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ted MRI of rat glioma using
polysorbate-coated magnetic nanocrystals as a
blood-pool contrast agent

Young Han Lee,a Dan Heo,ab Myeonghwan Hwang,a Bongjune Kim,c Soeckgu Kang,d

Seungjoo Haam,bc Jin-Suck Suh,aef Jaemoon Yang*ae and Yong-Min Huh*aef

In this study, T2- and T *
2-weighted imaging potential of polysorbate-coated magnetic nanocrystals (P-

MNCs) was investigated as a blood-pool contrast agent using a 9L-rat glioma model after intravenous

injection via 3.0T MRI. Magnetic nanocrystals (MNCs, Fe3O4) synthesized by the thermal decomposition

method were coated with polysorbate 80 using a nanoemulsion method to generate a water-stable MRI

contrast agent. The physical properties and MR imaging capability of P-MNCs were verified. The

orthotopic tumor models were established by implanting 9L-rat glioma cells into the rat brain. After tail-

vein injection of P-MNCs, T2- and T *
2-weighted imaging of tumor sites was performed. Blood clearance

and biodistribution studies were also performed. The hydrodynamic diameter of P-MNCs was 10.5 � 0.8

nm and a spherical magnetic core was confirmed. The r2 value of P-MNCs was calculated to be 114.1

mM�1 s�1. Heterogeneous contrast T2-weighted MRI images of the 9L-rat glioma model were visualized

at the tumor site before injecting the MRI contrast agent. In particular, T *
2-weighted images

demonstrated more obvious signal intensity changes than did T2-weighted images. Neovasculature in

the tumor tissue was clearly observed in T *
2 images compared with T2-weighted images. The blood half-

life of P-MNCs was 2 h and the Fe ion concentration of blood had returned to the baseline after 16 h.

Well-tailored P-MNCs can be effectively used as a novel MRI contrast agent for visualizing of

vasculatures for solid tumors via T2- and T *
2-weighted imaging.
Introduction

Gliomas are highly malignant and induce a high death rate.1 To
establish an effective strategy for glioma therapy, it is very
important to understand anatomical information about the
tumor mass, its biological phenomena, as well as the charac-
teristics of the surrounding environment.2–4 To determine the
optimal therapeutic route for gliomas, (i.e. surgical resection,
chemotherapy, and/or radiation therapy), tumor size and
connectivity to surrounding tissues, and the presence of vessels
in tumor mass should be assessed.5,6 Magnetic resonance
imaging (MRI) is oen the best solution for recognizing tumor
mass anatomical detail with high spatial resolution.7–12 In
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particular, MRI contrast agents are helpful to obtain distinct
images for cancer diagnosis. These agents act by enhancing the
contrast between the angiogenic vasculature and the tumor
tissue, allowing us to gauge vessel permeability.13,14 Recently,
our group demonstrated the utility of high crystalline magnetic
nanocrystals (MNCs) as sensitive T2 MRI probes.15–17 These
MNCs exhibited excellent imaging potentials for cancer models;
their sensitivity in the magnetic eld allows acquisition of high
resolution T2- or T*

2-weighted MRI images.18–20 To be used as
MRI contrast agents, the prepared MRI probe should be stably
suspended in biological media to increase blood circulation
time. Specic surface modication of MNCs can enhance probe
dispersion in the bloodstream, thereby enhancing their
usefulness.21–23

In this report, we fabricated water-stable magnetic nano-
particles as an MRI blood-pool contrast agent for imaging rat
gliomas. MNCs (Fe3O4) were coated by polysorbate 80 mole-
cules, a non-ionic surfactant and emulsier used to increase
probe water-solubility and stability, using a nanoemulsion
method.15,21 The colloidal size and magnetic properties of
polysorbate-coated magnetic nanocrystals (P-MNCs) were
investigated to conrm their potential as an imaging probe. The
image-enhancing potential of P-MNCs for visualizing
9L-gliomas in a rat model was evaluated by clinical MRI based
This journal is © The Royal Society of Chemistry 2015
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on T2- and T*
2-sequences. Moreover, P-MNC pharmacokinetics

were assessed in animal models using iron atomic analysis.

Experimental
Polysorbate-coated magnetic nanocrystals (P-MNCs)

Thirty-six grams (40 mmoles) of the synthesized iron-oleate
complex and 5.7 g (20 mmoles) oleic acid were dissolved in
200 g 1-octadecene at room temperature.17 This solution was
heated to 320 �C with a constant heating rate of 3.3 �C min�1,
and then reacted at that temperature for 30 min. The resulting
solution containing the MNCs was then cooled to room
temperature, and 500 mL ethanol was added. The MNCs were
pelleted by centrifugation, and then dispersed in n-hexane.

To prepare P-MNCs, 4 mL n-hexane containing 10 mg MNC
was added to 20 mL deionized water containing 50 mg poly-
sorbate 80.15 Aer mutual saturation of organic and aqueous
phase, the mixture was sonicated for 20 min at 190 W with
vigorous stirring. Aer sonication, the n-hexane was rapidly
evaporated using a rotary evaporator to form MNCs. The
morphology and the size of P-MNCs were analyzed using a
transmission electron microscope (TEM, JEM-2100 LAB6; JEOL
Ltd., Tokyo, Japan).

The P-MNC size (hydrodynamic diameter) was analyzed
using dynamic laser scattering (DLS, ELS-Z particle size
analyzer; Otsuka Electronics Co, Inc., Osaka, Japan). The Fe ion
concentration in P-MNCs was quantied using inductively-
coupled plasma atomic emission spectroscopy (ICP-AES,
Thermo Electron Corporation). We measured T2 relaxivity of
P-MNCs using a 1.5 T clinical MRI instrument with a Micro-47
surface coil (Intera; Philips Healthcare, Best, The Nether-
lands). The r2 (T2 relaxivity, unit of s

�1 mM�1, ratio of R2 (1/T2)
to iron concentration) of P-MNCs was measured at room
temperature by the Carr–Purcell–Meiboom–Gill (CPMG)
sequence: TR ¼ 10 s, 32 echoes with 12 ms even echo space,
number of acquisitions ¼ 1, point resolution of 156 � 156 mm,
section thickness of 0.6 mm.

9L-gliosarcoma cell culture

Subcultures of 9L/lacZ rat gliosarcoma cells (ATCC) were
expanded in Dulbecco's modied Eagle medium (DMEM)
(Sigma Chemical Co., USA), supplemented with 10% fetal
bovine serum and 1% antibiotics, and were incubated at 37 �C
in a humidied atmosphere containing 5% CO2. Immediately
before glioma implantation surgery, cells were harvested with
0.05% trypsin and 0.02% ethylenediaminetetraacetic acid, and
live cells counted using a hemocytometer and trypan blue
exclusion. Cells were then pelleted by centrifugation and
resuspended in prewarmed DMEM at a nal concentration of 2
� 105 cells per mL.

9L glioma rat model

Sprague Dawley rats (male, 270–290 g; 8 weeks old) were anes-
thetized by an intraperitoneal injection of a Zoletile/Rompun
(xylazine) mixture (3 : 1, v/v, 1 mL kg�1). The animal's head was
prepared with povidone–iodine solution, and a 1 cm-long incision
This journal is © The Royal Society of Chemistry 2015
was made just to the right of, and parallel to, the midline.24 Using
1 mm-diameter drill bits, a hole (depth 3.5 mm) was drilled in the
animal's skull at an entry site with frontal lobe coordinates 3 mm
lateral and 1 mm anterior to the bregma. A sterilized guide screw
was rotated into a hole that was exactly the size of the screw, and
an incision joined the two margins. We injected 2 � 106

9L-glioma cells suspended in 10 mL serum-free DMEM into each
rat aer 14 days of bolting. Rat with the guide screw in place were
re-anesthetized. The guide screw was cleaned with povidone-
iodine, the animal's head was held manually, and the cell
suspension was injected slowly over 10 minutes with a Hamilton
syringe containing a 26-gauge needle, with a Harvard syringe
pump. On the 9 day aer implantation, the guide screw was
removed and the incision was sutured. The guide-screw system
allowed for reproducible establishment of homogenously-sized
tumors within the rodent, and the success rate was greater than
90%. All experiments were conducted with the approval of the
Association for Assessment and Accreditation of Laboratory
Animal Care International.

Histological analysis

Three weeks aer the 9L-glioma cell transplantation, some rats
were sacriced, and the tumor tissue was excised and xed in
4% paraformaldehyde. Histological evaluation was conducted
aer hematoxylin and eosin (H&E) staining. Tissues were
paraffin-embedded ethanol-dehydration and clearing in xylene.
Slices (10 mm thick) were mounted onto glass slides and were
H&E stained. Stained tissue sections were analyzed using a
virtual microscope (Olympus BX51, Japan) and Olyvia soware
(Olympus).

Pharmacokinetics

For the blood clearance study, normal non-treated and
9L-glioma rat models were anesthetized as described. The right
femoral vein was accessed through a small incision, cannulated
using a 23-gauge needle, and xed with suture silk. The jugular
vein was also cannulated using the same procedure and the
cannula was protected with a spring. The operated rats were
moved to metabolic cages and the protection spring was xed to
the cage. Blood clearance studies were conducted for the oper-
ated rats (n ¼ 3) aer the injection of P-MNCs (0.7 mg Fe per mL,
2 mL per rat) into femoral vein. Blood samples (300 mL) from
jugular vein of each rat were collected in heparin-treated tubes.
Serial samples were taken at 0, 5, 10, and 30 minutes, and at 1,
2, 4, 8, 16, and 24 h. The quantity of Fe ion in the blood sample
was determined by ICP-AES. For investigating P-MNC organ
distribution, animals (normal non-treatment and 9L-glioma
rats) were sacriced 24 h aer the P-MNC injection; (n ¼ 3).
Liver, spleen, and brain were obtained, and the quantity of Fe
ion was measured by ICP-AES. Results are expressed as mM Fe
per gram tissue. Values are expressed as mean � standard
deviation.

In vivo MRI

MRI of the brain tumor model treated with P-MNCs was per-
formed with a 3T clinical MRI scanner (Philips Medical
RSC Adv., 2015, 5, 19708–19714 | 19709
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Systems, Netherlands). For T2-weightedMRI at 3T, the following
parameters were adopted: point resolution ¼ 185 � 185 mm,
section thickness ¼ 0.6 mm, TE ¼ 80 ms, TR ¼ 5142 ms, and
number of acquisitions ¼ 1. For T*

2-weighted MRI at 3T, the
following parameters were adopted: point resolution ¼ 227 �
227 mm, section thickness ¼ 1 mm, TE ¼ 45 ms, TR ¼ 500 ms,
and number of acquisitions ¼ 1.

Statistical analysis

All data are presented as means � standard deviations of n
independent measurements. Statistical analyses were per-
formed with Student t test, and statistical signicance was
indicated by p values < 0.01.

Results and discussion
Characterization of P-MNCs as MRI contrast agent

To obtain the diagnostic signicant MRI image at low dose of
contrast agent, the high magnetic susceptibility is necessary.
Therefore, we synthesized high crystalline MNCs by the thermal
decomposition method17 and approximately 8 nm-diameter
nanoparticles were obtained. Due to the capped fatty acids of
synthesized MNCs, however, surface modication is essential to
allow particle dispersal in biological media, a prerequisite for
successful application as an MRI agent. To prepare water-stable
MRI probes for rat glioma imaging, MNCs were enveloped by
amphiphilic polysorbate 80 molecules by the nanoemulsion
method.20 In particular, polyethylene glycol chains from the
polysorbate 80 promote stable dispersion of coated MNCs in an
aqueous phase likely PEGylation effect. This polyethylene
chains prevents unwanted MNC binding and clumping, and
reduces reactions with patient biomolecules aer in vivo
administration. The diameter (10.5 � 0.8 nm) and spherical
shape of monodispersed P-MNCs were conrmed by TEM
(Fig. 1a). The prepared P-MNCs were dark brown in color (inset
image of Fig. 1) and stable for over 1 month in the aqueous
phase without any additional additives. Diameter distribution
of P-MNCs was assessed by DLS and the average particle size
was 20.0 � 1.5 nm (Fig. 1b). To measure the T2 relaxivity coef-
cient of P-MNCs, various concentrations of P-MNC suspen-
sions were evaluated using MRI (Fig. 2a). As the P-MNC
concentration increased, the T2-weighted images gradually
Fig. 1 The morphological analysis of P-MNCs. (a) The morphology
and diameter of P-MNCs were confirmed by TEM and Photograph of
P-MNCs suspended in an aqueous medium (inset). (b) Diameter-
distribution of P-MNCs was determined by DLS analysis.

19710 | RSC Adv., 2015, 5, 19708–19714
become dark and T2 relaxivity (r2) was linearly increased and the
T2 relaxivity coefficient of P-MNCs were calculated to 114.1
mM�1 s�1 (Fig. 2b).

The result of diameter analysis of P-MNCs demonstrated
that the nanoemulsion method does not affect signicantly the
particle size of P-MNCs. The small size and the hydrophilicity of
P-MNCs enable these particles to circulate in the blood for
prolonged durations versus uncoated MNCs and increased
circulation time enhances MNC utility for MRI of tumor mass.
The difference of particle diameter of P-MNCs between the
result of TEM and DLS analysis was caused by the different
sampling and analytical method. The state of P-MNCs when
TEM analysis was dry and in vacuum chamber. Moreover, TEM
is able to visualize electrically dense materials such as metal
and conducting polymer, therefore MNCs were only appeared in
TEM image except polysorbate 80. In contrast, DLS analysis is
performed using aqueous state of P-MNCs. DLS analysis is to
measure the dynamical movement of particles in aqueous
medium using light scattering, therefore the diameter of
P-MNCs including polysorbate 80 was measured. On the other
hands, P-MNCs exhibited high sensitivity with micro-molar
scale by measuring r2 (114.1 mM�1 s�1), an improvement over
values expected with conventional MRI agents such as CLIO.13

The sensitivity of P-MNCs was sufficient to use them as an MRI
contrast agent for tumor evaluation in the glioma model.
In vivo MRI analysis of P-MNCs using 9L-rat glioma model

For MRI of 9L-rat glioma model treated with P-MNCs, cultured
9L-cells were transplanted into right robe of the rat brain aer
physically immobilizing the animal head with a bolt. Three
weeks later, aer, the tumor tissue had coalesced and the tumor
size was approximately 5 mm. The tumor site was conrmed
using MRI (Fig. 3a, arrows) and presented as inhomogeneous
bright spots in T2-weighted MRI images. Aer H&E staining of
9L-glioma tumor tissue, the dark purple region outlined against
the normal region of brain (Fig. 3b le, magnied image: Fig. 3b
right). In the 9L-rat glioma model, due to rapid proliferation of
the injected 9L-cells, bright sites were observed on T2-weighted
images (Fig. 3a). The rapid proliferation-property of 9L-cells is
also evaluated in H&E staining images, the tumor region is
appeared by dark purple color due to high-density of nuclei
against normal brain region. In the magnied H&E-stained
images, the tumor margins were clearly delineated and evalu-
ated. However, the presence of blood vessels within and
surrounding tumors was not obvious by T2-weighted imaging
without using an MRI contrast agent. As previously stated, due
to understand characteristics of the surrounding environment
is very important to establish an effective strategy for glioma
therapy,2–4 P-MNCs is able to play a key role in the MRI of
glioma.

To evaluate MRI probe-capacity of P-MNCs in vivo, P-MNCs
(0.7 mg Fe per mL, 2 mL per rat) were intravenously injected
into the tail vein of 9L-rat glioma model and MRI images were
periodically obtained by both T2-and susceptibility sensitive T*

2-
weighted sequences. Heterogeneous contrasts of T2-weighted
MRI image were visualized at the tumor site before injecting the
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The confirmation of MRI contrast agent-capacity of P-MNCs. (a) T2-weighted MRI images of P-MNCs were obtained at various Fe
concentration (0.007–1.742 mM) in an aqueous medium. (b) T2 relaxivity (R2) of P-MNCs were measured by the Carr–Purcell–Meiboom–Gill
(CPMG) sequence and R2 value was defined to inverse of T2 value (1/T2, unit: s

�1).

Fig. 3 In vivoMRI of rat gliomamodel and histological analysis. (a) The
9L-glioma tumor region (red arrows) was brighter than normal region
in T2-weighted MRI. (b) After in vivoMRI, H&E staining of the sectioned
brain of 9L-rat glioma model was carried out. Scale bar is 1 mm (left)
and magnified image of the red rectangle-delineated region of (b)
(right). Scale bar is 50 mm.
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MRI contrast agent. Following P-MNCs injection, tumors
darkened in T2-weighted images for up to 48 h (Fig. 4a). The
T2-weighted images (TR, repetition time: 5142 ms and TE, echo
time: 80 ms) provided passive targeting due to the blood-pool
effect of the injected P-MNCs. In the early state at 4 h aer P-
MNCs injection, the tumor vasculature became dark. Periph-
eral vessels surrounding the tumor site and irregular intra-
tumoral vessels exhibited T2-enhanced signals, and diffuse
signal changes of tumor vessels were observed in T2-weighted
images. However, 72 h aer P-MNC injection, tumor site
brightness was minimally recovered. In measuring T2 signal
Fig. 4 In vivo T2-weighted MRI images of rat glioma model and T2
value analysis. (a) T2-weighted MRI of 9L rat glioma was performed
until 72 hours after intravenous injection of P-MNCs. (b) Signal
intensity graphs was obtained by measurement of T2 value of tumor
region from T2-weighted MRI images.

This journal is © The Royal Society of Chemistry 2015
intensity of gliomas (average value of 5 points for the enhanced
area), the T2 signal of overall tumor tissue was gradually
decreased (Fig. 4b). T2 values increased with time, from 33.8 ms
at 48 h to 59.3 ms aer 72 h.

Aer intravenous injection of P-MNCs into tail vein of rat
glioma model, the peripheral vessels surrounding the tumor
site and irregular intratumoral vessels exhibited enhanced T2-
signal (Fig. 4a) until 48 h. This phenomenon might have been
evoked by diffusion of the magnetic nanoparticles into the
tumor tissue. As seen in T2-weighted MRI images (Fig. 4a),
however, tumor images at 72 h aer P-MNC treatment became
brighter rather than at 48 h. This result demonstrate that the
T2-signal enhancement by P-MNCs is caused by passive target-
ing of P-MNCs to blood-pool of tumor region because P-MNCs
have not the targeting moiety to bind to tumor specically.

On the other hand, to get more obvious images of P-MNCs
targeted tumor region, the T*

2-weighted MRI was carried out.
In T*

2-weighted MRI, the magnetic susceptibility effect exhibit
highly more than T2-weighted MRI because the P-MNCs are the
T2 contrast agent which generate the local magnetic eld
inducing the magnetic eld inhomogeneity and this enhance
the T*

2 relaxation decay of around protons.25 T*
2-weighted images

demonstrated more obvious signal intensity changes at the
brain tumor site than did T2-weighted images (Fig. 5). Neo-
vasculature in the tumor tissue was clearly observed in T*

2

images to compared with T2-weighted images. In Fig. 5, T*
2-

weighted images provided further evidence due of the distinct
difference in the visualization of the P-MNCs and surrounding
cells. In both MRI images (Fig. 5a: TE ¼ 16 and Fig. 5b: TE ¼ 32
ms for T*

2-weighted imaging, respectively), similar imaging
results were obtained because of short imaging process time.
Before P-MNC injection, the tumor site exhibited vague images
that were difficult to discern from normal brain tissue, but
denitive T*

2 signal was observed aer P-MNCs treatment. In
particular, both peripheral and central vasculatures became
dark immediately following contrast agent infusion (red arrow
of Fig. 5a and B). Similar to T2-weighted MRI images,
T*
2-weighted images gradually brightened over time. At 32 ms of

TE, although distortion of T*
2-weighted MRI images at the

interrogated brain site was observed, T*
2 signal changes were

more intense than at 16 ms of TE. An acute MRI signal intensity
RSC Adv., 2015, 5, 19708–19714 | 19711
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Fig. 5 In vivo T*
2-weighted MRI images of rat glioma model and T*

2 value analysis. T*
2-weighted MRI images of 9L rat gliomas were obtained after

intravenous injection of P-MNCs (a) TE¼ 16, and (b) TE¼ 32milliseconds. Signal intensity graphs was obtained from T*
2-weightedMRI images; (c)

TE ¼ 16, and (d) TE ¼ 32 milliseconds.

RSC Advances Paper

Pu
bl

is
he

d 
on

 1
7 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 Y
on

se
i U

ni
ve

rs
ity

 o
n 

23
/0

2/
20

15
 0

8:
10

:4
3.

 
View Article Online
increase was observed in the glioma aer P-MNC injection. In
particular, the interface between the tumor tissue and normal
tissue became remarkably dark. These T*

2-weighted MRI signal
intensity data are presented graphically in Fig. 5c and d. At 16
ms of TE, 142.8 of T*

2 signal intensity (arbitrary unit) was
measured in the brain tumor tissue that decreased to 72.6 aer
the P-MNC injection into the rat tail vein. The decreased T*

2

signal intensity recovered with time up to 72 h aer the P-MNC
treatment. At 72 h, 130.2 of T*

2 signal intensity was measured,
which come close to the non-P-MNC treatment condition. At 32
ms of TE, although overall T*

2 signal intensity was less than with
16 ms of TE, the signal change tendency was analogous to
Fig. 5c (Fig. 5d). The results of T*

2-weighted MRI suggest the
ability of the P-MNCs to cross the blood–brain barrier and enter
intracranial 9L-glioma tumors in this rat model. Additionally,
both peripheral and intratumoral blood vessels that were
generated by angiogenesis were strongly enhanced in MRI
images using P-MNC contrast agent.
Fig. 6 Time-dependent relative magnetic ion concentrations in the
blood of 9L-glioma rats after P-MNC injection. The quantity of Fe ion
in the blood sample was determined by ICP-AES.
Pharmacokinetic analysis

To evaluate the blood circulation potential of P-MNCs in the 9L-
glioma rat model, we measured the magnetic (Fe) ion concen-
tration of blood samples at several time points aer the injection
of MRI contrast agent. The time-dependent change in circulating
Fe ion concentration is depicted in Fig. 6. The Fe ion concentra-
tion of blood exponentially decreased with time from levels
initially measured aer P-MNC injection, with half the initial Fe
ion concentration detected 2 h aer contrast agent treatment.
Around 16 h aer the injection of P-MNCs in the 9L-glioma rat
model, the Fe ion concentration of blood had returned to base-
line. To evaluate the blood circulation potential of P-MNCs in vivo
19712 | RSC Adv., 2015, 5, 19708–19714
is very important because P-MNCs is passive targeting MRI probe,
therefore long circulation is advantageous for blood-pool target-
ing. ICP-AESwas conducted for quantitative analysis of P-MNCs in
blood of 9L-rat glioma model. The P-MNCs-untreated blood
already contained Fe ions due to native haemoglobin, thus we
compared the physiological Fe ion concentration to the Fe ion
concentration aer P-MNC coincided with MRI results, wherein
the clearance of the injected MRI contrast agent through 16 h
correlated with decreased imaging clarity. However, the contrast
enhancement effect still observed until 72 hours aer injection of
P-MNCs.26–28 This result means that P-MNCs were remained in the
tumor tissue due to the EPR effect of tumor. Furthermore, the
relative concentration of Fe ion is slightly increase at 24 hours in
Fig. 6, we think this phenomenon is also caused by the EPR effect
and the resultant release of P-MNCs from tumor tissues.
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Biodistribution of P-MNCs in 9L-glioma rat was also measured by ICP-AES. (a) brain, (b) liver, and (c) spleen. *, **p < 0.01.
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Biodistribution of the injected P-MNCs into the rat model
was assessed by analysis of magnetic components of extracted
tissues using ICP-AES. Brain tissue in the 9L-glioma rat model
treated with P-MNCs exhibited a signicant approximately
2-fold greater uptake efficiency versus two control models (i.e.,
normal rats treated with P-MNCs and non-treated normal rats;
p < 0.01 in both comparisons; Fig. 7a). Similar contrast agent
uptake was observed between both control groups. Magnetic
component uptake by the liver and spleen treated with P-MNCs
in 9L-glioma rats and normal rats were larger than magnetism
of these organs in non-treated control rats (Fig. 7b and c). The
results of ICP-AES analysis exhibited how many Fe ions the
organs contain. Therefore the targeting ability of P-MNCs
against the blood-pool of brain tumor may be evaluate by
ICP-AES. The result of Fig. 7 also demonstrate blood–brain
barrier was compromised by the proliferating transplanted 9L-
glioma cells, and the utility of P-MNCs in visualizing angio-
genic vasculature in and around the growing tumor in this rat
brain cancer model by MRI.
Conclusions

In summary, we have demonstrated that using P-MNCs as an
MRI blood-pool contrast agent can provide detailed intra-
tumoral neovascular imaging of 9L-cell gliomas in a rat
model via T2- and T*

2-weighted imaging sequences. Further-
more, tumor uptake efficiency of P-MNCs was conrmed by
pharmacokinetic experiments. Thus, our results demon-
strate the potential for imaging of tumor tissue and vascu-
lature by passive targeting. We believe that the high
resolution imaging data generated using well-tailored MRI
contrast agents can assist in developing optimal therapeutic
approaches for targeting cancers.
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