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Abstract This work aimed at determining conditions
that would allow us to control the size of the NPs and
create a system with characteristics apt for biomedical
applications. We describe a comprehensive study on the
synthesis and physical characterization of two highly
sensitive sets of triethylene glycol (TREG) and polyeth-
ylene glycol (PEG)-coated superparamagnetic iron

oxide nanoparticles (SPIONs) to be evaluated for use
as magnetic resonance (MR) contrast agents. The
ferrofluids demonstrated excellent colloidal stability in
deionized water at pH 7.0 as indicated by dynamic light
scattering (DLS) data. The magnetic relaxivities, r2,
were measured on a 1.5 T clinical MRI instrument.
Values in the range from 205 to 257 mM−1 s−1 were
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obtained, varying proportionally to the SPIONs’ sizes
and coating nature. Further in vitro cell viability tests
and in vivo biodistribution analyses of the intravenously
administered nanoparticles showed that the prepared
systems have good biocompatibility and migrate to sev-
eral organs, mainly the meninges, spleen, and liver.
Based on these results, our findings demonstrated the
potential utility of these nanosystems as clinical contrast
agents for MR imaging.

Keywords Magnetite . Nanoparticles .MRI .

Relaxivity . Cell viability . Biodistribution

Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are
of great interest due to their potential applications in
diverse fields such as biomedicine, bioseparation, biotech-
nology, and in catalysis, (Rojas-Perez et al. 2015; Beltran-
Huarac et al. 2013; Zhang et al. 2013; Engelhardt et al.
1994; He et al. 2012; Papakonstantinou et al. 1995; Wang
et al. 2009; Zhang et al. 2008) not only because of their
excellent magnetic response but also their low toxicity and
biosafety. These entities usually have a magnetic nanopar-
ticle as the core, surrounded by a hydrophilic and biocom-
patible coating.

Hydrophilic SPIONs are ideal nanomaterials that,
when coupled with appropriate surface chemistry appli-
cations, can be used for numerous biomedical in vivo
applications such as magnetic separation, drug delivery,
cancer hyperthermia, and magnetic resonance imaging
(MRI) contrast enhancement (Pankhurst et al. 2003;
Mornet et al. 2004). The use of superparamagnetic
nanoparticles as contrast agents inMRI has been amajor
development in the range of tools available to clinicians.

SPIONs have attracted an increasing interest in the last
10 years because they can produce enhanced relaxation
rates in specific organs at significantly lower doses
(mmol/kg) than paramagnetic ions, due to their larger
magnetic moment (Merbach et al. 2001).

All of the abovementioned biomedical applications
require the nanoparticles to be non-toxic (Weissleder
et al. 1989), water soluble, superparamagnetic, have
high magnetization values and chemical stability, a size
smaller than 100 nm, narrow particle size distribution,
and be easy to produce on a large scale. The synthesis of
magnetite particles that can meet all these requirements
remains a challenge.

It has been demonstrated that the physical and chem-
ical properties of magnetite nanoparticles greatly de-
pend on the synthesis route (Masala and Seshadri
2005; Ammar et al. 2001). The size and morphology
of the nanoparticles (NPs) can be controlled by
adjusting pH, reaction temperature, precursor, and the
Fe(II)/Fe(III) concentration ratio (Ali et al. 2016).

The control of the monodisperse size is crucial be-
cause the properties of the nanocrystals strongly depend
upon the dimension of the nanoparticles. Iron oxide
nanoparticles become superparamagnetic when their
size is under 20 nm (Issa et al. 2013). This characteristic
is important for their biomedical applications as magne-
tization ceases after the removal of the external magnetic
field, avoiding undesirable in vitro or in vivo aggrega-
tion (Yang et al. 2013). Furthermore, magnetic nanopar-
ticles with diameter sizes under 8–10 nm (USPIONs,
ultrasmall superparamagnetic iron oxide nanoparticles)
have longer retention time in blood, avoid clearance by
the reticuloendothelial system (RES), and can reach
other tissues and organs, besides the liver (Bourrinet
et al. 2006; Lind et al. 2002; Weissleder et al. 1990).
Also, their small size allows for sub-cellular targeting
which can overcome certain physical barriers that larger
molecules such as pharmaceutical drugs may not (Zhu
and Torchilin 2013).

One of the most popular ways to prepare high-quality
water-stable SPIONs is polyol-mediated synthesis. This
simple, low-cost method uses high-boiling solvents
such as triethylene glycol (TREG) (Wei and Wan
2007; Mondini et al. 2008) and poly(ethylene glycol)
(PEG) (Mondini et al. 2008) that allow for the high
temperatures needed for decomposition of the chemical
precursor. Because of the reaction environment used,
this method produces SPIONs with a hydrophilic coat-
ing (a desirable characteristic to retard detection and
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removal by the RES) (Wang 2011), acceptable size
uniformity, and good crystallinity, making them useful
for many applications. Another advantage of this simple
one-step method is that the polyol-coated magnetic
nanoparticles are highly soluble in aqueous solvents
and biocompatible (Joseyphus et al . 2010).
Furthermore, the cost of their manufacture is lower than
nanostructures obtained by other techniques which re-
quire additional steps for surface functionalization.

The biodistribution, cell viability, and MRI perfor-
mance of polyol-coated magnetic nanoparticles have
recently been reviewed in several publications
(Miguel-Sancho et al. 2011; Xue et al. 2015; Hachani
et al. 2016). However, to our knowledge, most of these
studies focus exclusively on the preparation and charac-
terization of magnetic nanoparticles, or the evaluation of
their cytotoxicity in a cell culture or animalmodel, or the
in vitro performance analysis as MRI contrast agent. As
these aspects were assessed separately, their work mis-
ses the chance to make a holistic study of this
nanomaterial.

In this work, we report a comprehensive study on the
preparation and characterization of TREG and PEG-
coated SPIONs with controlled sizes and enhanced
magnetic properties, as well as the MRI performance
both in vitro and in vivo and biological testing conduct-
ed on one of these systems. The results indicate that the
magnetic nanoparticles have appropriate tissue
biodistribution, are biocompatible, and show excellent
performance as potential clinical MRI contrast agents
(CAs).

Experimental

All the chemicals were purchased from commercial
sources and were reagent grade unless otherwise indi-
cated. Iron (III) acetylacetonate, [Fe(acac)3] (97%,
Aldrich), was used as iron oxide precursor and thermally
decomposed at high temperatures in both triethylene
glycol (TREG, 99%, Aldrich) and polyethylene
glycol-6000 (PEG6000, premium, Aldrich). The main
function of the polyol in the synthesis is contributing
to the partial reduction of Fe3+ to Fe2+, in the appropriate
stoichiometry to yield Fe3(OH)8 which turns into mag-
netite (Fe3O4) after thermal decomposition. The polyol
also serves as a high-boiling point solvent and surfactant
that prevents aggregation by maintaining the size of the
nanoparticles uniform as they grow (Joseyphus et al.

2010). In this work, magnetite nanoparticles were pre-
pared following a method similar to that proposed by
Cai et al., but without using an inert atmosphere.
Nanoparticles obtained through this method were about
9 nm in diameter on average (Cai and Wan 2007).

Preparation of TREG-coated Fe3O4 nanoparticles

Fe3O4@TREG-1 (TREG-1): In a typical synthesis,
25 mL (186.4 mmol) of TREG and 1.412 g (4 mmol)
of [Fe(acac)3] were mixed in a 100-mL round bottom
flask equipped with a condenser, magnetic stirrer,
heating nest, rheostat, thermocouple, and heated until
the temperature reached 453 K. The temperature was
maintained for about 30 min, until the solution turned
darker. The temperature of the reactionmixture was then
increased rapidly to 553 K and maintained for another
30 min. The solution turned a dense black and
responded positively to an external magnetic field. The
reaction mixture was slowly cooled down to room tem-
perature, and the product was washed three times with a
mixture of ethyl acetate (40 mL) and ethanol (10 mL). A
permanent Nd magnet at the bottom of the flask induced
precipitation of the product, and the solid particles were
then recovered by decantation. The final product, a
black magnetic powder (Fe3O4 nanoparticles), was
dried under vacuum at room temperature and then stored
in a freezer (277 K).

Fe3O4@TREG-2 (TREG-2): TREG-2 was prepared
following the same procedure used for TREG-1, but by
changing the volume of TREG (the concentration of the
iron precursor in the reaction mixture) and modifying
the temperature and heating time at different stages as
shown in Table 1.

Preparation of PEG-coated Fe3O4 nanoparticles

This synthesis was realized with some modifications of
a method reported by Zhang (Zhang et al. 2008).
Carboxylation of PEG was achieved by the oxidative
carboxylation of PEG3400 as reported by Fishman
(Fishman et al. 2004).

Fe3O4@PEG-1 (PEG-1): 0.8 g (2.264 mmol) of
[Fe(acac)3] and 1.0 g (0.166 mmol) of carboxylated
PEG were mixed in a 100-mL round bottom flask, same
as the one described earlier. The mixture was heated to
473 K and maintained at this temperature for 30 min.
After this time, the temperature was rapidly raised to
533 K and sustained for another 40 min. A change in

J Nanopart Res (2016) 18: 345 Page 3 of 16 345



color of the solution from reddish to black indicated the
completion of the reaction. The black suspension was
cooled to room temperature, and the solid product was
dispersed in 70 mL of ether/acetone (3:3 v/v) mixture to
remove impurities and any unreacted precursor. Finally,
the product was magnetically decanted, dried at room
temperature, and stored at 277 K. The derived product is
a black powder with an intense magnetic response and
good solubility both in water and ethanol.

Fe3O4@PEG-2 (PEG-2): PEG-2 was made follow-
ing the same procedure used for preparing PEG-1, but
by changing the volume of PEG and the heating time for
stages 1 and 2, as indicated in Table 1.

Characterization

Transmission electron microscope (TEM) images were
obtained on a JEOL J-2100 (JEOL USA, Inc., Peabody,
MA) electron microscope at an acceleration voltage of
200 kV. TEM samples were prepared by placing one
drop of a dilute suspension of magnetite nanoparticles in
water on carbon-coated copper grids and allowing the
solvent to evaporate at room temperature. The average
particle size (DTEM) and size distribution were evaluated
by measuring the largest internal dimension of 100
particles. Powder X-ray diffraction (XRD) measure-
ments were taken of the dry, ground powder in a quartz
sample holder in a Bruker D8 Advance (Bruker AXS
Inc., Madison, Wisconsin, USA,) diffractometer using
the Cu Kα1 line source (λ = 1.54018 Å) in 2θ mode
(measuring interval 10 to 90°); scan step = 0.02°; time
step = 0.6 s. Hydrodynamic particle diameter and parti-
cle size distribution were determined via dynamic light
scattering using a Nanotrac Wave system (Microtrac
Inc., Montgomeryville, PA, USA) analyzer, with a red
laser of 780 nm, 3 mW. Fourier transform infrared
(FTIR) spectra were recorded for finely ground dry

powder samples on a Varian-Scimitar FTIR-800
(Varian, Palo Alto, CA., USA) spectrophotometer
equipped with an ATR detector in the spectral range
4000–800 cm−1.

Fe content determination

An adaptation of the method reported byWang et al. for
the spectrophotometric determination of Fe(II) was used
to determine the Fe content (Rohani Moghadam et al.
2015; Wang et al. 1982). Briefly, the UV-visible absorp-
tion spectra of an iron(II) complex with 1,10-
phenantroline (>99%, Aldrich) was determined using a
UV-Vis Cary 100 (Varian, Palo Alto, CA, USA) spec-
trophotometer. For this purpose, 10 mg of the polyol-
coated SPIONs was dissolved in 10 mL of HCl (6 M,
37%, ACS reagent) under sonication for 20 min. Then,
1 mL of a 10% hydroxylamine hydrochloride (98%,
ACS reagent) solution was added to reduce all Fe(III)
to Fe(II). Then, 8 mL of sodium acetate buffer
(pH 5.2 ± 0.1, Sigma) and 5 mL of a 1,10-
phenanthroline 4.8 mM solution were added and stirred
vigorously. Almost immediately, an intensely orange
colored complex [Fe(phen)3]

2+ formed. After 15 min,
the solution was diluted to 100 mL by adding deionized
water and the absorbance of the sample measured at
508 nm. The concentration of iron in each sample was
estimated utilizing a previously prepared calibration
curve.

Magnetic resonance relaxometry

MR relaxometry of the magnetic nanoparticles was
measured using a clinical 1.5 T whole body MRI scan-
ner (Philips Intera-Achieva, Philips Healthcare, Best,
Netherlands). Four SPION samples (TREG-1, PEG-1,
TREG-2, and PEG-2) were dispersed in a mixture of

Table 1 Polyol-coated magnetic nanoparticle preparation conditions and resulting NP sizes

Condition TREG-1 PEG-1 TREG-2 PEG-2

[Fe(acac)3] 1.41 g (4.0 mmol) 0.80 g (2.26 mmol) 0.35 g (1 mmol) 0.80 g (2.26 mmol)

Polyol (PEG or TREG) 25.0 mL (186.4 mmol) 1.0 g (0.166 mmol) 9.4 mL (70 mmol) 0.75 g (0.125 mmol)

Temperature, time (K, min) (1st stage) 453, 30 473, 30 453, 60 473, 60

Temperature, time (K, min) (2nd stage) 553, 30 533, 40 523, 60 533, 80

Average size (nm) (DLS) 20 20 40 180

Average size (nm) (TEM) 6 8 12 14
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distilled water and 0.3 g of agar gel at iron concentra-
tions in a range from 4.3 to 64.2 μg/mL for PEG-coated
nanoparticles and from 5.7 to 28.0 μg/mL for TREG-
coated nanoparticles in plastic tubes (15 mL). Images
were taken in 2D mode with a mFFE (multi fast field
echo) sequence, maximum gradient amplitude of 80
mT/m, a slew rate of 120 mT/m/ms, an 8-channel
SENSE head coil, TR/TE = 230/46 ms, slice thickness
of 5 mm and NEX = 2, angle flip = 18 and echo times
TE = 0, 20, 40, 60, 80, and 100 ms, at the same spatial
position (Fig. 5). For each sample, T2-weighted images
of the samples for three different Fe concentrations
(TREG-1 5.7, 11.0, 20.7; PEG-1 4.3, 6.4, 14.3;
TREG-2 9.4, 13.3, 28.0; PEG-2 22.5, 32.1, 64.2 μg/
mL) were obtained. The relaxation time T2 was obtained
from the MR images by fitting the measured signal
intensity decay into an exponential curve (Eq. 1)
(Arteaga-Cardona et al. 2016b). To determine the
changes induced by the magnetic nanoparticles on the
water’s 1H protons relaxometry, the average signal
strength provided by each MRI image at a specific TE
was measured using OsiriX (2004). This data was then
fitted into an Eq. (1), obtaining the T2 value and finally,
calculating r2 from r2 = 1/T2.

SSE ¼ S0e−
TE
T2 ð1Þ

where SSE represents the intensity of the signal at a
defined echo time, and S0 is the original intensity of
the signal without the magnetic material.

Magnetic measurements

Themagnetic properties of samples TREG-2 and PEG-2
were measured using a vibrating sample magnetometer
(VSM) attached to a Physical Property Measurements
System (PPMS, Quantum Design, Dyna-cool 9, USA).
The samples were subjected to different magnetic field
strengths (H), and the induced magnetization (M) was
measured at three temperatures (300, 100, and 10 K).
The external magnetic field was reversed on saturation,
and the hysteresis loop was traced.

Cell viability test

Mouse fibroblast cells (ATCC No. CCL-1) used in this
study were provided by CIAD (Centro de Investigación
en Alimentación y Desarrollo, Sonora, México). The
cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM, Sigma) supplemented with 5% fetal
bovine serum (FBS, Sigma), 1% penicil l in-
streptomycin (Sigma), and 1% glutamine (Sigma) at
310 K in a humidified atmosphere with 5% CO2.
TREG-2 and PEG-2 SPIONs were sterilized by filtra-
tion through 0.45 μmMillex CV filter units (Millipore),
and their effects on cell viability/cytotoxicity were de-
termined using the MTT (3-[4,5-dimethylthyazol-2-yl]-
2,5 diphenyl tetrazolium bromide, 98%, Sigma) colori-
metric assay. Fibroblasts (1.0 × 104 cells/well) were
seeded in 96-well plates and cultured in a humidified
atmosphere with 5% CO2 at 310 K during 24 h. After
that, the medium was replaced with fresh medium con-
taining different concentrations of nanoparticles (0,
1.25, 2.5, 5, 10, 20, 40, 80, and 160 μg/mL) and further
incubated for 24, 48, and 72 h. After this time, the
medium containing unbound compounds was removed,
and MTT solution (5 mg/mL in PBS pH 7.4) was added
to all the wells. After further incubation in the dark for
4 h at 310 K, 100 μL of acidified isopropanol was added
to each well and the absorbance was monitored in a
microplate reader at a wavelength of 550 nm (Jiang
et al. 2013). All the tests were performed in triplicate;
untreated cells were used as controls, and the cell via-
bility was calculated as follows:

%Cell viability

¼ Absorbance of sample well=absorbance of control wellð Þ
� 100:

No evaluation of PEG or TREG toxicity was per-
formed as both are stable, biocompatible hydrophilic
polymers that are currently used inmany drugs and gene
delivery applications (Pisciotti et al. 2016); (Hachani
et al. 2016).

In vivo MR imaging experiments

The animal model consisted of a 5-kg New Zealand
rabbit kept under appropriate care in the Animal
Research Unit of the institution, following the Guide
for the Care and Use of Laboratory Animals, with
approval of the Ethics Committee of Hospital Infantil
de Mexico and in accordance with the Mexican Official
Norm (NOM) NOM-039 and NOM-062-ZOO-1999
(2011). The study was performed using an 8-channel
SENSE head coil on a 1.5 Tclinical whole body scanner
(Philips Intera-Achieva, Philips Healthcare, Best,
Netherlands). Images were taken in 2D mode with a
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mFFE sequence, with the following parameters:
FOV = 150 mm, matrix 256 × 256, TR = 2348 ms, slice
thickness 3 mm, gap = 4 mm, NEX = 2, flip angle = 18,
pixel bandwidth pBW = 934 Hz, TE = 4.6, 24.6, 44.6,
64.6, 84.6 ms, maximum gradient amplitude equal to 80
mT/m and a slew rate of 120 mT/m/ms. A suspension of
0.175 mg of TREG-2, containing the equivalent to
50 mg of Fe dispersed in 5 mL of saline solution, was
injected intravenously into a vein in the rabbit’s right
ear. MRI was performed before injection and every day
for 3 days after injection of the nanoparticles. Contrast
effects were examined in all of the major organs.

Histology

To further verify the MRI results, the animal was
sacrificed for histopathological analysis. The brain, me-
ninges, liver, kidneys, intestines, lungs, esophagus, and
spleen tissues of the rabbit were treated with 5 mg/mL
TREG-2 magnetic nanoparticles, washed with PBS
buffer (pH = 7.4), fixed with 4% formaldehyde, and
included in paraffin. The tissues were processed with a
Leica-Lipshaw EG1150 (Leica Microsystems, Wetzlar,
Germany) modular tissue-embedding center, and then
cut into histological slices (5 μm) and stained with
Prussian blue (Perls staining) for the detection of free
exogenous iron. The counterstaining was done with
hematoxylin-eosin. All the sections were examined with
an optical microscope (Zeiss Axio Scope. A1,
Germany).

Results and discussion

The polyol method has been used by several research
groups for the preparation of highly monodispersed
SPIONs (Cai et al. He et al. 2012). Typically, it consists
of two heating stages, one (the activation step) which
achieves thermal decomposition of a small fraction of
the polyol and yields a reducing agent (formaldehyde)
and a second heating stage (the magnetite formation
step) where the magnetic iron oxide is formed by the
thermal decomposition of the iron precursor. The spe-
cific temperature and reaction time of each stage, as well
as the nature of the polyol and the concentration of the
precursors, are all factors that influence the final size,
structure, and morphology of the nanoparticles. Table 1
presents a summary of the preparation conditions for the
four samples along with their size, as determined by

dynamic light scattering (DLS) and TEM. Products with
the desired characteristics were formed only when the
temperature of the second heating step was within
the 523–553 K range for TREG and 533 K for
PEG. Varying the reaction time resulted in nano-
particle formation of different sizes. For example,
doubling the time (from 30 to 60 min) in the
activation step and in the second step (30 to
60 min, for TREG; 40 to 80 min for PEG) dou-
bled the hydrodynamic radii from 20 to 40 nm for
both TREG-coated nanoparticles, and caused an
appreciable increase of size for PEG-coated nano-
particles. The observed change in size of the nano-
particles can be attributed to an increase of the
iron core diameter, which was confirmed by spec-
trophotometric estimation of their iron content (al-
most twice the initial mass of iron for sample
TREG-2 compared to TREG-1 and the nearly the
same ratio for sample PEG-2 with respect to PEG-
1). All samples are black, magnetic powders that
are highly dispersible in water. The spectrophoto-
metric determination of iron in 10.0 mg of each of
the samples yielded 13.8% of total iron for sample
TREG-1, 8.6% for sample PEG-1, 38.5% for sam-
ple TREG-2, and 16.0% for sample PEG-2. Those
values correspond, respectively, to 86.2, 91.4,
61.5, and 84.0 wt% of the corresponding polyol
for TREG-1, PEG-1, TREG-2 and PEG-2, respec-
tively. In this work, the temperature of the first
heating step was fixed at 453 K for TREG and
473 K for PEG. Irrespective of the duration of this
first step, heating the mixture at lower tempera-
tures produced undesirable products, without mag-
netic response. The same happened if the initial
thermal activation step was missed or shortened.
The selection of an appropriate temperature for the
second heating stage also seems to be crucial to
obtain a product with the desired characteristics.

Characterization of the SPIONs The control of the
monodisperse size is vital as the properties of the
nanocrystals are strongly dependent on the dimension
of the nanoparticles. It has been reported that magnetic
nanoparticles smaller than 10 nm are easily removed by
renal clearance (Wahajuddin and Sumit 2012). Figure 1
shows typical TEM images of the as-prepared TREG-1,
TREG-2, as well as for PEG-1 and PEG-2 samples.
Formation of quasi-spherical particles with a size range
between 6 to 14 nm (depending on the sample) is very
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clear in the micrographs. The SPIONs are highly crys-
talline as observed from their selected area electron
diffraction (SAED) patterns (see Supplementary
Information1).

Size distribution of Fe3O4-NPs was determined by
DLS, using a Nanotrac Wave Analyzer, at a concentra-
tion of 100 ppm in water, at 294 K. The distribution
graphs of the SPIONs that were freshly dispersed in DI
water with an ultrasonic probe (5 s, Ultrasonic Processor
Vibra Cell, Model VC130PB) are shown in the
Supplementary Information. The hydrodynamic diame-
ter (HDD) values determined for TREG-1, TREG-2,
PEG-1, and PEG-2 are 20, 40, 20, and 180 nm, respec-
tively. These sizes concur with the observed size in-
creases that result from doubling the reaction time (as
determined by TEM), with the exception of the large

size increases measured for PEG-2 (HDD of 180 nm).
This increment may be related to the hydrophilic nature
of PEG6000, forming a swollen shell; it has been reported
that large molecular weight PEG-coated magnetic nano-
particles are more suitable for agglomeration than their
corresponding low-molecular weight counterparts
(Yallapu et al. 2010). All samples show excellent col-
loidal stability in water at pH 7.0, making them appro-
priate for biomedical applications. The crystalline phase
for two selected samples was determined by XRD.
Figure 2 shows the XRD patterns for TREG-1
(Fig. 2a) and PEG-1 (Fig. 2b) samples. The XRD pat-
terns show that the nanoparticles are well-crystalline,
and the position and relative intensity of the diffraction
peaks correspond to the crystalline planes of magnetite
(Fe3O4, JCPDS 19–0629). Finally, the presence of the
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corresponding polyol (TREG or PEG) coating over the
Fe3O4 core was confirmed by FTIR. Figure 3 shows a
comparison of the FTIR spectra for the TREG-2 and
PEG-2 samples. As anticipated, the bands associated
with the typical vibrational frequencies expected for
PEG or TREG were found on the coated magnetic
nanoparticles. Characteristic bands at 1140 cm−1

(C–O–C stretching vibration) and 1630 cm−1

(carboxyl band) corresponding to the PEG-coated
nanoparticles are present, indicating their presence
on the SPION crystal surface. These bands shifted
towards lower wave number, in comparison with the
bands corresponding to the free polyol and uncoated
NPs (Fig. 3a). The same was found for TREG-
coated SPIONs, where stretching bands at 1120,
1180 (C–O–C stretching vibration), and 1635 cm−1

(asymmetric COO stretching) were found, also
shifted to lower energies compared to free TREG
(Fig. 3b). The changes in vibrational frequencies can
be related to the interaction of carboxylate (–COOH)
groups and the SPIONs surface (Piñeiro-Redondo
et al. 2011). The PEG or TREG coatings absorbed
on the surface may help to stabilize the nanoparticles
in aqueous suspensions, even under physiological
conditions.

I n v i t ro MRI e xpe r imen t s and re l a x i v i t y
measurements Surface coating affects the magnetiza-
tion of nanoparticles by modifying surface spin disor-
ders and also modulates MRI relaxivity of nanoparticles
by altering the diffusion of water molecules between the
solution phase and the adjacent layer surrounding the
particle surface (Ge et al. 2009). Magnetic resonance
images in a lab-made phantom were recorded on a
Philips 1.5 T MRI clinical imaging system at room
temperature (∼300 K). The images were taken in 2D
with mFFE sequence with echo times TE = 0, 20, 40,
60, 80, and 100 ms at the same anatomical position
(Fig. 4).

Transverse relaxation time T2 (measured in ms) is
associated with the transverse relaxation, where nuclear
spins precession cease, thus losing their transverse mag-
netization (at the xy plane) after a radiofrequency pulse.
This gap is produced by direct interaction between pairs
of spins and therefore is called spin-spin relaxation. To
determine the relaxometry of the samples, the decay of
signal intensity S was fitted into the exponential Eq (1)
(Papakonstantinou et al. 1995). The spin-echo sequence
can be used to obtain an accurate measurement of T2
relaxation time or the relaxation rate R2 = 1/T2. Some
studies in vivo (He et al. 2012; Lind et al. 2002) and
in vitro (Clark et al. 2003) have demonstrated a high
degree of correlation between iron concentration and R2

in biological tissues. Figure 4 shows how the T2-weight-
ed images change drastically in signal intensity when
the amount of polyol-coated magnetic nanoparticles is
increased. This change in intensity can be observed in
the observed exponential decay curves for the different
concentrations of samples TREG-1, PEG-1, TREG-2,
and PEG-2 (Fig. 5).

Figure 4 clearly shows that the prepared SPIONs are
able to generate MR contrast on transverse (T2) proton
relaxation times weighted sequences. Their r2 relaxivities
were obtained by calculating the slope of the plots of their
relaxation rates, 1/T2, (in s

−1) versus Fe concentration (in
mM), obtaining values of 205 mM−1 s−1 for TREG-1,
245 mM−1 s−1 for PEG-1, 227 mM−1 s−1 for TREG-2,
and 257 mM−1 s−1 for PEG-2. Superparamagnetic mag-
netite nanoparticles with diameters ranging from 3 to
6 nm, coated with diethylene glycol or PEG, had r2
relaxation rates from 29 to 119 mM−1 s−1 (Hu et al.
2010) . Al though i t has been repor ted that
superparamagnetic, monodispersed TREG-coated mag-
netite nanoparticles with sizes in the range of 8–9 nm, can
act both as T1 and T2 contrast agents, their large r2 value

Fig. 2 X-ray diffraction (XRD) patterns for two selected polyol-
coated SPION samples. a TREG-1. b PEG-1
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make them more suitable as T2 contrast agents (Ma et al.
2010). The calculated small r2 values for some of the
SPIONs presented in this work might be useful for the
development of T1 + T2 dual-contrast agents at clinically
relevant magnetic fields (Hu et al. 2011). In this work, the
lowest r2 value of the four samples tested corresponds to
TREG-1 (205 mM−1 s−1); this is still higher than that of
commercially available CA such as Feridex, Resovist, or
Endorem that have r2 values of 98.3, 151.0, and
189 mM−1 s−1, respectively (Branca et al. 2015; Wang
2011), which makes all of these formulations good can-
didates for T2 contrast agents.

The magnetization curves of TREG-2 and PEG-2 at
300, 100, and 10 K obtained by VSM are shown in

Fig. 6. The magnetic hysteresis loops show a
superparamagnetic behavior. The room temperature sat-
uration magnetization values, Ms, for the two samples
are 53 and 33 emu g−1, respectively.Ms values in the 30
to 80 emu g−1 range have been reported in the literature
and are typical for nanostructured Fe3O4 (Wu et al.
2008). No hysteresis in the magnetization curve and
very small values in coercivity indicate that these
SPIONs are superparamagnetic, as can be expected for
MNPs of these sizes. Values of Ms without the contri-
bution of TREG and PEG can be found in the
Supplementary Information section.

As the hysteresis curves shows, sample TREG-2
presented higher Ms than PEG-2 even although PEG-

Fig. 3 FTIR spectra of (a) PEG-
and (b) TREG-coated SPIONs,
compared with pure samples of
PEG and TREG
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Fig. 4 T2-weighted MR images of agar suspensions of TREG-1a,
TREG-1b, TREG-1c, TREG-2a, TREG-2b and PEG-1a, PEG-1b,
PEG-1c, PEG-2a, PEG-2b, PEG-2c SPIONs at different Fe

concentrations (in mM). Images were taken at a cut to zero echo
time (I) TE = 0 ms; (II) TE = 20 ms; (III) TE = 40 ms; (IV)
TE = 60 ms

Fig. 5 Decay of the signal intensity of (a) TREG-1, (b) PEG-1, (c)
TREG-2, (d) PEG-2 at different Fe concentrations (mM): TREG-
1a, 0.371; TREG-1b, 0.197; TREG-1c, 0.102; PEG-1a, 0.256;

PEG-1b, 0.115; PEG-1c, 0.077; TREG-2a, 0.501; TREG-2b,
0.238; PEG-2a, 0.167; PEG-2b, 0.906; PEG-2c, 0.165
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coated nanoparticles were larger than TREG nanoparti-
cles; this difference could be attributed mainly to the
coating; since PEG has a larger hydrocarbon chain, the
nanoparticles were more separated and synergic effects
among the magnetic nanoparticles like dipolar coupling
decrease their intensity resulting in lower Ms. This can
also be seen with the HDD, where sample PEG-2 had
the largest value compared to the rest of the samples (de
la Presa et al. 2015; Arteaga-Cardona et al. 2016a).

Cell viability, histology, and in vivoMRI evaluation The
effects of magnetic core-shell structure of the nanopar-
ticles on fibroblast cell cultures were evaluated using
contrast phase microscopy at 24 and 72 h after treat-
ment. Fibroblast cells exposed to TREG-2 or PEG-2
nanoparticles maintained their normal morphology at
the highest doses evaluated (160 μg/mL) after 72 h
(Fig. SI-7b-e) and were not different from untreated
control cells (Fig. SI-7a).

The dose and time response of core-shell magnetic
nanoparticles were tested using the MTT viability test.
The obtained data reveals that fibroblast cells remained
viable after treatment with TREG or PEG-coated Fe3O4

nanoparticles in all the concentrations and times evalu-
ated (Fig. 7). Very low toxicity was observed, even at
high concentrations of TREG-2 or PEG-2 nanoparticles
(160 μg/mL), which did not result in a significant dif-
ference in viability with respect to controls. These re-
sults are in agreement with previous works (Jia et al.
2012; Kim et al. 2006a, b). However, Gupta and Wells
reported that functionalized magnetic nanoparticles re-
duced fibroblast viability by about 25–50% at concen-
trations in the range of 250 μg/mL (2004). In the present
study, no significant changes in cell viability were

observed even at the highest concentration used
(160 μg/mL). Although morphological changes were
observed in the cells treated with TREG-2, the viability
of the cells was not affected thus suggesting biocompat-
ibility. The observed biocompatibility of these polyol-
coated core-shell magnetic nanoparticles, as well as
their higher Ms (allowing for a reduced dosage of the
CA), suggests that these NPs may potentially cause
fewer adverse side effects and would be appropriate
contrast agents for MRI and other biomedical uses.

Our results concur with the data we had reported
previously that showed the effects on cell lines of mag-
netic nanoparticles functionalized with α-tocopheryl
succinate (α-TOS-NPs); no significant effects on fibro-
blast cell cultures were found (Angulo-Molina et al.
2014). In that study, the internalization of the function-
alized magnetic nanoparticles was proven by confocal
microscopy analysis of FITC labeled nanoparticles. The
precise mechanism of internalization for TREG and
PEG-coated magnetic nanoparticles is still unknown,
but it may be mediated by endo- and pinocytosis
(Berry 2005). The MTT results are also in agreement
with other previous studies (Anderson et al. 2004; Kim
et al. 2006a).

As the obtained results, were in agreement with pre-
vious works reporting that Fe3O4 nanoparticles have
low toxicity and no significant side effects when used
as MRI contrast agents (Liu et al. 2013; Roper 1988),
we proceeded to evaluate the in vivo biodistribution and
MRI performance of one of the formulations in a rabbit.
The TREG-2 sample was chosen as the contrast agent as
it showed the highest Ms.

A suspension of 10 mg/mL (based on Fe concentra-
tion) of TREG-2 nanoparticles with core size in the
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range of 12 nm and a hydrodynamic diameter of 40 nm
was injected intravenously into a rabbit’s right ear vein,
in a dose lower than that used for typical SPIONs based
common MRI contrast agents (i.e., 28 mg/mL for
Resovist™ for patients weighing less than 60 kg)
(Wang 2011). It showed a negative enhancement effect,

typical of a T2 magnetic contrast agent as observed in
Fig. 8, where theMRI image before injection (Fig. 8a) is
compared to the T2-weighted images for 3 days consec-
utive days after injection.

As shown in Fig. 9, the histopathological character-
istics of tissues extracted from different organs after

Fig. 8 MRI T2-weighted images
(TR/TE of 2348 ms/4.6 ms) at (a)
pre-injection and (b) 1, (c) 2, and
(d) 3 days post-injection with
TREG-2 nanoparticles (10mg Fe/
kg body weight) by IV
administration. The magnetic
nanoparticles accumulation zones
are circled
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staining with hematoxylin-eosin did not show any sign
of structural change indicative of cell or tissue damage.
As the TREG-2 nanoparticles contain iron ions, their
distribution can be examined using Prussian blue stain-
ing of tissues from the selected organs. This method is
highly selective for exogenous iron, and although the
liver and spleen normally accumulate iron and show
positive results to the Prussian blue staining, the accu-
mulation of exogenous iron yields a more intense blue
color. No significant blue colors were found in tissue
samples from the esophagus, heart, lung, and kidney,
neither was there any detectable change in typical tissue
morphology, which suggests that TREG-2 nanoparticles
are non-toxic and do not accumulate in those organs.
Positive results, indicated as blue-stained particle clus-
ters, were found mainly in the meninges, spleen, and
liver, suggesting that the nanoparticles are being

handled by the RES system. These results indicate that
the TREG-2 nanoparticles have good tissular diffusion,
large half-life values, and distribute through the system-
ic circulation before being sequestered by the RES
system (Jia et al. 2012). The dark regions correspond
to zones around the brain, histologically identified as the
meninges, associated with the accumulation of TREG-2
nanoparticles after biodistribution and clearance by the
RES. The MR images show that the T2 contrast is
mainly located outside of the brain parenchyma, indi-
cating that the nanoparticles accumulated in the blood
vessels around the meningeal tissue but did not cross the
blood brain barrier (BBB).

Although most nanoparticles are unable to cross the
BBB, engineered magnetic nanoparticles may reach the
brain after intravenous, intraperitoneal, or inhalation
administration (Kim et al. 2006b; Kong et al. 2012;

Fig. 9 Histopathological analysis
of tissue slices after hematoxylin-
eosin and Prussian blue staining.
a Brain. b Meninges. c Spleen. d
Lungs. e Liver. f Kidney.
Identification of TREG-2
nanoparticles as blue clusters is
circled. ×10 magnification, light
microscope
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Kwon et al. 2008; Liu et al. 2013). It has been reported
that SPIONs coated with the polysaccharide dextran,
commonly used asMRI contrast agents, are able to cross
the BBB and are neuro-biocompatible (Kim et al.
2006b; Kong et al. 2012; Kwon et al. 2008; Liu et al.
2013; Roper 1988).

Conclusions

In this work, we used the polyol process to create a
system with characteristics apt for biomedical applica-
tions such as MRI contrast agents. We had seen favor-
able reports of polyol synthesis (especially for PEG and
TREG) showing that this one-step cost-effective method
produces NPs that are of uniform size, with narrow
dispersibility, biocompatible, and water soluble, all es-
sential characteristics for CAs. Modifying the experi-
mental conditions, thermal decomposition, iron precur-
sor, surfactant, solvent, reaction temperature, and time,
allowed us to control the size and resulting magnetism
of the NPs. Two types of water-dispersible magnetite
(Fe3O4)-based SPIONs, surface coated and stabilized
with carboxylated polyethylene glycol 6000 (PEG-1
and PEG-2) or triethylene glycol (TREG-1 and TREG-
2), were obtained by a simple one-step reaction. Their
average hydrodynamic sizes were in the 20 to 180 nm
range, while their TEM estimated sizes were in the 6 to
14 nm range. The resulting nanoparticles were highly
crystalline and stable at pH 7 in water. Acquisition of
MR images and analysis of the obtained data fit on an
exponential behavior curve shows that their T2 relaxa-
tion times are influenced both by their size and the
polyol and Fe concentrations used in the preparation of
the NPs. In addition to their stability and their low
tendency to agglomerate in solution, the sizes of these
SPIONs are small enough to avoid uptake by cells of the
RES and big enough to avoid rapid renal clearance. The
Fe concentrations evaluated in this work were lower
than those reported previously for other SPIONs coated
with a bipolar surfactant (tetramethylammonium-11-
aminoundecanoato), where their biological activity
against normal glial and breast cancer cells was deter-
mined to become toxic at concentrations higher than
100 μg/mL2. The in vitro cytotoxicity test against fibro-
blast cells showed that both the TREG and PEG-coated
core-shell Fe3O4 magnetic nanoparticles are non-toxic
and biocompatible. All the prepared polyol-coated
SPIONs responded well as magnetic CAs in agar

phantoms in vitro experiments, and one of them,
TREG-2, was evaluated in vivo in a rabbit, showing
good performance as a T2 contrast agent and good
biodistribution in the liver, spleen, and meninges. The
MRI is considered a highly sensitive clinical diagnosis
technique (i.e., pathologic conditions are easily shown).
The development of better CAs may help to improve
their specificity and, as reported here, SPIONs with
lower concentrations of Fe may reduce potential side
effects in the patients. Further work is currently under-
way on this topic.
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