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Background: For decades, contrast agents have been used to reduce longitudinal (T1) or transverse (T2) relaxation
times. High toxicity of gadolinium-based contrast agents leads researchers to new T1 contrast agents.Manganese
oxide (MnO) nanoparticle (NP) with the lower peril and good enough signal change ability has been offered as a
new possibility for magnetic resonance imaging (MRI).
Methods: The synthesized NPs were investigated for physicochemical and biological properties by X-ray diffrac-
tion, Fourier transform infrared spectroscopy, transmission electron microscope, dynamic light scattering (DLS),
inductively coupled plasma, enzyme-linked immunosorbent assay, and 3 T magnetic resonance imaging.
Results:Due to physical contact importance of T1 contrast agentswith tissues' protons, extremely thin layer of the
surfactant, less than 2 nm, was coated on NPs for aqueous stabilizing. The hydrophilic gentisic acid with low
Dalton, around 154, did that role truly. Moreover, decreasing NP size to 5 nm which increases available surface
for the proton relaxation is another important parameter to reach an appropriate longitudinal relaxation rate.

The NPs didn't reveal any side effects on the cells, and cellular uptake was considerable.
Conclusions: The synthesized NPs represented a promising result in comparison to clinical gadolinium chelates,
due to higher r1 relaxivity and lower toxicity.
General significance: In addition to considerable signal change and cellular uptake, Prussian blue was tried on
MnO NPs for the initial time, which can be observed within cells by pale blue color.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Manganese-enhanced magnetic resonance imaging (MEMRI) has
been an interesting subject for researches. Using manganese ion
(Mn2+) for the brain T1 weighted images was common for animal
study due to the absorbance ability via voltage-gated Ca2+ channels
[1], and it is a valuable signal enhancer for the brain cytoarchitecture
visualization [2,3]. Some natural products like blueberry and green tea
with high concentration of manganese have been previously used as
T1 signal enhancer for gastrointestinal imaging [4].

In themost recent year, MnO NPwas studied as a new generation of
T1 contrast agents without nervous and digestive system application
limitation. However, there are not various synthesizing methods and
biologic perusal about MnO NPs which is the motivation of this work.

The ordinary method for synthesizing MnO NPs is thermal decom-
position of manganese acetate in the presence of oleic acid at high
98 2634437813.
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temperature [5–9]. In 2010 Baek et al. [10] prepared MnO NPs via
hydrothermal process which produces MnO nanocolloid stable in
triethylene glycol (TEG) and then makes them water-soluble by use
of D-glucuronic acid as surfactant. This nanocolloid was considered
as a potential T1 contrast agent by 7.02 s−1 mM−1 r1 relaxivity.

Nowadays by propagating nanotechnology in the biologic field,
cellular uptake and cytotoxicity of NPs have become vital parameters
whichmake a vast range of other parameters involved such as size, sur-
factant, surface charge, and other physicochemical parameters [11].
Two methods for uptake investigation were done in this work. The
first plan was staining NPs and employing optical microscope as a
qualitative method; and the second one was using inductively coupled
plasma to assess concentration of the internalized NPs quantitatively.

Here, we synthesized biocompatible MnO nanocolloid with thin
gentisic acid coat by hydrothermal process. It is worthy to mention
that gentisic acid as antioxidant excipient is in some pharmaceutical
processes. It was consumed, therefore, as a surfactant for improving
NP biocompatibility, and making them hydrophilic to be excreted by
kidneys [12]. Furthermore, MRI relaxometry demonstrated that the
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MnOnanocolloid is a potential T1 contrast agentwith a promising future
compared with gadolinium chelates.

2. Materials and methods

2.1. Materials

Manganese chloride tetrahydrate (MnCl2.4H2O), triethylene glycol
(TEG) as a solvent, 2,5-dihydroxybenzoic (gentisic) acid as a surfactant,
sodium hydroxide (NaOH) as a reducing agent, and potassium
hexacyanoferrate (K4[Fe(CN)6].3H2O) were all purchased from the
Merck. All the chemical reagents were of analytical grade and used as
received without further purification. N2 (99.99%) as flowing gas, and
DI water for washing were used.

2.2. Preparation of gentisic acid-coated manganese oxide nanocolloid

The hydrothermal process [10] was employed to synthesize MnO
NPs. Initially, 1.98 g of MnCl2.4H2O was dissolved in 30 mL solvent.
The resultant solution was magnetically stirred at room temperature
in a three-necked flask. Separately, 0.8 g NaOH was dissolved in 10mL
solvent, and was added drop-by-drop to the main solution under N2

gas flow at 200°C. This condition should be continued for 5h. Afterward
temperature of the solutionwas lowered to 130°C and gentisic acidwas
added. The conclusive solution was stirred overnight. The prepared so-
lution was washed with DI water to remove TEG, unreacted ions and
coating ligands. In this step, the green colloid of NPs in TEG turns into
a dark brown in water (Fig. 1). The remaining NPs were dispersed in
water and fetal bovine serum(FBS) for use inMRI and cell study, respec-
tively. Another part of the synthesizing samplewas dried, and the resul-
tant powder was employed for characterizations.

2.3. Characterization

X-ray diffraction technique (XRD, Philips PW 3710, The Netherlands)
was performed to recognize NP structure by using Cu Kα radiation
(λ = 1.5406 Å). A transmission electron microscope (TEM, Philips
CM100) was employed to determine the average size and morphology
of particles. Fourier transform infrared spectroscopy (FTIR, Bruker
Vector22, Germany) was carried out to assess surfactant. Hydrodynam-
ic diameter and zeta potential of NPs were determined by a DLS particle
size analyzer (Brookhaven ZetaPlus, USA). Inductively coupled plasma
atomic emission spectroscopy (ICP-AES), and enzyme-linked immuno-
sorbent assay (ELISA reader, Stat Fax-2100 Awareness, Mountain View,
Fig. 1. (a) The synthesized nanocolloid in TEG, and
CA, USA)were used for the uptakemeasurement, and the absorbance at
545nm for the viability test, respectively. The nanocolloid relaxometry
was done by a 3 T MRI (MAGNETOM Trio, A Tim System 3T, Siemens,
Germany).

2.4. Prussian blue staining

Qualitative evaluation of NPs internalization was done by Prussian
blue patch. For staining superparamagnetic iron oxide (SPIO) as a
famous NP with lots of applications, the most common material is
Prussian blue [13–19]. This staining method makes SPIO NPs blue, and
gives suitable contrast in the optical microscopes. Nevertheless, the
manganese complex deposition can be monitored by a characteristic
light blue color which becomes darker over time. As shown in Fig. 2,
at the moment of adding Prussian blue, the color of MnO colloid is neg-
ligible than F3O4. The MnO colloid's color, however, becomes suitable
after 2h.

MnOþ 2HCl ¼ Mn2þ
aq þ 2Cl−aq þH2O ð1Þ

2Mn2þ
aq þ Fe CNð Þ4−6 aq ¼ Mn2Fe CNð Þ6↓: ð2Þ

For this purpose, the washed cells by phosphate buffer saline (PBS)
were immersed in a mixture containing an equal volume of 20% aque-
ous solution of HCl and 10% aqueous solution of potassium ferrocyanide.
Kinetics of the above reactions is slow, and takes about 2h to produce a
blue complex.

2.5. Cellular uptake

HeLa cells were obtained from the National Cell Bank of Iran (NCBI),
Pasteur Institute, and grown on DMEM F12 medium for 48h after that,
they were exposed to 50 μg/mL MnO NPs for 4 h. Furthermore, prot-
amine sulfate was used as a transfection agent to increase cellular
uptake. The used protamine sulfate was prepared as a fresh stock solu-
tion of 10mg/mL in distilled water. Then 20μg/mL of protamine sulfate
was diluted from the stock, and mixed with MnO NPs for 10min in cell
culturemedium at room temperature, afterward the solution of NPs and
protamine sulfate was added to the existing medium in HeLa cultures.

Quantitative determination of intracellular MnO NP uptake was
done by ICP-AES. For this reason, the cells weremeasured by a hemocy-
tometer, and incubated to 50μg/mL of the nanocolloid for 4h. The cells
were washed three times thoroughly by PBS solution (pH 7.4) and
trypsinized. They were then centrifuged at 1000 g for 10min to form a
(b) after washing and dispersing in DI water.



Fig. 2. (a) After adding Prussian blue to Fe3O4 and MnO nanocolloids; (b) MnO after 2 h and (c) overnight.

Fig. 3. XRD pattern of the synthesized MnO NPs.

Fig. 4. FTIR spectrum of gentisic acid coated manganese oxide nanoparticles.
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pellet of cells. The cells pellet was dissolved in nitric acid to digest the
cells and release Mn2+ ions from MnO NPs. Finally, the concentration
of Mn2+ in the solution was measured by ICP-AES.

2.6. In vitro cytotoxicity

The viability of HeLa cells was estimated using themethylthiazol tet-
razolium (MTT) assay [20,21] which measures the ability of metaboli-
cally active mitochondria in live cells to reduce a yellow tetrazolium
compound to a purple formazan product. The media was removed,
and culture media with MTT and PBS were added to each well and
cells were incubated for 4 h. Then the media was removed, and the
cells were lysed with dimethyl sulfoxide. After dissolving the formazan
product, the absorbance at 545nmwasmeasured using an ELISA reader.
Eight replicates were used for three different concentrations. Relative
survival was represented as the absorbance of the treated sample per
absorbance of the control group.

2.7. MRI and relaxometry

The MRI sample with four different concentrations was prepared in
microtubes then all of them were placed in a water container at room
temperature (25 °C) to avoid susceptibility artifacts of surrounding air.
T1- and T2-weighted spin echo (SE) images were attained with variable
repetition (TR) and echo (TE) times by a 3-T MR scanner. T1 maps were
attained using six SE images with a fixed TE of 12ms, and TR values of
5000, 4000, 2000, 1000, 500, and 250ms. For T2 maps, five SE images
with a fixed TR of 4000ms, and TE values of 60, 48, 36, 24, and 12ms
were taken. Then both longitudinal (r1) and transverse (r2) relaxivities
of the contrast agent were calculated according to Eqs (3) and (4):

R1 observedð Þ ¼ R1 inherentð Þ þ r1 � C ð3Þ

R2 observedð Þ ¼ R2 inherentð Þ þ r2 � C ð4Þ

where R1 and R2 are reciprocal of T1 and T2 relaxation time, respectively.
Inherent and observed denote tissue relaxation without and with con-
trast agent, respectively. C is contrast agent concentration.



Fig. 5. TEMmicrograph and size dispersity of the nanoparticles.
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3. Results and discussion

Fig. 3 illustrates the XRD plot of the synthesized NPs. Characteristic
peaks are matched with standard face-centered cubic MnO (JCPDS 78-
0424) and tetragonal phase of γ-Mn3O4 (JCPDS Card, No. 80-0382).
For reducing γ-Mn3O4 phase, protection should be done to prevent ex-
cess oxidation, but drying the sample to produce powder for XRD causes
unwanted oxidation. Accordingly, the synthesized nanocolloid, before
drying, has a negligible γ-Mn3O4.

In Fig. 4, the surface coating was assessed by FTIR spectrum of the
sample. The C\O, C_C, C_O, and C\H stretch at 1100, 1430, 1610,
and 2920 cm−1, respectively. The O\H characteristic absorptions are
between 3200 and 3500 cm−1. The mentioned bonds verify gentisic
acid coating. The two peaks of 520 and 600cm−1 with the low intensity
representing the Mn\O bond [22]. To the best of our knowledge, min-
eral structures like MnO have stronger bonds, and weaker vibrations
that decrease peak intensity in FTIR spectra. Moreover, conjugation of
Fig. 6. Hydrodynamic size, and zeta po

Fig. 7. HeLa cells (a) before and (b) after Prussia
the surfactant to a mineral particle shifts the surfactant peaks to the
lower wavenumbers.

TEM micrograph and NP size dispersity are shown in Fig. 5. Accord-
ing to TEM results, NP core size wasmeasured and percentage of NPs in
each size period was plotted which shows 5 nm as the mode size. NP
size and hydrodynamic radius has an essential role in cellular uptake
and biodistribution [11]. Cellular uptake usually increases with decreas-
ing NP size. However, Jiang et al. [23] showed that a very small NP may
not be able to trigger the endocytosis process due to the lack of interac-
tion with adequate receptors. Hence, several NPs should be accumulat-
ed on the cell membrane to start pit formation.

Fig. 6 illustrates the hydrodynamic diameter and zeta potential of
NPs. The average hydrodynamic diameter of NPs as shown is 7.7 nm.
In accord with the 5 nm core size, the thickness of the coating is less
than 1.5 nm which is so thin and appropriate for T1 contrast agents. As
we know T1 contrast agents have spin–lattice relaxation procedure,
and need physical contact with environmental protons. Moreover, elec-
trophoreticmobility and zeta potential were analyzed in three runs by a
DLS device, and the mean zeta potential −15.91 mV was reported.
Some NPs with positive surface charge are identified by reticuloendo-
thelial system (RES) and mononuclear phagocytic system as opsonins
which lead these NPs to the liver and spleen [11,24]. Many NPs with
negatively charged groups and zeta potential around −30 to −50mV
are stable in physiological systems. They are however covered instanta-
neously by biological fluid proteins which considerably increases hy-
drodynamic diameter, and ruins the targeting capabilities of surface
functions [11,25,26]. Thus NPs with small negative zeta potential
(−10 to −20 mV) should have better performance in physiological
conditions by adsorbing the slight protein corona shell and negligible
size tolerance. Furthermore, the negative zeta potential should attract
more protons for adsorbing on the unpaired S-state of manganese
ions. Mn ions which exist in NP surface are operative of proton relax-
ation, and small size of NPs increases their surface.

Fig. 7 shows that more than 80% of the HeLa cells turned positive
upon Prussian blue staining after 4h of incubation withMnONPs. Prus-
sian blue staining demonstrated manganese-containing sites as light
tential of the synthesized sample.

n blue staining at the same magnification.



Fig. 8.MTT assay of the MnO NPs on HeLa cell line.

Fig. 10. R1 and R2 relaxations of the prepared contrast agent as a function of Mn
concentration.
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blue spots in the cytoplasm. In addition, manganese concentration for
around 500,000 cells which was measured by ICP-AES was 0.47 ppm
(0.94 pg/cell), and when protamine sulfate was used this result turns
into 1.46 ppm (2.92 pg/cell). It demonstrates that the transfection
agent increases cellular uptake up to three times. Kim et al. [27] had
labeled adipose-derived mesenchymal stem cells by mesoporous
silica-coated hollow manganese oxide NPs, and reached to 0.35 and
0.09 pg/cell uptake with electroporation and incubation, respectively.
Accordingly, our uptake without electroporation and its side effects
was worthy. The small hydrodynamic size of the MnO NPs is the most
important key for uptake enhancing.

MTT assay was done for three different concentrations of manga-
nese. The same cells without MnO nanocolloid treatment were used as
a control, and each experimentwas repeated for eight times to enhance
accuracy of data. As shown in Fig. 8 up to 150 μg/mL of manganese, no
side effect was observed in HeLa cells. The most important point is
that manganese ions are toxic. Hence, the synthesized nanocolloid
should be washed by DI water thoroughly. Moreover, gentisic acid as
an existing phenolic acid inwinewas employed for improving particles'
biocompatibility.

Fig. 9 depicts T1 and T2 weighted images of the synthesized
nanocolloid that reveals dose-dependent contrast. It is obvious that
MnO NPs are able to change both r1 and r2 relaxivities. Five unpaired
electrons in the d-orbital and high electron spin relaxation time make
MnO suitable as a T1 contrast agent. Additionally, being antiferromag-
netic instead of paramagnetic, the common form of positive contrast
agents, gives a small amount of magnetic dipole which increases r2.
Fig. 9. (a) T1-weighted (TR/TE:1000/12) and (b) T2-weighted (TR/TE:4000/60) images for
the prepared contrast agent as a function of Mn concentration.
The plots of R1 and R2 relaxations versus Mn concentration were
drawn in Fig. 10, and from their slope the nanocolloid r1 and r2
relaxivities were acquired at 6.03 and 83.6 s−1mM−1, respectively.

4. Conclusion

In this paperwe have used various characterization techniques to de-
duce the physical and biological properties of the synthesized MnO NPs.
TheNPs' r1 relaxivity is 6.03s−1mM−1which ismore promising than the
Gd-DOTA, a clinically usable T1 contrast agent, with 3.5 s−1 mM−1 r1
relaxivity in 3T. The small size of NPs (5nm) and thin layer of hydrophilic
surfactant (less than 1.5nm) are two key parameters to reach satisfying
relaxivity. MTT assay reveals that NPs have good biocompatibility, and
can be used without serious side effects. In addition to low cytotoxicity,
uptake of 2.92 pg/cell with protamine sulfate transfection was obtained
which is a considerable result based on the available literature.
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