
Prnano.com, https://doi.org/10.33218/001c.xxxx  Andover House, Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-4.0 

1252 

 Open Access          Research Article 

             Precis. Nanomed. 7(1):1252-1263, 2024                          

Magnetic resonance imaging of mesenchymal stem cell – migration 
towards glioblastoma using nano-calcium phosphate contrast agent  
Ida M. Anna, Genekehal Siddaramana Gowd, Anusha Ashokan, Maneesh Manohar, Shantikumar V 

Nair, Kishore Bhakoo, Manzoor Koyakutty* 

Amrita School Of Nanosciences and Molecular Medicine, Amrita Vishwa Vidyapeetham, Kochi, Kerala – 
682041, India 

Submitted: November 1, 2023            Accepted: February 19, 2024              Published: February 20, 2024 

Graphical Abstract 

 
Abstract 
Tracking stem cell homing to the brain, their infiltration, and brain tissue distribution are critical for 

evaluating the efficacy of stem cell-based anti-glioma therapy. Here, we report the use of a biomineral 
magnetic nano-contrast agent, Fe-doped calcium phosphate nanoparticles (nCP:Fe), to label mesenchy-
mal stem cells (MSCs) and track their migration toward brain tumors using magnetic resonance imaging 
(MRI). nCP:Fe labeled MSCs implanted intra-ventricularly in a rat C6-glioma model showed longitu-
dinal migration towards tumor region over 14 days, detected as hypointense signals in T2/T2* 
weighted-MR images, which was confirmed ex vivo using histological staining. Although a small frac-
tion of implanted MSCs migrated to the tumor site, the study demonstrates that MRI tracking of stem 
cells using nCP:Fe nano-contrast agent will facilitate a better assessment of the efficacy of stem cell-
guided anti-tumor therapy.
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Rationale, Purpose, and Limita-
tions 

This study aims to analyze the possibility 
of non-invasive tracking of the migration of 
magnetically labeled stem cells toward brain 
tumors. The study demonstrates that a bio-min-
eral MR contrast agent, nano-calcium phos-
phate doped with iron (nCP:Fe), can be used 
to label mesenchymal stem cells (MSCs) 
and delineate their pattern of infiltra-
tion into the tumor by MRI after intra-ventricu-
lar injection in an orthotopic rat-glioma 
model. However, a detailed investigation of 
the in vivo fate of the injected cells, as well as 
their survival, functionality, immune response, 
and long-term effect, has to be exam-
ined. Overall, this study indicates the potential 
of nCP:Fe nano-contrast agent for labeling stem 
cells and tracking their migration towards solid 
brain tumors using MRI, which may benefit op-
timizing and improving MSC-based anti-gli-
oma therapies. 

Introduction 
Stem cell therapy has been reported as a 

promising strategy for the management of ma-
lignant brain tumors, especially glioblastoma 
multiforme (GBM).[1]–[3] Several studies re-
ported that, among stem cells, mesenchymal 
stem cells (MSCs) possess unique tumor-target-
ing properties (tropism), and they can migrate 
towards glioma after intracranial or intra-arte-
rial/intravenous implantation with a maximum 
reported migration efficiency of ~ 20%.[4]–[6] 
Furthermore, studies have demonstrated that 
migrated MSCs can infiltrate and exert an in-
hibitory effect on tumor progression by impair-
ing angiogenesis or inducing apoptosis in tumor 
mass.[7]–[9] However, some reports pointed 
out that MSCs may also show bi-directional and 
paradoxical immune-suppressive effects lead-
ing to enhanced tumor growth depending on the 
tumor microenvironment and their interaction 
with tumor cells.[10],[11] Therefore, monitor-
ing the efficiency of stem cell migration, intra-
tumoral distribution, and their effect on tumor 
growth are essential considerations in optimiz-
ing stem-cell-based anti-tumor therapies. In this 
context, real-time, non-invasive tracking of im-
planted stem cells in the brain has significant 
utility. 

Magnetic resonance imaging (MRI) has be-
come a widely preferred imaging modality for 
tracking transplanted cells in vivo because of its 
high spatio-temporal resolution and absence of 
ionizing radiation.[12] Moreover, MRI is used 
routinely in clinical diagnosis and post-treat-
ment surveillance of malignant brain tumors. 
Therefore, MR imaging can be a reliable, non-
invasive technique to image and track the tu-
mor-tropism of intra-cerebrally-implanted stem 
cells serially, provided the cells are pre-labeled 
with biocompatible magnetic contrast agents. 
In the past decade, iron oxide nano-contrast 
agents, principally superparamagnetic iron ox-
ide nanoparticles (SPIONs), have been used as 
T2-contrast agents to label and track stem cells 
using MRI.[13]–[15] Recently, some studies 
have used this strategy successfully to demon-
strate the migration of stem cells to malignant 
glioma in experimental tumor mod-
els.[6],[16],[17] However, reports are stating 
that excess doses of iron in SPION-labeled cells 
can cause reactive oxygen species (ROS)-medi-
ated oxidative damage, leading to an adverse 
impact on significant stem cell func-
tions.[18],[19] Moreover, many of the SPION-
based commercial MR contrast agents such as 
Feridex® IV, Resovist®, Combidex®, and Si-
nerem® have been withdrawn due to their tox-
icity profiles.[20], [21]  

Previously, our group reported a biomineral-
based nano-contrast agent, namely doped cal-
cium phosphate nanoparticles, and explored its 
use for theranostic and imaging applications. 
[22]–[25] Recently, we have also reported the 
potential of this nano-contrast agent, calcium 
phosphate nanoparticles doped with 9.8 wt% of 
Fe3+ (nCP:Fe), to label stem cells and demon-
strated its feasibility to track cell migration, 
post-intra-cerebral implantation in a lipopoly-
saccharide (LPS) induced inflammatory rat 
brain model, using MRI.[26] We found that the 
labeled MSCs migrated from their implanted 
site toward the site of inflammation, which was 
detected as a progressively increasing dark sig-
nal at the inflammatory region for up to 30 days. 
The present study demonstrates the MRI-based 
tracking of nCP:Fe-labeled stem cells during 
their migration towards an aggressively grow-
ing orthotopic brain tumor after intra-ventricu-
lar implantation.  
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Results and Discussion 
We have synthesized nCP:Fe nanoparticles 

using a wet-chemical method, as discussed in 
our previous study.[26] The nanoparticles 
(NPs) are redispersed in milli. Q water showed 
an average hydrodynamic size of 134.3 ± 62.2 
nm (Figure 1A) and a negative surface charge 
of -16.7 ± 6.50mV (Figure 1B). The scanning 
electron microscope (SEM) image (Figure 1C) 
indicated the formation of spherical NPs with 
an average size range of 140-195nm. The mag-
netic properties of nCP:Fe were studied in de-
tail in our previous report on demonstrating the 
feasibility of these NPs for MRI-assisted ra-
diofrequency ablation of liver tumors.[23] The 
vibrating sample magnetometer analysis indi-
cated that nCP:Fe exhibited a paramagnetic be-
haviour with a dose-dependent increase in its 

paramagnetic property according to the in-
creased doping concentration of Fe3+ ions.[23] 
Further, to investigate the application potential 
of nCP:Fe NPs in the context of cell labeling 
and tracking, we examined the T2-contrast 
properties using 7.0 T preclinical MRI in our 
previous study.[26] As reported, the T2 and 
T2* weighted images showed reduced proton 
relaxation time (increase in dark signal) with in-
creased nCP:Fe NPs concentrations.[26] These 
NPs were used to label MSCs isolated from rat 
bone marrow by co-incubating the cells with 
NPs in opti-MEM media. Following the opti-
mized labeling conditions reported in our ear-
lier study, we labeled MSCs with 100 µg/mL of 
nCP:Fe for 6 hours, and the cellular labeling 
was analyzed using Prussian-blue staining.[26] 
In the Prussian-blue image (Figure 1D), the 
blue spots seen in the cells clearly indicate the 
presence of nCP:Fe within the labeled cells. 

 
Figure 1. A) DLS, B) Zeta potential, and C) SEM image of nCP:Fe D) Prussian-blue staining of MSCs 

labeled with nCP:Fe, at optimized labeling conditions (100 µg/mL nCP:Fe; 06 hrs incubation time)  

In the previous study, we showed that this 
protocol has resulted in ~ 87% labeling effi-
ciency with ~ 22.34 pg Fe/cell (quantified using 
ICP), which was good enough to provide de-
tectable T2-contrast for labeled stem cells in the 
brain.[26] In addition, we have demonstrated 
that nCP:Fe labeling has no negative impact on 

stem cell viability, proliferation potential, and 
neuronal differentiation potential in vitro.[26] 
Further, the low ROS levels, unaltered surface-
marker expression, and intact cellular cytoskel-
eton arrangement in labeled cells indicated the 
compatibility of nCP:Fe with stem cells.[26] 
Though the transverse relaxivity (r2) of nCP:Fe 
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(~16.132 mM-1sec-1) was low compared to SPI-
ONs available in market (such as Feridex, r2 at 

7T :166.71 mM-1sec-1 and Feraheme,r2 at 7T :68 
mM-1sec-1), nCP:Fe delivered evident T2 con-
trast for labeled stem cells with an in vitro de-
tectability up to 104 cells, and in vivo MR im-
age-ability in brain up to 30 days, at the concen-
tration of ~ 22.34 pg Fe/cell.[26] Thus, the low 
doping concentration of Fe3+ ions (~ 9.81 wt%) 
within the NPs and its biomineral composition 
makes nCP:Fe a promising biocompatible 
nano-contrast agent for stem cell labeling and 
tracking 

To evaluate the response of labeled stem cells 
on the growth of glioma cells in vitro, a prelim-
inary study was conducted by co-culturing 
nCP:Fe labeled stem cells with carboxyfluo-
rescein succinimidyl ester (CFSE)-stained 
rat C6-glioma cells, and their interaction was 

monitored live for 18hrs using a confocal mi-
croscope. The fluorescently (CFSE-Green) 
stained C6-glioma cells were attached to the 
culture plate (denoted as ‘G’ in Figure 2A), and 
an equal number of nCP:Fe labeled MSCs (seen 
as round-shaped suspended cells, denoted as 
‘M’ in Figure 2B) were seeded onto the culture 
dish for the study. Interestingly, the glioma 
cells that were attached to the plate (with spin-
dle-shaped morphology) were found floating 
after 3–4 hrs of the co-culture (denoted by the 
yellow arrows in Figure 2C), and the labeled 
MSCs started attaching to the plate, followed 
by attaining its typical morphology (Figure 2C). 
Further, it was visually noticed that, by 6-8 
hours, most of the glioma cells were detached 
from the culture plate and suspended in the me-
dia (Figure 2D), while the stem cells were com-
pletely attached to the plate.  

 
Figure 2. Microscopic images of labeled MSCs co-cultured with C6-glioma cells in vitro A) C6-gli-

oma cells (green) stained with CFSE (denoted as ‘G’) B) labeled MSCs added into the culture plate 
(denoted as ‘M’). Microscopic images of the cells after C) 3hrs, D) 6hrs, E) 12hrs, and F)18hrs of co-
culture. (glioma cell detached and suspended in culture is indicated by yellow arrows, denoted as ‘G’) 
(scale bar represents 50 µm, Images acquired from the same field of view using confocal live-cell im-
aging under CO2 incubation at 37oC)  

Over a period, the suspended glioma cells 
were found to have cell shrinkage (Figure 2E 

with the zoomed image of the inset below) to-
gether with membrane blebbing (Figure 2F 
with a zoomed image of the inset below), 
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whereby these morphological changes indi-
cated the occurrence of apoptotic cell death in 
glioma cells [27]–[29]. Meantime, the labeled -
MSCs attached to the plate were divided and 
expanded without any observable negative im-
pact on their viability (Figure 2F and supple-
mentary data – Movie S1). These observations 
indicated that the labeled MSCs exerted an in-
hibitory effect on the growth of glioma cells in 
vitro.  

Several studies have investigated the anti-tu-
mor properties of MSCs, both in vitro and in 
vivo, and proposed their inhibitory effect on tu-
mor cells through the induction of apopto-
sis.[9],[30] Yang et al. demonstrated that MSC-
conditioned media could significantly inhibit 
the growth of human U251 glioma cells in vitro 
by inducing apoptosis in cells by up-regulating 
apoptotic genes (caspase-3 and caspase-9) and 
down-regulating anti-apoptotic genes (survivin 
and XIAP).[31] In another study, Ho et al. re-
ported that MSCs inhibited the growth of hu-
man glioma cells and patient-derived primary 
glioma cells in vitro by inducing apoptosis.[7] 
Our finding also suggested that nCP:Fe labeled-
MSCs could exert an inhibitory effect on the tu-
mor cells in vitro, and the anti-tumor property 
of MSCs is not affected adversely by the NP la-
beling. However, cytochemical determination 
and quantitative assessment of apoptotic cell 
death of glioma cells have to be evaluated, and 
the specific cellular mechanism underlying the 
observed inhibitory effect by MSCs needs fur-
ther investigation. 

Furthermore, to track and delineate the migra-
tory pattern of labeled MSCs toward glioma, 
we established an orthotopic tumor in a rat brain 
by injecting C6-glioma cells in the right cere-
bral hemisphere, as reported previously.[32] 
After seven days, we implanted nCP:Fe la-
beled- MSCs into the left lateral ventricle and 
monitored the mobility of stem cells using MRI 
for 14 days. Figure 3 represents the MRI images 
of different rat brain sections (axial, coronal, 
and sagittal sections) taken on Days 0-14, post-
stem cell implantation. On the day of stem cell 
implantation (7th day of tumor induction), a 
small lesion was seen at the site of injection of 
glioma cells (G-SOI) in T2-weighted MR im-
ages (Figure 3A). Immediately after the labeled 
cells were delivered into the left lateral ventri-
cle, hypointense signals (red arrows) were de-
tected in T2-weighted MR images, which were 

enhanced in T2*-weighted images of axial sec-
tions (Figure 3A-lower panel). The labeled 
cells, denoted as ‘LC,’ were dispersed in the 
cerebrospinal fluid (CSF) in the ventricular re-
gion, making the whole area dark. Respective 
coronal and sagittal-section-MR images also 
showed dark regions of labeled cells. The T2 
values at different brain regions were measured 
from the T2 maps. The T2 value at the left-ven-
tricular region, where the labeled cells were in-
jected, was 39.2 msec, which was significantly 
lower than the typical T2 value of the CSF-
filled right-ventricular space (103.9 msec) and 
the cerebral striatum (50.7 msec), where cell in-
jection was not done. The substantial reduction 
in T2 value clearly indicates the presence of la-
beled cells in the left ventricles.  

On Day 5 (the 12th day after tumor cell inocu-
lation), the orthotopic tumor was distinguished 
as a distinct mass (blue dotted lines, denoted as 
‘G’) with a hyper-intense signal in the T2-MR 
image (Figure 3B). This was reflected in the T2 
value at the tumor region (68.3 msec), which is 
comparatively higher than that of the striatum 
(50.7 msec). A few small discontinuous dark 
curves appeared near the tumor margin. A few 
dark spots were seen within the tumor region 
(yellow-dotted circles in Figure 3B) in the axial 
T2/T2*-MR images (in consecutive sections), 
indicative of the presence of labeled cells in the 
tumor region (denoted as ‘M-LC-G’ in Figure 
3B). The T2 value at this hypointense region 
was 45.2 msec, which was relatively lower than 
that of the tumor mass (68.3 msec), which 
makes the area distinguishable from the fairly 
bright tumor background. These dark signals 
were also observed in their respective coronal 
and sagittal-section MR images, indicating that 
although most of the implanted labeled MSCs 
remained at the site of injection (left-ventri-
cles), a few cells could migrate from the ventri-
cles to the glioma region. It was also noticed 
that the implanted labeled cells that remained in 
the ventricles were seen as a hypointense signal 
but with low signal intensity as compared to the 
day of implantation. This reduction in the signal 
intensity was reflected as a slight increase in the 
average T2 value - 47.8 msec- compared to that 
observed for the implanted labeled cells on Day 
1 of implantation (39.2 msec). This could be 
due to the lower cell number (dilution) resulting 
from their diffusion to the CSF in ventricles or 
migration towards the tumor site.  
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Subsequently, after the first week and second 
weeks of transplantation, the size of the tumor 
mass was found to be increasing, with a higher 
number of dark spots appearing in the tumor re-
gion (yellow-dotted circles in Figure 3C and 
Figure 3D), indicating the gradual migration 
and infiltration of labeled MSCs into glioma. 
After two weeks, the average T2 value of the 
implanted labeled cells that remained in the 
ventricular region was further increased to 52.8 
msec, which indicated the lowering of injected 
cell number due to their diffusion into ventri-
cles or migration to the tumor. The average T2 
value at the region of dark spots within the tu-
mor area was 51.9 msec, which was lower than 
that of the other tumor region (58.8 msec). This 
difference in T2 value suggests that the mi-
grated cells are distinguishable from the hyper-
intense tumor mass in MRI. However, com-
pared to the injection site, the magnitude of the 
hypointense signal in the tumor is low, indicat-
ing that only a fraction of implanted cells mi-
grated to the tumor. Unlike the injection site 
where the cells are aggregated, the tumor-mi-
grated cells might be dispersed in the entire tu-
mor mass, which could also result in this signal 
reduction.  

The dilution of internalized nanoparticles 
within the proliferating cells can result in deg-
radation and subsequent reduction in the MR 
signal. However, in the previous study, we 
evaluated the in vitro stability of nCP:Fe label-
ing during cellular proliferation by inspecting 
the retention of nanoparticles within the labeled 
stem cells at different time points (day 2, day 5, 
and day 7) using Prussian blue imaging, which 
clearly showed that the internalized nanoparti-
cles were present within the proliferating stem 
cells, up to 7 days post-labeling. [26] In addi-
tion, the in vivo MR imaging of nCP:Fe labeled 
cells (1×106 cells) implanted intra-cerebrally in 
healthy rat brain showed detectable hy-
pointense signal in T2/T2* weighted images for 
a prolonged period of up to 30 days [26]. These 
observations from the previous study suggest 
that nCP:Fe labeling enables detecting the stem 
cells as evident dark spots in T2/T2* weighted 
MR images up to 30 days in vivo, and hence, in 
the present study, the low MR signal observed 
in the tumor region after 14 days, might not be 
due to the dilution of nanoparticles within the 
labeled cells but could be due the small fraction 
of implanted stem cells migrated to the tumor 

region itself. Overall, the observations suggest 
that, although fewer in number, the intra-
ventricularly administered stem cells could mi-
grate to the glioma, which could be serially 
traced using MRI by nCP:Fe-labeling of cells. 

To confirm the migration and presence of 
nCP:Fe labeled-MSC in the tumor region, we 
performed histological evaluation using aliza-
rin-red (for Ca2+ in nCP:Fe) and Prussian-blue 
staining (for Fe3+ in nCP:Fe), two weeks post 
cell implantation (Figure 4). Consecutive brain 
tissue sections were used for staining. Figure 
4A.1 and Figure 4A.2 represent the correspond-
ing MRI images of the animal brain sections 
used for the histological staining. Dark signals 
near the injection site in T2*WI are labeled 
cells site-of-injection (‘LC-SOI’) and marked 
as ‘1’ in both the MRI and histology images. 
The cells at similar positions in the correspond-
ing brain section were positive for Prussian-
blue staining, representing the labeled cells 
(LC) that remained in the injection path in the 
cerebral region. The high magnification image 
of these Prussian-positive cells (Figure 4B.1.a) 
observed in the injection path exhibited posi-
tional similarity with positively stained cells in 
the alizarin-red image (Figure 4B.1.b), indicat-
ing the presence of nCP:Fe labeled cells.  

The Prussian-blue and alizarin-red stained im-
ages (Figure 4B.2.a and Figure 4B.2.b, respec-
tively) confirmed that the hypointense signal in 
the lateral-ventricles seen in T2*WI (marked as 
‘2’ in Figure 4A.2) arises from the implanted-
labeled cells (denoted as ‘LC in ventricles’). It 
was also noticed that, at the tumor border (TB) 
near the ventricular region, a few cells were 
Prussian-blue positive (Figure 4B.2.a), which 
were well matched with alizarin-red positive 
cells in the adjacent section (Figure 4B.2.b), 
confirming the presence of migrated nCP:Fe la-
beled cells (M-LC) in the tumor margin. This 
showed the infiltration of LC from the ventri-
cles to the tumor mass (TM), indicating the po-
tential tumor-targeting property of stem cells. A 
few Prussian-blue-positive cells were seen 
within the TM (marked as ‘3’ in Figure 4B), 
which was consistent with the prominent dark 
spots present within the tumor area in T2*WI 
(indicated by yellow-dotted circles and marked 
as ‘3’ in Figure 4A.2). The high magnification 
image of these Prussian-blue positive cells 
within the tumor region (indicated by yellow-



Prnano.com, https://doi.org/10.33218/001c.xxxx  Andover House, Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-4.0 

1258 

dotted circles in Figure 4B.3.a) displayed posi-
tional similarity with alizarin-red positive cells 

(indicated by the yellow-dotted circle in Figure 
4B.3.b) in the neighbouring section. 

 
Figure 3. In vivo MRI tracking of intra-ventricularly delivered nCP:Fe labeled MSCs towards glioma 

in a C6-glioma rat model. Axial T2WI and corresponding T2*WI of two consecutive brain sections 
along with their coronal and sagittal images A) immediately after delivery of labeled cells (Day 7- post 
inoculation of C6-glioma cells), B) 5 days, C) 8 days and D) 14 days post – labeled cell injection. nCP: 
Fe-labeled cells (LC) are indicated by red arrows, and the injection site of C6-glioma cells (G-SOI) is 
indicated by blue arrows. The intracranial glioma (G) is marked as blue dotted lines, and the migrated 
labeled cells to the glioma (M-LC-G) are indicated by yellow arrowhead and marked within yellow-
dotted circles. 

Thus, the dual-staining suggested the pres-
ence of migrated and labeled stem cells in the 
glioma region (denoted as M-LC-G) and hence 
revealed the homing ability of stem cells to-
wards tumors. Further, the histological evalua-
tion also suggested that, as observed in MRI, 
only a small fraction of implanted stem cells 

could migrate to the tumor region. Several stud-
ies have demonstrated the ability of MSCs to 
migrate towards glioma in vitro and in vivo spe-
cifically.[33],[34] Though the exact mechanism 
underlying the tumor tropism of MSCs in vivo 
is not fully understood to date, various growth 
factors /chemokines and receptor interactions  
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Figure 4. Histology of tumor migration of intra-ventricularly delivered nCP:Fe labeled MSCs to-

wards glioma (after 14 days of cell implantation). A.1, A.2) T2* WI of two consecutive brain sections 
showing dark signal spots in the glioma region indicating the presence of labeled MSCs migrated to 
the tumor (the images are rotated 180º horizontally for comparing with histological images) B) Prus-
sian-Blue staining of the corresponding brain section. The high magnification image of Prussian-posi-
tive cells (B.1.a) in the injection path (marked as ‘1’ in Figure A.1 and Figure B) exhibiting positional 
similarity with positively stained cells in the alizarin-red stained image (B.1.b). The Prussian-blue 
(B.2.a) and alizarin-red stained images (B.2.b) show positively stained cells in the ventricular region. 
At the tumor border (TB) near the ventricular region, a few cells positive for Prussian blue staining 
(marked by yellow-dotted circles in B.2.a) were well matched with Alizarin red positive cells (B.2.b), 
indicating the migrated labeled cells (denoted as ‘M-LC’) from the ventricles into the tumor mass (TM). 
The high magnification image of Prussian-blue positive cells within the tumor mass (indicated by yel-
low-dotted circles in B.3.a) displays anatomical similarity with alizarin-red positive cells (indicated by 
yellow-dotted circles in B.3.b), indicating the presence of migrated nCP:Fe labeled MSCs, diffused 
within the tumor (denoted as ‘M-LC-G’).  

are proposed to be responsible for the tumor-
tropic property of stem cells in vitro. [16],[33], 
[35] Our study demonstrated the possibility of 
imaging this tumor-targeting property of brain-

implanted stem cells using nCP:Fe labelling-as-
sisted-MRI. 
In another aspect, the increase in tumor size 

with time (as seen from MR images) indicated 
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that the migrated stem cells exerted no apparent 
impact on tumor progression in vivo. Though a 
number of reports have studied the inhibitory 
effects of MSCs on tumor growth, the exact role 
of MSCs in suppressing or supporting tumor 
progression remains controversial.[36],[37] It 
will depend on different factors, such as the 
dosing of stem cells, its delivery route, and the 
tumor microenvironment.[38],[39] In our 
study, the relatively low number of stem cells 
reached at the tumor site might have been insuf-
ficient to inhibit the tumor growth. Moreover, 

the C6-glioma cells are aggressively growing 
tumor cells that could outperform the challenge 
of migrated MSCs. Therefore, the cell dose, 
cell-delivery routes, and methods of enhancing 
the migratory properties must be well examined 
and optimized to achieve an efficacious anti-tu-
mor effect of MSCs. Also, detailed investiga-
tion to evaluate the tumor-targeting capacity of 
MSCs, their mechanism, and their effect on tu-
mor progression are highly warranted.  
 

Conclusions 
In summary, our study demonstrated that the migration of MSCs towards intracranial glioma could 

be non-invasively tracked under MRI by labeling them using nCP:Fe nano-contrast agent. The in vivo 
study following the intra-ventricular administration of nCP:Fe labeled MSCs in an experimental ortho-
topic rat C6-glioma model showed that the infiltration and distribution of labeled stem cells into the 
glioma could be visualized as dark spots in T2/T2* weighted-MR images. However, a relatively small 
fraction of implanted cells arrived at the tumor site. To the best of our knowledge, this is the first report 
suggesting the possibility of using nCP:Fe labelling-based MRI to track and delineate the migratory 
pattern of stem cells towards glioma. We believe that nCP:Fe labeling of stem cells can be used to 
reliably track their tumor-homing capacity in real-time using MRI, which will help in optimizing MSC-
mediated therapies for malignant glioma treatment.  
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