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ABSTRACT

Bimodal imaging combines two imaging modalities in order to benefit from their advantages and compensate
the limitations of each modality. This technique could accurately detect diseases for diagnostic purposes.
Nanoparticles simultaneously offer diagnostic data via various imaging modalities owing to their unique
properties. Moreover, bimodal nanoprobes could be incorporated into theranostic systems for the design of
multifunctional agents. Magnetic resonance imaging (MRI) and computed tomography (CT) are frequently
used as noninvasive imaging modalities. These powerful, noninvasive diagnostic techniques used for the
imaging of soft and hard tissues, respectively. However, MRI has low sensitivity and is not suitable for the
imaging of bony structures. On the other hand, low soft tissue contrast is a major limitation of CT. Therefore,
the development of various contrast agents that are proper for bimodal MRI/CT nanoprobes could largely
influence modern medicine. This review aimed to specifically focus on the imaging properties of bimodal

MRI/CT nanoprobes and their biomedical applications.
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INTRODUCTION

Today, bimodal imaging has attracted great
attention for biomedical applications. To date,
numerous biomedical imaging modalities have
been applied for the detection of diseases,
including magnetic resonance imaging (MRI),
computed tomography (CT), positron emission
tomography (PET), single-photon emission
computed tomography (SPECT), ultrasonography,
and optical imaging [1]. Each imaging modality
provides particular diagnostic data and has specific
advantages and limitations [2]. The differences in
these modalities are based on several factors, such
as their image formation [3], resolution, sensitivity
[4], and provision of anatomical/structural or
functional/metabolic data [5].

In CT, SPECT and PET, ionizing radiation
is used for image formation, while MRI and
ultrasonography require the use of non-ionizing
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radiation [6]. MRI is mainly used for the imaging
of soft tissues with high resolution; however,
this technique has low sensitivity [7], while PET
provides images with high sensitivity and poor
spatial resolution [8]. Some biomedical imaging
tools (e.g., CT) are mainly used to provide
important structural and anatomical data [7]. On
the other hand, modalities such as SPECT and
PET are used for the preparation of functional/
metabolic data on the examined tissues [9].

In bimodal imaging, the limitations of each
modality could be compensated with the
advantages of another modality. Therefore,
bimodal imaging plays a key role in the accurate
diagnosis of various diseases.

Advancement in nanotechnology has resulted
in the development of new nanomaterials as
potential imaging contrast agents. Nanomaterial-
based contrast agents have several physical and
chemical advantages, including the tunability
of the surface, size, and shape of nanoparticles
[10] and conjugation with biological molecules
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to identify the target of interest [11]. In addition,
nanomaterial combinations could be applied in
the structure of bimodal and multimodal imaging
probes [12]. To date, various nanoprobes have
been introduced for bimodal imaging techniques,
including PET/CT [13], ultrasound/CT [14],
ultrasound/MRI [15], PET/MRI [16], MRI/SPECT
[17], MR/optical imaging [18], SPECT/fluorescence
imaging [19], MRI/CT [20], SPECT/CT [21], and
fluorescent /CT [22].

Basics

Among various medical imaging modalities,
MRl and CT are most commonly used for diagnostic
purposes. MRlisapowerful, noninvasive diagnostic
technique, which provides anatomical data from
the internal organs of the body. Furthermore,
MRI provides sectional images of soft tissues with
high spatial resolution by applying non-ionizing
radiofrequency pulses. MRI could also provide
physiological and even molecular data although
the latter is limited due to its poor sensitivity
[23]. Inherent contrast in MRI depends on the
differencesin the T1 and T2 relaxation times of the
tissues and their proton density [24]. If there are
slight differences between the relaxation times of
normal tissues and lesions, the inherent contrast
of MRI is inadequate, which in turn leads to low
sensitivity. MRI contrast agents overcome this
limitation by affecting the relaxation processes.

MRI contrast agents are classified into two
categories. The first category is T1 agents, which
are mainly based on gadolinium and manganese
ions that mostly reduce the T1 relaxation time
of water protons and make brightness in the
accumulation region. The second category
of MRI contrast agents are T2 agents (e.g.,
superparamagnetic iron oxide nanoparticles),
which significantly reduce the T2 relaxation time
of water protons, providing the dark region on
the image. The ability of an MRI contrast agent to
change relaxation rates is referred to as relaxivity
(r). Higher relaxivity is associated with better
contrast enhancement. Based on the changes
in T1 and T2 relaxation rates, relaxivities are
classified as rl and r2, respectively. Although
proton (*H)-based MRI is able to provide excellent
images of soft tissues, it is not considered suitable
for the imaging of bony tissue, which is another
limitation of MRI [25, 26]. CT has extensive clinical
application as a noninvasive imaging modality that
provides anatomical data based on the difference

in the X-ray absorption of various tissues. Some of
the key advantages of CT include high resolution,
three-dimensional tomographic imaging, cost-
efficiency, short acquisition time, availability, and
development of hybrid imaging systems (e.g.,
PET/CT and SPECT/CT). Due to their high X-ray
absorption, hard tissues (e.g., bony structures)
are viewed with high contrast in CT images,
while this modality has low soft tissue contrast
[27]. Therefore, CT contrast agents consisting of
materials with a high atomic number and high
X-ray attenuation coefficients are used to improve
the soft tissue contrast of this method [28].
In addition, the combination of CT and MRI in
bimodal imaging leads to overcome the low soft-
tissue contrast in CT [23, 29].

Currently, conventional CT contrast agents are
mainly based on barium sulfate suspensions and
iodinated compounds. Barium ions are toxic, and
barium (Z=56, K-edge energy=37.4 keV) is clinically
used as barium sulfate only for the imaging of
the gastrointestinal tract [30]. With respect to
nanomaterials, Liu et al. have reported BaYbF. @
SiO,@PEG nanoparticles as CT contrast agent [31].
Moreover, iodine molecules with a high atomic
number (Z=53, K-edge energy=33.2 keV) could
effectively absorb X-ray photons. However, small
iodine molecules are rapidly eliminated by the
kidneys and have a short blood circulation time
[32]. Recently, nanomaterials such as bismuth and
gold nanoparticles have attracted great attention
to be used as CT contrast agents due to their high
contrast enhancement, long circulation time, and
low toxicity. Bismuth (Z=83, K-edge energy=90.5
keV) has higher X-ray attenuation and lower
toxicity compared to iodine [33]. Various bismuth-
based nanoparticles have been investigated as
CT contrast agents, such as Bi.S, nanodots [34],
Bi,Se, [35], and Bi,O, nanoparticles [27]. Gold has
a high atomic number (Z=79) and K-edge energy of
80.7 keV and provides stronger X-ray attenuation
compared to iodine and barium sulfate, especially
at the energy levels that are used clinically [36].
Furthermore, gold nanoparticles exhibit unique
properties, such as high compatibility, facile
surface modification, and passive tumor targeting
[37, 38]. To date, various nanomaterials have
been assessed as bimodal MRI/CT nanoprobes.
This review aimed to summarize the findings
regarding bimodal MRI/CT nanoprobes, as well as
their properties and applications, for diagnostic
purposes.
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Fig 1. Schematic View of a Bimodal MRI/CT Nanoprobe

Bimodal MRI/CT nanoprobes

Nanoprobes with high relaxivity (r1 for T1
contrastagents and r2 for T2 agents) and high X-ray
attenuation are proper candidates for bimodal
MR/CT imaging. Fig 1 depicts the schematic view
of a bimodal nanoprobe for MRI/CT.

In general, the difference in the relaxivity of
nanoparticles depends on several factors, such as
the applied magnetic field strength, nanoparticle
size, type and thickness of the surface coating
material, magnetic moment, aggregation of
the particles, and number of the water protons
that are available to magnetic ions [39]. The
increasing of field strength leads to the reduction
of rl relaxivity, while the increasing of r2 to its
maximum value and then its decreasing at higher
field strengths is occurred. Furthermore, the
reduction of rl and increasing of r2 is resulted
from increased aggregate size [40].

Smaller nanostructures have higher surface-
to-volume ratio, which causes access of many
gadolinium ions to water protons, leading to
higher rl relaxivity [41]. In case of iron oxide
nanoparticles, the increasing of the mean diameter
of the particles leads to higher r2 relaxivity. On
the other hand, particles with smaller sizes have
low r2/rl and are appropriate candidates as T1
contrast agents. Larger iron oxide nanoparticles
have shorter blood half-life. Blood kinetics is
also strongly affected by the ionic characteristics
of coating materials [42]. Larger ligand size
decreases the access of nanostructures to water
protons, thereby leading to smaller r1 and r2
relaxivity values [43]. The studies regarding the
effects of coating materials and their thickness on
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r2 relaxivity have proposed different results [44].

In general, materials with high atomic numbers
offer higher X-ray attenuation, and X-ray energy
is considered to be a key influential factor in its
attenuation. When the X-ray energy is equal to or
partially larger than the K-edge energy of an atom,
X-ray attenuation is higher [45]. To date, various
in-vitro and in-vivo studies have been conducted
using various materials in order to investigate
their biocompatibility and potential as MRI/CT
nanoprobes. These agents have been discussed
extensively in the following sections.

Gadolinium-based MRI/CT nanoprobes

Gadolinium (Gd) is the most commonly used
MRI contrast agent. Paramagnetic gadolinium has
seven unpaired 4f electrons and produces a large
magnetic moment, which make this material an
excellent relaxation-enhancing agent. However,
free gadolinium ions are toxic and maintained in
various body tissues, such as the liver, spleen, and
bones. Chelation of gadolinium by ligands leads
to the reduction of its toxicity. Despite the clinical
utility of gadolinium chelates, they do not have
high sensitivity and their renal clearance is fast.
On the other hand, gadolinium nanoparticles are
potential candidates to be used as MRI contrast
agents.

The concentration of gadolinium ions in
nanoparticles could decrease the toxicity of the
ions, and enhance the MRI T1 contrast [46]. In
addition, gadolinium oxide (Gd,0,) nanoparticles
have a large surface-to-volume ratio and higher
relaxivity compared to gadolinium chelates [47].
Therefore, these materials have been frequently
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studied as MRI contrast agents [43, 48-51]. It is
also notable the high atomic number of gadolinium
provides high contrast in CT imaging [52-54].

Gadolinium/gold nanoprobes

Gadolinium and gold nanostructures have
been frequently studied as MRI/CT bimodal
nanoprobes. Gold nanoparticles have important
properties, which are effective in CT contrast
enhancement. Some of these properties include
high atomic number and X-ray absorption
coefficient. In addition, the tunable size and
shape of gold nanoparticles allow their surface
modification with various functional groups. Gold
nanoparticles are also nontoxic and have high
biocompatibility [31, 38, 55].

In the study by Tian et al., polyacrylic acid was
used as the bridge between the gadolinium metal
organic framework (MOF) and gold nanoparticles
in the hybrid GdMOF-PAA-Au nanocomposite
so as to provide stronger interaction between
gadolinium MOF and gold nanoparticles.
Moreover, the nanocomposite exhibited the rl
of 4.9 mM*s? at 4.7 T, which was slightly higher
than Magnevist as a gadolinium chelate at the
same field strength. The nanocomposite also
demonstrated enhanced CT contrast even at low
concentrations of gold (1.66 mg/ml) [56].

Gadolinium-functionalized gold nanorods have
also been investigated as bimodal MRI/CT contrast
agents. In this nanoprobe, amphiphilic gadolinium
chelates are connected via a non-covalent
bond to the outer surface of gold nanorods,
thereby providing high r1 relaxivity (21.3 mM*s?
gadolinium perion at 9.4 T) due to the direct access
of gadolinium ions to water protons. Furthermore,
the high surface-to-volume ratio of gold nanorods
provides the opportunity for the binding of more
gadolinium ions to the surface of the nanorods.
Additionally, the large surface of the nanorods
also improved the X-ray attenuation of CT images,
so that the nanoprobe could enhance contrast at
low gold concentrations (e.g., 1.31 mg ml?) [57].

In another study in this regard, the gadolinium
chelate coated with gold nanoparticles (Au@
DTDTPA-Gd) were evaluated in in-vitro and in-
vivo CT and MRI. In the mentioned research,
CT imaging was performed using synchrotron
radiation computed tomography (SRCT), which
provided monochromatic X-ray beams with five-
fold intensity compared to the X-rays emitted from
conventional sources. Furthermore, SRCT could

provide the quantification of the contrast agent
concentration in tissues. In the mentioned study,
MRI was performed using a 7.0 T instrument, and
nanoparticles were detected in both CT and MRI
modalities even at low concentrations of gold
(10 mg/ml?) and gadolinium (5 mM). In addition,
gadolinium was reported to slightly contribute
to the SRCT image contrast. In-vivo animal study
indicated the circulation of nanoparticles in blood
without unsuitable accumulation in the liver,
lungs, and spleen [58].

In another research, Zhou et al. synthesized
PEGylated gadolinium-loaded polyethylenimine-
entrapped gold nanoparticles (Gd@Au PENPs)
and examined the nanoprobe for in-vitro and in-
vivo MR/CT imaging. According to the findings,
the rl1 (17.8 mM?s? at 3.0 T) and CT values of
the Gd@Au PENPs were higher than Magnevist
and Omnipaque, respectively. On the same
note, an in-vivo study was conducted on mice,
demonstrating that the CT values of the inferior
vena cava and liver increased on the post-contrast
images, while slight contrast enhancement was
observed in the kidney region. On the other
hand, the increasing of the administrated dose
led to the enhancement of various blood vessels,
including the aorta, inferior vena cava, portal
vein, and renal vein. The T1-weighted MR images
also clearly revealed the inferior vena cava and
aorta after the injection of the Gd@Au PENPs.
No significant histological changes were reported
30 days after the injection of the nanoparticles,
which confirmed the biocompatibility of the
nanoparticles at the applied dosage [59]. Bovine
serum albumin-coated gold nanoparticles (Au@
BSA) containing Gd(lIll) were assessed in another
study with the aim of providing CT and T1-
weighted MRI contrast. According to the findings,
the contribution of the Gd(lll) ions and gold
nanoparticles led to the higher X-ray attenuation
of the contrast agent. Additionally, higher rl than
Magnevist (5.04 and 3.54 mMs?, respectively)
was obtained at 3.0 T [60]. According to a research
conducted by Li et al., multifunctional Gd(lll)-
loaded dendrimer-based gold nanoparticles
(Gd-Au DENPs) were used in the bimodal MR/
CT imaging of breast cancer cells in-vitro and in-
vivo. The MR and CT imaging of human MCF-7
cancer cells and xenograft tumor model showed
enhanced images [61]. In addition, the RGD-
peptide-modified multifunctional dendrimer-
entrapped gold nanoparticles that were loaded
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with gadolinium chelator/Gd(lll) complexes (Gd-
Au DENPs-RGD) were assessed for the targeted
imaging of avp3 integrin-overexpressing cancer
via dual mode CT/MRI. According to the findings,
the Gd-Au DENPs-RGD nanoprobe was nontoxic
and offered X-ray attenuation, and the r1 value of
2.643 mM1stat 3.0 T [62].

In the study by Li et al., gadolinium and gold
atoms were simultaneously loaded into the
zwitterionic glutathione (GSH) shell with cyclic
Asn-Gly-Arg (cNGR) peptide modification, and
the capability of ultra-small ¢cNGR-Au:Gd@GSH
nanomolecules for in-vitro and in-vivo bimodal
MRI/CT was investigated. The rl relaxivity of
38.4095 mMst at 3.0 T, which was 8.6 times
higher than Magnevist (4.46 mM™s™), confirmed
the high potential of nanomolecules for MRI.
Moreover, the CT attenuation enhancements of
the nanomolecules were approximately 18, 25,
66, 93, 136, and 180 times higher compared to
iohexol in the abdomen, chest, head, maxillofacial
region, centrum, and lower-limb sequences,
respectively.

The in-vivo results of MRl and CT in mice have
also demonstrated the great potential of ctNGR-
Au:Gd@GSH nanomolecules for the bimodal MRI/
CT of tumor angiogenesis [63].

Gadolinium/silver nanoprobes

Although silver iodide colloid has been
applied as a CT contrast agent in animal models,
its usage in human subjects has been precluded
due to its high toxicity [64]. However, in-vitro
biocompatibility studies have indicated that the
substitution of silver in hydroxyapatite crystals
could resolve the toxicity issue [65]. In a study by
Madhumathi et al., silver (Ag) and gadolinium ions
co-substituted hydroxyapatite nanoparticles were
synthesized with various atomic ratios of silver
and gadolinium (Ag:Gd=0.25:0.25, 0.25:0.5, and
0.25:0.75) for dual mode CT/MRI. Afterwards, they
were compared with the nanoparticles substituted
with only silver or gadolinium ions. According
to the obtained results, the samples of Ag* and
Gd** ions that co-substituted hydroxyapatite
nanoparticles had higher contrast, so that the
optimal bimodal contrast was achieved using the
Ag:Gd ratio of 0.25:0.75. In the mentioned study,
X-ray attenuation was affected by both the silver
and gadolinium ions, and the nanoparticles with
the highest gadolinium content provided the
highest MRI contrast as well [66].
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Gadolinium/lodine nanoprobes

lodine has a high atomic number, and iodine
compounds have been widely used as clinical
CT contrast agents. In a study in this regard,
Ahmad et al. investigated the potential of various
iodine compounds coated Gd,0, nanoparticles
for bimodal CT and T1 MRI. According to the
findings, the samples had higher X-ray attenuation
and longitudinal relaxivity (r1=26-38 mMs?)
compared to conventional contrast media with
1.5T field strength. The cell viability test indicated
that the samples were biocompatible. Contrast
enhancement was also observed in both CT and
MRI after the injection of the nanoparticles to
mice, which confirmed the dual imaging potential
of Gd,0, nanoparticles coated with iodine
compounds. On the other hand, the magnetic
properties of gadolinium and its high amount per
Gd,0, nanoparticles, as well as the high atomic
number of gadolinium resulted in the capability of
the iodine compounds coated Gd,O, nanoparticles
in bimodal MR/CT imaging without the need for
additional functionalization [52].

Other gadolinium-based MRI/CT nanoprobes

Polyacrylic acid (PAA)-capped GdF, nanoplates
have been reported to have the high rl value
of 15.8 L/mmol at 0.5 T (four times higher than
Gd-DTPA). This has been attributed to the two-
dimensional structure of the nanoplates, which
enables the provision of a large surface area
to volume compared to the nanoplates with
spherical nanostructures. In this regard, the X-ray
attenuation of nanoplates has been reported to
be higher compared to iohexol (a commercial CT
contrast agents) at similar concentrations [20]. In
another research, a PEGylated Dy-doped NaGdF,
nanoprobe was prepared to be used as a T1/T2-
weighted MRI/CT imaging probe. The rl1 and r2
relaxivity of the nanoprobe at 9.4 T was reported
to be 5.17 and 10.64 mM's?, respectively.
Moreover, this nanoprobe showed high X-ray
attenuation (44.70 HU L/g). In-vivo findings
exhibited its efficient contrast enhancement in the
kidneys, spleen, and liver of mice 24 hours after
injection [67].

In a research conducted by Wang et al.,
PEGylated BaGdF, (PEG-BaGdF,) nanoparticles
showed positive MRI contrast and proper X-ray
attenuation in-vitro. In the mentioned study,
the connection of the RGD peptide to the
nanoparticles surface (RGD-PEG-BaGdF,) was
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performed for tumor vasculature targeting. The
RGD-PEG-BaGdF, or PEG-BaGdF, nanoparticles
were intravenously injected to VX2 tumor-bearing
mice, and MR/CT imaging was carried out. The
obtained results were indicative of higher MRI
signal enhancement and CT value in the tumor
site in the RGD-PEG-BaGdF, group. Furthermore,
it was suggested that RGD-PEG-BaGdF, could
be used in bimodal MRI/CT for the detection of
various solid tumors [68].

In another study, AR-Bi@SiO02-Gd/DOX
nanoparticles were introduced for accurate
tumor detection and targeting. The surface of the
nanoparticles was composed of AREYGTRFSLIGGYR
(AR), which is an MCF-7 breast tumor-homing
peptide. According to the findings, the applied
nanoparticles could significantly increase MRI
and CT imaging contrast, while inhibiting tumor
growth as well [69].

Table 1 summarizes the MRI and CT properties
of various gadolinium-based MRI/CT nanoprobes.

Manganese-based MRI/CT nanoprobes

Manganese (Mn) is another paramagnetic
ion used as an MRI contrast agent. Since free
manganese is toxic, its chelating or coating
in the nanoparticle form may prevent the
premature loss of free manganese. The only
FDA approved manganese-chelate, manganese-
DPDP or mangafodipir trisodium (Teslascan) is
an organ-specific agent used for liver imaging.
Recently, manganese oxide particles (e.g., MnO,
MnO,, and Mn304) have been designed as MRI
contrast agents [70]. It has also been suggested
that manganese-based nanoparticles have the
potential for dual mode MRI/CT. Manganese-
chelated dendrimer-entrapped gold nanoparticles
modified with hyaluronic acid {(Au0)100G5.NH2-
FI-DOTA(Mn)-HA} nanoparticles were reported as
a bimodal probe for the targeted CT and MRI of
hepatocellular carcinoma (HCC). The r1 relaxivity
of these nanoparticles was calculated to be 5.42
mM-s? (0.5 T field strength).

Table 1. Gadolinium Based MRI/CT Nanoprobes

Gd based Nanoprobe MRI field rl relaxivity CT Reference
MRI/CT intensity (T) (mM™s™?)
nanoprobes
GdMOF-PAA-Au 4.7 4.9 Enhanced CT contrast at Au 56
concentrations as low as 1.66
Gd/Au mg/ml
nanoprobes Gd functionalized gold 9.4 21.3 per Gd ion Enhanced contrast at Au 57
nanorods concentration as low as 1.31
mg/ml
Au@DTDTPA-Gd 7.0 - Enhanced CT contrast at the low 58
content of Au (10 mg ml-1)
Gd@Au PENPs 3.0 17.8 Increasing of CT value of inferior 59
vena cava, liver and different blood
vessels
Au@BSA-Gd-DTPA 3.0 5.04 high X-ray attenuation due to 60
contribution of Gd (lll) ions and
gold
Gd-Au DENPs 3.0 - Enhanced CT images of human 61
MCF-7 cancer cells and xenograft
tumor model
Gd—-Au DENPs-RGD 3.0 2.643 X-ray attenuation for targeted 62
imaging of avp3 integrin-
overexpressing cancer
cNGR-Au:Gd@GSH 3.0 38.4095 CT attenuation enhancements 63
about 18-180 times higher than
lohexol
Gd/Ag Ag and Gd ions co- 1.5 - Best contrast using the percentage 66
nanoprobe substituted of Ag:Gd = 0.25:0.75
hydroxyapatite
Various iodine 1.5 26-38 Combination of high atomic 52
Gd/I compounds coated number of Gd and the iodine
nanoprobes Gd,03 nanoparticles compounds in CT contrast

Polyacrylic acid (PAA)- 0.5
Other Gd based capped GdFs; nanoplates
nanoprobes
PEGylated 9.4

Dy-doped NaGdF,

15.8 L/(mmol s) X-ray attenuation higher than the 20
commercial CT contrast agent,
lohexol
5.17 High X-ray attenuation 67

(44.70 HU L/g)
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Table 1. Gadolinium Based MRI/CT Nanoprobes
In addition, the CT contrast was reported to
linearly increase at higher gold concentrations.
Contrast enhancement was also observed in the
post-contrast MRI and CT images of HCC cells in-
vitro and orthotopically transplanted HCC tumors
in-vivo [71].

In a research in this regard, image contrast
enhancement in CT and 1.0 T MRI using Au NPs@
PEG-Mn?* exhibited the great potential of the
nanoparticles to use as bimodal imaging probe.
Furthermore, the in-vivo studies conducted on
mice models indicated long blood retention
(minimum of 90 minutes), which minimizes the
repeated injection of the contrast agent [72].

Iron Oxide- and Iron-based MRI/CT nanoprobes

Superparamagnetic iron oxide nanoparticles
are considered to be the most appropriate T2
contrast agents due to their safety and efficacy
[73, 74]. Iron oxide is commonly used as an MRI
contrastagentin the form of Fe O, (magnetite) and
maghemite (y-Fe,0,). However, maghemite has
been reported to have higher stability compared
to magnetite. Both these compounds have
advantages such as biocompatibility, chemical
stability, and high magnetic moment. To date,
various iron oxide- and iron-based nanoprobes
have been introduced as potential contrast
agents for bimodal MRI/CT with wide biomedical
applications. The studies in this regard have been
reviewed in the following sections.

Iron oxide-based MRI/CT nanoprobes

Most of studies regarding iron oxide-based
MRI/CT nanoprobes have been focused on gold
nanoparticles as the CT contrast enhancement
material. Iron oxide/gold nanoprobes with various
coatings and functionalizing materials have been
synthesized with various methods and sizes,
showingvariable relaxivities and X-ray attenuation.
The biocompatibility of these nanoprobes has also
been investigated, and they have been applied for
biomedical imaging purposes.

In a study in this regard, Kim et al. reported
the strong X-ray attenuation of PEG-coated gold@
iron oxide core shell nanoparticles, which was
higher compared to iodine contrast agents at the
same concentration. The high intensity of the CT
image resulted from the presence of gold in the
nanoprobe structure. In addition, the darkness of
MRIimages acquired with 1.5 T field was increased
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with increasing of the concentration. The MRI
signal intensity produced by the nanoparticles was
reported to be mild. The MTT results indicated
that the nanoparticles caused no significant
toxicity in cells even at high concentrations (e.g.,
1 mg/ml) [75].

In another study, a green synthesis approach
was applied for the preparation of Fe,O,/Au hybrid
nanoparticles. The nanoparticles provided the
high r2 value of 124.2 mM?s*at 1.5 T, and their
CT contrast was also higher compared to iodine
contrast agents. Therefore, the nanoparticles were
considered appropriate for stem cell imaging [76].
The Fe,O,@Au nanocomposite that was prepared
using the controlled co-precipitation method had
the relatively high r2 value of 71.55 mM?*s* (3.0 T),
while exhibiting high X-ray attenuation properties.
In this regard, the in-vitro imaging of cancer cells,
in-vivo CT imaging of subcutaneous tissue, and
MRI of liver suggested that the nanoparticles
had the potential to be used as bimodal imaging
nanoprobe [77].

In another research, Fe,O,@Au-mPEG-PEI.
NHAc nanoparticles had the r2 value of 146.07
mM-1s? (3.0 T), and the X-ray attenuation of the
nanoparticles was higher compared to Omnipaque
at the same concentrations of gold or iodine.
Clearly detected mouse liver in the MRI images
and rabbit aorta and liver in CT images confirmed
the great potential of these nanoparticles for use
as CT/MRI bimodal imaging probe. Moreover, the
nanoparticles could be developed as targeted
bimodal MRI/CT probes for the detection of
cancer in the early stages due to the presence
of numerous amines on the surface of PElI and
possibility of further modification by various
targeting ligands [78].

An evaluation of water-soluble Au-Fe,O,
heterostructured nanoparticles indicated that
the signal intensity of the nanocomposite in MRI
images decreased at higher iron concentrations.
The r2 value at 1.5 T was estimated 136.4 mM-s?,
which was close to commercial contrast agents.
In addition, the CT signal intensity was reported
to continuously increase with the increment
in concentration. For in-vivo imaging, the
nanoparticles were injected to rabbits, and the
right ventricle and liver could be clearly detected
in CT and MRI, respectively, confirming the
great potential of the nanoparticles for bimodal
imaging [79]. In another study in this regard, the
gold nanocage functionalized with ultra-small
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Fe,O, nanoparticles (F-AUNC@Fe,0,) provided
the targeted CT and T1/T2 MRI of tumor bearing
nude mice. Furthermore, the ultra-small size of
the Fe O, nanoparticles and their relaxivity values
(r1=6.263 mMs™ and r2=28.117 mMs™) at 1.41
T resulted in the high signal enhancement of T1-
and T2-weighted MRI. On the other hand, the gold
nanocages provided strong X-ray attenuation. In
this regard, the results of in-vivo studies indicated
that F-AUNC@Fe,O, had a long circulation time,
which was associated with its accumulation in
the tumor and rapid elimination through renal
clearance [80].

The potential of Fe304/TaOX core-shell
nanoparticles as bimodal MRI/CT nanoprobe for
accurate cancer diagnosis was confirmed in the
study by Li et al. In the mentioned research, the
r2 value was calculated to be 81.156 mM*s?* at 3.0
T. In addition, the continuously increase of signal
enhancement was denoted in CT images without
saturation. An in-vivo study in tumor bearing
rats demonstrated the clear imaging of newly
formed tumor blood vessels in CT, while MRI
images were used for the evaluation of the tumor
microenvironment [81].

In a research in this regard, Zhu et al. used a

new method for the synthesis of a PEGylated iron
oxide@bismuth sulfide (PEG-ION@Bizsg) core-
shell nanocomposite for MRI and CT bimodal
imaging. According to the findings, the r2 of the
water soluble nanocomposite (130.4 mM?s*at 3.0
T) was close to that of commercial MRI contrast
agents. On the other hand, the CT contrast of the
nanocomposite, which was provided by the Bi.S,
nanoshell, was reported to be higher compared to
iobitridol as a commercial CT contrast agent [82].

In another study, Badrigilan et al. developed
superparamagnetic iron oxide/bismuth oxide
(GQDs-Fe/Bi) nanoparticles coated with graphene
quantum dots (GQDs) as a multifunctional
nanohybrid for bimodal MRI/CT and photothermal
therapy.

According to the obtained results, the
theranostic nanoprobe had proper efficacy in CT
with higher X-ray enhancement (44.4 HUmM™)
compared to urografin as a conventional CT
contrast agent. In addition, the ability of the
nanohybrid for T2 shorting at 1.5 T MRI was
confirmed with the r2 relaxivity of 62.34 mMs?
[83]. The MRI and CT properties of various iron
oxide-based MRI/CT nanoprobes are presented in
Table 2.

Table 2. Iron Oxide Based MRI/CT Nanoprobes

Iron oxide (10) Nanoprobe MRI field r2 relaxivity CcT Reference
based nanoprobes intensity (T) (mM™s™?)
PEG coated 1.5 - X-ray attenuation higher than 75
gold@iron oxide iodine contrast agent
10/AU Fes04/Au hybrid 1.5 124.2 CT contrast higher than iodine 76
nanoprobes contrast agents
Fe;0.@Au 3.0 71.55 In vivo CT of subcutaneous 77
tissue
Fe;0,@Au-mPEG- 3.0 146.07 X-ray attenuation higher than 78
PEI.NHAC Omnipaque,
CT of rabbit aorta and liver
Au-Fe;0,4 1.5 136.4 CT of the right ventricle and 79
liver in rabbits
F-AuNC@Fes0,4 1.41 28.117 Strong X-ray attenuation by Au 80
nanocages,
Long circulation time,
accumulation in the tumor and
rapid elimination by renal
clearance
PEG-ION@BI,S3 3.0 130.4 CT contrast higher than 82
iobitridol as commercial CT
10/Bi contrast agent
nanoparticles GQDs-Fe/Bi 1.5 62.34 Higher X-ray enhancement (44.4 83
HU.mM-1) than Urografin as
conventional CT contrast agent
Other 10 based Fe304/Ta0y 3.0 81.156 Clearly imaging of newly formed 81

nanoprobe

tumor blood vessels in rat
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Nano zeolites and porous inorganic materials
have been used as carriers for Fe O, nanoparticles,
and the resultant nanocomposite has shown
considerably high r2 values [73, 84, 85]. In
addition, zeolite has been used in other bimodal
imaging methods.

Iron-based MRI/CT nanoprobes

FePt nanoparticles were synthesized using
the polyol method with the diameters of three,
six, and 12 nanometers. In in-vitro T2- and T2*-
weighted imaging, all the samples were reported
to show inverse MRI image contrast. Among
various sizes of the nanoparticles, 12-nanometer
FePt was reported to provide the highest negative
contrast. Furthermore, the in-vitro CT results
demonstrated that the positive contrast effects of
the 12-nanometer FePt was equal to commercial
iodine contrast agent, and the contrast effects of
three- and six-nanometer FePt was observed to be
twice higher than the iodine contrast agent at the
same concentration. The high X-ray attenuation
of the nanoparticles was attributed to the Pt
component. On the other hand, the biodistribution
assessment of the samples in mice revealed that
all the three sizes of the nanoparticles could
be cleared from major body organs after one
week. The highest serum concentration and
circulation half-life were also reported with the
use of the 12-nanometer FePt, while the highest
brain concentration was observed with the use
of the three-nanometer FePt, making it an ideal
subject for the future investigation of multimodal
brain imaging. In addition, the highest MRI and
CT contrast was obtained with the use of the
12-nanometer FePt. A monoclonal antibody
conjugated with FePt nanoparticles was also used
for the targeting of the Her2/neu expression in the
cancer lesions in mice, and the obtained results
confirmed the capability of the nanoparticles in
bimodal MRI/CT molecular imaging [86].

In another research, L-cysteine coated FePt
nanoparticles were developed for the dual CT/
MR brain imaging and diagnosis of malignant
gliomas. To this end, three different gliomas cells
were used, and the CT images of the FePt-Cys
nanoparticles indicated their higher enhancement
compared to iohexol. The r2 of the nanoparticles
was calculated to be 16.9 mM™s? at 3.0 T magnetic
field, which was lower compared to the FePt
nanoparticles with Fe O, and SiO, coating. Use of
cysteine as FePt nanoparticle coating has been

Nanomed. J. 7(1): 1-12, Winter 2020

associated with high biocompatibility, while Fe,O,
and SiO, coatings may be harmful to brain tissue
[87]. Branca et al. reported the organometallic
synthesis of FeBi nanoparticles with iron-enriched
surfaces. The nanoparticles were synthesized
with the sizes of 150 and 14 nanometers and
coated with hydrophobic ligands. In addition,
both the spherical nanoparticles contained
distinct domains of Bi and Fe. The surface of the
150- and 14-nanometer particles was coated
with amine ligands, and combination of an amine
and its hydrochloride salt, respectively. Surface
ligand treatment was also performed to provide
water-soluble nanoparticles. It is notable that the
functionalization of the nanoparticles with water-
soluble ligands was only performed using larger
FeBi particles due to the properties of their initial
surface coating. The in-vitro results of T2-weighted
MRI demonstrated that contrast enhancement
increased at higheriron concentrations, suggesting
that these nanoparticles could be applied as MRI
contrast agent. Furthermore, the nanoparticles
demonstrated higher X-ray attenuation compared
to iodine-based CT contrast agents due to the
higher X-ray absorption coefficient of bismuth.
Therefore, the nanoprobe was introduced as an
alternative to Fe/Au bimodal nanoprobes with
the key advantage of cost-efficiency. The results
of the mentioned study also emphasized on the
importance of the initial surface coating of the
nanoparticles in their further functionalization
and transfer to water before their application in
biomedical imaging [88].

CONCLUSION

Several bimodal imaging modalities are used
for disease diagnosis since a single imaging
modality cannot provide all the required data
on various diseases. Bimodal MRI/CT has been
developed to improve the accuracy and efficacy of
disease diagnosis. Nanostructures are promising
materials to be used as bimodal imaging probes.
The present study aimed to review the current
findings on bimodal MRI/CT nanoprobes and
recent developments in this regard. To date,
various nanostructures with different sizes, shapes,
and coating materials have been investigated
in-vitro and in-vivo, exhibiting the potential for
application as bimodal MRI/CT nanoprobes.
However, these nanoprobes have not been used
clinically yet. Further investigations in this regard
could be focused on the development of new
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coating materials, such as inorganic materials and
polymers.
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