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Cellular uptake and imaging studies of
gadolinium-loaded single-walled carbon
nanotubes as MRI contrast agents

Annie M. Tanga ‘B Jeyarama S. Ananta“, Hong Zhao?, Brandon T. Cisneros® 7
Edmund Y. Lam®, Stephen T. Wong?, Lon J. Wilson® and Kelvin K. Wong®*

We quantify here, for the first time, the intracellular uptake (J774A.1 murine macrophage cells) of gadolinium-
loaded ultra-short single-walled carbon nanotubes (gadonanotubes or GNTs) in a 3 T MRI scanner using R, and R,"
mapping in vitro. GNT-labeled cells exhibited high and linear changes in net transverse relaxations (AR, and ARj)
with increasing cell concentration. The measured AR,* were about three to four times greater than the
respective AR, for each cell concentration. The intracellular uptake of GNTs was validated with inductively
coupled plasma optical emission spectrometry (ICP-OES), indicating an average cellular uptake of 0.44 + 0.09 pg
Gd per cell or 1.69 X 10° Gd** ions per cell. Cell proliferation MTS assays demonstrated that the cells
were effectively labeled, without cytotoxicity, for GNTs concentrations <28 pm Gd. In vivo relaxometry of a
subcutaneously-injected GNT-labeled cell pellet in a mouse was also demonstrated at 3 T. Finally, the pronounced
R," effect of GNT-labeled cells enabled successful in vitro visualization of labeled cells at 9.4 T. Copyright © 2010
John Wiley & Sons, Ltd.
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gadonanotubes
______________________________________________________________________________________|

1. INTRODUCTION

samples often require proper staining for better visualization

Since their laboratory-scale synthesis in 1993, single-walled
carbon nanotubes (SWCNTs) have garnered considerable atten-
tion in the field of technology and biomedical research (1,2).
SWCNTs can be visualized as a single sheet of graphene rolled up
seamlessly to form a cylindrical tube. The external all-carbon
surface and the hollow interior of SWCNTs provides them with a
unique combination of structural properties for internal
nanoscale confinement, for external surface functionalization
for biological targeting and biocompatibility, and for multi-
functional drug delivery (3-8). As such, functionalized SWCNTs
have been proposed as carriers for efficient delivery of a wide
range of biomolecules such as genes, vaccine and other drugs to
targeted sites for therapeutic purposes (5-7,9).

The inherent optical properties of SWCNTs have been utilized
to track them by various imaging modalities. For example, in
vitro imaging of SWCNTs in cells and ex vivo imaging in animal
tissue have been demonstrated using near-infrared (NIR)
fluorescence imaging (10,11), Raman spectroscopy (12) and
X-ray fluorescence microscopy (13). In addition, several agents
such as iodine (14), fluorescent molecules (15), iron oxide (16)
and radiotracers (17,18) have been attached either to SWCNT
surfaces or encapsulated within their hollow interiors for
imaging. By and large, optical microscopy remains the most
popular imaging modality for visualization of SWCNTs in cells
and tissue. In general, however, optical imaging suffers from
low tissue penetration. In most cases, evaluation of SWCNT
delivery by optical imaging can only be confirmed by in vitro
experiments or by examining ex vivo tissue samples, and the

(19).

In order to track the SWCNT-based drug delivery platforms in
vivo and follow the post-treatment biodistribution and their
ultimate biological fate, real-time visualization and quantification
of the SWCNT core itself are desirable. Among various diagnostic
imaging modalities, MRI offers the advantages of non-ionizing,
non-invasive, multi-planar capabilities that favor the long-term
tracking of SWCNTs in vivo. Currently, molecular and cellular
imaging using MRI mostly revolves around the use of iron oxide
based r, agents, such as superparamagnetic iron oxide
nanoparticles (SPIOs) or micron-sized iron oxide particles (MPIOs)
(20-22). Recent studies have shown that gadolinium-loaded
ultra-short single-walled carbon nanotubes (gadonanotubes or
GNTs) can be used as high-performance r; and r, MRI contrast
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agents (23-25). GNTs are prepared by encapsulating Gd**-ion
clusters within the hollow interior of a SWCNT nanocapsule. GNTs
outperform traditional gadolinium chelate MRI contrast agents in
r, relaxivity by about 40 times at clinical field strengths, and they
are an efficient R, agent (25). In fact, subcutaneous injection of
GNTs dispersed in a biocompatible surfactant (pluronic F-127) has
recently shown excellent negative contrast in vivo (24).

The objective of the present study was to investigate the
potential of quantifying intracellular uptake of GNTs in MRI, using
R, and R,* mapping at different GNT-labeled cell concentrations
in vitro. Quantitative R, and R,* mappings allow non-invasive
measurement of cellular uptake of GNTs, with the potential to
monitor the in vivo performance of SWCNT-assisted drug delivery
by MRI (26). In the course of our investigation, in vitro cytotoxicity
studies were carried out to optimize the GNTs concentration for
cell labeling and in vivo visualization and quantification of a
subcutaneously injected GNT-labeled cell pellet in a mouse was
also performed using a 3T clinical system. Finally, in vitro cell
visualization using GNT-labeled cells has also been demonstrated
at 94T.

2. RESULTS

2.1. GNT solution characterization

The relaxations of the biocompatible GNTs solution were
characterized prior to cell labeling. Table 1 shows the relaxation
rates of the GNTs solution at 3 T. The coefficients of determination
of the two-parameter non-linear fittings, which represent the
quality of the fittings, are also shown. The GNTs solution had an R,
relaxation rate of 7.50s™', equivalent to the ry relaxivity of
67.57mm s~ (per Gd3>* ions). R, and R,* relaxation rates were
47.04 and 49.8857, respectively, with the R,* value about 6%
higher than R,. All the fitted curves had the R, values closed to 1,
indicating the relaxation curves excellently fit the measured data.

2.2. GNT labeling

Figure 1 shows the microscopic images of the GNT-labeled
J774A.1 cells. The labeled cells appeared black in the intracellular
space under bright-field microscopy, having the same color as the
free GNTs (Figure 1a). Compared with the Hoechst blue nucleus
florescent image that was captured at identical location, it was
clearly seen that the gadonanotubes accumulated mostly in the
cytoplasm, without getting into the nucleus (Figure 1b). Figure 2
shows the cell viability test using MTS assay at four different
concentrations of GNTs. The result indicated that there was no
significant cytotoxicity at GNTs concentration below 27.75 pm Gd,
and therefore, this concentration was used for all the subsequent
cell-labeling experiments. The ICP results indicated an average

Table 1. Relaxation rates of the GNTs solution suspension
measured at 3T, in a 1 cm? syringe parallel to the main B, field.
The coefficient of determination (R?) of each estimation is also
shown

Relaxation rate (s ')

Concentration

(um Gd) Ri (R?) Ry (R?) R," (R?)

11 7.50 (0.98) 47.04 (0.99) 49.88 (0.99)

Figure 1. Microscopic images of GNTs-labeled J774A.1 cells. (a) Bright
field image of cells labeled with GNTs incubated at a concentration of
27 pm Gd, showing the bio-distribution of the GNTs in the intracellular
space. (b) Blue fluorescence image of the labeled cells captured at
identical position with the Hoechst 33342 nucleus stain.

cellular uptake of 0.44 4+ 0.09 pg Gd per cell, corresponding to an
uptake of 19.3 +3.8 pg GNTs per cell.

2.3. In vitro MRI imaging

Figure 3 shows the AR, and AR," relaxation measurements of in
vitro phantoms at 3 T for an increasing number of GNT-labeled
cells homogeneously distributed in 1.0% agarose gel. AR, and
AR,* represent the net relaxations of the labeled cells, with
contribution from the agarose gel as well as the background field
inhomogeneities subtracted. The AR, and AR,* effects increase
linearly (with R?=0.98 and 0.93 respectively) with increasing
number of labeled cells. This correlates well to the ICP results in
Table 2, showing increasing concentration of cell-bounded GNTs
in the phantoms. The measured AR,* value for each cell phantom
was about three to four times greater than the corresponding
AR, value, and with the slope of the overall AR,* effect being
more than twice that of the AR, effect (3.57 versus 1.58). The
mean and standard deviation of the plotted values were
computed by acquiring ROIs at multiple slices at each phantom.
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Figure 2. Cell proliferation test with MTS assay. The in vitro cytotoxicity
of GNTs was tested at four different concentrations. Each concentration
was performed in triplicate and the mean =+ standard deviation of each
concentration was shown. GNTs-labeled cells had insignificant differences
in cell viability at gadonanotubes concentration below 27.75 pm Gd, while
the cell viability dropped to 78% at concentration of 37 um Gd.
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Figure 3. AR, and AR,” relaxation measurements of the GNTs-labeled cell phantoms with increasing number of labeled cells in 1.0% agarose gel at 3 T.
The net relaxation, AR, and AR," were calculated by subtracting the measured R, and R," values of the GNTs-labeled cell phantoms with that of the
unlabeled cell phantom controls. Error bars represent one standard deviation.

The stand deviations were small (<10%) in most of the
measurements, suggesting that the labeled cells were homo-
genously distributed within the phantoms. R, relaxations were
also measured in all phantoms. There was no significant increase
in R, relaxation as compared to the control phantoms. All showed
a T, value of about 1600 + 60ms, corresponding to a R, value of
06255 .

Figure 4 shows the T,* -weighted image of the sparsely-
distributed in vitro cell phantom (5500 cells ml™") at 94T,
demonstrating labeled-cells visualization at high-field MRI. The
imaging spatial resolution was 50 x 50 x 50 um. Two types of
reconstruction methods are shown for comparison. Figure 4(b)
shows the reconstruction using the susceptibility weighted
imaging (SWI) method (27), while Figure 4(a) shows the simple
magnitude image. Dark spots were clearly seen in both of the
images, but with the spots appearing much clearer in SWI
reconstructed image.

2.4. In vivo MRI imaging

The in vivo relaxometry measurements of the subcutaneously
injected GNT-labeled cell pellets in mice at 3 T demonstrated the
feasibility of monitoring and quantifying the labeled cells in vivo
in clinical-grade MRI systems. Figure 5 shows the T,* map, and the
R,* map of the labeled- and unlabeled-cell pellets overlaid onto
an anatomical image. As shown in Figure 5(a), the T,* mapping
of the labeled-cell pellet on the left of the dorsal flank was

Table 2. The total amount of Gd*>* ions in phantoms
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES). The corresponding AR, and AR,*
values are plotted in Fig. 3

Cells ml™! [GA>*] pg ml™!
23 x10° 0.85
1.5 x 10° 0.61
0.75 x 10° 0.43
0.57 x 10° 0.25

substantially dimmer (yellow arrow) than the surrounding tissue,
whereas the unlabeled-cell control at the right side showed
no significant difference from the surrounding tissue. The
mean T,* value of the labeled-cell pellet was 16.83 +5.30 ms,
corresponding to a mean R,* value of 65.50 +21.80s . For the
unlabeled-cell control, the mean T,* value was 40.58 & 16.26 ms,
corresponding to a mean R,” value of 28.60+11.6s5~". Thus, the
mean R," of the labeled-cell pellet was significantly higher (ca 2.3
times) than that of the unlabeled-cell pellet control. The mean R,
values for both gel pellets were above 0.8 (0.87 and 0.86,
respectively), indicating a reliable estimation of the fitted results
from the measured data.

3. DISCUSSIONS

In this study, we have quantified, for the first time, the intracellular
uptake of GNTs based on transverse relaxations (AR, and AR,") at
3 T in vitro, with increasing concentration of labeled cells dispersed
in homogenous agarose gel phantoms. The GNT-labeled cells
exhibited greater (a few times greater than AR,) and linear AR,*
with the concentration of Gd** ions in wg ml~" range for all
phantoms. Therefore, AR,” can be regarded as a sensitive and
quantifiable method for visualizing GNTs upon cell internalization
at 3 T. The established linear correlation between the AR, values
and the labeled-cell concentration or Gd*' ions allowed
quantitative monitoring of cell population in vivo. As shown in
the in vivo feasibility study, the mean AR," of the labeled-cell pellet
was about 36.90 s~ with a cell concentration of 8 x 10° cells ml™".
This corresponds well with the expected value from the in vitro AR,*
mapping (by extrapolating the linear regression line to the
corresponding cell concentration).

For the measured R;, AR, and AR,* effects of the cell
phantoms, it was clearly seen that AR,” were a few times greater
than AR, at all concentrations, and the cell phantoms exhibited
no R; signal enhancements at all at 3 T. The cell phantom results
were different from that of GNT solution (when not internalized in
cells). The GNTs solution showed a large R, effect and the R,*
value was only slightly greater (~6%) than that of R,.

The lack of R, enhancement and increase in R, and R,* upon
intracellular uptake in macrophage cells could be attributed to
the compartmentalization of GNTs inside the cells. The high

Contrast Media Mol. Imaging 2011, 6 93-99

Copyright © 2010 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/cmmi




A. M. TANG ET AL

Figure 4. T,* -weighted image of sparsely distributed GNTs-labeled
J774A.1 cells (5500 cells ml~") suspended in 1.0% agarose gel at 9.4 T,
using 3D SPGR sequence. (a) Magnitude image and (b) SWI image. SWI
image was obtained by multiplying the phase mask with the original
magnitude image. Dark spots were clearly seen in both images, but with
the susceptibility-induced effects appearing more obvious in the SWI
image.

density packing of GNTs inside the cells induced susceptibility

effects resulting in substantial increase in R, and R," relaxations.
These results agree with previous studies which investigated the

labeled
cell pellet

change in transverse relaxations upon cell internalization of iron
oxide particles (26,28-30). Although a superparamagnetic
Gd-based agent (GNT) was used in our study, the transverse
relaxation mechanisms upon cell internalization is believed to be
similar to iron oxide, since the transverse relaxation is simply
induced by through-space susceptibility effects due to the
presence of metal content. In addition to the Gd*" ions, the GNTs
also contain other metal impurities from the synthesis of the
precursor SWCNT materials. The metal catalyst impurities have
been shown to impart R, characteristics on SWCNTs (precursor to
GNTs) (31). For the R, relaxation, the quenching of the relaxation
upon cellular uptake is probably due to the slow transport of
water across the cell membrane. Further investigation may be
needed to explore the cellular uptake mechanism and the
distributions of GNTs in cells, as well as the correlations between
the intracellular localization of GNTs and the water relaxation
mechanisms.

Note that, in our 3T study, a relatively limited range of TEs
(10-125 ms depending on materials) was applied for R, and R,*
estimations. There is a possibility that the labeled cells may have
ultra-short T, components in which our current range of TEs
(10ms or more) ceases to detect. This is a limitation of our
experiments, as the clinical MRI's pulse sequences restricted the

A unlabeled
control

0

Figure 5. In vivo relaxometry measurements of subcutaneously injected cell pellets in a mouse at 3 T. Agarose gel pellets containing GNTs-labeled cells
and unlabeled cells (4 x 10° cells per pellet) with volume of about 50 L were injected into the left and right dorsal flank of a C57BL/6 mouse respectively.
(a) T>* map (inms) of the injected cell pellets, and (b) R,* mapping (ins~') with two ROIs drawn at the cell pellets and overlaid onto an anatomical

T5-weighted image.

wileyonlinelibrary.com/journal/cmmi

Copyright © 2010 John Wiley & Sons, Ltd.

Contrast Media Mol. Imaging 2011, 6 93-99



CELL LABELING WITH CARBON NANOTUBES FOR MRI

shortest TE parameter being applied. Further studies could be
done to explore the T, effects of labeled-cells at various range of
TEs, using ultra-short T, or ultra-short TE (UTE) techniques (32).

The strong R,* effect of GNTs upon cell internalization has
allowed labeled cells to be visualized in vitro. Cell visualizations in
MRI have been demonstrated using MPIOs and SPIOs (20,33). To
visualize labeled cells using MRI, heavy labeling with iron
oxide-based contrast agent is required. Herein, we were able to
visualize labeled cells as dark spots in MRl using GNTs at 9.4 T. The
high-performance gradient at 9.4 T helps to achieve an image
resolution of 50 wm isotropic, which is not possible with the
gradient performance on clinical systems. The observed signal
voids originated from the presence of superparamagnetic GNTs
in the cells, which induced a magnetic susceptibility effect in their
local regions, generating field inhomogeneity and thus extra
de-phasing around the those regions. The SWI reconstruction
utilized the phase image to generate a phase mask and
multiplied it by the original magnitude image, which further
enhanced the contrast between regions with different suscepti-
bilities. SWI is a pure post-processing technique that requires no
extra imaging time.

The ICP-OES result showed that the intracellular uptake of GNTs
in macrophages was 0.44+0.09pg Gd per cell on average,
corresponding to 1.69 x 10° Gd*" ions per cell. This result was
consistent with a previous study using serine-derivatized GNTs to
label a MCF-7 human breast cancer cell line (34), and was two
orders of magnitude greater (10° vs 10”7 Gd** ions per cell) than
when water-soluble gadofullerenes were used to label mesench-
ymal stem cells (35). In the present studies, we have used a
macrophage cell line for demonstration. It has been reported that
macrophages can be labeled with SPIOs reproducibly at high
loading levels via phagocytosis (33). Our result have shown that
macrophages could also be reliably labeled with GNTs at high
loading levels (~20 pg per cell), without a transfection agent or
advanced labeling techniques. This property greatly facilitated
GNTs being used for robust intracellular uptake quantifications
and for cell visualization. Note that the quantifications may have
to be repeated when different cell lines are used, as different cell
lines may have different cellular uptake capabilities.

GNTs are a new class of SWCNTs-derived MRI contrast agent,
and some concerns have been raised about the toxicity effects of
SWCNTs-based materials (36-38). Our cytotoxicity studies here
have revealed that GNT-labeled cells exhibited 100% viability as
compared with unlabeled control, when the GNT concentration
was ca < 28 um Gd. Further increasing the concentration would
lead to a decrease in cell viability to about 80% at 37 um Gd. This
result suggested that 28 pm Gd is about the best concentration to
use for GNTs cell-labeling experiment. Finally, we observed that
the GNT-labeled cells were still growing inside the gel phantoms,
several days after the MRI imaging was completed.

4. CONCLUSION

The exceptionally large and linear transverse relaxations of GNTs
provide the material with sufficient sensitivity for cellularimaging
in clinical 3 T MRI systems, and permit cell visualization at 94 T
using better spatial resolution. Future studies with GNTs include
the determination of their minimum detection threshold for
cellular imaging, the intracellular uptake mechanism of the
materials and the relaxations dependency on sub-cellular
localization.

5. EXPERIMENTAL

5.1. Gadonanotube synthesis

Full-length, SWCNTs produced by electric-arc discharge were cut
into ultra-short carbon nanotubes (US tubes) of length 20-80nm
and diameter 1nm by fluorination followed by pyrolysis at
1000 °C under an inert atmosphere (39). The cutting process
reduced the amount of metal catalyst impurities (<3%) while
creating defect sites in the US tube sidewalls. The defect sites
allow the loading of ions and molecules into the interior of the US
tubes (23). Owing to their hydrophobic nature, the US tubes exist
in the form of bundles. To obtain a homogenous sample, US tubes
were reduced using Na’THF to produce predominantly
individual tubes or small bundles (3). The reduced US tubes
were immersed in aqueous GdCl; solution (1mgml~") and
vigorously sonicated for 60 min. The solution was left unper-
turbed overnight to allow the resulting GNTs to flocculate for easy
filtration. The GNTs were then washed with de-ionized water
several times to remove external Gd>* ions adhered to the US
tube sidewalls and air dried.

To prepare a stable and biocompatible GNTs solution
(suspension) for MRl measurements and cell-labeling studies,
10mg of GNTs was dispersed in 10 mL of 1.0% (w/v) Pluronic®™
F108 solution using a probe sonicator. The resulting suspension
was centrifuged at 3200 rpm for 15min to remove any large
aggregates. The supernatant was collected and dialyzed
(50 000 MW cut-off membrane) against running water for 3 days
to remove excess surfactant. The Gd*'-ion concentration of
the stable GNTs suspension was determined using inductively
coupled plasma optical emission spectrometry (ICP-OES, Perkin-
Elmer Optima 3200V), giving a final concentration of 111 um Gd.
About 1 ml of the GNTs suspension was transferred to a 1cm?
syringe for MRl measurements.

5.2. Cell culture and gadonanotubes labeling

J774A.1 mouse macrophages cell line (ATCC, Manassas, VA, USA)
was cultured at 37 °C and 5% CO, in 100 x 20 mm tissue culture
dishes using standard cell culture media, containing Dulbecco’s
modified Eagle medium (DMEM, Invitrogen) with 10% fetal
bovine serum (FBS, Invitrogen) and 1% penicillin-streptomycin
(S/P, Fisher Scientific). In vitro cytotoxicity of the GNTs was
first tested in a 96-well micro-plate using a MTS-based cell
proliferation assay (CellTiter 96™ Aqueous One Solution Assay,
Promega). To determine the highest concentration of GNTs
solution suspension that could be used for cell labeling without
significant cytotoxicity, four different concentrations of GNTs
(37.0,27.75,15.86, and 12.33 um Gd) were tested, using unlabeled
cells as control. Each concentration was tested in triplicate.

For GNTs labeling, 5 x 10° cells per well were plated in six-well
plates for 24h to allow cell adhesion. The cells were then
incubated with the GNTs solution diluted with the standard
culture media (final [Gd] =27.75 um) as determined in the cell
proliferation test, for another 24 h. The labeled cells were then
washed twice with phosphate buffered saline (PBS, Invitrogen) to
remove any excess CNTs that might be adsorbed on the cell
membrane.

5.3. Fluorescence staining and microscopy

To visualize the intra-cellular distribution of the GNTs, Hoechst
33342 dye (Invitrogen Corporation, CA, USA) were used to stain
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the nucleus of the labeled cells. Hoechst dye is a cell permeable
nucleic acid stain that increases fluorescent intensity when
bound to DNA and is commonly used to locate the nucleus in
cells. The labeled cells in suspension were incubated with 1 um
Hoechst 33342 at room temperature for 10min and then
examined with fluorescence microscopy (Olympus 1X51). The
excitation and emission spectra for Hoechst dye are 350 and
460 nm, respectively. Bright field microscopic images were also
captured at identical positions, to observe the distribution of
gadonanotubes in the cells as well as identifying the locations
of the nucleus.

5.4. In vitro MRI phantom preparation

For in vitro MRI experiments, a portion of the labeled cells was
re-suspended in an equal volume of 2x DMEM culture media and
2% agarose gel (Type VII, Sigma) at 37 °C, and transferred to 1 cm?
syringes for making MRI phantoms. The process was performed
carefully to avoid air bubbles inside the 1cm® syringes and
premature gelling of the agarose mixture. Four different
concentrations of homogeneity-dispersed labeled cells phan-
toms (2.3 x 105, 1.5 x 105, 0.75 x 10° and 0.57 x 10° cells mI~")
were prepared for relaxation measurements at 3 T. Another
four phantoms at the same concentration of unlabeled cells
were also prepared as controls. In addition, a sparsely distributed
labeled cell phantom (5500 cells ml~") was also prepared for cell
visualization at 9.4 T high-field MRI. All the phantoms were
cylindrical in shape and were about 3.5cm long.

The total amount of Gd*" ions in each of the phantom was
determined by ICP-OES. From the concentration of Gd*" ions
and the total number of cells, the average uptake of Gd*" ion by
each cell was calculated. The measurements were performed in
triplicate and the mean and standard deviations of the results
were calculated.

5.5. Animal Preparation

For in vivo relaxometry, a portion of the GNT-labeled cells were
suspended in PBS and mixed with 1% agarose gel at 37 °C for
subcutaneous injection into the dorsal flank of a female C57BL/6
mouse (Charles River, Wilmington, MA, USA). A total of 4 x 10°
labeled cells per pellet with a volume of 50 ul was injected into
the left dorsal flank of the mouse. The injection was done
carefully to create an inflated bulb for easy localization in MRI.
Another equivalent amount of unlabeled cell pellet (4 x 10° cells)
in 1% agarose gel was also injected into right side as control. The
animal was then immediately transferred to the 3 T MRI unit
for imaging. The animal experiment was approved by the
Institutional Animal Care and Use Committee of The Methodist
Hospital Research Institute.

5.6. MRI

MRI was performed in a whole-body 3 T system (General Electric,
Milwaukee, WI) using a 35mm inner diameter custom-built
quadrature coil for in vitro and in vivo relaxation measurements,
and in a 94 T system (Bruker Biospec 94/20 USR) for the
labeled-cells visualization.

For in vitro relaxations studies at 3 T, the 1cm® syringes
were positioned at the iso-center of the magnetic bore, with the
cylindrical axis parallel to the main B, field. R; relaxation of the
GNTs solution suspension was measured using a 2D spin-echo
inversion recovery (IR) sequence with the following imaging

parameters: TR/TE=5000/15ms, IR=60-150ms with 10ms
increment and 200-800 ms with 100 ms increment, FOV =5.0cm,
cm, matrix=128 x 128, NEX=1, thickness=1mm, no. of
slices=4. R, and R,* relaxations of the solution were also
measured using 2D spin-echo and gradient echo sequences
respectively, with TR=1500ms, TE=10-45ms with 5ms of
increment, FOV =5.0cm, matrix=192 x 192, NEX=1. Circular
ROIs were drawn and the R;, R, and R,* relaxations of the
phantoms were computed using non-linear curve fittings of
the mean intensity of each ROI in the images using Matlab
(Mathworks™, Natick, MA, USA). For the GNT-labeled and
unlabeled cells phantoms, the R;, R, and R,* relaxations were
measured and computed with similar imaging parameters but
using a different range of IRs (50-2500ms) for R; and TEs
(15-125ms with 15ms increment) for R, and R,*. The net
relaxations, AR, and AR,", of the labeled cell phantoms were
calculated by subtracting the R, and R, values of the
unlabeled-cell phantom controls from the measured R, and R}
values of the labeled-cell phantoms.

For in vivo relaxometry measurement at 3 T, images were
acquired by cutting a high-resolution oblique slice covering the
injected cell pellets at both sides of the mouse, with the following
imaging parameters: TR=1500ms, TE=10-45ms with 5ms
of increment, FOV=6.0cm, matrix =256 x 256, NEX=1. The
images obtained were then realigned using SPM2 to reduce
motions and fitted mono-exponentially for R,* mapping in
Matlab. ROIs were drawn at the two pellets at the R, maps and
overlaid onto an anatomical image.

For labeled-cell visualization at high-field MRI, the sparsely-
distributed labeled-cell phantom (5500 cells ml~") was imaged at
9.4 T using a 3D spoiled gradient echo sequence (TR/TE = 3000/
40ms, o =28.6°, FOV=0.64 x 2.56 cm, resolution =50 um iso-
tropic, NEX = 12). The cylindrical axis of the phantom was placed
parallel to the main B, field. Reconstruction was done using
SWI method, by multiplying the phase mask to the original
magnitude image to enhance the contrast effect for better
visualization (27).
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