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ABSTRACT One of the holy grails in biomedical imaging technology is to achieve
accurate imaging of biological targets. The development of sophisticated instru-
mentation and the use of contrast agents have improved the accuracy of biomedical
imaging. However, the issue of false imaging remains a problem. Here, we
developed a dual-mode artifact filtering nanoparticle imaging agent (AFIA) that
comprises a combination of paramagnetic and superparamagnetic nanomate-
rials. This AFIA has the ability to perform “AND logic gate” algorithm to ™
eliminate false errors (artifacts) from the raw images to enhance accuracy
of the MRI. We confirm the artifact filtering capability of AFIA in MRI phantoms T2

and further demonstrate that artifact-free imaging of stem cell migration

is possible in vivo.
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mong various biomedical imaging
modalities,' ~® MRl is one of the most
powerful tools because it can pro-
vide high-resolution anatomical images in a
noninvasive manner."®'" In MRI, contrast
agents are playing an increasingly impor-
tant role to boost up imaging sensitivity by
enhancing the contrast in regions of interest
(ROI) with brighter or darker signals in T,
or T, images.""® This has led researchers
to develop a variety of contrast agents.'* In
spite of such efforts, MRl images are often
confronted with ambiguities derived from
MRI artifacts.”*~'® The MRI artifacts, which
originate from certain endogenous condi-
tions, such as calcification, fat, hemorrhage,
blood clot, and air, are problematic because
they mimic MRI signals coming from con-
trast agents (Scheme 1).">'® There is fre-
quent difficulty in discrimination between
contrast agents and artifacts. The elimination
of artifacts from MRIimages is crucial to ensure
accurate interpretation for the diagnosis.
Many attempts to overcome such obsta-
cles can be found in the usages of modified
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MRI sequences or tailored contrast agents.
Various MRI sequence techniques (e.g., fat
suppression, positive contrast technique)
can enhance conspicuity of MRl images by
suppressing artifacts through the resonant
radio frequency tuning."'® Even so, suc-
cessful applications of such technique have
still been confined to certain types of artifacts,
and the complete elimination of artifacts has
yet to be proven. Similarly, none of the dual-
mode contrast agents have unambiguously
demonstrated the ability to systematically
eliminate artifacts from the images obtained
from in vitro and in vivo systems.'?~%?
Herein, we demonstrate artifact filtering
imaging agent (AFIA) that can eliminate the
false errors in MRI imaging. In our previous
study,”” we introduced the primitive con-
cept of dual-mode contrast agents, without
suggesting their general usefulness nor
efficacy for in vivo imaging. In this study,
we report that the concept of AFIA can be
generally operative with the use of a num-
ber of different magnetic nanomaterials. In
addition, we establish the systematic T; and
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Scheme 1. lllustration of MRl artifact filtering imaging agent (AFIA) and the AND logic gate process. (a,b) Artifacts and typical
contrast agents give high contrast effects in either T; or T, but do not satisfy AND logic. (c) AFIA can provide simultaneously

strong T; and T, signals and fulfill AND logic.

T, imaging protocols to eliminate artifacts via “AND
logic gate” process (Scheme 1c). By using Mn-MOF
containing AFIA and AND logic algorithm, we success-
fully track stem cells in vivo.

RESULTS AND DISCUSSION

Design and Generalization of AFIA. AFIA has inorganic
core—shell structure which is composed of a super-
paramagnetic nanoparticle (core), SiO, (separating
layer), and paramagnetic material (shell) (Scheme 1c
and Figure 1a). The superparamagnetic nanoparticle is
located in the core because it can generate adequate
magnetic field on the surrounding water molecules
and accelerate the T, relaxation process.'>'® On the
other hand, paramagnetic material is positioned on the
shell because T, relaxation of water molecules is
strongly affected by the direct contact between water
and paramagnetic materials.'>'® By inserting a sepa-
rating layer (SiO,), which is rigid enough to maintain
the distance between two magnetic materials, the
magnetic coupling between the two materials can be
controlled and simultaneously high T; and T, contrast
effects can be achieved.?? We observed that separating
layer thickness of 16 nm is adequate to have high
T, and T, signals.

In order to demonstrate the generality of our design
concept, a variety of AFIAs are synthesized by using
a combination of materials in the core and shell
while fixing the thickness of the separating SiO, layer
at 16 nm (Figure 1b). The superparamagnetic materials
used for this purpose include Fes04 (15 nm), CoFe,04
(15 nm), MnFe,O4 (15 nm), and ZnFe,O4 (15 nm),
and the paramagnetic materials are Gd,0(COs),,
Dy,0(CO3),, Eu,0O(CO3),, GA(BTC)(H,0), and [ImH]-
[Mn(BTC)(H,0)] (BTC = 1,3,5-benzenetricarboxylate;
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ImH = protonated imidazole). All of the AFIAs, includ-
ing Fe30,@Si0,@Gd,0(CO3),, CoFe,0,@Si0,@Gd,0-
(COs),, CoFe,0,@Si0,@Eu,0(C0Os),, CoFe,0,@Si0,@
Dy,0(C0Os3),, MnFe,0,@Si0,@Gd(BTC)(H,0), ZnFe,0,@
SiO,@[ImH][Mn(BTC)(H,0)], display concurrently high
T, and T, contrast effects (Figure 1c).

Mn-MOF Containing AFIA (mAFIA) for Biological Application.
Among various types of AFIAs, considering biocompat-
ibility and high contrast effects, we choose Mn-MOF
containing AFIA as the representative case study.
mMAFIA is composed of two active components of Mn
containing metal—organic framework (MOF) shell,
[ImMHIMn(BTC)(H,0)], and Zng4Fe 60, magnetic
nanoparticle (MNP) core (Figure 2a).2*?* Mn is chosen
as a T, contrast component because it has unpaired
d-electrons which are effective for faster T, relaxation.
Importantly, Mn is an alternative biocompatible candi-
date to lanthanide metals (e.g., Gd) which cause harm-
ful side effects such as nephrogenic systemic fibrosis
(NSF).2> MNP with high saturation magnetization value
(Ms) of 161 emu g~ provides large magnetic field
for faster T, relaxation.?® The core—shell structure of
mMAFIA is shown in the transmission electron micro-
scope (TEM) image and electron energy loss spectrum
(EELS) mapped image where Fe at the core, Si at the
separating layer, and Mn at the shell are coded with
yellow, brown, and green, respectively (Figure 2b).
The synthesized mAFIA is stably dispersed in aque-
ous solution, maintaining its initial hydrodynamic
size for over a week (see Supporting Information
Figure S1).

The contrast effects of mAFIA are evaluated by
comparing its MRI signals with those of conventional
contrast agents (Magnevist and Feridex) and deionized
water (DIW). As shown in Figure 2c,d, mAFIA shows
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Figure 1. Variety of AFIAs and their MRI contrast effects. (a) Schematic illustration of core—shell structured AFIA. (b) TEM
images of various core—shell structured AFIAs including Fe30,@Si0,@Gd,0(COs), (i), CoFe,0,@Si0,@Gd,0(COs), (ii),
CoFe,0,@Si0,@Eu,0(CO3), (iii), CoFe,0,@Si0,@Dy,0(C0s), (iv), MnFe,0,@Si0,@Gd(BTC)(H,0) (v), and ZnFe,0,@Si0,@
[ImH][Mn(BTC)(H,0)] (vi). Thickness of separating layer (SiO,) is fixed at 16 nm. Magnified TEM image of CoFe,0,@Si0,@Eu,0-
(COs), (white dotted box) shows the core—shell structure of the AFIA. (c) MRI images and their color-coded images of
AFIAs and conventional contrast agents. Fe;0,@Si0,@Gd,0(COs3), (i), CoFe,0,@Si0,@Gd,0(CO3), (ii), CoFe,0,@
Si0,@Eu,0(CO3), (iii), CoFe,0,@Si0,@Dy,0(C0O3); (iv), MnFe,0,@Si0,@Gd(BTC)(H,0) (v), ZnFe,0,@SiO,@[ImH][Mn(BTC)-
(H,0)] (vi), Gd-DTPA (vii), Feridex (viii), and H,O (ix). Images of contrast agents are taken by using 3.0 T MRI at the identical

metal concentrations.

large MRI contrast enhancements in both T; and T,
images, which appear as a brighter signal in the T,
image and a darker signal in the T, image compared to
those of water. On the other hand, Magnevist and
Feridex display high contrast effects only in T; or T,
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images, respectively. Moreover, the mAFIA has more
than two times higher T, and T, relaxivity coefficients
(n=82mM s ',r,=2384mM 's ") than Magnevist
(r, =38 mM~"s7") and Feridex (r, = 1094 mM~"' s~ ")
(Figure 2e,f). These relaxivity coefficients of mAFIA are
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Figure 2. mAFIA and its MRI contrast effects. (a) mAFIA is comprises a Zn, 4Fe, 04 magnetic nanoparticle (MNP) core, a SiO,
separating layer, and a Mn-MOF shell. (b) TEM image of the mAFIA with an average size of 50 nm (i). EELS analysis of mAFIA in
which Fe, Si, and Mn are coded with yellow, brown, and green, respectively (ii). (c) T; and (d) T, images of the mAFIA,
Magnevist, and Feridex obtained by using 3.0 T MRI. The concentration of contrast agents used in T, and T, images are 0.5 mM
(metal) and 0.25 mM (metal), respectively. The mAFIA shows strong MRI contrast effects in both the T; and T, images. (e,f)
Plots of R, (R,) vs concentration of the metal; r; and r, of mAFIA are ~2-fold larger than those of conventional contrast agents.
(g) Two-dimensional layer structure of the shell of the mAFIA, [ImH][Mn(BTC)(H,0)]. The anionic 2-D layer ((Mn(BTC)(H,0)] ") is
stabilized by charge compensator, protonated imidazole ([ImH]"). Water can approach to the paramagnetic metal center by
diffusing through space between two layers. (h) Mn?>* ion is octahedrally coordinated by five oxygen atoms and one inner-
sphere water, which is directly bonded to metal. Exchange of inner-sphere water molecule with a diffused water molecule can
contribute to T, relaxation enhancement.

remarkable since its r; value is larger than those of (see Supporting Information Figure S2). Such high
reported manganese-based contrast agents (see Sup- sensitivities of mMAFIA are beneficial for AND logic
porting Information Table S1) and is even comparable gate processing.

to Gd-based contrast agent (e.g., Magnevist). By The strong T, contrast effects of mAFIA are largely

virtue of high sensitivities of mAFIA, it shows high F26%7
MRI signals in both T; and T, images when the
concentration is in the range of 0.03125 to 0.5 mM
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caused by the structural advantages of the MOF,
especially those associated with the 2-D layered
[IMHI[Mn(BTC)(H,0)] (Figure 2g). The Mn*" ion is
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Figure 3. Artifact filtering scheme of the mAFIA. (a) Design of phantom containing contrast agents and artifact materials. In
the well plates, contrast agent (Magnevist or Feridex or mAFIA) and artifacts (methemoglobin, air) are filled in each of the
wells. (b) T; and T, images of phantoms are post processed using the AND logic algorithm. In the AND image, no signal is
observed when conventional T, and T, contrast agents are utilized (i, ii). The characters “MRI” are obtained only using the
mAFIA followed by conducting AND logic gate process (iii). (c) Schematic description of image processing and AND logic
algorithm. Regions showing higher signal than the threshold (signal of water) are selected and marked with a white color.
Then, both images are passed through an AND gate. Only the regions of high MRI signal in both T, and T, images yield a valid
AND logic output, and the rest of them are considered as meaningless.

octahedrally coordinated by five oxygen atoms from
trimesates (BTC3™) and one inner-sphere water mole-
cule, forming [Mn(BTC)(H,0)] ™ (Figure 2h). A protonated
imidazole (ImH"), a charge compensator, is located
between 2-D layers (Figure 2g,h). The interlayer distance
of 6.78 A can make water molecules (2.82 A) have easy
access to magnetic metal ions (Mn>") inside of the MOF
(Figure 2g), where they can effectively undergo exchange
with the inner-sphere water molecule (Figure 2h).25%%
Artifact Filtering Capability of mAFIA. By virtue of high
MRI T; and T, contrast effects, mAFIA is capable of
performing AND logic gate process, which gives mean-
ingful output only if both input MRI signals of T; and T,

SHIN ET AL.

are simultaneously high. To demonstrate that the
mMAFIA can filter out various false signals (artifacts) via
AND logic gate process, MRI phantom plates filled with
contrast agents and artifacts are designed and imaged
with 3.0 T MRI. As shown in Figure 3a, each well is filled
with the following materials: (i) black wells, different
type of contrast agent (Magnevist, Feridex, or mAFIA);
(i) red wells, methemoglobin (T, artifact); (iii) blue
wells, air (T, artifact); and (iv) white wells, water. In
phantom containing Magnevist, the characters, "ME D",
are observed as bright signals in the T; image and
irreqular dark spots are shown in the T2 image
(Figure 3b(i)). In the phantom containing Feridex, the
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Figure 4. Labeling of human neural stem cells (NSCs) with
the mAFIA. (a) T, and (b) T, images of unlabeled control
NSCs and mAFIA-labeled NSCs (mAFIA-NSCs). mAFIA-NSCs
show high MRI signal compared to control group (cell only)
in both of T; and T, images. (c) TEM images of the mAFIA-
NSC. The internalized mAFIA is located at the endosomes of
the NSC (indicated by red arrows) and has a preserved
core—shell structure (enlarged TEM image, red dotted box).

characters, “mRA2", are observed as dark signals in the T,
image along with irregular spots of bright signals in the
T, image (Figure 3b(ii)). In the case of phantom containing
mAFIA, “dE D" and “MRAZ" are clearly observed in the T,
and T, images, respectively (Figure 3b(iii)). When these
images are postprocessed utilizing an AND logic algo-
rithm, all of the artifacts are filtered out and only areas
showing high MRI contrast enhancements in both T; and
T, images exhibit AND logic output (Figure 3c). Therefore,
only mAFIA is confirmed to have image of “MRI" by
filtering out intentionally inserted T, and T, artifacts,
while the other contrast agents cannot.

MRI Stem Cell Tracking Using mAFIA. As a model case,
we test the mAFIA for in vivo MRI tracking of stem cell.
In typical MRI stem cell tracking studies, cells are
transfected with MRI contrast agent and monitored
indirectly through the signal of contrast agent.>**°
However, the difficulty of distinguishing contrast agent
from artifacts still remains a challenging obstacle to
investigate the behavior of transplanted stem cells
in vivo. To address this issue, we first transfect human
neural stem cells (NSCs) with the mAFIA and obtain in
vitro MRI images. Samples for MRI imaging are pre-
pared by fixing and dispersing respective mAFIA-NSCs
and unlabeled control NSCs in 0.1 wt % agarose gel and
by solidifying them. Compared to unlabeled control
NSCs, mAFIA-labeled NSCs (mAFIA-NSCs) clearly show
brighter and darker signal in respective T, and T,
images (Figure 4a,b). The TEM images of the mAFIA-
NSCs show that the mAFIA is located at the endo-
somes of the NSCs and retains its core—shell structure
(Figure 4c). The biocompatibility of mAFIA is exam-
ined with TUNEL assay and caspase-3 activity assay.
According to results, no difference in cell viability is
observed between mAFIA-NSCs and unlabeled control
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NSCs, indicating that mAFIA has no cytotoxicity on
NSCs (see Supporting Information Figure S3).

Next, we investigate the new imaging agent
in rat brain stroke model, where such injury is known
to promote neural stem cell migration toward the
infarcted area.3' In MRI images of rat before inducing
cerebral infarction (Figure 5a,b), several brain tissues
show their inherent contrasts (e.g., ventricle, bright in
the T2 image, dark in the T; image; corpus callosum,
dark in the T, image). After induction of infarction, the
infarcted area is clearly shown as bright signal in the T,
image mostly in right cerebral hemisphere (Figure 5c),
although it is hardly pronounced in the T; image
(Figure 5d). This is consistent with the fact that cerebral
infarction gives a bright signal in the T, image but
produces negligible contrast change at an early stage
in the T; image.3? mAFIA-NSCs are then injected into
the right corpus callosum of the rat brain 3 days after
induction of right focal cerebral infarction (Figure 5c,d).
At day 0 after injection, mAFIA-NSCs are observed at
the injection site (red box) as strong dark signals in
both the T, and T; images (Figure 5c,d). The presence
of a dark signal surrounded by a bright circle in the T,
image (Figure 5d) is caused by the high concentra-
tions of the mAFIA-NSCs at the injection site, which is a
known phenomenon associated with T; contrast agents
that cause local magnetic field distortion at high concen-
tration (see Supporting Information Figure 54).2'33~36

At day 14 after mAFIA-NSCs injection, in the case of
the T, image, although the entire infarcted area is shown
as a bright signal in the right hemisphere of rat brain
(Figure 5e), a number of dark spots are observed not only
at the injection site (red box) but also at other sites (blue
arrows) around the infarcted area, between both left and
right ventricles, beside the left ventricle, and the left
cerebral hemisphere. In the T; image (Figure 5f), spots of
bright signals are shown nearby the mAFIA-NSCs'
injection site (red box) and also at other sites around
the infarcted area (blue arrows). Different distribution
patterns and discrepancies of MRI signals between
the T, and T; images, partly caused by conditions
created by the brain infarction, lead to ambiguities
in determining the location of the stem cells (i.e.,
MAFIA-NSCs).

Here, we take advantage of the artifact filtering
capability of mAFIA and the AND logic gate process.
Because the signal darkening effects in the T; image is
limited only at the injection site, it does not hinder the
determination of the exact location of migrated stem
cells via AND logic gate process. First, the T, and T,
images are color-coded with respect to signal inten-
sities (Figure 5g,h), with orange (high signal intensity)
and green color (low signal intensity). Then, both
images are postprocessed with the AND logic algo-
rithm (see Supporting Information). AND logic output
(orange, Figure 5i) shows the areas having strong MRI
signals in both the T, and T, images. Those areas
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Figure 5. In vivo MRI tracking of NSCs using the mAFIA. (a,b) MRl images of rat brain before inducing infarction. Characteristic
MRl signals of ventricle (bright in the T, image, dark in the T, image) and corpus callosum (dark in the T, image) are observed.
(c,d) MRl images of infarcted brain obtained at day 0 immediately after mAFIA-NSC injection. (c) Strong dark signal caused by
mMAFIA-NSCs is observed at the injection site (red box) in the T, image. The bright signal caused by infarction is observed over
broad ranges of the right hemisphere. (d) Dark signal surrounded by a bright circle from mAFIA-NSCs (red box) is shown
inthe T, image. (e,f) At day 14, infarction has severely progressed. The initial injection site is marked with the red box, and
newly appearing regions of high MRI signal are indicated by blue arrows. (g,h) Orange color in the color-coded images
shows the regions of high MRI signal. (i) AND logic output (orange) in the AND image is observed in the vicinity of the
(i) injection site, (iv) external capsule and piriform cortex, and (v) olfactory tubercle (white boxes). (j) Reliability of the AND
image is verified by using a histological study. In the dissected brain, mAFIA is stained by using Prussian blue (PB, blue)
and NSCs are stained by using hNuc (red). The location of the mAFIA and NSCs well match those indicated by the
distribution of the AND logic output (i, iv, v). No blue or red staining is detected in regions where no AND logic output is
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are the location of stem cells (i.e., mAFIA-NSCs),
which appear near the vicinity of the injection site
(Figure 5i(i)), bottom right portion of brain (external
capsule and piriform cortex, Figure 5i(iv)), and bottom
middle region of brain (olfactory tubercle, Figure 5i(v)).
To confirm the reliability of the AND image, a histology
study is performed (Figure 5j(i—v) in which the mAFIA
is stained by using Prussian blue (PB, blue) and NSCs
are stained with the anti-human nuclei marker (hNuc,
red). In the image of the dissected rat brain at day 14,
the areas having the AND logic output (Figure 5j(i,iv,v)
show blue and red colors, confirming the existence of
the mAFIA and NSCs. In contrast, regions with either
high T; (Figure 5j(ii)) or T signal (Figure 5j(iii)) do not
display blue or red color, indicating that stem cells or
the contrast agent are not present at these locations.
The AND image obtained after AND logic gate process
shows the locations of stem cells which are migrated
from their initial injection site toward the proximity of

METHODS

Synthesis of AFIA. The core superparamagnetic nanoparti-
cles were synthesized by using the reported one-pot thermal
decomposition method.?> Core@SiO, nanoparticles with a
16 nm SiO, shell were synthesized by using a base-catalyzed
sol—gel reaction.”**” Paramagnetic shell was grown on the
surface of the carboxylic acid functionalized silica shell via re-
duction or self-assembly of metal precursors and ligands. The
detailed procedures are described in Supporting Information.

AND Logic Algorithm. MRIimages in Figure 3 and Figure 5 were
processed with the AND logic algorithm by using MATLAB
(version 7.10 (R2010a), Mathworks, USA). The detailed algorithm
is described in Supporting Information.

Measurements of r; and r, of Various Contrast Agents. The r; and r,
values of contrast agents were measured using a 1.5 T MRI
(Philips, Germany). r; was measured by using various inversion
times (Tl) with the following inversion recovery sequence: Tl =
100, 500, 1000, 2000, and 3000 ms, echo time (TE) = 7.4 ms,
FOV = 100 mm, matrix = 256 x 256, slice thickness =2 mm, and
acquisition number = 1. r, was measured by using a Carr—
Purcell-Meiboom—Gill (CPMG) sequence: repetition time
(TR) = 5000 ms, TE = 10 to 1280 ms, FOV = 100 mm, matrix =
256 x 256, slice thickness = 2 mm, and acquisition number = 1.

MRI Imaging. MRI imaging of AFIA solutions and rat brains
were performed by using a 3.0 T MRI (Achieva XT, Philips, The
Netherlands) with an animal coil (Shanghai Chenguang). T,
images were determined using the following sequence: TR =
625 ms, TE = 10 ms, FOV = 75 mm, matrix = 256 x 256, slice
thickness = 0.7 mm, acquisition number = 1. T, images were
obtained by using the following fast spin—echo sequence: TR =
4000 ms, TE = 80 ms, FOV = 75 mm, matrix = 256 x 256, slice
thickness = 0.7 mm, acquisition number = 1.

In Vitro Experiments. NSCs were originally derived from the
telencephalon of an aborted fetal brain at 13 weeks of gestation.
For the labeling of NSCs with mAFIA, poly-L-lysine (PLL) was
combined with mAFIA, and the mAFIA-PLL complex was al-
lowed to incubate for 48 h. More details about NSC labeling and
sample preparation for TEM and MRI analyses are described in
Supporting Information.

Animal Experiments. Adult male Sprague-Dawley rats weigh-
ing 250—300 g were maintained in accordance with the guide-
lines and under approval of the Animal Care Committee of
Yonsei University. The detailed procedures for MCAO rat model
preparation and histological studies are described in Support-
ing Information.

SHIN ET AL.

infarcted areas (lower right and bottom portion of
brain) at 14 days after the injection.

CONCLUSIONS

In summary, we report the design concept and its
generalization of artifact filtering imaging agent (AFIA)
via simple and reproducible synthetic methods. By
introducing Mn-MOF, which has advantages of effi-
cient water exchange, it is possible to achieve bio-
compatible AFIA which has high T; contrast effects
surpassing those of various Mn-based contrast agents.
Then, we demonstrate that a combination of the AFIA
and AND logic algorithm can be an effective tool for
MRl artifact elimination, which has been a difficult task.
The potential applicability of AFIA is ample and, for
example, can be useful as a new tool to accurately
image early stage tumor, vascular system, stem cell, or
central nervous system, in which numerous artifacts
are undermining accurate diagnosis.
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