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ABSTRACT: Detection of brain gliomas at the earliest stage is of great
importance to improve outcomes, but it remains a most challenging task.
In this study, oleic acid capped manganese oxide (MnO) nanoparticles
(NPs) were prepared by the thermal decomposition of manganese oleate
precursors and then transformed to water-dispersible MnO NPs by
replacing oleic acid with N-(trimethoxysilylpropyl) ethylene diamine
triacetic acid (TETT) silane. The covalently bonded TETT silane offers
MnO NPs colloidal stability and abundant carboxylic functional groups
allowing the further conjugation of the glioma-specific moiety, folic acid
(FA). Moreover, the thin layer of TETT silane ensures a short distance
between external Mn ion and water proton, which endows the FA-conjugated, TETT modified MnO (MnO-TETT-FA) NPs a
longitudinal relaxivity as high as 4.83 mM−1 s−1. Accordingly, the in vivo magnetic resonance (MR) images demonstrated that
MnO-TETT-FA NPs could efficiently enhance the MRI contrast for tiny brain gliomas. More importantly, due to the specificity
of FA, MnO-TETT-FA NPs led to a clearer margin of the tiny glioma. This together with the good biocompatibility discloses the
great potential of MnO-TETT-FA NPs as effective MRI contrast agents for the early diagnosis of brain gliomas.
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1. INTRODUCTION

Malignant gliomas are the most common and deadly primary
brain tumor with a high recurrence rate and mortality rate
within 2 years of diagnosis. The accurate detection and precise
delineation of gliomas at the earliest stage are of great
importance to improve outcomes. Magnetic resonance imaging
(MRI) is the prevailing method for the diagnosis of gliomas
preoperatively, and contrast agents are commonly used to
further enhance the contrast.1,2 Currently, Gd-chelates are the
mainly used T1 contrast agents for the diagnosis of brain
tumors.3,4 Nonetheless, the nonspecific biodistribution and
rapid elimination of Gd-chelates significantly deteriorate their
efficacy in accurate diagnoses.5,6 To address this, nanoparticle-
based T1 contrast agents that could passively accumulate in the
tumor have been explored as promising alternatives for the
MRI of brain tumors.7,8

In the past few years, increasing attention has been paid to
Mn-based nanoparticles (NPs) due to better performance in
detection of brain diseases. Shin et al. prepared manganese
oxide (MnO) NPs with a relaxivity of 1.42 mM−1 s−1 and
demonstrated their MRI contrast efficiency in a mouse brain
upon local injection with MnO NPs.9 Chen’s group reported
that human serum albumin modified MnO NPs with a relaxivity
of 1.97 mM−1 s−1 could induce a prominent T1 contrast in the
U87MG glioblastoma xenograft model.10 Unfortunately, the
relaxivities of most reported MnO NPs11−14 were less than that
of Gd-based contrast agents.15 This means that a larger dose of
contrast agents should be administrated to satisfy the contrast

enhancement requirement. Meanwhile, although MnO NPs
tend to passively accumulate in brain tumors due to the
enhanced permeability and retention (EPR) effect, this passive
targeting has limitations because of its random delivery mode.16

In addition, MnO NPs may encounter the problem of diffusion
from the tumor site due to their inability to adhere or penetrate
into glioma cells, which inevitably leads to an obscure tumor
margin.17 Therefore, glioma-specific MnO NPs with an
improved r1 relaxivity are highly desirable for the accurate
diagnosis and delineation of gliomas, especially for the tiny
ones. Moreover, the specific targeting makes MnO NPs a safer
contrast agent by reducing the dosage and minimizing the
damage to normal tissues.
Specific contrast agents are generally fabricated by the

conjugation of tumor-specific recognition targeting moieties.18

Antibodies are thought of as one of the most efficient glioma-
specific targeting moieties. However, an increased immunoge-
nicity and a limited tissue penetration possibly restrict their in
vivo applications.19,20 Alternatively, small molecule folic acid
(FA), which shows a high affinity toward a folate receptor that
is not only overexpressed in brain cancer but also expressed at
the brain−blood barrier, has been utilized as an effective
targeting molecule toward glioma.21−24 Recently, FA con-
jugated iron oxide NPs as tumor-specific MRI contrast agents

Received: August 5, 2014
Accepted: October 21, 2014
Published: October 21, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 19850 dx.doi.org/10.1021/am505223t | ACS Appl. Mater. Interfaces 2014, 6, 19850−19857

www.acsami.org


have been demonstrated.21,25,26 Nevertheless, such T2 contrast
agents usually suffer from the drawbacks of the negative
contrast effect and magnetic susceptibility artifacts.15,27 In
contrast, development FA conjugated MnO NPs as glioma-
specific T1 contrast agents for MRI of tiny gliomas remains
unexplored.
Apart from specificity, the colloidal stability of MnO NPs is

another critical issue that should be addressed prior to in vivo
MRI. Typically, MnO NPs are fabricated by thermal
decomposition of metal precursors in organic media. Ligands
such as serum albumin,10 polyethylene glycol(PEG)-phospho-
lipid,28 and dimercaptosuccinic acid29 have been used to replace
oleoic acid and convert MnO NPs into hydrophilic ones.
However, the above-mentioned ligands were bound to MnO
NPs by a noncovalent mode, which might not be strong
enough to ensure their long-term stability in vivo. In our
previous work, the N-(trimethoxysilylpropyl) ethylene diamine
triacetic acid (TETT) silane, which could covalently attach to
the surface of MnO NPs and contains three carboxylic groups
per molecular, was employed not only to render NPs with
highly colloidal stability but also provide functional groups for
further surface manipulation.30 More importantly, compared to
a mesoporous silica coating,14 the molecular thickness of silane
layer shortens the distance between external Mn ion and water
proton and an improved r1 relaxivity is thereby expected.31,32

Herein, oleic acid capped MnO (MnO-OA) NPs were first
prepared by the thermal decomposition method to ensure the
uniform size and high crystallinity. Then, highly water-
dispersible MnO-TETT NPs were yielded by exchanging
oleic acid with TETT silane. Finally, FA was conjugated onto
MnO-TETT to produce MnO-TETT-FA NPs that are capable
of specificly targeting glioma cells (Scheme 1). The potential of

MnO-TETT-FA NPs as glioma-specific T1 contrast agents for
MRI and delineation of tiny brain gliomas was disclosed. In
addition, the biocompatibility of MnO-TETT-FA NPs was
proved in vitro and in vivo.

2. EXPERIMENTAL SECTION
Materials. Manganese chloride tetrahydrate, sodium oleate, and

folic acid-polyethylene glycol (FA-PEG) were purchased from
Sinopharm Chemical Reagent (Beijing, China). N-(trimethoxysilyl-
propyl) ethylene diamine triacetic acid (TETT) silane (45% in water)

was supplied by Gelest, Inc. N-Hydroxysuccinimide (NHS) and 3-(3-
(dimethylamino)propyl)-1-ethylcarbodiimide (EDC) were purchased
from Acros Oganics (Geel, Belgium). Fetal bovine serum (FBS) and
Dulbecco’s modified Eagle’s medium (DMEM) were obtained from
Gibco (Basel, Switzerland). Methyl thiazolyl tetrazolium (MTT) cell
proliferation assay kit was obtained from Amresco. All other chemicals
and reagents were of analytical grade and used as received.

Preparation of Mn-oleate. To a mixture composed of 40 mL of
ethanol, 30 mL of distilled water, and 70 mL of n-hexane, 3.96 g of
manganese chloride tetrahydrate, and 12.17 g of sodium oleate were
added. The mixture was heated to 70 °C and maintained at this
temperature for 4 h. The resulting solution was then transferred to a
separatory funnel, and the upper organic layer containing the Mn-
oleate complex was washed three times with distilled water. The
evaporation of the hexane solvent produced the pink colored Mn-
oleate powder.

Preparation of Oleic Acid Coated MnO (MnO-OA) NPs. The
preparation of oleic acid capped MnO NPs was followed the
procedure describe elsewhere with minor modifications.28 Briefly,
2.468 g of the Mn-oleate precursor was dissolved in 50 mL of 1-
octadecene. The mixture was degassed at 100 °C for 15 min under
vacuum to remove the water and oxygen and, then, was heated to 310
°C and maintained at this temperature for 10 min with N2 purging.
After being cooled to room temperature, 200 mL of ethanol was added
and the waxy precipitate was retrieved by centrifugation (6000 rpm, 10
min). After washing with acetone three times, the purified precipitate
was dispersed in n-hexane. The suspension was centrifuged and the
supernatant was collected and subjected to freeze-drying.

Exchange of Oleic Acid with TETT Silane. To render MnO NPs
water dispersible and colloidal stability, TETT silane was employed to
replace the oleic acid.30 Typically, 50 mg of MnO-OA NPs were
dispersed in anhydrous toluene, followed by addition of 30 μL of
acetic acid. After sonicating for 15 min, 200 μL of TETT silane was
added. The suspension was stirred at 70 °C for 48 h. Then, the
precipitates were collected and washed with toluene and methanol
three times, respectively. Finally, the MnO-TETT NPs were dispersed
in deionized water and dialyzed against deionized water for 24 h using
a cellulose membrane bag (MWCO = 8000−12 000 Da). The purified
MnO-TETT NPs was obtained by lyophilization.

Conjugation of FA-PEG onto MnO-TETT NPs. The FA-PEG
was conjugated to MnO-TETT via the formation of amide bond
between the carboxyl groups of MnO-TETT and the amino groups of
FA-PEG.33 Briefly, 100 mg of MnO-TETT NPs was dispersed in 20
mL PBS (0.1 mol L−1, pH = 6.0) followed by addition of 1.93 mg of
NHS and 1.28 mg of EDC. The activated MnO-TETT NPs was then
allowed to react with 10 mg FA-PEG at room temperature for 24 h in
PBS (pH 8.0). When the reaction was completed, the suspension was
dialyzed against deionized water for 24 h and then subjected to freeze-
drying.

Characterization. Transmission electron microscopy (TEM)
images of MnO NPs were obtained on JEM-2100F (JEOL, Japan)
at operating voltage of 100 kV. For TEM imaging, samples were
prepared by spreading a drop of sample on copper grids, followed by
evaporation under vacuum. Magnetic hysteresis loop of MnO-OA NPs
was analyzed on a vibrating sample magnetometer at room
temperature. The hydrodynamic diameter and zeta potential of
MnO NPs were measured on a Nano-ZS90 Zetasizer (Malvern, UK).
X-ray diffraction (XRD) was carried out with a Rigaku SmartLab X-ray
diffractometer (Cu−Kα radiation λ = 1.54056 Å) operating at 40 kV
and 40 mA. Fourier transform infrared spectra (FTIR) were recorded
on a Nicolet Avatar 300 FT-IR spectrometer (Thermo Nicolet
Instrument Corp., USA). The UV−vis absorption spectra were
recorded on a UV-3010 spectrophotometer (Hitachi, Japan) using a
1 cm path length cuvette. The content of Mn was determined on an
inductively coupled plasma optical emission spectrometry (ICP-OES,
Varian 710-ES, USA).

Relaxivity. To determine the T1 relaxivity, the particles were
diluted in distilled water in Mn concentrations in the range of 0−0.05
mM. The T1 relaxation times of the suspensions were determined
using a 7.0 T whole-body MR scanner (Bruker Pharmascan,

Scheme 1. Synthesis of MnO-TETT-FA NPs as Glioma-
Specific MRI Contrast Agents
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Germany). The parameters are following: repetition time (TR) 500.00
ms, multiple echo times (TE) 11.0, 33.00, 55.00, 77.00, and 99.00 ms,
field of views (FOV) = 4.0 cm × 4.0 cm, flip angle (FA) = 180.0° and
slice thickness = 1 mm. The corresponding relaxation time (T1) of
each solution was obtained. Relaxivity values of r1 were calculated
through the curve fitting of 1/T1 relaxation time (s−1) versus the Mn2+

concentration (mM).
MTT Assay. C6 glioma cells were cultured in DMEM

supplemented with 10% FBS, streptomycin (100 μg mL−1) and
penicillin (100 U mL−1) at 37 °C in a humidified 5% CO2 atmosphere.
C6 glioma cells were seeded in a 96-well plate at 1 × 104 per well
under 100% humidity and cultured in DMEM medium for 24 h. The
medium containing MnO-TETT and MnO-TETT-FA NPs were
added in a dilution series (cell medium contained 0, 6.25, 12.5, 25, 50,
and 100 μM−1 Mn). After 24 h of incubation of cells with MnO-TETT
and MnO-TETT-FA NPs, respectively, MTT solution (100 μL, 0.5
mg mL−1) was added into each well. After incubation for another 4 h,
the medium was discarded and DMSO was added into each well. The
optical density (OD) value was measured on an enzyme-linked
immunosorbent assay plate reader at a wavelength of 570 nm
(Thermo Electron Corporation, USA). The cell viability was assessed
and data were presented as the mean value with standard deviations
from three independent experiments.
Tiny Brain Glioma Model. All animal experiments were

performed according to protocols evaluated and approved by the
ethical committee of Capital Medical University (Beijing, China). Male
nude mice (BALB/C, 18−20 g, n = 6) were anesthetized with 6%
Chloral Hydrate (i.p., 0.15 mL/20 g) and placed in a stereotactic
frame. A burrhole was drilled into the skull (1.0 mm anterior and 2.0
mm lateral to the bregma). C6 cells (5 × 105) in 5 μL of DMEM were
injected into the left brain with a 5 μL microinjector (Hamilton, Reno,
NV). The injection was done slowly over 5 min, and the needle was
kept in for 10 min and withdrawn after another 10 min. The burrhole
was filled with bone wax and the skin was closed with nonmagnetic
structures. MRI on nude mice bearing tumors was performed when
the tumors reached 1.5−1.8 mm in diameter.

MR Imaging of Tiny Gliomas. The tiny brain glioma bearing
mice were anesthetized with 6% chloral hydrate (i.p., 0.15 mL/20g). In
vivo T1-weighted MR images were acquired before and after the
injection of MnO-TETT or MnO-TETT-FA NPs (8 mg Mn/kg body)
into tail vein with a wrist coil on a 7.0 T MRI scanner (Bruker
Pharmascan, Germany). The measurement parameters were as follows,
TR = 250 ms, TE = 10 ms, FA = 141.6°, matrix = 256 × 256, FOV =
2.5 cm × 2.5 cm, number of experiment (NEX) = 10, slice thickness =
1 mm. The signal intensity of tumor was obtained at the region of
interest (ROI) with the same diameter placed at the tumor site in the
same slice on T1-weighted images before or after the administration of
MnO-TETT or MnO-TETT-FA NPs.

Histology. The ICR mice were sacrificed four weeks after injection
of MnO NPs at a dosage of 26 mg Mn kg−1. The major organs (heart,
liver, kidney, spleen, lung, and brain) were soaked into 4% paraform
for at least 24 h. Then, the tissues were then embedded in paraffin,
sectioned into 5 μm slices, and stained with hematoxylin and eosin
(HE) according to standard clinical pathology protocols. The stained
sections were examined under a microscope (Nikon Eclipse E600,
Nikon Inc., Melville, NY) at 100× magnification.

Biodistrixbution. The tumor-bearing mice (n = 3 for each group)
were injected intravenously with MnO-TETT or MnO-TETT-FA
NPs. The mice were sacrificed at 24 h post injection. The brain, heart,
liver, spleen, kidneys, and lungs were harvested, weighted, dissolved in
the mixture of 30% hydrogen peroxide solution and nitric acid, and
digested using a microwave digest system (CEM, Mars 5, USA). The
content of Mn in different organs was then determined by ICP-OES.

3. RESULTS AND DISCUSSION

Synthesis and Characterization of MnO-TETT-FA NPs.
The MnO-OA NPs were synthesized by thermal decom-
position of manganese oleate in 1-octadecene. TEM images
revealed that MnO-OA NPs were well separated (Figure 1A)
and had a mean diameter of 16.8 ± 1.87 nm by measuring and
averaging 100 of MnO-OA NPs. The HRTEM image of an

Figure 1. TEM image (A) and DLS size distribution (B) of MnO-OA NPs. (C) HRTEM imaging of an individual MnO-OA. (inset) Corresponding
SAED pattern and (D) magnetic hysteresis loop of MnO-OA NPs.
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individual MnO-OA NP showed clear lattice fringes (Figure
1C), proving the crystalline nature of MnO NPs. The d-spacing
value between lattice fringes was measured to be 0.27 nm,
corresponding to the (111) plane of cubic phase MnO. The
highly crystalline nature of MnO-OA NPs was further
confirmed by the corresponding selected area electron
diffraction (SAED) pattern (inset, Figure 1C). The average
size of MnO-OA NPs measured by dynamic light scattering
(DLS) was about 18 nm (Figure 1B), which is in agreement
with the TEM result. Moreover, Figure 1D provides the field-
dependent magnetization curve measured at room temperature.
No remanence coercivity at zero field was observed, indicating
the paramagnetic property of MnO NPs.32

The crystalline structure of MnO-OA NPs was further
probed by powder XRD. All reflections shown in Figure 2 can

be indexed to a cubic rock salt structure of MnO with
characteristic peaks of (111), (200), (220), (311), and (222) by
referring Joint Committee for Powder Diffraction Standards
(JCPDS) card no. 75-0257. No traces of other manganese
oxide phases were detected. The broadening of the diffraction
peaks verified the nanocrystalline nature of MnO. Accordingly,
the size of MnO-OA NPs was calculated to be about 16 nm
using the Debye−Scherrer equation, which is consistent with
the results of TEM image and DLS measurement.
Highly water-dispersible MnO-TETT NPs were then

obtained by exchanging OA ligands with TETT silane.
Subsequently, the glioma-specific MnO-TETT-FA NPs were
fabricated by conjugation of FA-PEG onto MnO-TETT NPs
using the well-known EDC/NHS reaction. The TEM images of
MnO-TETT (Figure 3A) and MnO-TETT-FA NPs (Figure
3C) indicated that there were no notable changes in the size.
However, the edge of NPs became blurred, possibly due to the
corrosion of MnO by the carboxylic silane. The average
hydrodynamic diameters of MnO-TETT and MnO-TETT-FA
NPs were approximately 142 (Figure 3B) and 122 nm (Figure
3D), respectively. The increase in hydrodynamic diameter,
which is the common phenomenon when hydrophobic NPs
were transformed into hydrophilic ones, is an indicative of
aggregation. Nonetheless, both MnO NPs could be well
dispersed in PBS and remained stable even at concentration of
15 mg mL−1 for weeks (insets), suggesting the excellent water
dispersibility and colloidal stability, which was attributed to the
presence of repulsive forces between the large amount of
carboxyl group on the surface of MnO NPs limiting the further
aggregation.
FTIR spectra of MnO-OA, MnO-TETT, and MnO-TETT-

FA NPs were obtained to verify the exchange of OA by TETT
silane and the subsequent conjugation of FA-PEG (Figure 4A).
In the IR spectrum of MnO-OA, a pair of bands at 2922 and

Figure 2. XRD pattern of MnO-OA NPs and JCPDS card No. 75-
0257.

Figure 3. TEM images of (A) MnO-TETT and (C) MnO-TETT-FA NPs and size distribution of (B) MnO-TETT and (D) MnO-TETT-FA NPs.
(inset) Digital pictures of MnO-TETT and MnO-TETT-FA NPs dispersed in PBS (15 mg mL−1).
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2852 cm−1 and another pair of bands at 1556 and 1463 cm−1

were attributed to the characteristic −CH2− and COO−

stretching of OA, respectively. These bands, however, almost
disappeared in the IR spectrum of MnO-TETT. This together
with the appearance of new characteristic bands of TETT such
as Si−C and C−N band at 1328−1101 cm−1 and intensive
COO− band at 1591 and 1406 cm−1 thus verified the
replacement of OA by TETT silane. Additionally, the broad
O−H stretching mode centered at 3414 cm−1 suggested the
hydrophilic nature of MnO-TETT NPs. The conjugation of
FA-PEG onto MnO-TETT NPs was evidenced by the obvious
increase in intensity of bands at 2922, 2852, and 1110 cm−1

assigned to CH2 and C−O−C of PEG and the broadening of
band at 1591 cm−1 due to the stretching vibrations of the
aromatic ring of FA molecules. The attachment of FA-PEG was
further verified by the appearance of characteristic shoulder of
FA (around λ = 363 nm) in the UV−vis absorption spectrum of
MnO-TETT-FA (Figure 4B) and the change of zeta potential
from −23.2 ± 1.3 to −12.4 ± 1.1 mV (Figure 4C).
Relaxivity. The efficiency of T1 contrast agents is quantified

by the longitudinal (r1) relaxivity, where a higher value of r1
corresponds to a greater MRI contrast effect.34 As plotted in
Figure 5A, the relaxivity value of MnO-TETT NPs was
determined to be 4.84 mM−1 s−1, which is greater than that of
most MnO NPs reported in the literature.9−13 Relaxivity refers
to the change in the relaxation rates of the water protons in the
presence of contrast agents and only protons in close proximity
to ion is relaxed. Therefore, a direct contact between surface
Mn ion and water is required. Furthermore, the shorter the

distance between surface Mn ion and proton is, the higher
relaxivity is. In our case, the molecular thickness of TETT
silane layer ensures a short distance between external Mn ion
and water proton and thus leads to a high longitudinal
relaxivity. The r1 value of MnO-TETT-FA was 4.83 mM−1 s−1

(Figure 5B), suggesting that conjugation of FA-PEG onto
MnO-TETT led to no adverse effect on the r1 value.
Accordingly, the corresponding R1 maps exhibited a continuous
increase in brightness, further demonstrating the potential of
MnO-TETT and MnO-TETT-FA NPs as an efficient T1
contrast agent.

In Vitro and in Vivo Toxicity. Prior to in vivo MRI study,
the cytotoxicity of MnO-TETT and MnO-TETT-FA NPs
toward 3T3 and C6 glioma cells was evaluated by the MTT
assay. Figure 6 illustrates the 3T3 and C6 cell viabilities after
incubation with MnO-TETT or MnO-TETT-FA NPs for 24 h
at equivalent Mn concentrations of 6.25, 12.5, 25.0, 50.0, and
100 μM. No significant loss in cell viability at all tested
concentrations, indicating the low cytotoxicity of MnO-TETT
and MnO-TETT-FA NPs.
Furthermore, histological analysis was performed to assess

the in vivo toxicity of MnO-TETT and MnO-TETT-FA NPs.
Major organs (brain, heart, liver, spleen, lung, and kidney) of
ICR mice were harvested 4 weeks after injection of MnO-
TETT or MnO-TETT-FA NPs at a dosage of 26 mg Mn kg−1

body, which was about three times higher than that
administered for the following MRI scanning. As shown in
Figure 7, no notable toxicity was observed in the tissues from
the animals receiving MnO-TETT or MnO-TETT-FA NPs in

Figure 4. (A) IR spectra of MnO-OA, MnO-TETT, and MnO-TETT-FA NPs and FA-PEG, (B) UV−vis absorption spectra of FA-PEG, MnO-
TETT, and MnO-TETT-FA, and (C) Zeta potential of MnO-TETT and MnO-TETT-FA NPs. Each result represents the mean ± SD of three runs.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505223t | ACS Appl. Mater. Interfaces 2014, 6, 19850−1985719854



comparison with the control group (receiving no injection).
For instance, no different inflammatory cells, thrombosis, and
structural changes occurred in the brain. Meanwhile, no
different dissolution, atrophy, and necroses of cardiac cells
were observed in the heart, and no different degeneration and
necrosis were detected in both hepatic cells and epithelia cells
of renal tubule of the rats. The histological assessment thus
indicated that both MnO NPs were biocompatible. However,
long-term study is still needed to further evaluate the in vivo
toxicity of these MnO NPs.
MR Imaging of Tiny Brain Gliomas. In order to evaluate

the targeting ability of MnO-TETT-FA NPs, the tiny C6 brain
glioma-bearing mouse model was established by inoculating 5
× 105 C6 cells at the left brain. When the tumor reached 1.5−
1.8 mm in diameter (about 14 day after implantation), the
dynamic MR T1-weighted images of transverse sections of
gliomas were recorded pre/postinjection of MnO-TETT or
MnO-TETT-FA NPs at a dosage of 8 mg Mn kg−1 body. As
shown in Figure 8, both MnO-TETT and MnO-TETT-FA NPs
exhibited an obvious contrast enhancement in the tiny glioma
10 min, 2 h, and 24 h postinjection compared to the
preinjection image. Nevertheless, the tumor margin was unclear
over the scanning period for the MnO-TETT group. This is
probably due to the fact that accumulation of MnO-TETT NPs

in the tumor is dominated by the EPR effect. However, the
EPR effect along is unable to make NPs adhere to or enter the
cancer cells, which inevitably results in a blurred margin due to
the diffusion of NPs. In contrast, the margin between glioma
and normal tissue was clearly delineated for tiny glioma-bearing
mice treated with MnO-TETT-FA NPs due to the specific and
selective binding of FA to its receptor on the surface of glioma
cells, which simultaneously increases the accumulation and

Figure 5. r1 relaxivities of (A) MnO-TETT and (B) MnO-TETT-FA
NPs.

Figure 6. Viability of 3T3 (A) and C6 glioma (B) cells after 24 h
incubation with MnO-TETT or MnO-TETT-FA NPs at various
equivalent Mn concentrations. Each data represents the mean ± SD of
three independent experiments.

Figure 7. HE-stained tissue sections from mice receiving no injection
and 4 weeks postinjection of MnO-TETT and MnO-TETT-FA NPs.
Tissues were harvested from heart, liver, spleen, lung, kidney, and
brain.
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minimizes the occurrence of diffusion. Apparently, the greater
contrast enhancement and the clearer tumor margin signify the
potential of MnO-TETT-FA as an effective MRI contrast agent
for tiny brain glioma. Moreover, the enhanced contrast could
be maintained up to 24 h, which offers additional benefits for
intraoperative visualization of gliomas or monitoring of
treatment response.
To further verify and differential the contrast enhancement

induced by MnO-TETT-FA and MnO-TETT NPs in tumor
areas, MRI signal intensity (SI) of the tumor tissue was
quantified by setting the SI of the preinjection as 100%.35 As
expected, increases in SI postinjection were observed for either
MnO-TETT or MnO-TETT-FA NPs (Figure. 9), suggesting

that MnO NPs were prone to enter and accumulate in glioma
region. Most importantly, the MnO-TETT-FA NPs exhibited
even higher SI change than that of MnO-TETT at all scanning
time points, especially at 2 and 24 h postinjection,
demonstrating that high binding affinity of FA for brain glioma
that helps enhance the contrast of the tumor region.
Biodistribution. Additionally, the biodistribution of MnO-

TETT-FA and MnO-TETT NPs in glioma-bearing mice, which
is of great importance for their further in vivo biomedical
imaging applications, was evaluated by measuring the content
of Mn in major organs. As shown in Figure 10, both MnO-
TETT-FA and MnO-TETT NPs exhibited a higher distribution
in the kidney than that in other organs, suggesting that MnO

NPs were mainly excreted via the renal clearance route. In
contrast, the lower Mn content in the lung indicated no
undesirable accumulation. Although the content of Mn was
relatively lower in brain than most other organs (except lung),
the accumulation of MnO-TETT-FA NPs in the tiny-giloma
bearing brain was indeed greater than that of MnO-TETT NPs.
This thus additionally illustrates the role of FA in effective
delivery of the contrast agent to the gliomas in vivo, leading to
an enhance accumulation and consequently a successful MRI of
tiny gliomas.

4. CONCLUSION

In summary, MnO-TETT-FA NPs with improved longitudinal
relaxivity as potential glioma-targeted T1 contrast agents were
synthesized and characterized. The in vivo MR imaging
demonstrated that MnO-TETT-FA NPs exhibited an enhanced
contrast effect in the tiny glioma region with a prolonged
imaging period. Moreover, MnO-TETT-FA NPs led to a
clearer margin of the tiny glioma. This together with the good
biocompatibility makes MnO-TETT-FA NPs a promising T1
contrast agent for better detection and delineation of brain
gliomas at the early stage.
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Figure 8. MR images of mice brain bearing tiny glioma pre- and 10
min, 2 h, and 24 h postintravenous injection of MnO-TETT NPs
(upper panel) or MnO-TETT-FA NPs (lower panel).

Figure 9. Quantification of the signal intensity enhancement in
glioma-bearing mice according to MR images obtained before and 10
min, 2 h, and 24 h postinjection of MnO-TETT or MnO-TETT-FA
NPs at a dosage of 8 mg Mn kg−1 body.

Figure 10. Biodistribution of MnO-TETT and MnO-TETT-FA NPs
in tiny brain glioma bearing mice.
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