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Abstract
Non-invasive in-vivo tracking of T-cells by magnetic resonance imaging (MRI) can lead to a
better understanding of many pathophysiological situations, including AIDS, cancer, diabetes,
graft rejection, etc. However, an efficient MRI contrast agent and a reliable technique to track non-
phagocytic T-cells are needed. We report a novel superparamagnetic nano-sized iron-oxide
particle, IOPC-NH2 series particles, coated with polyethylene glycol (PEG), with high transverse
relaxivity (250 s−1mM−1), thus useful for MRI studies. IOPC-NH2 particles are the first reported
magnetic particles that can label rat and human T-cells with over 90% efficiency, without using
transfection agents, HIV-1 transactivator peptide, or electroporation. IOPC-NH2 particles do not
cause any measurable effects on T-cell properties. Infiltration of IOPC-NH2-labeled-T-cells can be
detected in a rat model of heart-lung transplantation by in-vivo MRI. IOPC-NH2 is potentially
valuable contrast agents for labeling a variety of cells for basic and clinical cellular MRI studies,
e.g., cellular therapy.
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Introduction
Using magnetic resonance imaging (MRI) to monitor the in-vivo trafficking of cells (e.g.,
immune cells, cancer cells, stem cells, etc.) labeled with MRI contrast agents is receiving
increasing attention, not only as a research modality, but also as a potential clinical
diagnostic tool.1–10 T-cells play a very important role in immune responses, but remain
difficult to track them in vivo by imaging techniques. Unlike phagocytes, such as
macrophages, labeling efficiency and poor incorporation of contrast agents post a challenge
for cellular MRI studies of T-cells in vivo.

Superparamagnetic iron-oxide (SPIO) particles have been used as cellular contrast agents for
MRI because of the high sensitivity in T2*-weighted images. The sensitivity is dependent on
the SPIO loading of the cell as well as the density of labeled cells in an imaging voxel. Early
work to label T-cells by co-incubation with dextran-coated SPIO particles yielded an
efficiency of at most 20%, as estimated from transmission electron microscopy (TEM).11–13

Recently, considerable efforts have been devoted to find new ways to label T-cells more
effectively, such as the use of transfection agents (e.g., poly-L-lysine and protamine
sulfate),14 application of electroporation,15 and modification of the particle surface with
HIV-1 transactivator (TAT) peptides. A highly derivatized cross-linked iron-oxide
nanoparticle (CLIO-HD), i.e., an improved HIV-1 TAT peptide-derivatized magnetic
nanoparticle, was shown to enhance T-cell labeling, and the intracellular iron concentrations
as high as 0.7 pg/cell have been reported.17 Micrometer-sized paramagnetic iron-oxide
(MPIO) particles have also been applied to label T-cells as well. T-cells labeled with
streptavidin-coated MPIO particles through the mediation of a biotinylated anti-CD5
showed promise.18 However, the MPIO particles remain largely extracellular after labeling
and the in-vivo fate of this extracellular linkage was unknown. The use of transfection
agents, HIV-1 TAT peptides, and antibodies, although successful, are not ideal because
these agents have immunogenicity liabilities and can cause cellular toxicity or induce
adverse cellular events. Thus, a new, sensitive contrast agent and an efficient technology to
label and track T-cells are highly desirable.

In this report, we have developed a series of MRI-fluorescent cellular imaging agents,
IOPC-NH2 particles, which are nano-sized iron-oxide particles coated with polyethylene
glycol (PEG) and conjugated to fluorescent dyes [fluorescein isothiocyanate (FITC) or
DyLight 649]. PEG is an FDA-approved material and has been used widely in medicine,
such as Miralax and Pegloticase.20 IOPC-NH2 particles are the first MRI contrast agent that
can label T-cells with over 90% labeling efficiency and achieve an intracellular iron
concentration of up to 0.57 ± 0.12 pg/cell, without using transfection agents, TAT peptide,
or electroporation, i.e., by just incubating T-cells with the particles in a culture medium.
This labeling efficiency is comparable to using CLIO-HD.17 There was no effect on
viability, proliferation, and function of IOPC-NH2 labeled-T-cells (rat T-cells and human
Jurkat T-cells) when compared to controls. Furthermore, we can detect IOPC-NH2 labeled-
T-cells in the allografts of a rat heterotopic working heart-lung transplantation model by
MRI at 7 Tesla. Our results suggest that IOPC-NH2 particles are powerful and potential
clinical translational cellular imaging reagents that can be used to label non-phagocytic T-
cells and other cells, such as stem cells, for in-vivo MRI cell trafficking studies, very useful
to the field of regenerative medicine.

Methods
Synthesis of IOPC-NH2 fluorescent derivatives

IOPC particles, which are derived from ITRI-IOP or IOP particles with a terminal carboxyl
group on the surface, were synthesized as described. IOPC-NH2 series particles were
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synthesized according to Figure 1, A. Detailed information on nanoparticle preparation and
characterization was described in Supplementary Methods.

Animals
Male inbred Brown Norway (BN; RT1n) and Dark Agouti (DA; RT1a) rats obtained from
Harlan (Indianapolis, IN) with body weights between 250 and 280 g were used in this
research. All experiments involving animal subjects were approved by the Institutional
Animal Care and Use Committee of Carnegie Mellon University. Animal care was provided
in accordance with the Principles of Laboratory Animal Care and Guide for the Use of
Laboratory.

Rat T-cell labeling
Rat T-cells were isolated from male BN rat spleen by the nylon wool column technique
(Polyscience, Inc. Warrington, PA) and cultured as described previously. Cell viability was
examined by the trypan-blue exclusion test (Sigma, St. Louis, MO) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Promega, Madison,
WI).22 Isolated rat T-cells were incubated with IOPC-NH2 series particles (50 μg Fe/mL)
for 24 hours in culture medium.

Fluorescence imaging of IOPC-NH2-DyLight 649 labeled-T-cells
IOPC-NH2-DyLight 649 labeled-T-Cells were washed three times with phosphate-buffered
saline (PBS) and the fluorescent images were acquired with a Carl Zeiss LSM 510 Meta
NLO Confocor 3 Inverted Spectral Confocal Microscope (Carl Zeiss MicroImaging GmbH,
Germany).

Flow cytometry
T-cells were washed three times with PBS and flow cytometry was performed on a
FACSVantage (Becton Dickinson). The data were processed with the use of FlowJo
software (TreeStar, Ashland, OR).

Iron staining
Prussian blue staining was performed using an Iron Stain Kit (Sigma) to test for the presence
of iron in the labeled cells, according to the supplier’s protocol.

Rat T-cell activation studies
To measure the effect of cell labeling on T-cell function, enzyme-linked immunosorbent
assay (ELISA)-based cytokine release assays were performed for interferon-γ (Pierce
Biotechnology, Rockford, IL, USA) and interleukin-2 (IL-2) (Bender MedSystems,
Burlingame, CA, USA), according to the supplier’s protocol.

Semi-quantitative RT-PCR assay for mRNA expression and ELISA for cytokine levels in
IOPC-NH2 labeled Jurkat T-cells

RT-PCR was performed to estimate expression of mRNAs for cytokines and chemokines as
described.23 ELISA was performed on supernatants from challenged Jurkat T-cells to
quantify TNF-α and IL-6 expression. Detailed information can be found in the
Supplementary Methods.

MRI phantom study
T-cells (4 × 106) labeled with iron-oxide particles and an equal number of control cells were
separately suspended in warm 1.0% agarose gel (1 mL). Gradient echo imaging was
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acquired with an 11.7-T scanner, equipped with a Micro 2.5 gradient insert (Bruker,
Billerica, MA). Imaging parameters included: repetition time (TR) = 600 ms, echo time (TE)
= 8.1 ms, field of view (FOV) = 10×10 mm, 8 averages and final voxel resolution of
78×78×130 μm.

In-vivo MRI
The rat heart transplantation model and animal setup for MR imaging were the same as
described. Labeled T-cells (50 ×106, n=7; 100 ×106, n=3) were administered by direct
intravenous injection through a femoral venous catheter on POD 3 or 4. Electrocardiogram
(ECG) leads were placed on abdomen of the transplant recipient. The rat core body
temperature was maintained at 36.5 °C with a water system (SA Instruments, Stony Brook,
NY).

In-vivo MRI was carried out on a Bruker AVANCE III 7-T/21-cm system (Bruker BioSpin
Corporation, Billerica, MA) equipped with an integrated 12-cm gradient. Multislice ECG-
and respiration-gated T2*-weighted gradient-echo images were acquired with the following
parameters: TR = one cardiac cycle (~170 ms); TE = 8 ms; FOV = 4 cm; slice thickness
=1.5 mm; in-plane resolution = 156 μm.

Ex-vivo MR microscopy (MRM)
After the in-vivo MRI evaluation, the hearts and lungs were harvested and fixed in 4%
paraformaldehyde for 24 hours, then stored in PBS. The fixed hearts and lungs were imaged
at 11.7 T. High-resolution 3D images were acquired with the following parameters: TR =
500 ms; TE = 5.5 ms; FOV = 4 cm; slice thickness =1.5 mm; in-plane resolution = 40 μm.

Pathological and immunohistochemical analysis
Histological examinations were performed by the Transplantation Pathology Laboratory of
the University of Pittsburgh Medical Center (Pittsburgh, PA). Paraffin-embedded 5-μm
sections were subjected to hematoxylin/eosin (H & E) staining for rejection grading,
Prussian blue staining for the presence of iron, immunohistochemical staining with
monoclonal anti-rat ED1 antibody for macrophages, anti-CD3 for T-cells, and anti-PEG for
the PEG coating of IOPC-NH2 particles.

Statistical analysis
Cytokine levels of IOPC-NH2 labeled-cells and un-labeled-cells after stimulation by
lipopolysaccharide (LPS) were analyzed by Student’s t test. A probability value <0.05 was
considered statistically significant.

Results
IOPC-NH2 series particles synthesis and characterization

Figure 1 A shows the synthetic scheme of IOPC-NH2 series particles. The IOPC-NH2
particles were synthesized from IOPC particles through EDAC-coupling reactions. FITC
and DyLight 649 NHS ester were individually conjugated to IOPC-NH2 particles, taking
advantage of its amine groups. IOPC-NH2 exhibits an average hydrodynamic diameter of
69.6 ± 1.5 nm, which is similar to the size of IOPC (Figure 1, B). The conjugation of FITC
and DyLight 649 NHS ester to IOPC-NH2 particles increases the hydrodynamic diameter of
the particles to 122.1 ± 5.7 and 136.3 ± 4.3 nm, respectively (Figure 1, B). The average iron-
core size for all IOPC-NH2 series particles is around 10 nm as measured by TEM (Figure 1,
C–F). At pH 7.2, IOPC particles have a zeta potential (ζ) of −22.6 ± 5.9 mV and IOPC-
NH2, IOPC-NH2- FITC, and IOPC-NH2-DyLight 649 particles exhibit negative ζ values of
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−26.6 ± 8.7 mV, −23.0 ± 6.7 mV, and −16.9 ± 6.7 mV, respectively (Table 1). At pH 4.0,
the ζ values of IOPC and IOPC-NH2 are 1.3 ± 0.5 mV and 11.1 ± 2.5 mV, respectively,
which indicates their different surface charges and electric stabilities under acidic
conditions. The transverse relaxivity (r2) value of IOPC-NH2 series particles, measured at
0.47 T, is around 250 mM−1s−1 (Table 1).

Ex-vivo labeling of rat T-cells
T-cells are directly labeled with these particles by co-incubation in a culture medium,
without the use of transfection agents, cell permeable peptides, or electroporation. The
internalization of IOP and IOPC-NH2 series particles into rat T-cells, after simple incubation
of cells with iron-oxide particles, is shown by MRM at 11.7 T (Figure 2, A–F). More
hypointense spots from IOPC-NH2-labeled T-cells (Figure 2, D) are observed than from
IOPor IOPC-labeled T-cells (Figure 2, B and C). Thus, the surface NH2 groups of the IOPC-
NH2 particles enhance T-cell internalization. IOPC-NH2-FITC and IOPC-NH2-DyLight 649
particles are also incorporated into T-cells efficiently as well (Figure 2, E and F).

Dose- and time- dependent studies were conducted to optimize the labeling conditions. To
determine the optimum dose for labeling, IOPC-NH2–FITC particles (20 μg Fe/mL, 50 μg
Fe/mL, 100 μg Fe/mL) were incubated with rat T-cells in culture medium for 24 hours.
Flow cytometry analysis showed that IOPC-NH2–FITC labeled cells in a dose dependent
manner. Internalization reached a plateau at 50 μg Fe/mL (Figure S1, A). To determine the
optimum labeling time, IOPC-NH2 particles (50 μg Fe/mL) were incubated with rat T-cells
for 6, 12, 24, and 48 hours. T-cells were labeled in a time dependent manner and the particle
incorporation reached a plateau at 24 hours (Figure S1, B).

The presence of IOPC-NH2-DyLight 649 particles in the rat T-cell cytoplasm is revealed by
confocal microscopy (Figure 2, G–R). Since IOPC-NH2 particles were coated with PEG,
anti-PEG mAb was used to monitor the cellular distribution and location of these particles.
T-cells were cultured with IOPC-NH2-DyLight 649 particles, following treatment with anti-
CD3-FITC (Figure 2, K–N) or mouse anti-PEG mAb followed by staining with antimouse
IgG-FITC (Figure 2, O–R). As shown in Figure 2 K–N, the cells that are positive for
DyLight 649 (red fluorescence) also express CD3 (green fluorescence), which confirms that
the cells containing DyLight649 are T-cells. As shown in Figure 2 O–R, the cells that show
red fluorescence are also positive for PEG. Thus, PEG-coated IOPC-NH2-DyLight 649
particles, not free DyLight 649 dye molecules, are incorporated into T-cells. Figure 2 L, P
and Q indicate that the majority of the iron-oxide particles are located in the T-cell
cytoplasm. TEM images further demonstrate that IOPC-NH2 particles are located in the
cytoplasmic vacuoles of T-cells (Figure 2, S and T). The incorporation of iron-oxide
particles by rat T-cells is also confirmed by Prussian blue iron staining (Figure 2, U).

Flow cytometric analysis of T-cells isolated from rat splenocytes and treated with anti-CD3-
FITC indicates that the purity of the T-cells is about 90% (Figure 2, W). Analysis of IOPC-
NH2 labeled-T-cells, after treatment with mouse anti-PEG mAb and anti-mouse IgG-FITC,
or IOPC-NH2-FITC labeled-T-cells tested by flow cytometry, indicates a T-cell labeling
efficiency of over 90% for the IOPC-NH2 series particles (Figure 2, X and Y).

A ferrozine-based colorimetric assay for iron 24 was used to determine the intracellular iron
concentrations. IOPC-NH2 particles (50 μg Fe/mL) were incubated with T-cells for 2, 6, 12,
24, and 48 hours. The intracellular iron concentrations in T-cells are 0 ± 0.12, 0.31 ± 0.19,
0.47 ± 0.05, 0.57 ± 0.12, and 0.51 ± 0.16 pg iron/T-cell, respectively.
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Effects of IOPC-NH2 particles on rat T-cell proliferation and function
The effects of IOPC-NH2 particles on rat T-cell viability, proliferation, and function have
been examined as described in Materials and Methods. Short-term assessment (1 day) of
viable capacity and long-term assessment (4 days) of proliferative capacity using MTT assay
revealed no significant differences between unlabeled T-cells and T-cells labeled with
IOPC-NH2 particles (Figure 3, A). After 72-hour co-incubation, no significant difference in
the levels of expression of interferon-γ, IL-2, CD62L, and CD25 between IOPC-NH2
labeled- or unlabeled-T-cells could be detected (Figure 3, B–G)

Ex-vivo labeling of Jurkat T-cells and effect of IOPC-NH2 particles on Jurkat T-cell function
To illustrate that IOPC-NH2 particles are also readily to label human T-cells as well,
immortalized human T-cells, Jurkat T-cells, were co-cultured with the particles. Figure 4 A
shows MRM images of gelatin phantoms containing IOPC-NH2–labeled Jurkat T-cells. The
high labeling efficiency of Jurkat cells cultured with IOPC-NH2 is also evident by light
microscopy results (Figure 4, B). It is consistent with the results observed from rat T-cells
that approximately 90% of the Jurkat T-cells are labeled with the particles. The
incorporation of multiple IOPC-NH2 particles into the cytoplasm of Jurkat cells is illustrated
in TEM images (Figure 4, C). The diameters of the iron-core of individual IOPC-NH2
particles in the cytoplasm of Jurkat cells are found to be consistent with results from TEM
studies of the particles in PBS buffer and in the cytoplasm of rat T-cells (Figure 1, D and
Figure 2, T).

The effects of IOPC-NH2 particles on Jurkat T-cell viability and proliferation were
examined. There was no difference in the viability and the proliferation between unlabeled
Jurkat cells and Jurkat cells labeled with IOPC-NH2 particles, which is consistent with the
results of rat T-cells labeling.

We have further tested whether IOPC-NH2 could stimulate Jurkat T-cells to release pro-
inflammatory mediators. Jurkat cells were stimulated for 24 hours with IOPC-NH2 and LPS
was used as control. Semi-quantitative RT-PCR assay was performed for the cells to
estimate the mRNA expression of AF113795, AF185284, Eotaxin, GATA-3, nitroxide
synthase (iNOS), IL-1, IL-6, IL-9, IL-12, IL-13, interferon-inducible protein-10 (IP-10),
macrophage-inflammatory protein-2 (MIP-2), monocyte chemotactic protein-2 (MCP-2),
MCP-3, chemokine (C-C motif) ligand 5 (CCL5), transforming growth factor-β1 (TGF-β1),
tumor necrosis factor-α (TNF-α), and T-bet. A representative RT-PCR profile from the
three independent experiments is shown in Figure S3. LPS induced or enhanced the
expression of the mRNA for IL-1, IL-6, IP-10, MIP-2, TNF-α, and T-bet (Figure 4, D). In
contrast, there is no difference in the expression of the mRNA for all the pro-inflammatory
mediators between unlabeled Jurkat cells and Jurkat cells labeled with IOPC-NH2 particles
(Figure S3 and Figure 4, D).

Figure 4E shows the immune response of IOPC-NH2 labeled Jurkat cells after LPS
stimulation. The release of IL-6 and TNF-α from IOPC-NH2 labeled-cells, with or without
LPS stimulation, was assayed by ELISA. The finding that IOPC-NH2 particles, unlike LPS,
do not stimulate the expression of IL-6 and TNF-α is consistent with the finding from RT-
PCR. After LPS stimulation, IOPC-NH2 labeled Jurkat cells express similar level of IL-6
and TNF-α to normal Jurkat cells.

In-vivo MRI and ex-vivo MRM studies after injection of IOPC-NH2 labeled-T-cells into rats
with transplanted hearts and lungs

IOPC-NH2-labeled rat T-cells were administered by intravenous injection into our rat
heterotopic working heart and lung transplantation model25 on post-operational day (POD)
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3. Figure 5 shows representative in-vivo MR and ex-vivo MRM images of rejecting heart
(Figure 5, A–D) and lung (Figure 5, E–H) on PODs 3 to 6. Figure 5 B and C show the in-
vivo MR images of short-axis views of the transplanted heart on PODs 4 and 5, 24-, and 48-
hour post-T-cell infusion, respectively. Localized hypointensity, caused by infiltration of
IOPC-NH2 labeled-T-cells, can be effectively detected at the rejecting allograft
myocardium. In-vivo MR images of transplanted lung also show decreased signal intensity
on PODs 4 and 5, which indicates that IOPC-NH2 labeled-T-cells migrate to the rejecting
lung also (Figure 5, F and G). Figures 5 D and H show high-resolution MRM images of
transplanted heart and lung harvested on POD 6. Punctate regions of hypointensity can be
clearly seen in the allograft heart and lung identifying single- and/or clusters of labeled T-
cells.

After MR microscopic assessment, grafts were sectioned for histopathological analysis
(Figure 6). H & E staining reveals that the allograft myocardium loses its integrity as
rejection progresses (Figure 6, A). These results are consistent with our previous work.
Prussian blue staining was carried out for iron detection (Figure 6, B). To confirm that the
cells containing IOPC-NH2 particles are indeed T-cells, anti-CD3 and anti-PEG double-
immunofluorescent stainings were performed on tissue sections. Fluorescence microscopic
images were taken on the same sample under the same field of view with a red fluorescence
channel for CD3 (Figure 6, C) and a green fluorescence channel for PEG (Figure 6, D). The
majority of cells that have green fluorescence also shows red fluorescence. Thus, the IOPC-
NH2 containing cells correlate well with the CD3-stained T-cells. These results support the
conclusion that the image hypointensity observed in the allograft hearts and lungs by in-vivo
MRI and ex-vivo MRM is due to the IOPC-NH2 labeled-T-cells infiltrating the grafts in
immune response to acute rejection.

Discussion
The main goal of this study is to develop a new MRI contrast agent, which can label non-
phagocytic T-cells with high efficiency and without the need of additional treatments. T-
cells have been implicated in many diseases and the ability to track T-cells by MRI could
assist in the early detection and treatment of diseases. Currently, the methodology to label T-
cells requires additional treatments, such as transfection agents, conjugation of HIV-1 TAT
peptide, and/or electroporation.14–17 These manipulations of T-cells and other non-
phagocytic cells can indeed successfully increase uptake of labels, but they can also produce
adverse cellular effects and add to the cost. It would be most desirable if various classes of
T-cells and other non-phagocytic cells can be effectively labeled with a new contrast agent
by simple co-incubation in a culture medium.

Recently, we have developed a new nano-sized iron-oxide particle (ITRI-IOP or IOP
particles). IOP particles are coated with PEG and show high transverse relaxivity and
biocompatibility, as well as low toxicity. PEG is an FDA approved polymer and widely used
for modifying nanoparticles due to its non-toxic, non-immunogenic, and non-antigenic
characteristics. PEG coating increases the transverse relaxivity of iron-oxide particles,
possibly due to the increased volume of slowly diffusing water surrounding each
nanoparticle.28 In-vivo tracking of macrophages labeled with IOP particles in our rat model
of cardiac-lung transplantation have shown that the IOP particles provided an MR sensitivity
comparable to MPIO particles.6 Thus, we have decided to make modifications of the IOP
particles to improve their usefulness for tracking T-cells and others.

Surface modification of iron-oxide nanoparticles is important to achieve their
biocompatibility, surface functionality, and biological applications.29–31 Polycationic
transfection agents, such as poly-L-lysine and protamine sulfate, and cell-permeating
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peptides, such as HIV-1 TAT peptides, facilitate T-cell uptake of iron-oxide particles. It has
also been shown that aminated dextran-coated SPIO particles can label T-cells.31 We have
also synthesized IOPC-NH2 iron-oxide particles to label T-cells. Although IOPC-NH2
particles exhibit a negative ζ value, these particles can be incorporated into T-cells very
efficiently (Figure 2). MRM images showed more hypointense spots from IOPC-NH2-
labeled T-cells (Figure 2, D) than from IOP- or IOPC-labeled T-cells (Figure 2, B and C),
indicating that the NH2 groups play a positive role on T-cell internalization. Recently, Tang
and Shapiro also found that aminated MPIO particles show enhanced magnetic cell labeling
despite the negative ζ value of the MPIO-NH2 particles.32 PEG coating could also facilitate
the uptake of IOPC-NH2 particles by T-cells.

IOPC-NH2 series particles are the first reported MRI contrast agents that can be
incorporated into T-cells very efficiently without the use of cell penetrating peptides,
transfection agents, or electroporation (Figure 2). The intracellular iron concentration was
determined to be 0.57 ± 0.12 pg iron/T-cell. This result is comparable to that obtained with
the use of HIV-1 TAT peptide to deliver SPIO (0.7 pg/cell) and close to the amount found
when protamine sulfate was used to deliver ferumoxides (1.5 pg/cell). We have estimated
that there are about 1.9 × 105 IOPC-NH2 particles per T-cell. Thorek and Tsourkas (2008)
did not report the intracellular iron concentrations, labeling efficiency, as well as the effects
of their aminated SPIO particles coated with dextran, styrene copolymer, or silica on T-cell
functions.31 When IOPC-NH2 was used in co-incubation, with protamine sulfate or
electroporation, we have found significant T-cell aggregation and TEM showed that the
IOPC-NH2 particles remained largely extracellular (Figure S2). Using IOP particles to label
rat macrophages, we have achieved an iron concentration of 5 pg/macrophage, which is
around 8-fold greater than the value for T-cells.6 However, T-cells have small cytoplasm.
The volume of the macrophage cytosol is much more than 8-fold greater than that of the T-
cell cytosol. Thus, the development of IOPC-NH2 particles is a great improvement in T-cell
labeling. This nanoparticle is useful for labeling other non-phagocytoic cells, such as stem
cells and cancer cells, as well.

IOPC-NH2 series particles were also conjugated to fluorescent dyes (Figure 1, A). The
fluorescent moiety facilitates quantification of cell labeling by flow cytometry, fluorescent
microscopy, and immunocytochemistical analyses of the tissue sections, which are useful to
confirm the in-vivo MRI cell-tracking results. IOPC-NH2 series particles show great r2
value (250 mM−1s−1), which is three- to four-fold greater than those of similar sized,
commonly used iron-oxide particles, USPIO and Feridex.6 Thus, IOPC-NH2 particles are
powerful T2*-weighted MRI contrast agents and can provide a sensitive cellular MRI signal.

A major issue of cell labeling is that the particles may alter cell functions. Thus, we have
investigated effects of IOPC-NH2 particles on rat and Jurkat T-cell function. Aberrant
interferon–γ expression has been associated with T-cell activation and plays a primary role
in pathogen resistance mediated by activated T-cells.33 Interleukin-2 (IL-2) is produced by
activated T-cells and regulates late proliferation of those cells in response to activation.34

Thus, any changes in the T-cell function due to incorporation of the IOPC-NH2 particles
would directly impair the expression of these cytokines. As shown in Figure 3 B and C,
there is no difference in the levels or profiles of the induced expression of interferon-γ and
IL-2 between labeled- and unlabeled- rat T-cells. CD62L is expressed in the majority of B-
and naive T-cells.35 It is rapidly shed from T-cells upon activation. CD25 is the α-chain of
IL-2 receptor.36 Thus, impairments in the T-cell function due to labeling by IOPC-NH2
particles would directly compromise these antigen expressions. No significant difference in
the level of expressed CD62L and CD25 between IOPC-NH2 labeled- or unlabeled- rat T-
cells could be detected (Figure 3, D-G). Furthermore, we have investigated the immune
response of IOPC-NH2 labeled Jurkat cells after LPS stimulation (Figure 4, E). It was found
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that IOPC-NH2 labeled Jurkat cells express similar level of IL-6 and TNF-α to normal
Jurkat cells upon LPS stimulation. Thus, IOPC-NH2 labeled-T-cells give similar immune
response to unlabeled-T-cells upon LPS stimulation. Our findings indicate that, when in-
vivo tracking studies are conducted, IOPC-NH2 labeled T-cells migrate toward an area of
inflammation and that the intracellular presence of the iron-oxide particles does not affect
the T-cell function. The impact of nano-materials on cell functions or nano-toxicity is
getting more and more attention.37 Nano-particles can interact with plasma proteins and
change cell function. Many of the studies to date that use nanoparticles for in-vivo imaging
have focused on both the sensitivity and toxicity. Work is in progress to further investigate
the nano-toxicity of IOPC-NH2 particles and test more pro-inflammatory mediators.

Since the conjugation of surface amines of IOPC-NH2 with a fluorescence dye decreases T-
cell incorporation of the particles (Figure 2, D–F), we have carried out an in-vivo MRI study
using IOPC-NH2 labeled-T-cells without fluorescence in our rat model for heart-lung
transplantation.25 In this model, acute allograft rejection is apparent on POD 3 and
becoming very severe by POD7. IOPC-NH2 labeled-T-cells were administrated on POD 3.
Localized hypointensity can be effectively detected at the rejecting heart and lung on PODs
4 and 5 by in-vivo MRI (Figure 5, B, C, F, and G). Histological analysis revealed that the
cells containing IOPC-NH2 particles are indeed T-cells and the image hypointensity
observed in the allograft hearts and lungs by in-vivo MRI and ex-vivo MRM is due to the
IOPC-NH2 labeled-T-cells infiltrating the grafts in immune response to acute rejection.
Thus, T-cells are labeled with the IOPC-NH2 particles and the infiltration of labeled-T-cells
can be detected at the allograft heart and lung by in-vivo MRI.

In conclusion, we have synthesized a new class of MRI contrast agent, IOPC-NH2 particles,
with potential clinical utility, exhibiting great transverse relaxivity, low cellular toxicity, and
excellent T-cell-labeling efficiency. IOPC-NH2 labeled-T-cells can be detected in rejecting
allograft transplanted hearts and lungs by in-vivo MRI. The IOPC-NH2 series nanoparticles
are excellent candidates for potential clinical translation for MRI-based tracking of non-
phagocytic cells, such as T-cells, B-cells, stem cells, cancer cells, etc, in vivo.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthesis and properties of IOPC-NH2, IOPC-NH2-FITC, and IOPC-NH2-DyLight 649
particles: (A) synthetic scheme of IOPC-NH2 series particles; (B) DLS analysis of the
hydrodynamic diameters of IOPC-NH2 particles; and (C–F) TEM images of IOPC, IOPC-
NH2, IOPC-NH2-FITC, and IOPC-NH2-DyLight 649 particles, respectively.
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Figure 2.
Characterization of ex-vivo labeled rat T-cells: (A–F) MRM images of gelatin phantoms of
T-cells labeled with iron-oxide particles; (A) no particles (control); (B) IOP; (C) IOPC; (D)
IOPC-NH2; (E) IOPC-NH2-FITC; and (F) IOPC-NH2-DyLight 649. MRI experiments were
carried out in an 11.7-T MRI instrument with in-plane resolution of 78 μm; (G–R) light (G,
K and O) and confocal microscopic images (H, I, J, L, M, N, P, Q and R) of T-cells labeled
with IOPC-NH2-DyLight 649 particles; (G–J) images of unlabeled T-cells (control); (K–N)
T-cells co-cultured with IOPC-NH2-DyLight 649 particles, following treatment with anti-
CD3-FITC; (N) is an overlay imaging of (L) and (M); (O–R) T-cells co-cultured with
IOPC-NH2-DyLight 649 particles, following treatment with mouse anti-PEG mAb and anti-
mouse IgG-FITC; (R) is an overlay imaging of (P) and (Q); (S–T) TEM images of T-cells
labeled with IOPC-NH2 particles; (T) is an enlarged view of cytoplasmic particles found in
(S); (U) Prussian blue iron staining of T-cells labeled with IOPC-NH2 particles; (V–Y) flow
cytometry analysis of T-cells labeled with IOPC-NH2 series particles; (V) T-cells (control);
(W) T-cells after treatment with anti-CD3-FITC; (X) T-cells labeled with IOPC-NH2
following treatment with anti-PEG mAb and anti-mouse IgG-FITC; and (Y) T-cells labeled
with IOPC-NH2-FITC particles.
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Figure 3.
Effects of IOPC-NH2 particles on rat T-cell function: (A) proliferative capacity of labeled T-
cells on day 1 and day 4, analyzed by the MTT proliferation assay; (B) interferon-γ and (C)
IL-2 release after 72-hour co-incubation of T-cells with IOPC-NH2 particles, analyzed by
ELISA cytokine assays; (D–E) CD62L and (F–G) CD25 expression after 72-hour co-
incubation, analyzed by flow cytometry.
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Figure 4.
Ex-vivo labeled Jurkat T-cells and effect of IOPC-NH2 particles on Jurkat cell function: (A)
MRM images of gelatin phantoms, (B) light microscopic images, and (C) TEM images of
Jurkat cells labeled with IOPC-NH2 particles; (D) RT-PCR evaluation for mRNA
expression in LPS stimulated-cells and IOPC-NH2 labeled-cells; (E) ELISA evaluation of
cytokine levels of IOPC-NH2 labeled-cells and un-labeled-cells after stimulation by LPS, *,
p > 0.05 compared with un-labeled-cells after LPS stimulation.
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Figure 5.
T2*-weighted in-vivo MR images and ex-vivo MRM images of allograft heart (A–D) and
lung (E–H): in-vivo MR images of (A) allograft heart on POD 3, pre-T-cell infusion; (B)
allograft heart on POD 4, 24-hour post-T-cell infusion; (C) allograft heart on POD 5, 48-
hour post-T-cell infusion; (E) allograft lung on POD 3, pre-T-cell infusion; (F) allograft
lung on POD 4, 24-hour post-T-cell infusion; and (G) allograft lung on POD 5, 48-hour
post-T-cell infusion; ex-vivo MRM images of (D) allograft heart and (H) allograft lung
harvested on POD 6.
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Figure 6.
Histopathological analyses of the allograft heart tissue harvested on POD 6: (A) optical
micrograph of tissue section stained with H&E for tissue integrity; (B) optical micrograph of
tissue section stained with Prussian blue for iron; (C–D) fluorescent microscopic images of
double immuno-fluorescent staining with (C) phycoerythrin (PE)-conjugated anti-CD3 and
(D) mouse anti-PEG mAb, following treatment with anti-mouse IgG-FITC.
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