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ABSTRACT

The usage of iron oxide nanoparticles for medical applications is also common. The FDA has given Ferumoxytol
permission to treat anemia in CKD patients. Due to their tiny size and built-in imaging capability, iron oxide
nanoparticles are excellent candidates for Theranostics applications. In this regard, several preliminary clinical
proof-of-concept investigations have already been carried out. Among them is the application of ferumoxytol as
an additional diagnostic tool in tumor-specific Nano therapeutic settings. Numerous Theranostics iron oxide-based
nanoparticles have been created and put through testing for use in drug delivery, particularly for cancer, and are
frequently paired with magnetic drug targeting or magnetic fluid hyperthermia. Microbubbles containing iron oxide
nanoparticles can assist in gathering important data on the efficacy of sonoporation, which has the potential to improve
medicine delivery to malignancies and the brain. Iron oxide nanoparticles are also frequently used in Theranostics
settings in regenerative medicine. Today, scaffold materials are commonly labeled with iron oxide nanoparticles
in addition to stem cell tracking, which is already done in the clinic. This enables longitudinal monitoring of their
performance and function as well as visualizing tissue engineering implants before, during, and after implantation.
Overall, the use of iron oxide nanoparticles for biomedical purposes appears to have a bright and promising future.
The medical image processing and repository strategies that have been discussed in the literature are reviewed in
this work as a tutorial.
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INTRODUCTION

Creation and use of iron oxide nanoparticles

By altering the relaxation time of the tissues in which they are present, contrast agents like iron oxide, improve MR pictures [1].
Additionally, they can be utilized to mark specific molecular imaging probes [2]. Unfortunately, there are no molecular imaging
probes for clinical MRI on the market right now. Nanotechnology, in which Superparamagnetic Iron Oxide Nanoparticles (SPI-
ONS) are created for MR contrast enhancement and/or molecular imaging, is a promising platform for the development of MRI
contrast materials. There are numerous ways to make SPIONSs, and the best method depends on which characteristics are most
crucial for a given application [3]. Additionally, SPIONS’ use in molecular imaging is influenced by their capacity to bind molecular
markers [4].

There are numerous reviews available on SPION synthesis for MRI [5]. Nevertheless, they frequently cater to chemistry stu-
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dents [6]. The creation of MRI contrast agents draws seasoned experts from a variety of disciplines, including some who are unfamiliar
with MRI or medical imaging [7]. Depending on their level of dedication and aptitude for learning, this role allows radiation doctors
the chance to take part, work with others, or organize research. The understanding, expertise, and abilities required to contribute to the
advancement of MRI and molecular imaging are now mostly in the hands of medical radiologists [8,9]. Their knowledge of radiation
protection, patient care, and imaging technology equips them with abilities that are immediately useful to research into the creation
and use of SPION and MRI [10,11].

Multidisciplinary in nature, applied physics, mechanics, chemistry, electrical and biological engineering, machine design, robot-
ics, and medicine have all been transformed by nanotechnology. The creation of nanoparticles in medical imaging has received a lot of
studies, particularly for uses in molecular imaging [12,13]. Since these particles are, Nanosized (less than 100 nm); they can bind to a
wide variety of molecular markers that can interact with one another at the molecular and cellular levels, opening up a wider spectrum
of disease targets for molecular imaging [14].

Additionally, nanoparticles have the power to completely alter current imaging methods. The combination of high sensitivity and
great spatial resolution needed for molecular imaging is not present in conventional imaging techniques. High-sensitivity nuclear
medicine techniques like Single-Photon Emission Computed Tomography (SPECT) and positron emission tomography offer improved
sensitivity at the expense of decreased spatial resolution. MRI has a high resolution but lacks sensitivity to molecular signals [15,16].
Nanoparticles have the potential to significantly improve sensitivity and provide high-resolution molecular imaging during procedures
like MRI [17]. High spatial resolution, non-invasive, non-ionizing radiation, and multi-plane tomography capabilities are all features
of MRI. MRI can design nanoparticles to include ligands that target particular molecules and have magnetic characteristics that are
detectable at low doses [17]. Since iron oxide nanoparticles are primarily superparamagnetic, they have received extensive research
attention for MRI. Iron oxide nanoparticles come in a variety of forms, including magnetite (Fe,O,), magnetite (Fe,O,), and hematite
(Fe,0,). Magnetite (Fe,O,) is particularly promising due to its established biocompatibility [15].

Superparamagnetic Iron Oxide Nanoparticles (SPIONS) should be magnetic, nontoxic, and biocompatible for molecular imaging
applications. Additionally, they need to interact with a variety of medications, proteins, enzymes, antibodies, or other molecules. A
variety of methods has been used to create SPIONS for use as MRI contrast agents [18]. Particles made with each technique have vari-
ous sizes and magnetic properties. Additionally, organic material can be used to coat the surface of iron oxide nanoparticles to form
an interface between the particles’ core and the surrounding medium. The particles can be directed to the desired location using this
surface layer.

Magnetic Resonance Imaging (MRI) is a commonly used tool for patient diagnostics because p it is a non-invasive procedure that
does not require ionizing radiation and can provide high resolution of anatomical features [19,20]. MRI relies on the use of Contrast
Agents (CAs) to enhance image visualization and to further assist in disease characterization and diagnosis. A desirable MRI CA is
designed to have high magnetic relaxivity, which influences the positive and negative contrast of an image by changing the relaxation
rate of the surrounding hydrogen protons. Among the CAs used widely in MRI are Iron Oxide Nanoparticles (IONPs), which have been
well studied and show good biocompatibility, as well as unique biological, chemical, and magnetic properties. This has led to IONPs be-
ing extensively used throughout the biomedical field. Unlike gadolinium-based CAs, which have recently been associated with allergic
reactions and long-term side effects (such as nephrogenic systemic fibrosis and long-term brain deposition) and discontinued from
certain US and European markets, IONPs-based CAs are still being used in clinical diagnosis. More recently, an increasing interest in
IONPs-based CAs has resurfaced not only for diagnostic purposes but also for therapy in the clinic.

IONPs are generally crystallized into four different phases: magnetite (Fe,O,), hematite (y-Fe,O,), maghemite (a-Fe,0,), and
quartzite (FeO). The appearance features of Fe O, exhibit a dark black powder and has colloidal forms (Fe,O, is a dark black powder,
and its colloidal forms characterize its appearance) [1]. Once oxidized, it can become maghemite and exhibits a brownish color simi-
lar to rust. The unique properties of Fe,O, are due to its size and shape tenability, magnetic ordering, high surface area, and extrinsic
response in physiological media. Fe** cations occupy 25% of the octahedral interstitial sites, while Fe3+ cations occupy 25% of the
octahedral sites and 12.5% of the tetrahedral sites. The magnetic moment of iron is too large because it has four unpaired electrons in
the 3d orbital, so this magnetic moment can interact with the spin and orbital moment [21]. Fe** and Fe** can become ferromagnetic,
ferromagnetic, antiferromagnetic, or superparamagnetic since they undergo phase transitions to a magnetically ordered state. Fe,O,
with core sizes of 5 nm -20 nm is one of the superparamagnetic nanoparticles which are used as T2 CAs. One of the main challenges is
to endow Fe O, with a high magnetic relaxivity response when they are designed as MRI CAs [21]. MRI produces reflection differences
in intensities of resonances of 1H MR Resonances, usually of water protons36. These intensities are proportional to concentrations of
1H and can be modulated by the longitudinal (R,=1/T,) and transverse (R,=1/T,) relaxation rates. Therefore, the contrast can be modu-
lated by enhancing the relaxation rates through paramagnetic agents. We can define the properties of magnetic nanoparticles based on
their size; however, particle size cannot change the longitudinal relaxation rate r, and transverse relaxation rate r, of these nanoparticles
[22,23]. The relativity of a CA can be thought of as a measure of the sensitivity of the contrast agent, where a higher relaxivity value cor-
responds to a reduced time constant. There are two types of MRI CAs, one referring to positive CA (T,) and the other to negative CA
(T,). Fe,O, nanoparticles are commonly used as a T2 CA. This can improve the sensitivity of MRI scans by enhancing the contrast be-
tween normal tissue and diseased tissue. The longitudinal (spin-lattice) relaxation time is the time needed to return to equilibrium after
being exposed to a magnetic field and is a constant known as T,. A T, CA improves the positive contrast signal being displayed during
the MRI scanning [21]. One of the biological parameters of time is transverse (spin-spin) relaxation time which is the time needed to
decay or dephase the magnetic moment. In other words, in the MRI system, we have two relaxation times: the spin-lattice (longitudinal
relaxation) time T, and the spin-spin (transverse) relaxation time T,. A T, CA will improve the negative contrast signal being displayed
during the MRI scan (what appears dark) and a T1CA will improve the positive contrast signal and can provide signal enhancement on
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T1-weighted images [24]. Both T, and T, relaxation times have proven to be useful in clinical practice for the differentiation of tissues
and assessment of their state. For instance, T, in muscle is 900 ms, but T in fat is 30 ms; the main reason for this difference is the size and
motion of the molecule in which the hydrogen nucleus resides. T -weighted and T,-weighted images can be created at different times.
In MR, the acceleration of data acquisition is important to do scanning procedures for more patients and to reduce motion artifacts.
Usually, MRI T -weighted scanning takes more time compared to T,-weighted scanning due to its longer repetition time and echo time
[7,25]. Two sequences of T1-weighted and T -weighted images are commonly used for imaging gray matter such as fatty tissue and
liver lesions to obtain morphological information. A T,-weighted image is made by setting a long repetition time and long echo time.
This sequence is commonly used for detecting inflammation and edema, revealing white matter lesions, and assessing region-specific
anatomy in the prostate or the uterus. More recently, it has been reported that the physicochemical transformation effect of Fe,O, can
enhance the T, and T, relaxivity times. Due to the limitations of MRI images, including their poor physiological information, we
can use the CAs with different physicochemical structures to enhance MRI signals [26](Figure 1).
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Figure 1. Effects of the different features of using CA such as core size, crystallinity, hydrodynamic size, and coating on MRI

LITERATURE REVIEW

MRI contrast enhancement mechanisms

As mentioned, IONPs react to the presence of a magnetic field, so their superparamagnetic behavior of them remains only shortly
in the presence of a magnetic field and these nanoparticles quickly return to their original state as the magnetic field separates [27]. Af-
ter the synthesis of IONPs, they immediately make an iron oxide layer on their surface. These nanoparticles have a core-shell structure
to a pure iron NP and these layers do not penetrate the whole particle [28]. Preparation should be done under anaerobic conditions
because Fe,O, NPs are not stable under ambient conditions, and they can be easily dissolved in an acidic medium [29]. Therefore, to
prevent it, oxidation should be performed under anaerobic conditions (there is no need to repeat that preparation should be in anaero-
bic conditions) (Figure 2).
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Figure 2. Schematic illustration of the structural changes of iron oxide nanoparticle assemblies
(IONAs), Ins—-IONAs, and polymer-assisted IONAs (PIONAs) in blood flow. The IONAs and Ins—IONAs are stable in blood
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circulation. After accumulation in the tumor, IONAs further disassemble into dispersed ESIONs for non-linear amplification of MR
imaging, while Ins—~IONAs remain in the quenched T MR state. PIONAs gradually dissociate during blood circulation even before their
accumulation in the tumor. T, -weighted MR images of tumor-bearing mice before and after i.v. injection of IONAs, Ins—~IONAs Change
in the magnetic behavior of iron oxide nanoparticles with the decrease of the core size, from superparamagnetic to paramagnetic (bot-
tom), Mouse liver T,-weighted MRI using iron oxide nanoparticles with bigger core size, T,-weighted MR angiography using iron oxide
nanoparticles with smaller core sizes (bottom) [3,10,24,30].

Because oxidation has little effect on Fe,O, nanoparticles in alkaline or acidic conditions, it is essential to preserve the magnetic
characteristics of nanoparticles. The highly reactive IONPs of these nanoparticles may result in the loss of their magnetic property [30].
They can employ a variety of defense mechanisms and offer an appropriate surface coating with organic molecules, polymers, biomol-
ecules, and inorganic layers to preserve this property [31]. IONPs also has a built-in mechanism for breakdown, efficient elimination
from the body, and metabolism in hemoglobin. Additionally, they have minimal toxicity, a lengthy blood half-life, and just superficial
chemical flexibility [32]. By decreasing the Longitudinal Relaxation Time (T,) and Transverse Relaxation Time (T,) of water protons,
two primary forms of CA are produced in MRI. The goal of a study on novel IONPs for MRI is to achieve transverse relativity values
(r,). Recent studies have employed IONPs as a positive CA with large relaxivity longitudinal values of r.

The interaction of water molecules with a magnetic center is related to the relaxation mechanism by nanoparticles, in which the
characteristics of nanoparticles play a crucial role. The Solomon Bloembergen Morgan (SBM) theory and the outer-sphere quantum
mechanical theory are two significant ideas that can be utilized to describe the design principles of CA for MRI. Here, we'll give a quick
physical explanation of these two theories [25].

Solomon-Bloembergen-Morgan Theory

The SBM theory is an important mechanism related to the T, and T, relaxation time of water protons and the dipole-dipole interac-
tions proposed in 1948. While bipolar interactions were initially limited to proton-proton interactions, the SBM theory was extended to
proton-electron interactions in 1961 [33]. Proton-electron interactions are much stronger than proton-proton interactions because of
their small mass and bipolar magnetic moment. This is because an electron’s spin is greater than the spin of a proton. Many mathemati-
cal equations can be found in this field. This concept simply states that bipolar interaction is inversely related to the distance between the
protons to the sixth power (d6) and the direct interaction to the Gyromagnetic Ratio (y) protons depends on the fourth power (y2xy2)
and the spectral density, which is related to the relationship between Correlation Time (tc) and Larmor frequency [2,34].

Among the motions in molecules, there are three types of vibrational, transient, and rotational motions, but only the rotational mo-
tion is considered important in the relaxation of the nuclear magnetic because it occurs within the Larmor frequency of the proton [34].

Unlike proton-proton interactions, proton-electron interactions between water protons, ions, and paramagnetic molecules are
central mechanisms alongside paramagnetic materials such as T, CA. Water molecules that bind to proteins have a much shorter T,
relaxation time compared to free water molecules [35]. Because of these conditions, many biological systems can be used. In general,
the interactions of water protons with paramagnetic centers are classified by three different mechanisms: inner-sphere, second-sphere,
and outer-sphere. Figure 3.
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Figure 3. The effect of size on T1 relaxation in MNPs

Figure 3 shows that the size of MNPs depends on the surface-to-volume ratio. The rotating layer is displayed on the surface in red
(B and C). Comparison of 12, 2.2, and 1.5 nm SPIONs with TEM images of ultra-small 3 nm SPIONs and rotation models. r1 values
and r /1, ratios of exceedingly small-sized IONPs as a function of the particle size (< 5 nm) [2].

The outer sphere model does not sufficiently define the relaxation profile. The best definition of relaxivity time is when it has both
the second sphere and outer-sphere models. Because the contribution of the second-sphere mechanism to relaxation is negligible, it
is limited to certain cases where the inner sphere has no coordination with water molecules. Consequently, 10%-30% of the second-
sphere mechanism can help relaxivity r, [36].
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Molecules are generally subjected to three movements: vibration, transfer, and rotation. Transition motion is averaged in a homoge-
neous fleld, vibrational motion affects relaxation because of its velocity, and only rotational motion occurs at a range of frequencies that
covers the Larmore frequency of protons in nuclear magnetic relaxation. These conditions can be met in many biological systems. For
example, T relaxation time is shorter than that of free water molecules in aqueous molecules that bind to proteins or macromolecules.
The relaxation time of T, relaxation decreases the motion of water molecules as well as the average effect [37].

A key feature that explains why paramagnetic materials are so effective at increasing proton relaxation is that gamma electron spins
are more than 360,000 times the difference between electro-proton and proton-proton interactions because y electron spins are more
than 600 times larger than proton spins [38].

CA T, Proton-electron interactions between water protons and paramagnetic ions/molecules are the central mechanism of para-
magnetic materials. In the classical model, water protons interact with paramagnetic centers and are classified into inner, second, and
extraterrestrial mechanisms. In Figure 4 the mechanism of the inner sphere is shown as a chemical exchange, which involves the in-
teraction of bulk water protons and the direct coordination of water protons with paramagnetic ions. Figure.4. The mechanism of the
inner sphere is also shown as chemical exchange, which involves the direct coordination of water protons with paramagnetic ions after
separation by interaction with bulk water protons [39]. Based on the definition of chemical exchange, the transfer of a nucleus can occur
either intra-molecularly or inter-molecularly, describing from one part of a molecule to another. The chemical exchange shortens the
relaxation times of T, and T, depending on the field. The mechanism of the inner sphere is modeled as follows, which dominates the
increase of T relaxation in paramagnetic CA.

T, = 1/25N°7, [4S(S+ 1) =3][1/ 1+ w7*) +4/ (1+ », 7" )] (1)
T, = 1/25A%, [4S(S+1)-3] [5/(1+ 0 7)) +2/(1+40]7° ) +3]  (2)

Where S is the total electron spins of the metal ion, wS is the angular electronic frequency, and Tie is the electronic relaxation times
(i=1,2); A is the Zero-Field Splitting (ZFS) energy, and tv is the splitting correlation time.

Surface Modification

To meet the stability criteria, and the ability to target biocompatibility for medical applications, nanoparticles synthesized by ther-
mal methods usually require multi-stage surface modification. Many strategies for nanoparticle surface engineering research have been
extensively reviewed in the past decade [40].

Anchoring structure

There are similar strategies for the surface performance of MNPs as for other nanomaterials. Surface ligands are required to stabilize
MNPs to prevent particle aggregation, which can be achieved in two ways. Either it is attached to the MNPs through chemical coordina-
tion, or physical forces are applied to the MNPs [24]. The anchoring behavior of molecules on MNPs has rarely been studied, but among
those studies are the systematic studies of the Pierre group that reported the surface performance of MNPs using anchor sections [20].
The results of this study showed that the magnetic moment could be maintained with nanoparticles coated with PEG polymers, while
other parts of the anchor reduce the magnetic field. In general, the nature of anchoring surface molecules in Nano solution is related
to T, relaxation (Figure 4).
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Figure 4. Anchoring structure and the effect on T1 and T2 relaxivities
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In Figure 4 Different ligands for surface anchoring of Fe,O, NPs, including oleic acid (0), oleic acid-soap (1), dopamine-PEG (2),
DHB-PEG (3), PO3-PEG (4), CO2-PEG (5), and dopamine (6). [2] The M-H curves and transverse relaxivity study of the Fe,O, NPs
with different anchoring molecules. (C, D) Chemical structures of PEG with different anchoring groups, TEM images, digital photos,
and the r1 and r2 values of Fe,O, nanoparticles (3.6 nm and 10.9 nm in diameter) after surface modification [2].

Assembly

Nanoscience assembly is a phenomenon in which the components of the system come together and form a larger unit through
spontaneous interactions or external forces. In nanoscience or chemistry, this phenomenon is described at the scale of molecules or
nanoparticles. Nanoparticles are assembled through external iron and surface engineering molecular interactions. Several types of as-
sembly structures have been found with MRI, including T, relaxation in unique nanoparticles on MRI. Gillis and Koenig state that a
small number of larger particles has a greater effect on relaxation than a large number of smaller particles of the same mass. To achieve
mass magnetic properties, the effect of microscopic bonding across crystalline nanoparticles is crucial. However, the basic mechanism
of T, relaxation on augmented nanoparticle assembly is not yet known [23].

Assembly state

There are two questions about the montage mode: first, what is the fractional ratio of MNPs in the assembled structure, and second,
what is the spatial order of the MNPs in the assembled structure. In the first question, montage is created by biological or molecular
targets that refer to real systems'?. With increasing concentration, higher degrees of assembled MNPs with pre-modified functions can
be noted (Figure 5). Significantly, the assembly mode is in an optimal range with the T, relaxation time of MNPs assembled linearly. The
second question arises through artificial or well-defined molecular interactions between MNPs. For example, in Figure, it is expected
that through the hydrophobic-hydrophobic interactions with the hydrophobic core during the self-assembly of amphiphilic polymers,
the hydrophobic core is achieved. It is based on an automation process that can be controlled as much as possible. The Weller study
group presented the relaxation of clusters based on SPIO using limited size. To block SPIOs with a diameter of 9.8 nm, three-block
PEI-b-PCL-b-PEG polymers were used, which produced SPA clusters of various sizes from 51 nm to 141 nm by measuring DLS [41].

A Magntic relaxation switch (MRSw) D 450 E 500
3 " > = 400 P
. rZ[m-]M-lS-!I;SU 1 ? : : i
L e 300
150 p
. 50 o
Dispersed Clusters 50 100 o 20,0 so0 s00 1300
dryd[nm] SP10 nancparticle volume[nm3]

F Mo Target MRnS1iTarger] MRnS1Targetlen MRnS1Targer)

V—
1* water l 5 G
. ™~
J = /7 ¢ sonication o
' S0 S :
® SPIO e~ copolymer -
Dispersed Assembled Clustered

Figure 5. Assembly state and the effect on T2 relaxivity

Figure 5 (A and B) Illustration of magnetic relaxation switching (MRSw) assay and the changes in NMR signal after the aggregation
of MNPs. Schematic illustration of the assembled micelle formation of MNPs. (D and E) the r, values of SPIO clusters as a function of
the cluster size. (F and G) The assembly state-dependent aggregating architectures of MNPs in the presence of targets. The T, relaxation
time increases in assembled structures and then decreases in clustered structures [2].

Numerous biomedical and bioengineering applications use iron oxide nanoparticles, which are members of the ferromagnetic class
of magnetic materials. Maghemite (y-Fe,O,), mixed ferrites (MFe,O,), and magnetite (Fe,O,) are three different forms of iron oxide-
based nanoparticles. After surface modification, Superparamagnetic Iron Oxide Nanoparticles (SPION) are produced that can be used
for MRI, MP], targeted drugs, proteins, antibodies, nucleic acid delivery, hyperthermia, biosensing, tissue repair, and separation of
biomolecules [23].

This extensive list of uses is brought about by SPION’s magnetic characteristics as well as the fact that they may be synthesized in a
variety of forms and sizes. When exposed to an external magnetic field, SPION has strong magnetic moments, and when the magnetic
field is removed, there are no magnetic moments left [42,43]. Preclinical and clinical trials have examined a large number of iron oxide
nanoparticles, and some of them have been commercialized. However, due to the availability of substitute diagnostic probes and proto-
cols, some of the approved SPION have since been revoked [23].

CONCLUSION
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There are numerous methods for creating iron oxide nanoparticles, each of which has benefits and drawbacks. The most widely
used synthetic processes include sol-gel, microemulsion, thermal decomposition, co-precipitation, and thermal decomposition. To
customize nanoparticle properties for biomedical applications, it is essential to manage critical factors such as core size, size distribu-
tion, crystallinity, shape, and saturation magnetization. Iron oxide nanoparticles’ surfaces can be modified with polymers to enhance
their biocompatibility, colloidal stability in challenging biological settings, and in vivo performance. Iron oxide nanoparticles are widely
utilized in medicine to make diagnoses. Iron oxide nanoparticles can be utilized as T -weighted or T /T,*-weighted MR contrast agents
depending on the size of their core. Ferumoxide and ferucarbotran have been used to visualize liver metastases and malignancies. The
FDA has given Ferumoxsil approval as an oral contrast agent for gastrointestinal imaging. In clinical trials, ferumoxtran and Feru-
moxytol are being used to image lymph node metastases, particularly in prostate cancer. Ferumoxytol, ferumoxtran, and feruglose have
all been considered potential blood pool agents for vascular imaging, and ferumoxtran-based USPIO has been explored for imaging
insulitis.
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