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ABSTRACT: Functionalized Fe;O, nanoparticles (NPs) have
emerged as a promising contrast agent for magnetic resonance
imaging (MRI). Their synthesis and functionalization method-
ology strongly affect their performance in vivo. The method-
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describes a rapid and facile sonochemical methodology to Sonochemical synthesis Production of MRI contrast agents with enhanced
synthesize and functionalize Fe;O, NPs with excellent 2" nctionalizationofFe,0,NPs magnetic, colloidal and relaxivity properties

physicochemical properties for MRI. This sonochemistry

approach was used to produce, in 12 min, Fe;O, NPs functionalized with polysodium acrylate (PAANa), trisodium citrate
(CIT), branched polyethylenimine (BPEI), and sodium oleate. X-ray diffraction and transmission electron microscopy
demonstrated that the NPs were composed of a single inverse spinel phase with an average diameter of 9—11 nm and a narrow
size distribution. Mossbauer spectroscopy and magnetic measurements confirmed that the obtained NPs were transitioning to
the superparamagnetic regime and possessed excellent magnetization saturation values ($9—77 emu/g). Fourier transform
infrared spectroscopy proved that the sonochemistry approach provided conditions that induced a strong interaction between
Fe;0, and the coating agents. Furthermore, dynamic light-scattering experiments evidenced that samples coated with PAANa,
CIT, and BPEI possess colloidal stability in aqueous solvents. Emphasis must be placed on PAANa-coated NPs, which also
presented remarkable colloidal stability under simulated physiological conditions. Finally, the obtained NPs exhibited great
potential to be applied as an MRI contrast agent. The transverse relaxivity values of the NPs synthesized in this work (277—439
mM ™' s7") were greater than those of commercial NPs and those prepared using other methodologies. Therefore, this work
represents significant progress in the preparation of Fe;O, NPs, providing a method to prepare high-quality materials in a rapid,
cost-effective, and facile manner.

B INTRODUCTION

Magnetic nanoparticles (MNPs) have introduced new
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MNPs can be used in drug and gene delivery,” magnetic
separation,” magnetic hyperthermia,* and stem cell tracking.’
However, the most researched application of MNPs in the
biomedical field is as a contrast agent for MRI°™® which
constitutes a powerful platform for the noninvasive real-time
visualization of cancer-related, cardiovascular, liver, and neuro-
degenerative diseases.”'" This is mainly attributed to their low
toxicity and strong T, performance,”'' the latter translating
into dark contrast in the acquired MR images, which make
MNPs promising candidates for use in the early diagnosis and
monitoring of many human diseases."””"* The efficiency of a
magnetic material as T, contrast agent is measured in terms of
the transverse relaxivity (r,); the higher the r, the more
effective the T,-MRI contrast agent.'> This parameter is
determined as the slope of the linear fitting of the inverse of
the transverse relaxation time plotted against the concentration
of the contrast agent,® representing the amount of contrast
agent needed to reduce the transverse relaxation time by one
second.

However, the successful performance of a magnetic material
as MRI contrast agent is strongly related to its structural
properties, namely, particle size and distribution, surface
coating, and shape.’ As a consequence, the saturation
magnetization (M), colloidal stability, interaction with water
molecules, and inhomogeneous induced magnetic field are also
variables that affect the suitable performance of a contrast
agent.”'®'” The effect of these variables on r, is generally
described by the quantum-mechanical outer-sphere theory.'®"”

When the size of the MNPs is within the motional average
regime, which is the case of magnetic nanoparticles below the
superparamagnetic limit, an increase of their particle size leads
to an enhancement of the Mg, which in turn results in higher r,
values.”"> The surface coating is another crucial factor that
influences r,. First, the surface coating can provide improved
colloidal stability and biocompatibility to the NPs, both
requirements for in vivo applications. Second, the molecules
attached to the surface of the NPs can hinder water diffusion, or
even immobilize nearby water molecules by hydrogen bonds.'”
This causes the water molecules to be more significantly
influenced by the induced magnetic field, which affects the
nuclear proton relaxation and consequently modifies r,.'” The
way in which these coating molecules affect the r, is not
completely understood on the basis of the existent theories, so
more efforts are needed in order to elucidate the spin relaxation
mechanisms of the water protons’ nuclei that result from the
interaction between the coating molecules and the surrounding
water molecules.

Therefore, synthetic and functionalization steps play a key
role in the performance of MRI contrast agents, allowing their
physicochemical properties to be tailored by selecting a
favorable methodology. Moreover, the desired implementation
of MNPs in clinical setups will require the development of a
simplified and fast process to prepare NPs with designed
physicochemical properties.”” The most common approach to
synthesize MNPs with high crystallinity and narrow size
distribution is by means of thermal decomposition procedures.”
Nevertheless, the process is laborious and time-consuming (up
to 2 days because of the preparation and purification
requirements”’) and requires the use of organic solvents and
phase-transfer procedures (i.e., ligand exchange) to obtain
MNPs with colloidal stability in aqueous media.”” Therefore, it
is desirable to develop a methodology to overcome these

drawbacks of thermal decomposition while simultaneously
generating NPs with excellent physical and chemical properties.

Sonochemistry has received increasing attention in recent
years in materials science because of its ability to achieve
unique hot spots with temperatures greater than 5000 K and
pressures as high as 1000 atm.”'~** Such conditions make this
technique distinctive from other conventional methods and
thus make this approach advantageous compared to the
laborious thermal decomposition method. Sonochemistry has
already been used to synthesize Fe;O, NPs.”*~** However, in
most of the published papers, the synthesis time was still large
(60—180 min).”***3%*"** Eurthermore, although sonochemis-
try has already been used to functionalize MNPs, there is still a
lack of information about its effects on the functionalization of
Fe;O, NPs and about broadening the number of nanoparticle
coating candidates (this a%)roach has been mainly used to coat
Fe;0, NPs with chitosan™”**)

Herein, we propose a new, straightforward, versatile, and fast
methodology to produce functionalized Fe;O, NPs with
outstanding physicochemical properties and the potential to
be applied as MRI contrast agents. It is important to emphasize
that the proposed method provides Fe;O, NPs in just 12 min
and that the NPs show excellent magnetic properties, as well as
colloidal stability and high r, values. A range of different coating
agents (CAs) were used in this work [sodium poly acrylate
(PAANa), trisodium citrate (CIT), sodium oleate (OLNa), and
branched-polyethylenimine (BPEI)] to showcase the versatility
of the approach. Moreover, several characterization techniques
were employed to evaluate the structure and magnetic
properties of the core, interaction between the coating agent
and Fe;0,, and colloidal stability of the synthesized NPs in
aqueous solutions. Finally, we demonstrated that the
synthesized MNPs have a high potential to be applied as a
MRI contrast agent. Therefore, our results represent a new
prospect for obtaining superior-quality (mainly in terms of
magnetic properties that govern performance in MRI)
functionalized Fe;O, NPs in a simple and rapid manner.

B EXPERIMENTAL SECTION

Materials. Iron chloride (III) hexahydrate (FeCly-6H,0)
and iron sulfate heptahydrate (FeSO,-7H,0) were purchased
from Vetec Quimica. PAANa (Mw = 5100), BPEI (Mw =
10 000), CIT, and OLNa (82%) were purchased from Sigma-
Aldrich. Ammonium hydroxide (29%) was purchased from
Dinamica Quimica. All of them were used without further
purification.

Synthesis and Functionalization of Fe;0, with PAANa,
BPEI, and CIT. The synthesis and functionalization of Fe;O,
NPs were performed in a two-step synthesis, using an
ultrasound probe (Ultrasonique Desruptor) with a frequency
of 20 kHz and 585 W of power. The experimental setup is
shown in Figure 1A. The structures of the CAs used in this
work are presented in Figure 1B.

Initially, two water solutions were prepared, an iron salt
solution (solution A) and a coating agent (CA) solution
(solution B). Solution A contained 1.16 g (4 mmol) of FeSO,-
7H,0 and 1.85 g (7 mmol) of FeCl;:6H,0 dissolved in 15 mL
of deionized water. Solution B contained 1.0 g of CA in 4.0 mL
of deionized water.

First, solution A was sonicated for 4 min until it reached a
temperature of 60 °C. Then, 7.0 mL of concentrated NH,OH
was added (0.23 mLs™') under sonication using a buret.
Thereafter, the color of solution A changed from orange to
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Figure 1. (A) Scheme of the experimental setup used in the synthesis
and functionalization of MNPs. (B) Structure of CAs used in this
work.

black, evidencing the formation of Fe;O, NPs, and the reaction
medium was sonicated for more 4 min. Finally, solution B was
added (0.13 mLs™") to the reaction medium, which was kept
under sonication for another 4 min. Thus, the ultrasound-
assisted synthesis and functionalization of Fe;O, NPs occurred
in just 12 min.

To remove the excess NH,OH and unbounded CA, the
resultant NPs were washed several times with deionized water
and precipitated with acetone. Finally, the NPs were dispersed
in water and centrifuged for 10 min at 3000 rpm to remove
large aggregates. The remaining functionalized NPs showed
good colloidal stability in water. Thus, they were stored in
deionized water and deaerated with argon to remove the
dissolved oxygen. This procedure was used to generate three
samples labeled as Fe;O,@PAANa, Fe;O,@BPE], and Fe;0,@
CIT.

Functionalization of Fe;0, NPs with OLNa. The
difference between this procedure and the former one is that
the CA was dissolved with the iron salt solution. The reactant
amounts remained the same. In this procedure, 1.0 g of OLNa
was dissolved in 10.0 mL of deionized water at 60 °C. This
solution was added to the iron salt solution (solution A) and
sonicated for 4 min, reaching a maximum temperature of 60 °C.
Then, 7.0 mL of concentrated NH4OH was added under
sonication, and the reaction medium was sonicated for an
additional 8 min. The NPs dispersion was washed with distilled
water to remove the excess NH,OH. Afterward, n-hexane and
ethanol were used to purify the hydrophobic coated NPs by
removing the unbounded OLNa molecules. Finally, the NPs

were dispersed in hexane and centrifuged for 10 min at 3000
rpm to remove large aggregates. The NPs were stored in
cyclohexane, and the ferrofluid generated in this procedure was
labeled as Fe;O,@OLNa.

In both experimental procedures, the amount of materials
produced is approximately 800 mg per batch.

Characterization of the NPs. The core structure of the
obtained NPs was evaluated by X-ray diffraction (XRD) using
an X'Pert MPD X-ray powder diffractometer (PANalytical,
Westborough, United States) with 40 kV and 30 mA in a
scanning range of 20 = 20—80°. A Cu Ka tube was used for the
Fe,;O,@PAANa, Fe;O,@BPEI, and Fe;O,@OLNa samples,
while a Co Ka tube was used in the analysis of the Fe;O,@CIT
sample. The diffraction patterns were obtained using a Bragg—
Brentano geometry in the continuous mode with a speed of
0.5°/min and step size of 0.02° (26). The Rietveld structure
refinement was used to interpret and analyze the diffraction
data using the program DBWstools 2.4.” The full-width at half-
maximum (fwhm) of the instrument was calculated with the
standard hexaboride lanthanum. The crystallite size of each
sample was calculated using Scherrer’s equation.

A transmission electron microscopy (TEM) analysis of the
synthesized nanoparticles was performed using a JEOL JEM
1011 (JEOL, Tokyo, Japan) operating at 100 kV and equipped
with a CCD camera (Gatan Orius 831). A drop of each
aqueous NP dispersion was deposited onto a carbon-coated Cu
grid. Subsequently, the specimens were dried overnight before
being analyzed. The size distribution curves were obtained by
manually measuring the sizes of 200 particles,”® using the
software ImageJ (U.S. National Institutes of Health, Bethesda,
MD). The polydispersity index for the TEM analysis (PDIygy)
was calculated as reported in the literature.”’

The Mdssbauer spectroscopy (MS) data were recorded at
room temperature (300 K) with a FAST (ConTec) Mdssbauer
system spectrometer using the transmission geometry. A SCo
radioactive source was used. The data analysis was performed
using the NORMOS program written by R. A. Brand
(distributed by Wissenschaftliche Elektronik GmbH, Ger-
many). The isomer shifts (d) relative to a-Fe were found at
room temperature.

Magnetic measurements were carried out on powder samples
using a superconducting quantum interference device SQUID-
VSM magnetometer from Quantum Design. Prior to the
measurements, the particles were dried overnight in vacuum at
room temperature, ground using an agate mortar, and finally
placed in gelatin capsules for the measurements. Hysteresis
loops were obtained at 300 K by applying a magnetic field up to
+20 kOe. Magnetic curves as a function of the temperature
were also recorded in zero-field-cooled and field-cooled (ZFC-
FC) conditions at a fixed applied field of 100 Oe in the
temperature range of 2—300 K.

The presence of the CAs on the surface of the NPs was
confirmed by Fourier transform infrared spectroscopy (FTIR).
The samples were ground in an agate mortar and pressed into
discs of KBr at a mass ratio of 1:10 (sample:KBr). The spectra
were recorded in vacuum to avoid interference from water and
carbon dioxide using a Vertex 70v. The range used was 4000—
400 cm™?, with a resolution of 2 cm™ and 128 scans.

The amount of CA molecules and how they were organized
on the surface of the NPs were evaluated using thermogravi-
metric analysis (TGA). The measurements were performed
using a Mettler Toledo TGA/simultaneous differential thermal
analysis (TGA/SDTA) 851e machine. A nitrogen atmosphere
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Figure 2. (A) Timeline of the synthesis and functionalization of MNPs during a sonochemical reaction and proposed mechanism. (B) Magneto-fluid

response of the samples herein synthesized.

was used (50 cm®/min), with a heating rate of 10 °C/min
between 25 and 800 °C and a sample mass of 10 mg. The
previously method reported in the literature was used for the
quantitative analysis of the amount of grafted CA molecules.*®

The hydrodynamic size of the NPs in solution was measured
in DLS experiments using a Malvern zetasizer NS 3601 at 25
°C. The DLS measurements were performed on a diluted
solution of the NPs (0.066 mg/mL), with a single scattering
angle of 173°. The hydrodynamic size of the synthesized
samples was further analyzed using phosphate buffers at pH 7.4
(PB 7.4) and PB at different salt concentration (PBS 7.4), as
previously reported.”> The DLS size of the samples was
expressed as Z-average values, and the polydispersity index
(PDIps) values were calculated using the cumulate method.
Five measurements were performed for each sample. The
surface zeta potential () of each sample was measured using
the same instrument at 25 °C. The { value was also measured
using PB 7.4 as solvent.

Relaxivity Measurements and MRI-Weighted Images.
Four aqueous dilutions with different nanoparticle concen-
trations (between 0 and 0.25 mM Fe) were prepared for each
sample. The 200 pL samples of each dilution were measured in
a minispec mq60 contrast agent analyzer from Bruker at 37 °C
and under 141 T magnetic field, with standard inversion
recovery sequence for T, and Carr Purcell Meiboom Gill
(CPMG) for T, calculations. The relaxivity constants (r, and
r,) were calculated as the slope of the curve obtained by fitting
the T,™! or T, ! values versus the Fe concentration (mM). The
Fe concentrations of the solutions were calculated using an
inductively coupled plasma-optical emission spectroscopy
(ICP-OES) analyzer (Shimadzu ICPE-9000).

MR phantom imaging was performed in a 3 T horizontal
bore MR Solutions Benchtop (Guildford, UK.) equipped with
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48 G cm™! actively shielded gradients. For imaging the sample,
a 56 mm diameter quadrature bird-cage coil was used in
transmit/receive mode. For the phantom measurements, the
samples at different concentrations (between 25 and 500 uM in
Fe) were dissolved in 200 uL of Milli-Q water in 300 uL tubes.
All MR images of the phantoms were acquired with an image
matrix 256 X 252, field of view (FOV) 60 X 60 mm, three slices
with a slice thickness of 1 mm, and 1 mm slice gap. For T,-
weighted imaging a fast spin echo (FSE) sequence with the
following parameters was used: Ty = 68 ms, Ty = 4800 ms, N,
= 50. For T,-weighted imaging, a FSE sequence with T = 11
ms, Ty = 400 ms, and N, = 50 was used. Postprocessing was
performed using Image] software (Rasband, W. NIH).

B RESULTS AND DISCUSSION

Synthesis and Magneto-fluid Response. Sonochemistry
has been proven to be a powerful tool for preparing a wide
range of materials.”””> The interesting feature of this
methodology is that under ultrasound irradiation, the
alternating acoustic waves create bubbles in an oscillating
manner. These bubbles grow to a certain size and then collapse,
releasing a concentrated burst of energy within a short time.
The energy is so localized that the collapsing bubbles can
quickly increase the temperature up to 5000 K and reach
pressures as large as 1000 bar.””*”*" These conditions are
capable of speeding up chemical reactions.”” We believe that
these events occurred during the synthesis and functionaliza-
tion steps of the NPs reported here. Figure 2A summarizes the
timeline of all the events that occur during a typical
sonochemical reaction and the possible physical mechanisms
underlying the experimental stages involved in the NPs
synthesis and functionalization. A similar mechanism based
on the implosion collapse of cavitation bubbles has been also
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proposed for the sonochemical synthesis of hydroxyapatite
NPs,*~* although in this case the sonochemistry approach
was also used to functionalize the surface of Fe;O, NPs with a
wide range of CAs (Figure 2A).

During the first 4 min of the synthesis, a mixture of Fe*" and
Fe®" was sonicated to reach a temperature of ~60 °C, after
which concentrated NH,OH was added to the reaction
medium. Then, ferrous, ferricc and hydroxide ions were
adsorbed on the cavitation bubbles, followed by their implosive
collapse. This event induced a collision between the ions at
high temperatures and pressures, which subsequently led to the
formation of Fe;O, NPs (Figure 2A). The reaction medium
was kept under sonication for 4 min more to allow the particles
to grow to the desired size and crystallinity. At this time, the
selected CA was added, and the reaction was left under
sonication for an additional 4 min, which produced CA-
functionalized Fe;O, NPs (see Figure 2A).

It is well-known that the presence of a CA during the
nucleation of the Fe;O, NPs hinders the NP growth and
crystallization of MNPs, resulting in low M.** In our
sonochemical approach, the hydrophilic CAs (PAANa, CIT,
and BPEI) are added to the reaction after NH,OH addition. At
this stage, the high energy at the cavities allows the MNPs to
interact efficiently with the CAs, yielding colloidal water-stable
nanoparticle dispersions, as evidenced by the magneto-fluid
response of the prepared NPs (Figure 2B). Thus, this strategy
made it possible to obtain NPs with excellent magnetic
properties and colloidal stability in aqueous solvents, which are
key requirements for biological applications.

Structural and Magnetic Characterizations. XRD. The
lattice structure and phase composition of the MNPs were
evaluated using XRD combined with Rietveld structural
refinement. The diffraction patterns of the prepared samples
are shown in Figure 3. A Rietveld analysis was performed to
acquire deeper information about the crystal structure of the
synthesized MNPs. These results are summarized in Table 1.
Both the percentage of errors (Ryp) and goodness of fitting (S)
values were found to be in agreement with those of a high-
quality refinement.*”

The analysis of the position and intensity of the XRD
reflections indicated that the core structures of the NPs were
composed of a cubic inverse spinel structure Fd3m (ICSD
code: 84611),"® which is characteristic of Fe;O,. However, the
diffractograms also assign the oxidized phase (maghemite, y-
Fe,0;). Although the two phases exhibit similar XRD patterns,
the calculated cubic cell lattice parameter (a) can provide
insight concerning the oxidation of Fe;O, NPs: the a value for
Fe,0, is 8.396 A (JCPDS file 19-629), while for y-Fe,O,
(JCPDS file 39-1346) the value is 8.346 A. Therefore, an a
intermediate value between two phases indicates the presence
of Fe;0, and y-Fe,05.*”°° For our samples, a values are shown
in Table 1, and their intermediate values denote an oxidized
Fe;0,, which is expected, because the oxidation of the NPs
increases as the size of the NPs decreases below 20 nm. Indeed,
Salazar et al. reported that below 20 nm single Fe;O, NPs are
nonstoichiometric in their whole volume and cannot be
assigned as magnetite.51

In accordance, this behavior is also observed when the
oxidation of Fe®* takes place at the surface of Fe;O,, in which a
vacancy (8) occupies the octahedral sites, generating a
nonstoichiometric Fe;O, that is expressed in a Fe;_ 5O,
form.>"** On the other hand, we cannot exclude other sources
for the formation of vacancies. For instance, Kolenko et al.
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Figure 3. XRD patterns of the as-synthesized NPs. The black dots and
red line show the experimental and calculated data, respectively. The
green line represents the difference between the experimental and the
calculated data.

prepared PAANa-coated MNPs with a values close to that of y-
Fe,0; However, Raman and X-ray photoelectron spectroscopy
evidenced a minor admixture of the y-Fe,O; phase.”
Additionally, Lu et al. found that the CA slightly influences
the a cell parameter in functionalized MNPs.>* Moreover, some
authors reported that the increasing of a values with size
decreases for Fe;0, NPs.>® Therefore, we believe that the
oxidation of Fe;O, was not the only source for § in our
samples, mainly based on the high obtained Mg values, once
oxidation of Fe;O, leads to a decreasing of magnetization.
The narrow and well-defined peaks evidenced a high
crystallinity and small crystallite sizes for all the functionalized
samples. Only the Fe;O,@OLNa showed a significant lower
average crystallite size compared to the rest of functionalized
MNPs. This could be due to the addition of the CA to the
reaction medium before the precipitation of the nanoparticles.
The presence of carboxylate groups in OLNa molecules is able
to strongly chelate the Fe ions in solution, thus hindering the
growth of the MNPs and leading to smaller and not so well
crystallized nanoparticles.*® Furthermore, the crystallite sizes
obtained by the Scherrer’s equation (considering all the
reflections of the XRD pattern) were in good agreement with
the average particle size determined from the TEM images in
all the samples, as shown in Table 1 and Figure 4A—D. Results
also showed that there is not any systematic effect of the CA on
the crystallite size or the particle size of the MNPs in any of the
samples Fe;O,@CIT, Fe;O,@BPEIL, and Fe;O0,@PAANa.
However, the slight decrease in both crystalline size and
average particle size observed in Fe;O,@OLNa could confirm
the growth inhibition that these particles experience when the
CA is added to the reaction prior to the particles’ precipitation.
TEM. The morphology and structure of the MNPs were
evaluated using TEM. The micrographs and particle size
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Table 1. Structural Parameters Extracted from XRD Patterns (through Rietveld Refinement) and TEM Analysis

XRD TEM
sample lattice parameters (a) (A) R, (%) S average crystallite size (nm) average particle size (nm) PDIppy
Fe;0,@OLNa 8.362 15.48 0.89 70 £ 0.1 8§+3 0.416
Fe;0,@CIT 8.360 13.75 101 129 + 02 11+3 0256
Fe;0,@BPEI 8.374 15.18 0.89 102 +£ 0.2 10+ 3 0.280
Fe;0,@PAANa 8.372 15.41 0.87 127 £ 0.2 11+3 0.293
(A) (B)
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Figure 4. TEM micrographs and particle size-distribution curves of the samples (A) Fe;O,@PAANa, (B) Fe;0,@BPEI, (C) Fe;0,@CIT, and (D)

Fe;0,@OLNa.

distribution curves of the Fe;O,@PAANa, Fe,O,@BPE],
Fe;0,@CIT, and Fe;O,@OLNa samples are shown in Figure
4A—D. Additionally, the average particle diameters are listed in
Table 1. TEM micrographs showed that the synthesized NPs
possess a spherelike morphology, which is expected when the
preparation of Fe;O, NPs is performed through the
coprecipitation of the Fe*" and Fe® ions with ammonium
hydroxide.””” Furthermore, the sonochemistry approach
proposed in this work produced monodisperse NPs with a
narrow particle size distribution, as evidenced by the PDIgy
values (Table 1). This characteristic is particularly significant
for their use in the biomedical field.”® For the sample Fe;0,@
OLNa, the average diameter calculated by TEM was smaller
than that of the other samples, although statistically the average
size of all samples is similar. However, the higher PDIygy, for
Fe;0,@O0LNa demonstrates that this sample has heterogeneity

24211

in core size, which explains the smaller size obtained by XRD,
and the different profile observed in MS and magnetic
measurements, because the degree of dipolar interactions
decreases as the core size decreases.”” This behavior was
already explained in the XRD discussion.

Mbssbauer Spectroscopy. MS has been extensively used to
study iron-containing materials because the MS spectrum
contains information about the structural, electronic, and
magnetic properties of the studied material.”” The MS spectra
of all the samples are shown in Figure SA. Fe;O,@PAANa,
Fe;0,@BPE], and Fe;O,@CIT samples showed broadened
ferrimagnetic sextets. Therefore, a magnetic hyperfine field
distribution was used to fit the measured spectra. This
distribution is shown in Figure SB. On the other hand, the
Fe;0,@OLNa sample showed a well-resolved paramagnetic
doublet in addition to a ferrimagnetic sextet. Thus, a model
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with two crystalline sites was used to fit the spectrum (Figure
SAB).

First, it is important to mention that the MS spectrum of the
bulk Fe;O, at room temperature is composed of two well-
resolved ferri- or ferromagnetic sextets, which corresponded to
Fe’* in tetrahedral sites and Fe®" and Fe** on octahedral sites.
As the size of the particles decreases, the sextets exhibit
broadened lines as a result of the presence of super-
paramagnetic fluctuations.’” A further decrease in the size of
the particles leads to a change in the MS spectrum. Specifically,
the broad sextet becomes a paramagnetic doublet, which is
characteristic of superparamagnetic NPs.”> This critical size for
Fe;0, is around 25—30 nm.””> Therefore, a doublet in MS
spectra for the samples would be expected, once their average
diameters are below this critical size, as observed by XRD and
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TEM. However, when MNPs exhibit dipolar interactions, they
present broadened sextets even for NPs below the super-
1 63,64 1.1 .

paramagnetic critical size, which is noticed for the samples
Fe;0,@PAANa, Fe;O,@BPE], and Fe;O,@CIT. This assump-
tion is supported by ZFC-FC results (see the magnetic
measurements discussion). Moreover, the profiles of the spectra
of these particles were similar to those reported in the literature
for 8—20 nm Fe;0, NPs.>***%

Conversely, because of the clear presence of a doublet in the
MS spectrum of Fe;O,@OLNa, it is possible to assert that
these NPs are less interacting than the others (Figure SA,B).
This was corroborated by the area of the calculated doublet
(89%), which was greater than that of the sextet (11%), as
shown in the top region of Figure 5B. The sextet can be
assigned to supra-structures assembled by dipolar interac-

DOI: 10.1021/acs.jpcc.7b04941
J. Phys. Chem. C 2017, 121, 24206—24222


http://dx.doi.org/10.1021/acs.jpcc.7b04941

The Journal of Physical Chemistry C

tions.”> Pauly et al. and Fleutot et al. reported that decreasing of
the size and interparticle distance lead to a decrease of dipolar
interactions in MNPs.””°® Thus, we believe that these facts
explain the different profiles of MS spectra of Fe;O,@OLNa:
the smaller size showed by XRD and TEM analysis due to
nucleated and grew chelated particles with OLNa molecules led
to an increase in interparticle distance. Indeed, TEM images
show that Fe;O,@OLNa does not exhibit as many larger
aggregates as the other samples (Figure 4A—D). The calculated
hyperfine parameters included the isomer shift (IS) and line
width of the doublet, which had values of 0.34 and 0.74 mm/s,
respectively, along with those for the sextet, which were
determined to be 0.35 and 1.07 mm/s, respectively. In addition,
the hyperfine field for the sextet was found to be 42.1 T. These
values were in agreement with those for the 6 nm for Fe;O,
NPs reported by Mikhaylova et al.”’

Furthermore, the MS can also give information concerning
the oxidation degree of Fe;O,, mainly through the average IS,
once this parameter is driven by the electrostatic environment
of Fe nucleus, which includes atomic charge state (Fe** or Fe®")
and local oxygen coordination.”® The average IS for our NPs
were calculated through magnetic hyperfine field distribution
adjustment, and the values are 0.334 + 0.00S, 0.327 + 0.008,
0.328 =+ 0.003, and 0.341 + 0.06 mm/s for the samples
Fe,0,@PAANa, Fe,0,@BPEI, Fe,0,@CIT, and Fe;0,@
OLNa, respectively. To keep the same method of the
calculation, the average IS for Fe;O,@OLNa was obtained
also by magnetic hyperfine field distribution fitting. The IS
values of our samples are close to the value of y-Fe,O5 (0.32
mm/s), which indicates that our NPs are constituted of
partially oxidized and nonstoichiometric Fe;O,. Indeed, Salazar
et al. prepared MNPs with 10—40 nm and noticed by MS that
below 20 nm these MNPs have vacancies in their whole volume
and cannot be assigned as Fe;0,.°" The created vacancies are
due to oxidation of Fe’* that likely occurred during the
synthesis or under exposure to air. However, existence of just y-
Fe,O; in our samples is not supported by XRD, FT-IR, and
VSM. First, the M values of the prepared samples are close to
(PAANa- and BPEI-coated NPs) or higher than (CIT-coated
NPs) the value for y-Fe,O; bulk (76 emu/g). Thus, the
existence of just y-Fe,O; would be reasonable unless no spin
canting was present in the synthesized NPs, which contradicts
the results of Baaziz et al. which report volume and surface spin
canting in MNPs within the range of 8—12 nm.”’ Additionally,
a (XRD) values and wavenumber for stretching of Fe—O bond
(FT-IR) present intermediate values between Fe;O, and y-
Fe,0;, as shown in the XRD and FT-IR discussion. Therefore,
these low values of average IS for our samples are probably due
to additional coordination environments of Fe atoms, which are
characteristic of Fe;O,/y-Fe,O; NPs, as observed with the
presence of several peaks in magnetic hyperfine distribution
(Figure SB) and also reported in the literature.”” "> Moreover,
some reports evidenced that the presence of CA affects the
average IS values.”"”%7*

There is no agreement in the literature concerning the model
which describes the structure and composition of non-
stoichiometric Fe;O, NPs in the size range of 8—20 nm. To
the best of our knowledge, there are four models: distinct
core—shell-like structure, such as Fe;O,@y-Fe,0;;>" individual
particles, implying that when the oxidation starts it occurs
throughout the entire particle volume;”® oxidation gradient
from the surface to the center of the nanoparticles, which
generates nonstoichiometric NPs in their entire volume;”! and

Fe;0,-7-Fe,0; solid solution with excess of Fe** distributed
along the NPs, with possible enrichment at their surfaces.”®
Indeed, the two latter models are similar. Thus, based on
structural and magnetic characterization presented in this
paper, which evidenced nonstoichiometric and oxidized Fe;O,
NPs, and the similarity of our NPs with the ones prepared in
the reports of Kolen’ko et al,,**’® we hypothesize that the NPs
synthesized herein are best understood as Fe;O,—y-Fe,05 solid
solution with an excess of Fe** (structural defects) distributed
in their entire volume. However, this does not exclude the
presence of oxidation gradient in our NPs. In order to evidence
this, surface-sensitive measurements would be performed for
our samples.

Magnetic Measurements. The magnetization curves as a
function of the temperature were measured under ZFC-FC
conditions for all the as-synthesized samples (Figure SC).
Evidence of a strong magnetic dipolar particle interaction can
be observed for all samples in the flat profile of the FC curves at
low temperatures.”> The ZFC curves for the samples Fe;0,@
PAANa, Fe;O0,@BPEI], and Fe;O,@CIT did not show any
maximum in the range of temperature measured, indicating that
the superparamagnetic blocking temperatures (Tg) for these
samples are above 300 K.> However, the sample Fe;0,@
OLNa showed a Ty at 196 K, which corresponded to the
maximum of the ZFC curve. The Ty value below 300 K for
Fe;O0,@OLNa indicates that this sample has a lower degree of
dipolar interactions, once the weaker the strength of dipolar
interaction, the lower the Ty.”” This result is also supported by
XRD, TEM, and mainly MS results, in which a paramagnetic
doublet was evidenced for this sample (Figure SA,B). Actually,
this different behavior was already explained in the MS
discussion. In summary, ZFC-FC results indicate that all
synthesized NPs herein present strong dipolar interactions
(which are significantly weaker for Fe;O,@OLNa) due to the
presence of aggregates that may have been formed and then
functionalized.

The hysteresis loops of the as-synthesized samples at 300 K
are shown in Figure SD. The low-field regions of the curves are
shown in the insets, which reveal small hysteresis loops. These
data allowed for the calculation of the M,, remanent
magnetization (M,), and coercivity (Hc) values, which are
summarized in Table 2.

Table 2. Magnetic Parameters Extracted from the
Experimental Magnetic Data of the As-Synthesized
Functionalized Samples

sample M, (emu/g) M, (emu/g) H¢ (Oe)
Fe,0,@OLNa 5927 2.70 3427
Fe;0,@CIT 77.36 3.96 33.90
Fe,0,@BPEI 70.98 343 3321
Fe,0,@PAANa 7151 345 3526

Interestingly, the H values for all the samples were very
similar even for the Fe;O,@OLNa sample, which showed a Ty
significantly below room temperature, duplet in the MS spectra,
and smaller mean particle diameter compared to the other
synthesized samples. This is assumed to be due to electric
currents trapped in the superconducting coil of the squid
magnetometer, which induce artificial broadenings of the
hysteresis loops up to 20 Oe for all the samples (see inset in
Figure 5D).
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functionalized NPs and free CAs molecules are shown.

Clearly the M values for all the samples were smaller than
the bulk value of Fe;O, (~98 emu/g).”’ This was due to the
existence of a surface spin disorder layer as the particle size
decreases, which substantially decreases the M, of nanoparticles
below 20 nm.”® Our samples certainly possessed large M, values
relative to other functionalized or nonfunctionalized Fe;O, NPs
with comparable or larger core sizes synthesized using different
protocols.”®”™ For instance, Wu et al. obtained ~11 nm
CIT-coated Fe;O, NPs with a M, value of 52 emu/g using a
hydrothermal method.>® Also, Calatayud et al. used an oxidative
hydrolysis method to prepare PAANa- and BPEI-coated Fe;O,
NPs with diameters of 32 and 25 nm, respectively, and M
values of 54.0 and 51.0 emu/g, respectively.80 Furthermore, our
samples showed M values higher than the ones obtained by
coprecipitation method.**™* For instance, Gupta et al.
synthesized PAANa coated Fe;O, NPs with average diameter
around 8—10 nm, under a temperature at 90 °C with a total
synthesis time of 3h and M, of 56 emu/g.** Similarly, Nigam et.
al obtained CIT functionalized Fe;O, NPs around 2h with the
same average diameter and temperature, leading to MNPs with
M, of 57 emu/g.*” We believe that the major contribution to
the remarkable enhancement of M, comes from the ultrasonic
irradiation used in the synthesis of the NPs. As previously
mentioned, the implosive collapse of the cavitation bubbles
generates high energy levels, which increases the reaction rates,
leading to NPs with higher crystallinity and consequently
greater M values. Furthermore, the mentioned high energy
during the synthesis induced a greater rate of functionalization
of NPs, which reduced the magnetic dead layer by binding the
Fe atoms at the surface.”” It is worth mentioning that one of the
problems with surface coated MNPs is the reduction of their
magnetization due to the presence of a considerable relative
amount of nonmagnetic compounds,20 an issue that was
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overcome using the methodology proposed in this work to
obtain coated NPs with excellent magnetic properties.

Coating. In this work, FTIR and TGA were used to study
the passivating layer of the functionalized NPs. FTIR was used
to evaluate the effectiveness of the sonochemistry approach in
functionalizing Fe;O, with PAANa, CIT, BPEI, and OLNa, and
TGA was used to determine the amount of mass of CA present
on the Fe;O, NP surface.

FTIR. Figure 6A—D (left) shows the FTIR spectra of the
functionalized samples and free CA molecules. For the sake of
clarity, only the wavenumber range of interest is presented. The
full spectra of the functionalized samples, free CAs, and
nonfunctionalized Fe;O, can be found in Figure S1. All of the
functionalized samples revealed two bands between 400 and
800 cm™" (Figure S1) attributed to the stretching of the Fe—O
(Vpe—o) bond in tetrahedral and octahedral sites.”® These
vibrational modes are highlighted in Figure S2; they can also
provide information concerning the composition of MNPs in
terms of Fe;0,/y-Fe,0,.”" This differentiation comes from the
fact that vp._o for Fe;O, consists of a broad band located
between 580 and 590 cm™" with a shoulder at 700 cm™" due to
the oxidized surface, whereas y-Fe,O; displays several bands
between 800 and 400 cm™".’° Thus, the position of the
maximum of Vg_o with intermediate values between Fe;O,
(571 ecm™) and y-Fe,O; (638 cm™') pointed to partially
oxidized NPs.® The maximum of vg_o for the samples
Fe;0,@PAANa, Fe;0,@BPEL Fe;O0,@CIT, and Fe;O,@
OLNa were 581, 579, 583, and 606 cm™', respectively,
indicating that the synthesized NPs consist of partially oxidized
Fe;0,, as evidenced in XRD and MS analysis.

Regardless of the type of ligand, in the case of PAANa, CIT,
and OLNa, the anchoring of the CA onto the magnetic core
occurred through carboxylate groups. Therefore, the spectra of
these three samples mainly show two vibrational modes in the
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Table 3. Hydrodynamic Particle Sizes and Surface Charge Obtained by DLS in Different Aqueous Solvents

sample solvent Z-average size (nm) PDI ¢ (mV)
Fe;O,@PAANa H,0 894 + 1.1 0.079 + 0.030 —55.5 + 8.6
PB 74 131.7 + 0.6 0.072 + 0.003 —30.6 + 1.8
PBS 7.4 117.8 £ 0.2 0.111 + 0.028 -
Fe;0,@BPEI H,0 109.1 + 5.0 0.060 + 0.018 +44.5 + 6.0
Fe;0,@CIT H,0 1202 + 1.0 0.094 + 0.010 —-324 + 0.8
PB 74 119.6 + 0.9 0.106 + 0.010 —41.7 £ 4.2

regions of 1300—1500 em™! and 1550—1700 cm™!, which are
related to the symmetric (’/syco) and asymmetric (Vo) C—
O stretching modes, respectively (Figure 6A—C, leftg. More-
over, the wavenumbers of these bands changed after the
functionalization as a result of the interaction with the Fe;O,
surface.”” The carboxylic acid (or carboxylate) groups can bind
oxide surfaces through “outer-sphere interaction” and/or
“inner-sphere interaction”.”” In the first case, this interaction
occurred through the H-bond with the —OH groups present on
the surface of the oxides.”® In contrast, in the second case, the
interaction took place via coordination bonds between the
metal and —~COOH (or carboxylate) groups.”

Traditionally, the splitting (A,co) between the vg,co and
Vassyco Vibrational modes is employed to specify the interaction
configuration of carboxylate groups in surface oxides.”””* This
method states that monodentate binding occurs if A,co > 200
cm™!, whereas bidentate binding occurs when A, ¢, < 110
cm™', and a bridging bidentate better describes the
carboxylate—metal coordination when 140 < A,y < 200
em™1.7*?° This approach is based on the A,cq values for the
bulk of several coordination compounds, the structures of
which were confirmed by XRD.”® Hence, an extrapolation must
be performed to apply this approach to functionalized NPs.
However, in the work of Lens et al, the A -y correlation
approach agreed with quantum-chemical calculations for the
functionalization of ZnO NPs.”” For our samples, the Ao
values were 158, 243, and 97 cm™ for Fe;O,@PAANa,
Fe;0,@CIT, and Fe;O,@OLNa, respectively. These values
indicated that the types of interaction in the synthesized
samples were the bridging bidentate, monodentate, and
bidentate, respectively, as illustrated in Figure 6A—C (right).

However, Chernyshova et al. performed a comprehensive
spectroscopic and theoretical study that found numerous
drawbacks for the A,co correlation approach.”® The authors
reported that fatty acids adsorb onto iron oxides as a mixture of
an inner-sphere monodentate mononuclear (ISMM) complex
with H-bonded second carboxylate oxygen and an outer-sphere
complex (OS hydration-shared complex). A fact that we can
correlate with our results is the authors’ attribution of a
shoulder below 1720 cm™ and above 1696 cm™ to an ISSM
complex with H-bonded second carboxylate oxygen (C=0--
H). This band is seen in the Fe;O,@PAANa and Fe;O,@
OLNa samples at 1706 and 1702 cm™’, respectively.

In summary, on the basis of our FTIR results, we deduce that
the PAANa, CIT, and OLNa are bound with Fe;O, through the
bridging bidentate, monodentate, and bridging forms, respec-
tively (see Figure 6A—C, right). Moreover, for the Fe;0,@
PAANa and Fe;0,@OLNa samples, the ISSM complex with H-
bonded second carboxylate oxygen is also expected, as shown in
Figure 6A,C (right).

The analysis of the Fe;O,@BPEI sample showed different
results as BPEI was anchored to the Fe;O, through amine
groups. The spectrum of Fe;O,@BPEI is shown in Figure 6D

(left). For this sample, the vibrational mode at 1106 cm™" can
be highlighted. This band is related to the C—N stretching”
and is not found with the same intensity and shape in the
spectrum of free BPEI (Figure 6D, left). Additionally, Bennett
et al. and Sacconi et al.'””'®" reported that ammine and
alkylammine complexes with iron possess a very strong
vibrational mode in the region near 1150 cm™!, which was
also seen in the spectrum of the Fe;O,@BPEI sample. Thus,
the increase in the C—N stretching indicates that a chemical
interaction occurred between the BPEI and Fe cations present
in Fe O, structure. In order to further confirm this, we
measured the FTIR spectrum of a mixture of iron cations (Fe>"
and Fe®*) and BPEI, as shown in Figure S3. The spectrum of
this mixture also presented a band in the region of 1110 cm™,
just as in the spectrum of the functionalized NPs. Therefore, we
could affirm that the interaction between the amino groups of
BPEI and Fe;0, occurred through inner sphere coordination,
as shown in Figure 6D (right).

Therefore, on the basis of FTIR results, we can state that the
sonochemistry approach provided sufficient conditions to
establish a coordination interaction between the CA and
Fe;0,, because of the high energy induced by the implosive
collapse of the cavitation bubbles.

TGA. The amount of CAs on the surface of Fe;O,
nanoparticles was evaluated using TGA. All of the TGA data
are shown in Figure S4A—D. All of the samples had similar
weight loss profiles with two events. The first was in the range
of 37—190 °C and was the result of the desorption of physically
adsorbed water. The second, and more significant, was
observed at temperatures higher than 200 °C and was the
result of the thermal decomposition of the CA molecules. The
second event was used to calculate the amount of CA. The
values for the Fe;O,@PAANa, Fe;0,@CIT, Fe;O,@OLNa,
and Fe;O,@BPEI samples were 10.55, 15.72, 29.3, and 10.07%,
respectively. These values are smaller than the theoretical
amount of grafted CA molecules, which is 61%. Furthermore,
the presence of a single event due to the decomposition of the
organic matter suggests that the functionalized NPs possessed
strongly bound CA molecules.'”” We compared our TGA
results for the Fe;O,@PAANa and Fe;O,@BPEI samples with
those reported in the literature for similar particles obtained by
different methods.*”*"?>'®> The weight loss profile in the
referenced papers presented more than one event attributed to
the thermal decomposition of organic matter, which indicate
the presence of weakly bound molecules on the surface of the
NPs. It is worth mentioning that in these referenced
publications, the TGA experiments were also performed in a
N, atmosphere using a heating rate equal to or greater than 10
°C/min. Both FTIR and TGA results confirmed that the
functionalization was successfully achieved in just 12 min
through the sonochemistry approach. The high energy released
in the implosive collapse of the cavitation bubbles favors the
strong interaction between the iron oxide nanoparticles and the
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Water controls were used as a reference.

CAs, resulting in a homogeneous coating on the surface of the
nanoparticles. In this way, the sonochemistry synthesis
represents a suitable procedure toward the improved design
of tailored nanoparticles for biomedical applications, as it would
reduce the toxic secondary effects derived from a weekly
attached CA.'*'%

Colloidal Properties. DLS and Zeta Potential. The
hydrodynamic properties of aqueous dispersions of the
differently coated MNPs were studied using DLS measure-
ments. Only those MNPs stable in aqueous media were
considered in the study, namely Fe;O,@PAANa, Fe;O0,@CIT,
and Fe;O,@BPE], as listed in Table 3. All DLS size distribution
curves by intensity and volume are presented in Figures S5—10.
The hydrodynamic sizes of Fe;O,@PAANa, Fe;O,@BPE], and
Fe;0,@CIT in water are 89.4, 131.7, and 120.2 nm,
respectively (Table 3). The sizes of these NPs are much
greater than those obtained by XRD and TEM, as they consider
the adhesion of a dipolar electric layer to the nanoparticles’
surface that interact with surrounding water molecules. In
addition, the organic layer allows interparticle interactions, so
the formation of clusters cannot be completely excluded.’*'*®
DLS measurements were also performed for aqueous solutions
of the free CAs, in order to exclude the folding performed by
the PAANa and BPEI (data not shown). Moreover, the
polydispersity index (PDI) associated to the hydrodynamic
diameters measurements were 0.079, 0.060, and 0.094 for
Fe;O0,@PAANa, Fe;O,@BPE], and Fe;O,@CIT, respectively.
These values indicate that the hydrodynamic sizes of the
synthesized NPs possessed high homogeneity,'®” which is also
one of the features required for biomedical applications.'*®

The zeta potential ({) is an important characteristic to be
analyzed in relation to the colloidal stability. { values of
Fe,;O0,@PAANa, Fe;O,@BPE], and Fe;O,@CIT samples are
listed in Table 3. The Fe;O,@PAANa and Fe;O,@CIT
samples showed negative values because of the presence of
carboxylate groups, which are already deprotonated at the
slightly acidic pH (pH 6.0) of the water utilized. On the other
hand, a positive value was observed for Fe;O,@BPEI (+44.5 +
6.0 mV), which was a result of the presence of protonated
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amine groups at the surface of the NPs. It is worth mentioning
that the borderline between stable and unstable suspensions is
generally considered to be either +30 or —30 mV.""”

However, an absolute requirement for applying these
suspensions in biomedicine is stability at the high ionic
strengths of physiological solutions.'”* With the exception of
Fe;O,@PAANa, all of the samples failed to meet this
requirement. In particular, in PB (pH 7.4) the particles rapidly
agglomerate, reaching a Z-average size larger than 1000 nm
(data not shown), with exception for the sample Fe;O,@CIT,
which shows colloidal stability just in PB, but not in medium
with a high salt concentration (PBS). In contrast, the Fe;0,@
PAANa sample displayed remarkable stability in PB (pH 7.4)
and even PBS. Therefore, in terms of colloidal stability, the
Fe;O,@PAANa sample was found to be suitable for biomedical
applications.

Magnetic Resonance Imaging Properties. The potential
application of the synthesized NPs as an MRI contrast agent
was evaluated. For these experiments, just the samples with
good colloidal stability in aqueous media were selected, which
were Fe;O,@PAANa, Fe;O,@BPEL, and Fe;O,@CIT. MNPs
are traditionally considered T, contrast agents, as they offer a
dark contrast when MR images are acquired under T,-weighted
sequences. The efficiency of an aqueous nanomaterial
dispersion as a T,-contrast agent for MRI is evaluated in
terms of relaxivity, r,. The r, values obtained for Fe;O,@
PAANa, Fe;O,@BPE], and Fe;O,@CIT aqueous dispersions
after the fitting of the T,™' vs [Fe] data were 439.13, 413.13,
and 277.16 mM ™" s, respectively (Figure 7A—C and Table 4
entries 22—24). These values are more than 4-fold higher than
those previously reported for similar functionalized magnetic
nanoparticles. Table 4 (entries 1—21) lists the r, values found
in the literature for commercial MNP-based contrast agents, as
well as those prepared using the most traditional synthetic
methodologies (hydrothermal, coprecipitation, thermal decom-
position) and similarly functionalized with PAANa (or PAA),
CIT, and BPEI (or PEI). It is also evident that the r, values for
the samples prepared in this work are higher than those for
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Table 4. Summary of Previously Reported MRI Contrast Agents Based on Fe;O, NPs Prepared Using Traditional Synthetic

Methodologies
magnetic core Dy
entry name material core size” (nm) (nm)
1 ferucarbotran Fe;0, 42 62
(Resovist)
2 ferumoxides Fe;0, - 4.8—5.6 160
(Peridex) Fe,0;
3 erumoxtran Fe,O, 4-6 20—40
(Combidex)
Fe;0,-BPEI Fe;0, 11+3 310
S Fe,0,BPEI2  Fe,0, 12 44
6 Fe;0,- PEG*- Fe;0, 10 21
BPEI
7 Fe;0,—PEV Fe;O0, core: 9.7; clusters 200 217
8 Fe;0,— Fe,O, core: 6; micelles: 50—70 65
Chitosan-PEV
9 Fe;0,—CIT Fe;0, 12 30
10  Fe;0,—CIT 2 Fe;O, 6 25
11  Fe;0,—CIT 3 Fe;0, 11 35
12 Fe;0,—CIT 4 Fe;O, 6 -
13 Fe;0,—CIT S Fe,0, 10 150
14 Fe;0,—CIT § Fe;0, core: 10; clusters: 200 252
15 MnFe-CIT Mn,sFe s 8 -
Fe,0,
16  MnFe-CTAB MnFe,0, 20 -
17 Fe;O4.DMSA  Fe,0, 9 20
18  Fe;0,-DOPA-  Fe;0O, 7 -
PEG
19 Fe,0,—PAA Fe,0, 8-10 -
20 Fe,0,~PAA2  Fe,0, 10 172
21  Fe;0,—PAANa Fe;O, 8 90
22 Fe;O,@PAANa Fe;0, 11+3 89
23 Fe,0,@BPEI  Fe,0, 10 + 3 109
24 Fe,0,@CIT Fe,0, 11+£3 120

M, i synthetic
shell (emu/g) (mM7's™) n/n methodology ref
carboxydextran - 151 59 113
dextran - 98 4.1 113
dextran - 60 1.3 114
BPEI - 137 - hydrothermal 99
BPEI 78 249 — thermal 78
decompositiond
PEG-BPEI 53 143 87.0  thermal 115
decomposition"l
PEI 70 124% - solvothermal 116
chitosan-PEI — 142 - thermal 117
decompositiond
CIT 58 102 38.0  coprecipitation 118
CIT 62 51.81 1.5 high-temperature salt 119
hydrolysis followed
by coprecipitation
CIT 52 73 - hydrothermal 58
CIT 27 134 - grinding the 120
precursors in a
mortar
CIT - 156 44 coprecipitation 121
CIT 53 360" - solvothermal 116
CIT 62.4 237 - coprecipitation 122
CTAB" 6 167 - thermal 123
decompositiond
DMSA’ 48 61 - thermal 124
decompositiond
dopamide-PEG 46 110 - thermal 125
decompositiond
PAA 56 108 - coprecipitation 85
PAA - 232 60 coprecipitation 121
PAANa - 206 - modified 126
coprecipitation
PAANa 70.7 439 56 sonochemistry this
work
BPEIL 70.2 277 S2 sonochemistry this
work
CIT 76.8 413 49 sonochemistry this
work

“Calculated by TEM or SEM. bHydrodynamic diameter. “r,: transverse relaxivity. “Thermal decomposition was used to prepare the hydroghobic
NPs followed by surface ligand exchange. “Poly ethylene glycol. I Polyethylenimine. 0.3% of aqueous agarose gel was used as a solvent. "Cetyl

trimethylammonium bromide. “DMSA: 2,3-dimercaptosuccinic acid.

Resovist, Feridex, and Combidex (Table 4, entries 1—3), which
are commercial contrast agents that made it into clinics.

Furthermore, the literature reports that the core size, coating,
and aggregation (hydrodynamic size) of the NPs influence the
relaxivity properties of MNPs.”” Thus, to perform a fair
comparison between our NPs and those reported, we must
consider just the NPs with similar coating agent [PAANa (or
PAA), CIT, and BPEI (or PEI)] and comparable or higher core
size and hydrodynamic diameter. These samples are shown in
Table 4, entries 4, 7, 13, 14, 20, and 21. Therefore, it is possible
to observe that the r, values for our NPs are greater than those
of the aforementioned samples, which demonstrated the
progress accomplished by the proposed method.

In order to explain the greater values observed for PAANa-
and CIT- compared to the BPEI-coated NPs, it is necessary to
consider the influence of the coating layer of the contrast agent.
The surface of the contrast agent affects the diffusion of the
water molecules around the NPs. Water molecules need to
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diffuse close to the magnetic core, so that they can be more
efficiently influenced by the induced magnetic field of the
magnetic nanoparticle. Thus, it is desirable that the coating
layer interacts with water molecules in order to increase their
residence time around the magnetic core.” According to this,
the hydrophilicity of the CAs molecules attached to the
nanoparticles’ surface plays a key role in their relaxivity
properties, in such a way that the more hydrophilic the coating
is, the higher the r, value."'”""" This would explain the better
performance of the PAANa- and CIT-coated NPs compared to
the BPEI-coated NPs (see Table 4, entries 22—24), as the
carboxylate groups of PAANa and CIT provide higher
hydrophilicity than the amine groups of BPEL''* These facts
show the great potential of the proposed sonochemistry
approach to prepare ferrofluids in a fast, simple, and elegant
manner, while simultaneously obtaining high-quality materials.

Figure 7D—F shows the T,-weighted MR images of a
phantom containing the functionalized NPs” water dispersions
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acquired at 3 T. When a T),-weighted sequence is applied, all
the samples produced a reduction of the MRI signal. As the Fe
concentration increases in the solutions, the contrast gets
significantly darker compared to a water control, in agreement
with the high values of r, obtained. Similarly, the higher efficacy
of the samples Fe;O,@PAANa and Fe;O,@CIT as T, contrast
agents is evidenced, as their aqueous dispersions need lower Fe
concentration to show the same contrast as in the case of
Fe;O,@BPEIL These results highlight the suitability of the
sonochemical method to achieve functionalized MNPs with
excellent T,-MRI performance in a simple and very fast way.

4. CONCLUSIONS

In summary, the sonochemistry approach proposed in this
work was used to directly prepare water-dispersible function-
alized Fe;O, NPs with excellent magnetic, colloidal, and
relaxivity properties in a simple and rapid (12 min) manner. As-
synthesized coated NPs presented 8—12 nm Fe;O, cores,
which resulted in the transition to the superparamagnetism
regime at room temperature. Moreover, the sonochemistry
approach produced MNPs with high values of M,, even after
the overcoating with a nonmagnetic material. The high energy
induced by ultrasound irradiation enabled covalent interaction
between the CA molecules and Fe;O,, even though the time
used in the synthesis was particularly short. Furthermore, both
the carboxylate- and amine-coated NPs showed great colloidal
stability in water. Emphasis must be placed on the Fe;O,@
PAANa sample, which also exhibited colloidal stability under
simulated physiological conditions. This is one of the most
important requirements for in vivo applications. In addition, the
MNPs obtained in this work displayed transverse relaxivity
values greater than those of nanoparticulated contrast agents
made of Fe oxides which were commercial or obtained using
other synthetic methods. This feature clearly translated into
efficient dark contrast when MR images were acquired with a
T,-weigthted sequence, confirming these MNPs as suitable T,
contrast agents in MRI.

In particular, the methodology employed herein overcomes
current synthesis-related limitations that restrain the transla-
tional research on MNPs from the bench to clinics and
provides a straightforward experimental procedure that may
open new avenues for the scaled up fabrication of tailored
MNPs with excellent physicochemical properties suitable for
biomedical applications.
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