of the signal increases (positive contrast) and decreases the
signal (negative contrast) [21-25].

Contrast agents in MRI affect both T; and T, parameters,
but their effect is usually greater on one of the T; and
T, parameters. Thus, the contrast agents are divided into
two groups of reducing agents, T and T,. Decreasing the
longitudinal relaxation time of the proton causes a rapid
increase in the longitudinal magnetization vector, followed
by an increase in the signal in the images. Hence, T time-
reducing materials are called positive contrast agents, which
can be brighter seen in T1-weighted images [20].

2.1.2 Mechanism of the effect of contrast agents on re-
laxation times T and T,

In MRYI, the difference in the intensity of the magnetic res-
onance signal of the tissue in the image is called contrast.
This discrepancy should be sufficient to be able to identify
and determine anatomical and pathological evidence. The
contrast observed in MR images (without contrast agent)
changes with N (H) spin density, relaxation times T and Ty,
resonant frequency, chemical shift, magnetic susceptibility,
and other molecular stimuli. The variables affecting the
signal strength are proton spin density, spin-lattice relax-
ation time or longitudinal relaxation time T, and spin-spin
relaxation time or transverse spin relaxation time T>. In
addition to the proton, which has a direction in the magnetic
field due to the presence of spin, and in principle, from the
same behaviors in the magnetic field, a signal is obtained,
another particle called an electron also has a direction in the
magnetic field, and since it has a negative charge, its direc-
tion will be opposite to that of a proton. The more electrons
in an atom, the stronger the electron cloud forms around the
nucleus, and the fewer protons are affected by the external
field. Less impact on the field means fewer longitudinal and
transverse relaxation times. This is why we see hydrogen
relaxation times in fat are shorter than hydrogen relaxation
times in water. In addition, due to the lower electron cloud
in the hydrogen of the water molecule, the protons, in ad-
dition to spin-spin rotate, rotate around the axis of their
molecule, which is called wobble. Paramagnetic and su-
perparamagnetic materials have unpaired electrons in their
orbital alignment. These orbital electrons can absorb hy-
drogen in the water molecule. Hydrogen is trapped in a
macromolecule by this method. The wobbling rate of water
molecules decreases, and the amount of hydrogen proton
magnetization decreases. As a result, the relaxation time
for this proton is shortened. In this way, the phenomenon
of increased contrast is visible in the image. Gadolinium,
for example, has seven unpaired electrons (more than any
other element) and produces a large magnetic moment (ap-
proximately seven hundred times that of a proton) and in
connection with dipole-dipole interaction causes faster re-
lief and shorter T and due to the direct relationship leads
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Figure 1. As the size of iron oxide magnetic nanoparticles decreases, the magnetic momentum also decreases.

to an increase in signal strength. The paramagnetic effect
is expressed by relaxation or r. It is generally calculated in
water and 1 mmol of the substance. Relaxation or r is the
slope of the linear relationship between the rate of proton
relaxation and the concentration of the contrast agent. Pos-
itive contrast leads to the brightening of the image of the
target tissue after administration of the drug, while negative
contrast leads to darkening. Nanoparticles reduce the time
of the T and T, cycles with their small structure. Param-
agnetic nanoparticles in the magnetic field used in MRI are
magnetically saturated and can produce a local disruptive
dipole field, thus reducing the values of T and T».

In the absence of contrast agents, there are inherent proton
relaxation patterns in the tissue. Following the administra-
tion of a contrast agent, the observed relaxation times are
the linear sum of the intrinsic relaxation time of the tissue
and the contrast agent:

‘ L : o)

T ,2 (contrastagent)

I ,2 (observed) T ,2 (intrinsic)

The concentration of the paramagnetic sample is crucial
here. The following equation describes the relationship

between the concentration of samples and T% :
1,2 (intrinsic)

1 1

T ,2 (observed) T ,2 (intrinsic)

+r12[C] (3)

In the last equation, C is concentration, and ry > is related to
the T and T, relaxation of the paramagnetic sample. The r
parameter is a measure of the ability of a contrast agent sam-
ple to act on relaxation times and is expressed in mM~!s~!.
Here the concentration is expressed in millimoles per liter
(millimeters or mM) and the relaxation time is expressed
in s~! (per second). Currently, most of the contrast agents
used in the clinic is based on the paramagnetic chelates
of lanthanide metals such as gadolinium. The presence of
paramagnetic ions near water protons reduces their T; com-
fort time through coordination with water molecules and

increases contrast. Although gadolinium chelates are widely
used, their short circulation time, poor tracking sensitivity,
and toxicity concerns, especially in the kidneys, have led to
the widespread development of magnetic nanoparticles as
contrast enhancers [27].

3. Magnetic nanoparticles

The increase in T; for ultra-small iron oxide nanoparti-
cles has been attributed to a number of factors, including
surface increase, decrease in magnetization, and surface
coverage. The surface effects are the most obvious change
after reducing the nanoparticle’s size. The spins of a mag-
netic nanoparticle can be thought of as a shell-core struc-
ture, which, as it decreases in size, the surface spins of the
nanoparticle become skewed or irregular, which is due to
incomplete coordination or symmetry. This causes us to
have a dead magnetic layer on the surface of the ultra-small
nanoparticles. This effect reduces the magnetization of the
nanoparticles. The responsibility for magnetization falls
on the necks of regular spins at the center, which drasti-
cally reduces the function of the magnetic nanoparticle as
a T, contrast agent (Figure 1). The magnetic properties
of nanoparticles shift from superparamagnetic to paramag-
netic. Reducing the magnetization dramatically reduces
and, by nature, the r, / r; ratio, which makes this ultra-small
iron oxide nanoparticle suitable as a positive contrast agent
(Figure 2) [26].

3.1 Considerations in the design of magnetic nanoparti-
cles to enter the body

Although there has been significant progress in the quality
of magnetic nanoparticles, design factors must be consid-
ered at each stage of the manufacturing process to increase
the chances of reaching the target cells (by increasing the
lifespan of the nanoparticles and increasing their entry into
the cells). Potentially, the intrinsic properties of magnetic
nanoparticles are used in hyperthermia and MRI. Nanoparti-
cles are used in the field of treatment and imaging methods
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Figure 2. Ultra-small iron oxide nanoparticles as positive contrast agents for MRI images in different TRs (from 100 to
5000) and concentrations of 0.025, 0.05, 0.1, 0.2, 0.5, and 1 mM and water as a control group [26].

due to their high surface-to-volume ratio and are also well-
studied [28]. In practice, achieving appropriate therapeutic
and diagnostic results is strongly influenced by the set of
biological barriers that nanoparticles face in a very complex
body system. Biochemical barriers prevent them from reach-
ing their target, so in most cases, 5% or less of the injected
nanoparticles reach the tumor tissue and most of the injected
dose accumulates in healthy tissues, causing side effects in
the limb. In addition, nanoparticles encounter cellular barri-
ers (such as cell membranes and endosomes/lysosomes) to
cross the cell gate to reach the target cell [29]. Optimization
of the physical and chemical properties of nanoparticles
in nanostructures has an important role in the design of
conventional nanoparticles according to extensive research.

3.1.1 Overcoming the endocytosis barrier
3.1.1.1 Passive targeting

In addition to all of the design considerations that increase
the lifespan of nanoparticles in the blood to reach tumor
cells, these carriers must undergo a process called “endocy-
tosis” to deliver the drug to cancer cells. In particular, the
accumulation of nanoparticles in the tumor using physical
and chemical properties as well as enhancement and main-
tenance of permeability (EPR) was the first investigated
by Meda et al., in 1986 in metastatic solid tumors [30].
Nanosystems can use the structural features of tumor tissue
for passive targeting. When the tumor size to 2 mm or more,
it becomes permeable. This limit impacts the capacity of
cells to soak up food, waste, and oxygen. Tumor tissue
initiates the vascular process to overcome this problem.
Characteristics of this phenomenon include abnormalities
in the basement membrane and discontinuous epithelium

that result in the formation of leaking vessels containing
pores between 20 and 2000 nanometers in size. The length
of the pores varies relying at the kind of tumor. In addition,
due to the lack of basal kidneys from the cavities of the effi-
cient lymphatic system in the tumor tissue, the interstitial
pressure in the center of the tumors is greater than in the
surrounding environment. This increase in internal pressure
causes an outflow of interstitial fluid, thereby reducing the
spread of the drug to the center of the tumor. It has been
shown that tumor tissue can trap plasma proteins and use the
products of their decomposition to grow. The most common
example of passive targeting in the treatment of tumors is
increasing and maintaining the effect of permeability. This
feature is based on two features of tumor tissue: 1) The
arrangement of capillary endothelial cells in malignant tis-
sue is more irregular than in healthy tissue and has a higher
permeability than macromolecules. 2) Lack of lymphatic
drainage in the tumor bed leads to drug entrapment in this
area.

3.1.1.2 Active targeting

Despite all of the inactive targeting benefits and the use of
EPR, complex biological processes such as vascular perme-
ability, angiogenesis, and heterogeneity in the microscopic
environment of the tumor somehow prevent the practical
application of this effect. In addition, the biological, physi-
cal, and chemical properties of nanoparticles are affected
by the quality of their distribution and accumulation in the
tumor [31]. These reasons, along with the emergence of
specific therapies; led to a reduction of the inactive targeting
used and the flourishing of active targeting. Although the

2008-8868[https://doi.org/10.57647/j.ijnd.2024.1502.09]


https://doi.org/10.57647/j.ijnd.2024.1502.09

Amraee et al.

active targeting method was proposed about 40 years ago
[32], nanoparticles attached to ligands have recently made
their way into potential experiments [33]. The increase in
dependence and association with specific cells is achieved
by the binding of nanoparticles equipped with targets whose
complementary receptors are present on target cells. In this
method, access to specific antigens on target cells is critical
for proper binding to nanoparticles adorned with ligands.
Ligands include antibodies, aptamers, proteins, peptides,
and small molecules that bind specifically to the surface
molecules or receptors in the target organs [34].

4. Review of the past works

In this section, an overview of past studies in 4 fields of
using ultra-small iron oxide nanoparticles, large or super-
paramagnetic iron oxide nanoparticles, gadolinium, and the
combination of iron and gadolinium in MRI imaging is
given.

4.1 Ultra-small Fe;O4 nanoparticles in MRI as T;-
weighted contrast media

In a study conducted in 2004 by Schnoor et al., in Ger-
many on 3 pigs to investigate the effect of VSOP-C184
nanoparticles with a core size of 4 nm and a diameter of 7
nm on MRA images of 1.5 Tesla and with Gd- DTPA was
compared, the r; and r, were 13.9 and 33.4 (mM~!s™1),
respectively. The results showed that these nanoparticles
had the ability to be used in MRA and also the ability to
observe the artery without the intervention of venous signal
[35].

In another study conducted by Kim et al., in Korea in
2011, ultra-small iron oxide nanoparticles with a size of less
than 4 nm were prepared by thermal decomposition method
and their effects on MCF-7 cells and rat were investigated.
The results obtained from 3 Tesla MRI images showed that
11 and rp/r; ratio were 4.78 and 6.12 (mM s~ 1), respec-
tively, as well as high biocompatibility, less toxicity, and
longer shelf life. Nanoparticles in blood circulation are
superior to gadolinium-based contrast agents and showed
the potential of ultra-small iron oxide nanoparticles to be
used as a T|-weighted contrast agent [36].

In 2017, Park et al., in Korea prepared ultra-small iron
oxide magnetic nanoparticles with a 3 nm iron oxide core
and a PEG shell with a hydrodynamic size of 8 to 14 nm
by thermal decomposition method and used them for an-
giography of the hearts of 9 dogs in two different sessions
and 7 days apart, they were imaged by 3 Tesla MRA, the
amount of r; and the rp/r; ratio were 5.6 and 1.3 mM~!s~!,
respectively, due to the many advantages of this nanopar-
ticle compared to gadolinium-based materials, including
their larger size compared to them, which are not quickly
eliminated from the body and provide the possibility of ob-
taining angiographic images, they have less toxicity(due to
the Gd*>* ion). They are also useful for the body and treat
iron deficiency in the body, they have a high potential for
use in MRA [37].

Another study in 2016 in China by Roy et al., on ultra-
small magnetic iron oxide nanoparticles and polyacrylic
acid with a hydrodynamic size of 4.5 nm on rabbits and
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pigs, which MRA images of 1.5 tesla after the injection
of 135 pumol/kg iron, r; and rp/r; were 8.67 and 2.93
mM~— g1, respectively, and the obtained results showed
that PAA @USPIO nanoparticles have the ability to be used
as contrast material with T; weighted in the clinic [38].

Another study was conducted by Shen ez al., in China
on U-87 MG, MCF-7 cells, and Nod mice. DOX@ES-
MION3 @RGD2@mPEG3 nanoparticles were prepared by
co-precipitation method, the obtained results showed that
these nanoparticles have the ability to be used as T contrast
enhancement agent and also, they can be used for targeted
drug delivery to Tumor used [39]. In 2017, Vangijezgam
et al., in Belgium prepared two nanoparticles PEG2000-
VSION and PEG750-VSION with a size of 3.5 nm by ther-
mal decomposition method and took MRI images of 9.4
Tesla from CD1 mice with a concentration of 45 pumol
Fe/kg. The results showed that this nanoparticle system
has a high potential to be used as a weighted contrast agent
due to their longer persistence in the blood circulation (> 1
hour), and their clearance from the body, through the kidney
and liver at the same time with T weighted in MRA [40].
Another study was conducted in Germany in 2011 by Wag-
ner et al., in order to investigate the effect of ultra-small su-
perparamagnetic iron oxide nanoparticles covered by citrate
(VSOP-C184) in increasing the contrast of angiographic
images of patients with suspected coronary problems; MRA
images were obtained from 6 healthy volunteers and 14 pa-
tients after injection of contrast material and compared with
images before injection, the results showed SNR from 15.4
to 21.7, CNR from 6.9 to 15.1, and VED from 1.2 increase
to 2.3, and this shows that VSOP-C184 nanoparticles have
the ability to accurately detect coronary occlusions [41].

Another study was conducted in America in 2017 on
ultra-small iron oxide nanoparticles coated with zwitterion
with a core size of 3 nm and a coating of 1 nm and a hy-
drodynamic size of 4.7 nm, which was prepared by thermal
decomposition method. The MRI of 1.5 and 7 Tesla im-
ages were prepared and the r; and rp/r; values obtained
in the 1.5 tesla field were 2.5 mM~!s™! and 2 mM~ s~ !,
respectively, and in the 7-Tesla field, 5.1 mM~'s~! and
11 mM~'s™! respectively. The obtained results showed
that these nanoparticles have the proper size for excretion
from the kidney system and also because of their greater
biocompatibility, they have a high potential to be used as a
T;-weighted contrast agent in the clinic [42].

Another study was conducted by Li ef al., in 2019 on
ultra-small pH-sensitive iron oxide nanoparticles. In this
way, the ultra-small iron oxide nanoparticles were con-
nected by aldehyde ligands, which were released in the
acidic environment of the tumor, and the ultra-small iron
oxide nanoparticles that were stuck together and had super-
paramagnetic magnetic properties and were negative con-
trast material, with taking a distance from each other, they
change to paramagnetic state and the contrast material be-
comes positive. The amount of r; and the ratio of ry/r; in the
neutral pH state (pH=7.3) were equal to 2.3 mM~'s~! and
33.8 mM~!s~!, respectively, and these values in the acidic
state (pH=5.5) were respectively reached tol.5 mM~!s~!
and 4.2, which is an excellent idea in imaging, which makes
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the contrast material increase the signal only in the acidic
region of the tumor [43].

4.2 Fe;04 nanoparticles as contrast agent in T,
weighted MRI

In 2011, a study in Australia by Campbell and his colleagues
to investigate the effects of iron oxide core-shell magnetic
nanoparticles covered with silica, with a size of less than
100 nm invitro on PC3 cells and invivo on Nude mice done.
The results showed that these nanoparticles can use as T;-
weighted contrast materials [44].

It’s interesting to know that there was a study conducted
in 2017 by Reguera and his colleagues in Spain to investi-
gate the effects of star nanoparticles of iron oxide and gold.
Apparently, these nanoparticles have the potential to be used
in different imaging modalities such as CT Scan, photoa-
coustic imaging, and MRI. According to the study, the size
of iron oxide in this nanocomplex ranged from 16 to 20 nm,
and the hydrodynamic size was between 25 to 40 nm. The
results obtained during the study showed that the obtained
rp ranged between 180 and 300 mM ~'s~!. Furthermore, the
ratio of r, to r; obtained for 16 nm iron oxide nanoparticles
was 20 to 30, and for 20 nm iron oxide, it was 40 to 50.
These high potentials indicate that these nanoparticles are
suitable to be used as T,-weighted contrast agents in MRI
[45].

It’s interesting to know that in 2014, Sarasousi and his
colleagues conducted a study in India on iron oxide nanopar-
ticles coated with citrate, with a size of about 12 nm. The
results showed that these nanoparticles had high stability
and the rp/r| ratio was 37.92. T,-weighted MRI images
showed the dependence of iron dose in rodent pulmonary
fibrosis cells, and it was proved that these nanoparticles can
be used as a Th-weighted contrast material [46].

It’s interesting to learn about Beck and his colleagues’
recent study on a theranostic nanocomplex. Apparently, this
nanocomplex comprises graphene oxide, gold nanoparticles,
and superparamagnetic iron oxide. What’s even more im-
pressive is that this nanocomplex not only enhances contrast
in MRI but also shows promising therapeutic potential in ra-
diotherapy and photothermal therapy. The r, obtained from
this study was equal to 62.92 mM~!s~!, which indicates
that this biocompatible nanocomplex could be used for both
diagnosis and treatment of cancer simultaneously [47].

4.3 Gd nanoparticles in MRI

In a 2017 study conducted by Mekuria and his colleagues in
Taiwan, G4.5-Gd,O3-PEG nanoparticles were synthesized
and their effects on RAW?264.7 cells and BALB/c mice in
a 7 Tesla field were investigated. The study found that the
nanoparticles had an ry value of 53.9 mM~'s~! and an r,
value of 182.8 mM~'s~!, indicating their potential as a T}-
weighted contrast agent. The results also showed that the
nanoparticles had a low toxicity and were biocompatible
with the cells and mice tested. These findings recommend
that Gd,O3-PEG nanoparticles could be a promising con-
trast agent for clinical applications in MRI [48].

It seems that the study conducted by Qaqada and his col-
leagues in America back in 2009 showed promising results
for the use of liposomes based on gadolinium nanoparticles

Amraee et al.

as a contrast agent, both in vivo and in vitro. The high abil-
ity of these nanoparticles to be used in this way is certainly
a promising development [48].

It’s interesting to see the potential of liposomes based
on gadolinium nanoparticles as a contrast agent, as demon-
strated by a study conducted by Ghaghada and his col-
leagues in America back in 2009. The testing that in vivo
and in vitro showed promising results, indicating that these
nanoparticles could be highly effective in this application.
Specifically, the study showed that the nanoparticles exhib-
ited a strong T response [49].

Another interesting study on gadolinium nanoparticles
as a contrast agent was conducted by Dai ef al. in China
in 2017. The study focused on PEG-Gd;O3 nanoparticles
with a diameter of 30 to 40 nm, which were compared with
Magnovist. The results showed that these nanoparticles
have a longer shelf life compared to Magnovist and exhibit
the same level of toxicity. Additionally, they create a better
contrast in tumors and are excreted through the liver, unlike
Magnovist which is excreted through the kidneys. Overall,
the study confirmed the potential of these nanoparticles for
use in preclinical applications [50].

In 2016, Zhu and colleagues synthesized gadolinium
oxide nanoparticles coated with dextran, which had a very
fine size of 1.5 nm and a hydrodynamic size of 12.4 nm. In
the field of 1.5 Tesla, the r; and ry/r; ratio obtained were
12.2 and 2.4 mM~'s~!, respectively. The dextran coating
made these nanoparticles more biocompatible compared to
other gadolinium-based contrast agents. This study suggests
that these biocompatible nanoparticles could be used as T -
weighted contrast agents, highlighting their potential in
biomedical imaging applications [51].

4.4 Composition of Gd and Fe;04 nanoparticles

A study conducted by Zhou and colleagues in China in
2015 investigated gadolinium oxide nanoparticles (Gd;O3)
implanted in iron oxide nanoplates both in vitro on SMCC-
7721 cells and in vivo on mice and rats. MRI imaging
performed in different fields of 0.5, 3, 7, and 9.4 Tesla, and
the r; and rp values obtained in the field of 3 Tesla and
with a dose of 0.2 mg/kg were 20.5 and 145.4 mM~'s~!,
respectively. The ratio of rp to r; was 1.7, indicating that
GdIOP@ZDS nanoparticles have a high potential to use as
T and T, contrast agents in MRA [52].

A study conducted by Zhou and colleagues in China in
2012, where they implanted Gd, O3 nanoparticles into SPIO
nanoparticles, creating GdIO nanoparticles. The study ex-
amined the effects of GdIO nanoparticles on HepG?2 cells
implanted in Nod and BALB/c mice at 7 Tesla. The r; and
rp values for GdIO were 62.5 and 146.5 mM s~ 1, respec-
tively, and for Gd,O3, 1.12 and 125.4 mM~ g1, respec-
tively. The results demonstrated that these nanoparticles
can increase the T| and T, signal and has a high potential
to use as a double contrast material [61].

In 2013, Zhuo and his colleagues conducted a study in
China to synthesize gadolinium nanoparticles that were
implanted in iron and covered with zwitterin. The study
investigated the effects of 4.8 nm diameter nanoparticles
on SKOV3 cells of 90 mice. This study promises to revo-
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Table 1. Studies have used ultra-small iron oxide as a positive contrast agent.

author year r2/rl1 Fe3;O,4sizetnm) group weighted field (T) references
Schnorr J et al. 2004 2.4 4 Invivo W 1.5 [35]
Kim BH et al. 2011 6.12 3 Invivo T W 3 [36]
Rui YP et al. 2016  2.93 4.5 Invivo T, W 1.5 [38]
Park EA et al. 2017 3.1 3 Invivo Ty W 3 [37]
Shen Z et al. 2017 2.6 3.6 Invivo T W 1.5 [39]
Shen Z et al. 2018 6.8 5 Invivo T, W 7 [5]
Zhou Z et al. 2015 234 7.6 Invivo Ty W 7 [52]
Zhou Z et al. 2013 5.24 4.8 Invivo T W 7 [53]
Tao CH et al. 2019 2.78 4.34 Invivo T, W 0.5 [54]
Bai CH et al. 2018 2.8 5 Invivo Ty W 7 [55]
Du CH et al. 2020 5.35 3.63 Invivo T W 3 [56]
Xie M et al. 2020 4 2.2 Invivo T W 7 [57]
Li X et al. 2019  2.36 2.8 Invivo T, W 0.5 [16]
WeiR et al. 2018  3.56 3.2 Invivo T, W 0.5 [58]
WeiR et al. 2018 448 34 Invivo T, W 1.5 [58]
WeiR et al. 2018  20.72 2.8 Invivo Ty W 3 [58]
Kim BH et al. 2011 6.12 3 Invitro T, W 3 [36]
Du CH et al. 2020 5.35 3.63 Invitro T, W 3 [56]
Federenko S eral. 2018 6.57 6 Invitro W 1.5 [59]
Federenko S et al. 2018 1.85 6 Invitro T W 0.47 [59]
Luo Y et al. 2015 4.45 2.7 Invitro T W 0.5 [60]
Li X et al. 2019  2.36 2.8 Invitro T W 0.5 [16]

lutionize our understanding of the effects of nanoparticles
and their potential for medical applications. The study in-
vestigated the effects of 4.8 nm diameter nanoparticles on
SKOV3 cells of 90 mice. The r; and the ratio of r, to r;
obtained in the 7 Tesla field were 7.85 (mM~'s~!) and 5.24,
respectively. The results indicated that nanoparticles have
high potential as T|-weighted contrast materials and are
durable. They have a relatively long duration in the body
(50 minutes) and absorbed by the tumor through passive
targeting. Furthermore, they have the possibility of rapid
purification through the kidneys [53, 62].

In 2015, Yang and colleagues conducted a study in China
using iron oxide nanoparticles (Fe304), Gd, O(CO3),, and
SiO, as a dual contrast agent. The study found that the
nanoparticles were biocompatible and could be used as a
T; and T, contrast enhancer in 3 Tesla MRI scans, with a
high potential for accuracy. The study also observed good
biocompatibility of the particles in three different cell lines.
The values of r; and r, obtained with SiO, thickness of 20
nm were 32.2 and 208 mM~'s~!, respectively [63].

In 2010, Choi et al. conducted a study in Korea using
core-shell nanoparticles consisting of MnFe,O4 core (15
nm), Gd,O(CO3); shell (1.5 nm), and a separate layer of
Si0;, (4, 8, 12, and 20 nm). The obtained r; and rp/r; were
1.33 and 8.3 (mM~!s™!), respectively. The study demon-
strated that these newly developed nanoparticles could uti-
lized as T and T, contrast enhancers [64].

In 2018, Shen and his colleagues in China investigated
the ability of a nanoparticle for T-weighted MRI imaging
of tumors. They prepared nanoparticles coated with gadolin-
ium and iron oxide using the coprecipitation method. Then,
they targeted these nanoparticles with RGD2. The obtained
11 and 1o/r; were 73 and 1.98 mM~'s~!, respectively. The
study revealed that these nanoparticles have high potential

as a contrast material in T|-weighted imaging. The nanopar-
ticles are small enough to be easily excreted through the
kidneys and are non-toxic [5].

Studies have shown a need for a biocompatible contrast
agent is highly compatible with a high r; ratio and a low
rp/ry ratio for positive contrast MRI images. Based on the
research its estimated that very fine ion oxide nanoparticles
could be a solution to this need.

5. Conclusion

Magnetic nanoparticles can be used as potential contrast
materials for MRI as well as new detectors for imaging [65].
Conventional MRI images provide information about the
hydrogen in the body, so the intrinsic signals of healthy
tissue and tumor are almost identical, and it is difficult
to distinguish healthy tissue from tumor. To improve the
quality of MRI images, nanoscale contrast materials were
created that can change the position of the magnetic field
locally and accelerate the relaxation process. Typically, two
variables are used to measure the performance of a contrast
agent:

1) Longitudinal relaxation or r;

2) Comfort relaxation or rp / rq ratio

A value of r; indicates the ability of the contrast agent
to increase the signal, and the higher it is, the greater the
ability of the nanoparticle to increase the signal, while the
ratio rp / r; confirms the potential of a contrast agent to
be used as a positive or negative contrast agent. If this
ratio is less than 2, the contrast agent weighs T; and if it
is greater than 10, the contrast agent weighs T, [66]. T»-
weight images are dark images that can be confused with
bleeding or calcifications. Also, due to the high magnetic
momentum of the contrast material used in T,-weight im-
ages, an artifact is seen in the images called the sunrise
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effect. T1-weight contrast agents are generally desirable for
reasons such as brighter images, better resolution, and eas-
ier detection [39, 67]. But T{-weight contrast media used
in the clinic are usually based on gadolinium ions, which
have its drawbacks. Gadolinium-based contrast agents, due
to their small size, have a short half-life and are rapidly
eliminated from the body, which limits the accurate diagno-
sis of the tumor as well as long-term monitoring [66—68].
More recent studies have also shown that gadolinium can be
found in patients’ brains, depending on the dose. Therefore,
the FDA issues a general warning for all gadolinium-based
substances and prohibits their use in patients with acute
renal failure [18, 69]. Gadolinium-based contrast media is
available in the clinic and has a low r; of about 4, which
should be increased to have clearer images [39, 70]. As a
result, the need for a high compatibility biocompatibility
contrast agent with a high r; and a low r, / 1y ratio is fully
felt. Many studies have been performed on iron oxide for
use as a Tj-weighted contrast agent. The physical prop-
erties of iron oxide depend greatly on the size of the iron.
When the size of iron oxide is less than 5 nm due to volume
reduction, magnetic anisotropy, and spin tilt, the property
of iron oxide changes from superparamagnetic to param-
agnetic. Due to the high biocompatibility of iron oxide, it
has a high potential for use as a T|-weighted contrast agent.
The main problem with these nanoparticles is the low rate
of r; and the high rate of r, / r;. To solve this problem,
they can be combined with gadolinium oxide or gadolinium
nanoparticles. Iron oxide nanoparticles are commonly used
in medical applications as super-magnetic magnets (Fe3O4)
and hematite (Fe,O3). Studies that have used ultra-small
iron oxide as a positive contrast agent are listed in Table 1.
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