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In vivo monitoring of magnetically labeled
mesenchymal stem cells homing to rabbit hepatic
VX2 tumors using magnetic resonance imaging
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Abstract. Although mesenchymal stem cells (MSCs) have
been demonstrated to possess a tumor-homing feature, their
tropism to liver tumors has not been delineated in a visible
manner. The aim of the present study was to evaluate the
tumor-homing capacity of MSCs and to investigate the spatial
and temporal distributions of MSCs in liver tumors using
magnetic resonance imaging (MRI). MSCs were colabeled
with superparamagnetic iron oxide (SPIO) particles and
4',6-diamidino-2-phenylindole (DAPI), and then transplanted
into rabbits with VX2 liver tumors through intravenous
injections. The rabbits were subjected to MRI before and at
3,7 and 14 days after cell transplantation using a clinical
1.5-T MRI system. Immediately after the MRI examination,
histological analyses were performed using fluorescence and
Prussian blue staining. At 3 days after injection with labeled
MSCs, heterogeneous hypointensity was detected on the
MRI images of the tumor. At 7 days after transplantation,
the tumor exhibited anisointense MRI signal, whereas a
hypointense ring was detected at the border of the tumor. At
14 days after transplantation, the MRI signal recovered the
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hyperintensity. As demonstrated in the histological analyses,
the distribution of the iron particles visualized with Prussian
blue staining was consistent with the DAPI-stained bright
fluorescent nuclei, and the particles corresponded to the
hypointense region on the MR images. Thus, systemically
administered MSCs could localize to liver tumors with high
specificity and possessed a migration feature with active
tumor growth. These results demonstrated that the targeting
and distribution of the magnetically labeled stem cells in the
tumor could be tracked for 7 days in vivo using a clinical
1.5-T MRI scanner.

Introduction

Therapies for hepatocellular carcinomas (HCCs) remain a
global problem. Until now, HCCs have been difficult to treat
using traditional methods, including surgery and internal
medicine. Gene therapy, a modern molecular therapeutic
strategy, has a promising future in the treatment of HCCs (1,2).
However, the low targeting specificity and the poor transduc-
tion efficiency of the therapeutic gene caused by the lack of
tumor selectivity are still the main challenges in the gene
therapy field. The use of stem cells as vehicles that effectively
carry the therapeutic gene and facilitate tropism to the tumor
has attracted substantial interest (3.,4).

Bone marrow-derived mesenchymal stem cells (MSCs)
differentiate into cells of multiple lineages, including
osteocytes, adipocytes, myocytes, neurocytes and hepato-
cytes (5-9). To date, MSCs have been widely used in tissue
engineering and regenerative medicine. As reported in
recent studies, MSCs exhibit tropism to liver tumors. These
stem cells could be recruited to and specifically target the
tumor to participate in the formation of the tumor stroma in
response to signals sent from the tumor microenvironment
(10,11). This tumor-targeting feature makes MSCs a potential
candidate for delivering therapeutic genes in gene therapy
strategies. MSCs appear to be more advantageous than other
cell types due to their abundance, accessibility and ease of
genetic manipulation.
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The main issue in cell-based therapeutic strategies is how
to monitor the fate and migration of cells after injection. A
noninvasive method has been developed to track and quan-
tify the transplanted cells by labeling the cells in vitro with
superparamagnetic iron oxide (SPIO) nanoparticles, followed
by magnetic resonance imaging (MRI) in vivo (12-16). Our
previous study investigated the feasibility of MRI of stem
cells that had been transplanted in an acute injury liver model
and observed highly specific tropism of magnetically labeled
MSC:s to the injured liver tissue that was efficiently monitored
using MRI (16). To date, there has been no report concerning
the in vivo tracking of the tropism of MSCs to liver tumors
with MRI. Therefore, the aim of the present study was to
evaluate the homing capacity of MSCs to liver tumors and to
delineate the spatial and temporal distributions of MSCs in
liver tumors after transplantation using a clinical 1.5-T MRI
system.

Materials and methods

Animals. New Zealand white rabbits (n=10) were used in this
study; 2 were used to harvest MSCs, and 8 were used to establish
the tumor model. The animals were provided by the Medical
Experimental Animal Center of the Third Military Medical
University (Chongging, China) and were maintained under
conventional conditions in the Laboratory Animal Center of
Chongqing Medical University (Chongqing, China). All the
animal experiments were approved by the Ethics Committee of
Chongqing Medical University (Chongging, China) and were
performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of
Chongging Medical University. All surgeries were performed
under anesthesia with intraperitoneal sodium pentobarbital
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) at
a dose of 30 mg/kg, and all efforts were made to minimize
suffering.

Cell harvest and culture. The MSCs were harvested from the
long tubular bones of donor rabbits using Caplan's method
(17). Briefly, New Zealand white rabbits (150-200 g) were
euthanized by cervical dislocation, and the femurs and tibias
were isolated. Bone marrow was flushed out from the long
bones with Dulbecco's modified Eagle's medium (DMEM,;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supple-
mented with 10% fetal bovine serum (FBS; Sigma-Aldrich;
Merck KGaA), antibiotics (50 pg/ml streptomycin and 50 IU
penicillin/ml) and heparin (10,000 U/ml; Sigma-Aldrich;
Merck KGaA). Subsequently, the bone marrow suspension
was centrifuged at 251.78 x g at room temperature for 10 min
to isolate the MSC cells. These cells were transferred into a
25-cm? plastic flat-bottom flask and cultured with DMEM
supplemented with 10% FBS and antibiotics. A total of 24 h
later, the MSCs adhered to the flask bottom and formed cell
colonies. The non-adherent cells were removed from the
culture media by repeated washes with phosphate-buffered
saline (PBS, pH 7.4) and a subsequent medium change. After
reaching 80-90% confluence, the cells were collected using
0.25% trypsin (Sigma-Aldrich; Merck KGaA) and passaged
at a ratio of 1:3. After 3 passages, the cells were harvested for
further experiments.
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Cell labeling. The MSCs were colabeled with SPIO particles
and 4'.6-diamidino-2-phenylindole (DAPI; Shanghai
Bioengineering Co., Shanghai, China) according to a previously
developed protocol (16). Briefly, the SPIO particles (Feridex;
50 pug/ml; Advanced Magnetics, Cambridge, MA, USA) were
mixed with the transfection agent poly-L-lysine (PLL; Shanghai
Bioengineering Co., Shanghai, China) in culture media to
obtain a Feridex-PLL complex (the final concentrations were
25 pg/ml for Feridex and 0.75 pg/ml for PLL). Following this,
the culture medium containing the Feridex-PLL complex was
supplemented with DAPI at a final concentration of 50 pyg/ml.
Finally, the culture media containing both the Feridex-PLL
complex and DAPI were incubated with the cells at room
temperature. After a 24-h staining, the excess Feridex-PLL
and DAPI were removed by repeated washes with PBS, and
the colabeled MSCs were harvested for the subsequent studies.
Prussian blue staining was performed at room temperature for
30 min to assess the magnetic labeling efficiency of the labeled
cells using a previously reported protocol (16).

Assessment of cell viability. Cell viability was assessed using
the trypan blue dye exclusion method. Atday 1 and 1,2, 3 and
4 weeks after labeling, the cells were exposed to trypan blue
dye at room temperature for 5 min. Subsequently, the treated
cells were observed using a BH2 light microscope (Olympus
Corporation, Tokyo, Japan). The non-labeled cells were treated
in the same manner as the control. The ratio of the non-stained,
viable cells to the total cells (non-stained, viable cells and the
stained, nonviable cells) was calculated and defined as the
trypan blue resistance rate. The observer was blinded to the
labeling procedures to ensure the accuracy of the test.

Animal model and cell transplantation. Adult New Zealand
white rabbits of mixed genders, weighing 3.0-3.5 kg, were used
to establish the liver tumor model. The tumor implantation
procedures are described below. First, the animals were anes-
thetized with an intravenous injection of 30 mg/kg body weight
sodium pentobarbital (Shanghai Sino-West Pharmaceutical
Co., Shanghai, China). Second, a midline laparotomy was
performed to expose the liver and a 1-mm?® VX2 tumor frag-
ment was inserted into the subcapsule of the right-medial
lobe of the rabbit liver. Next, the liver capsule was manually
compressed for ~2 min, and the abdomen was sutured in two
layers. The implanted tumor blocks were allowed to grow
in the livers for 1 week to develop into solitary lesions with
a diameter of ~1 cm, which were detected using MRI. New
Zealand white rabbits with tumors (n=8) were randomly
divided into two groups. In the labeled cells group (n=4),
rabbits were intravenously injected with 1x10° magnetically
labeled MSCs resuspended in 1 ml DMEM via the marginal
ear vein, and the rabbits in the control group (n=4) received the
same quantity of non-labeled MSCs.

Invivo MRI. The rabbits in the experimental and control groups
were subjected to MRI immediately before and at 3, 7 and
14 days after cells transplantation. MRI was performed using a
clinical 1.5-T MRI system (Signa Excite HD, General Electric,
Milwaukee, WI, USA) with a kneel coil. A T2*-weighted
gradient-echo sequence was applied to obtain MR images.
The imaging acquisition parameters were: TR:TE=25/12, with
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Figure 1. Prussian blue staining of MSCs. (A) Numerous Prussian blue-stained iron particles were detected in the cytoplasm of MSCs at 1 day after magnetic
labeling. At (B) 1, (C) 2, and (D) 3 weeks after labeling, the intracellular Prussian blue-stained iron particles faded as the stem cells proliferated. (E) At 4 weeks
after labeling, only a few Prussian blue-stained particles were detected. (F) No Prussian blue-stained particles were observed in the unlabeled cells. Scale

bar=20 ym. MSCs, mesenchymal stem cells.

a flip angle of 15; field of view: 180x150 mm; matrix size:
256x256; section thickness: 2 mm; number of acquisitions:
2. The signal patterns of the tumors and the adjacent hepatic
parenchyma were observed and compared.

Postmortem analysis. Histological analyses were performed
immediately after the MRI examination. One experimental
rabbit and one control rabbit were sacrificed by an intra-
peritoneal injection of an overdose of pentobarbital sodium
at each time point. By midline laparotomy, the liver tumors
were extracted from the abdominal cavities of rabbits. The
liver specimens were then prepared by freezing, embedding in
paraffin, and sectioning into 5-ym-thick slices. Subsequently,
Prussian blue staining (at 4°C for 30 min) and fluorescent
observations were alternatively performed on adjacent slices
using our previously described protocol (16). The aim was
to identify DAPI and Prussian blue double-positive cells.
The kidneys, spleens, lungs, hearts, brains and muscles were
also subjected to the same histological analyses to assess the
distribution of the cells throughout the rabbits using a BX53
fluorescence microscope (Olympus Corporation).

Statistical analysis. All data are expressed as the mean + stan-
dard deviation, and an independent sample t-test was performed
to compare the viability of the labeled and non-labeled cells at
various time points. The statistical analyses were performed
using SPSS version 18 (IBM Corp., Armonk, NY, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

In vitro observations of the labeled MSCs. At 1 day after
labeling, numerous Prussian blue-stained iron particles were

detected in the cytoplasm of MSCs (Fig. 1A). Thereafter, the
intracellular Prussian blue-stained iron particles faded as
the cells proliferated (Fig. 1B-D). At 4 weeks after labeling,
only a small number of Prussian blue-stained iron particles
were observed (Fig. 1E). In contrast, no Prussian blue-stained
particles were observed in the unlabeled cells (Fig. 1F).

Cell viability, which is presented as the trypan blue resis-
tance rate, was not significantly different between the labeled
and non-labeled MSCs at 1 day and 1, 2, 3 and 4 weeks after
labeling (Fig. 2).

In vivo MRI of transplanted MSCs. Prior to injection of the
labeled MSCs, the liver tumor exhibited hyperintensity in
the T2*-weighted MR images (Fig. 3A). At 3 days after cell
injection, MRI showed heterogeneous hypointensity in the
tumor, with an unclear demarcation (Fig. 3B). At 7 days after
cell injection, the tumor exhibited an isointense MRI signal,
whereas a hypointense ring was detected at the border of the
tumor (Fig. 3C). At 14 days after injection, the MRI signal
recovered the hyperintensity to the level observed prior to the
cell transplant (Fig. 3D). In contrast, the control rabbits infused
with unlabeled cells did not exhibit any changes in the tumor
or liver signals within the 2 weeks of follow-up examinations
with MRI (data not shown).

Postmortem analysis. The histological findings, including the
Prussian blue staining and fluorescence imaging, primarily
revealed labeled MSCs in the liver tumors, rather than the
non-tumor liver tissue and other organs. Thus, the MSCs
targeted the liver tumor with a high specificity. According to
the Prussian blue staining, numerous Prussian blue-stained
iron particles were detected throughout the tumor at 3 days
after cell injection, compared with a few Prussian blue-stained
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Figure 2. Comparison of cell viability between the labeled and non-labeled
cells. Within 4 weeks after cell labeling, no significant difference in trypan
blue resistance rate was observed between the labeled and non-labeled cells.
Data are presented as the mean + standard deviation.

iron particles in the adjacent liver tissue (Fig. 4A). However,
at 7 days, the Prussian blue-stained iron particles were mainly
located at the border of the tumor (Fig. 4B). At 14 days after
cell injection, the iron particles remained at the border of
the tumor, although the number was obviously decreased
(Fig.4C). This distribution paralleled the distribution observed
in the MR images and reflected MSC migration with active
tumor growth. Fluorescence microscopy of adjacent sections
revealed that the bright, DAPI-stained and fluorescent nuclei
matched the distribution of the Prussian blue-stained iron
particles (Fig. 5). Therefore, the iron particles remained in the
originally labeled cells.

Discussion

As demonstrated in the present study, systemically adminis-
tered MSCs migrate to hepatic tumors with high specificity,
similar to the results observed in our previous study investi-
gating MSC tropism to acutely injured rat livers (16). After
homing to the tumor bed, the MSCs scattered throughout the
tumor at an early stage and gradually migrated to the border
of the tumor at a later stage. The recruitment and distribution
of the magnetically labeled MSCs in the liver tumor could be
tracked in vivo for 1 week using a 1.5-T clinical MRI scanner.
These attributes would provide a short-term in vivo monitoring
strategy for a tumor-targeted therapy.

Homing of MSCs toward experimental tumors has been
reported in several animal models, including brain glioma
(18), breast cancer (19), lung cancer (20), colon cancer (21) and
liver cancer (22). Based on these studies, chemokines released
from the tumors are likely to be involved in the mechanism by
which MSCs home to tumors. These chemokines would attract
stem cells in a manner similar to the mechanism by which
the inflammatory factors recruit leukocytes (23). However, the
specific chemokines and their contributions to the homing and
migration of MSCs have not been well delineated. In contrast
to the definite protective effect of leukocytes, the real func-
tion of MSCs homing to tumors remains unclear. MSCs were
previously demonstrated to promote tumor growth and metas-
tasis by enhancing the tumor neovasculature (24-26), whereas
in recent studies, the MSCs did not appreciably contribute to
tumor development (27). Furthermore, in other studies, MSCs
suppressed tumor progression by modifying and reducing
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tumor vessels (28,29). These contradictory findings may be
attributed to the differences in experimental systems or animal
models used. In our study, the distribution of systemically
transplanted MSCs in liver tumors varied temporally and
spatially with the development of the tumor. At an early stage
of tumor growth, the MSCs mainly infiltrated the tumor bed
and were scattered throughout the tumor. However, at a later
stage, most of the labeled stem cells were detected between the
tumor and the surrounding normal parenchyma. Based on these
observations, the stem cells migrate in the tumor during tumor
growth. Stem cell migration seemed to be associated with the
tumor neovasculature, which spread throughout the entire
tumor at an early stage and extended to the surrounding region
during tumor growth and infringement. In a previous study,
Wu et al (18) observed the same distribution of transplanted
stem cells in gliomas and verified that the stem cells were
incorporated into the tumor vessels. Unfortunately, the present
study did not investigate the stem cell outcomes because the
aim was to visualize the stem cells using MRI; in addition, the
stem cells were not visible after 7 days post-transplantation. In
this short time period, it is impossible for the stem cells to have
been incorporated into the tumor vasculature or differentiated
into vascular-related cell lines. A further study should be
performed to elucidate the mechanism by which the stem cells
migrate in the liver tumor.

Because MSCs have a tumor-homing property and poten-
tial applications in tumor gene therapy as a delivery vehicle,
the grafted MSCs must be assessed in vivo using a noninvasive
method. Recent studies have confirmed the feasibility of using
MRI to track the stem cells pre-labeled with iron particles
prior to transplantation (30-32). In liver cancer, histochemical
methods and fluorescence imaging have been used to verify
the tumor homing of stem cells (33-36). However, the spatial
and temporal distribution of grafted stem cells in the tumor
has not been determined. In the present study, homing of the
magnetically labeled stem cells to the tumor was observed
as a dark signal on the T2*WI images, due to the incorpora-
tion of the iron oxide nanoparticles within the cytoplasm. In
addition, the dark signal was distributed throughout the tumor
at an earlier stage, but it was mainly located at the border of
the tumor at a later stage. This pattern of change in the MRI
signals paralleled the results of the Prussian blue staining. At
14 days after MSC transplantation, a small number of Prussian
blue-positive cells were still observed at the periphery of the
liver tumor, whereas no signal change was detected with MRI.
Thus, the 1.5-T MRI scanner used in the present study was
not sensitive enough to trace the magnetically labeled stem
cells due to the reduced number of cells and the dilution of
the intracellular iron particles. Therefore, a more effective
visualization of the transplanted stem cells at higher magnetic
field strengths would be expected.

One problem associated with the SPIO-based in vivo MRI
tracking of stem cells is determining whether the MRI signal
void is generated by the iron particles in the pre-labeled cells.
Based on previous studies, the iron particles may be released
from dead cells or may be taken up by macrophages, which
could lead to misinterpretations of the MRI findings (37,38).
In the present study, stem cells were colabeled with SPIO
particles and DAPI, and iron was co-localized with the fluo-
rescent marker DAPI in the histological analyses. This result
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Figure 3. MRI of the liver tumor before and after transplantation of labeled MSCs. (A) The liver tumor was hyperintense on the T2*-weighted image prior
to the administration of MSCs. (B) At 3 days after the injection of superparamagnetic iron oxide-labeled MSCs, MR imaging demonstrated heterogeneous
hypointensity in the tumor, with an unclear demarcation. (C) At 7 days after transplantation, the MRI signal of the tumor reverted back to isointensity, whereas
a hypointense ring was detected at the tumor border (white arrows). (D) At 14 days after transplantation, the hypointense ring disappeared, and the MRI signal
recovered to the level observed prior to transplantation. MSCs, mesenchymal stem cells; MRI, magnetic resonance imaging.

Figure 4. Prussian blue staining of the liver tumor after transplantation of labeled stem cells. (A) At 3 days after cell transplantation, Prussian blue-stained iron
particles were primarily distributed throughout the liver tumor, rather than non-tumor liver tissue. (B) At 7 days after cell transplantation, Prussian blue-stained
iron particles were mainly located at the tumor border. (C) At 14 days after cell transplantation, Prussian blue-stained iron particles remained at the tumor
border, although the number of stained cells was obviously decreased. Scale bar=100 pm.

A- I3- C-

Figure 5. Fluorescence micrographs of the liver tumor after transplantation of labeled stem cells. (A) Numerous DAPI-positive nuclei were distributed
throughout the liver tumor at 3 days after stem cell transplantation. (B) The DAPI-positive nuclei were mainly located at the tumor border 7 days after stem cell
transplantation. (C) At 14 days after stem cell transplantation, the DAPI-positive nuclei remained at the tumor border, although the number of DAPI-positive
cells was obviously decreased. The distribution of the DAPI-stained blue fluorescent nuclei paralleled the distribution of the Prussian blue-stained iron
particles. Scale bar=100 ym. DAPI, 4',6-diamidino-2-phenylindole.
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excluded the possibility that the MRI signal was generated
by the iron released from dead stem cells. On the other hand,
both the MRI and histological findings demonstrated varied
distribution patterns of cells at the different time points,
which is consistent with the migratory feature of stem cells
other than of phagocytes. If the released iron was taken up
by phagocytes in the tumor, the change in the signal would
be persistent. However, in the present study, the change in the
MRI signal was not detected at 7 days after cell transplanta-
tion, indicating that most of the iron in the stem cells had
been cleared from the tumors and was not retained in the
phagocytes.

Currently, SPIOs are the most widely used contrast agents
for labeling and tracking diverse cells, due to their high relax-
ivity (39-41). However, long-term tracking of the transplanted
cells is not possible using this direct labeling approach due to
the continuous reduction of the contrast agent in the cells as
they divide (42-44), which is also the main limitation of this
study. In the present study, the MRI tracking period was only
1 week, which is insufficient to monitor the fate of the trans-
planted stem cells. To circumvent this problem, it is urgent that
a genetic MRI reporter system be used. Prior to transplanta-
tion, the cells are transfected with a constitutively expressed
reporter gene and subsequently produce MRI contrast within
the cells (45). In such a manner, the transplanted stem cells
could be persistently traced in vivo.

In conclusion, the present study demonstrated that system-
ically administered MSCs can migrate to liver tumors with
high specificity. The distribution patterns of the stem cells in
the tumors indicated that the stem cells possess a migratory
property with active tumor growth. These results indicated
that the targeting and distribution of the magnetically labeled
stem cells in liver tumor can be tracked in vivo using a clinical
1.5-T MRI scanner. However, the duration of the MRI tracking
is only 1 week because the intracellular iron is diluted as the
cells proliferate. Thus, a genetic MRI reporter system must
be developed for long-term longitudinal in vivo tracking of
stem cells used as a therapeutic strategy.
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