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The great performance of functionalized Fe3O4 nanoparticles (NPs) as contrast agent for magnetic resonance
imaging (MRI) is related to the functionalizing agents, once can tune colloidal properties, chemical stability,
hydrophilicity, overall toxicity, as well as, dipole interparticle interactions. Phosphonate derivatives have proven
to be excellent capping agents due to their ability to control the above parameters. However, the available
functionalizing agents do not provide enough both attached and free-form phosphoric acid groups on NPs sur-
face. Herein, we report the use of a commercially available amino-phosphonate compound, diethylene-
triaminepenta (methylene phosphonic acid, DTPMP), to functionalize Fe3O4 NPs to be potentially applied as MRI
contrast agent. For the synthesis of DTPMP-coated Fe304 NPs, two methodologies were applied, hydrothermal
and sonochemical approaches. Several characterization techniques were performed, confirming the success of
surface functionalization, which allowed a deep chemical discussion involving the interactions between DTPMP
and Fe304 NPs. Furthermore, relaxivity and cytotoxicity analyses confirmed the MRI contrast agent potential of
the DTPMP-coated Fe3O4 NPs, presenting non-cytotoxicity profile and high values of transverse relaxivity
(357-417 mM ! s71). Therefore, this work presents a novel and excellent alternative magnetic material for
biological and technological application, mainly considering MRI contrast agent.

1. Introduction [2]. Magnetic nanoparticles (MNPs) have been emerged as a great MRI

contrast agents, which introduce new possibilities into biomedical

Magnetic resonance imaging (MRI) is a noninvasive, nonionizing,
and radiation-free imaging technique, which has been applied in diag-
nosis and prognosis of several diseases [1]. MRI image obtention is based
on the contrast generated between health and diseased tissues, pro-
moted by a chemical-based contrast agent that the shortening relaxation
times of water protons leads to an enhancement of the tissues contrast
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research and clinical diagnosis [3-6].

For this proposal, MNPs must follow some additional requisites, such
as good colloidal stability at physiological salt concentrations and at
different pH levels to enable intravenously administration [7,8].
Therefore, MNPs have been surface-modified with capping agents in
order to prevent their aggregation into human body, and also decrease
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overall cytotoxicity. Indeed, surface modification can modulate the
behavior of MNPs in physiological medium, improving biocompatibility
and hydrophilicity [9,10]. For instance, functionalizing agents can
rearrange the atoms on MNPs surface, affecting the magnetic field in-
homogeneity and playing an essential role regarding water molecules
interactions [11]. Therefore, the performance of MNPs as MRI contrast
agent is also tailored by the chosen of an excellent capping agent.

According to literature, several functionalizing agents can be found
for MRI applications, which these compounds promote hydroxyl, car-
boxylic acids or amine groups in order to interact with external working
environment [3,9,11]. Generally, capping agents are based on poly-
ethylene glycol (PEG) [12,13] and dextran [14]; polyacrylic acid [15];
carboxymethyl cellulose [16], carboxyl-functionalized PEG [17] and
citrate [18]; and chitosan [19] and polyethylenimine (PEI) [20].
Catechol-based capping agents are also used, however they do not
interact directly to the working environment [21,22].

Another class of functionalizing agent is based on phosphonate
molecules, mainly due to the strong affinity of phosphate/phosphoric
acid groups to Fe atoms on MNPs surface [23], where phosphonate
derivatives can promote better chemical stability against hydrolysis, pH
variations, dilutions and oxidation [24]. Therefore, phosphonate-based
functionalizing agents have been used in surface post-modification of
MNPs, once phosphonate groups can act as a crosslinking between MNPs
surface and functionalizing agent molecule [25-28]. For instance, Tor-
risi et al. synthesized phosphonic acid poly(ethylene glycol) copolymers
to coat MNPs, in which the phosphonate groups are attached to Fe atoms
on inner MNPs surface, whereas polyethylene glycol lengths is on the
outer of surface boundary [27]. However, external phosphonate surface
groups provide interesting features, such as: a) interaction with rare
earth elements, which could generate a more versatile profile to MNPs
application [13,25-28]; b) bone affinity property for diagnostic of bone-
related pathologies [29]; ¢) concerning application as contrast agent for
MRI, phosphonate groups promote an enhancement in relaxivity
through second sphere effects due to strong hydrogen bonding interac-
tion with water molecules [30,31]. Besides outstanding versatility of
phosphonate-based molecules application, their use as functionalizing
agents on magnetic nanoparticles still limited.

Therefore, in this work, we propose an amino phosphonate-
functionalized Fe3O4 NPs, using diethylenetriaminepenta (methylene
phosphonic acid, DTPMP) (Scheme 1A) as capping agent. Recently,
DTPMP has been used to study sodium sulfate crystallization [32],
preparing hollow Co-DTPMP complexes to be used as Fenton catalysts
[33], radioanalytical separation [34] and corrosion inhibitor [35].
DTPMP has also been used as chelating agent for gadolinium (Gd>*) to
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be applied as contrast agent in calcified tissues [36]. The authors re-
ported that the complex DTPMP-Gd>" exhibited high bone affinity and
renal clearance [36]. Herein, we truly believe that this molecule is a
good candidate as functionalizing agent due to the following reasons: a)
it is a commercially available compound with a relative low price; b) its
molecular arrangement allows both attached and free-form phosphoric
acid groups on MNPs surface, offering an enhanced chemical and
colloidal stability, hydrophilic surface, as well as a tunable post-
modification profile; c) the presence of both amine and phosphoric
acid groups can generate a amphoteric surface, where, depending on the
pH of the medium, gives a positive or negative surface charge. There-
fore, the proposed phosphonate-based nanomaterial presents a versatile
profile for MRI and other technological applications, such as sensing
formulations, catalysis, separation science and biological areas [37].
Although, to the best of our knowledge, no study has been reporting
functionalization process on MNPs using DTPMP.

Concerning performance of functionalized MNPs, the synthetic
methodology plays a key role regarding material properties and struc-
ture [38], which it can be modulated according to final application.
Herein, sonochemistry has drawn much attention of the scientific
community mainly due to cavitation phenomenon, which provides a
unique environment reaction with hot spots in the range of 5000 K and
pressures higher than 1000 atm [39]. Remarkably, our group has been
developed advanced nanomaterials by sonochemistry approach for
different applications, such as electrochemical sensor [40], sunscreen
formulation [41] and MRI contrast agent [42]. Recently, we developed a
fast ultrasound-assisted method, around 12 min, to prepare MNPs
functionalized with sodium polyacrylate, trisodium citrate, branched
polyethylenimine and sodium oleate, which exhibited excellent mag-
netic, colloidal, and relaxivity properties for MRI application.

Therefore, the main propose of this study was to synthesize a novel
ultrasound-assisted hybrid nanomaterial with great performance as MRI
contrast agent, and also compare sonochemical and hydrothermal
methods regarding time reaction and final material properties. Herein,
the overall DTPMP-functionalized Fe3O4 NPs characterization was
achieved through a combination of techniques to precisely describe
structure, morphology and magnetic properties of MNPs, as well as
particles colloidal stability in aqueous medium and cytotoxicity. Finally,
the MNPs were evaluated as MRI contrast agent, which also showed
great potential to be applied in other biological and technological
applications.

> » HO0.5 and H1.0

Hydrothermal
210 min

Scheme 1. (A) Structure of DTPMP. (B) Chemical routes to synthesize DTPMP-coated MNPs.
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2. Materials and methods
2.1. Materials

Iron chloride (III) hexahydrate (FeCl3-6H50) and iron sulfate hep-
tahydrate (FeSO4-7H20) were purchased from Vetec Quimica, Brazil.
Diethylenetriaminepenta (methylene phosphonic acid) - (DTPMP,
Scheme 1A) 50% (T) was purchased from Sigma-Aldrich and used as
received. Ammonium hydroxide (29%) (NH4OH) was purchased from
Dinamica Quimica, Brazil. All other reagents were used as received
without any further purification.

2.2. Synthesis of DTPMP-functionalized Fe304 NPs

The DTPMP-coated NPs were synthesized by two methodologies,
sonochemistry and hydrothermal approach. For each pathway, two
stoichiometries of functionalizing agent, 0.5 g and 1.0 g of DTPMP, were
tested (Scheme 1B).

2.2.1. Sonochemistry procedure

DTPMP-based MNPs were synthesized according to ultrasound-
assisted method developed in our group [42], using an ultrasound
equipment (Q500 Sonicator - Qsonica) with a microtip probe of 3.2 mm
under sonication conditions of 200 W and pulse-regime of 3s on and 1s
off. Briefly, 1.0 g (3.6 mmol) of FeSO4-7H20 and 1.9 g (7 mmol) of
FeCls-6H,0 were dissolved in 15 mL of deionized water. This obtained
solution was heated up until reached 60 °C (~3 min) and further soni-
cated during 1 min under already described sonication conditions.
Subsequently, 10 mL of concentrated NH4OH solution were added under
sonication for 4 min. Then, 4 mL of a solution containing a certain
amount of DTPMP (see below) was added into reaction mixture,
allowing sonication in the last 4 min.

For sample containing 0.5 g of DTPMP, the solution of DTPMP was
prepared by adding 0.6 mL of DTPMP in 3.4 mL of deionized water. For
sample with 1.0 g of DTPMP, 1.2 mL of concentrated DTPMP were added
in 2.8 mL of deionized water. Additionally, in order to remove the excess
of NH4OH and unbounded DTPMP molecules, the obtained particles
were washed with 30 mL deionized water followed by magnetic
decantation (3 times). Furthermore, the NPs were dialyzed until neutral
pH. Finally, the samples were centrifuged for 10 min at 3000 rpm to
remove large aggregates.

This procedure generated two samples labeled as U0.5 and U1.0,
which correspond to ultrasound-assisted FesO4 NPs with 0.5 gand 1.0 g
of DTPMP, respectively, as shown in Scheme 1B. It was also prepared
uncoated Fe3O4 NPs by the same methodology, which was labeled as
F8304—U.

2.2.2. Hydrothermal

For hydrothermal approach, an adapted methodology was followed
according to Kolen’ko et al. [43]. Firstly, 3.80 g (14 mmol) of
FeCl3-6H20 and 2.05 g (7 mmol) of FeSO4-7H20 were dissolved in 38 mL
of deionized water, and further added into a 90 mL of poly(tetra-
fluoroethylene) (PTFE) vessel. Then, 20 mL of NH4OH were added to the
obtained solution, followed by addition of a certain amount (see below)
of concentrated DTPMP. Then, the PTFE reactor was closed and sealed in
a stainless steel autoclave, which was kept at 150 °C for 3.5 h (See
Scheme 1B). For sample with 0.5 g and 1.0 g of DTPMP, 0.6 mL and 1.2
mL of concentrated DTPMP was used, respectively.

For hydrothermal particles, the purification step was similar to one
described for sonochemistry approach. Hydrothermal procedure
generated two samples labeled as HO.5 and H1.0, which correspond to
Fe304 NPs prepared by hydrothermal method with addition of 0.5 g and
1.0 g of DTPMP, respectively (Scheme 1B). Uncoated Fe304 NPs ob-
tained by hydrothermal methodology were labeled as Fe3O4-H.
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2.2.3. Complex DTPMP-Fe?*-Fe>*

In order to evaluate the interactions between DTPMP molecules and
Fe atoms on the surface of Fe3O4 NPs, a complex of DTPMP and
Fe?™_Fe3" cations was synthesized. Briefly, 1.34 g (4.9 mmol) of
FeCl3-6H20 and 1.35 g (4.9 mmol) of FeSO4-7H,0 were dissolved in 8
mL of deionized water. Then, 1.0 mL of concentrated DTPMP was added,
which it was observed the formation of a light yellowish precipitate. The
mixture remained under magnetic stirring for 30 min. To remove the
unbounded iron cations, the precipitate was washed with 30 mL of
deionized water followed by centrifugation (2000 rpm for 5 min). The
precipitate was dried under vacuum for further characterizations.

2.3. Characterization of DTPMP-functionalized Fe3O4 NPs

X-ray diffraction (XRD) analysis were performed 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°
equipped with a Co Ka tube. 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° (20). The Rietveld structure refine-
ment was used to interpret and analyze the diffraction data using the
program DBWstools [44]. 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.

Transmission electron microscopy (TEM) images were obtained with
a MSC JEOL TEM-2100 200 kV microscope, equipped with a CCD
(TVip-16 MP) and TV (Gatan ES500W) available from LNNano, Cam-
pinas, Brazil. TEM samples were dispersed in isopropyl alcohol and
deposited in a drop onto carbon-coated copper grids. Subsequently, the
deposited samples were allowed to dry completely overnight before
analysis. The size distribution curves were obtained by manually size
measuring of 150 particles [45], using the software ImageJ (U.S. Na-
tional Institutes of Health, Bethesda, MD). The polydispersity index for
TEM analysis (PDIrgp) was calculated as reported in literature [46]. The
coating thickness distribution curves were obtained by manually
thickness measuring of 25 particles using ImageJ software. The data
were determined measuring the distance from an imaginary plane,
perpendicular to nanoparticle surface, to the end of the coating in the
core-shell interface of the nanoparticle.

Mossbauer spectroscopy (MS) data were recorded at room temper-
ature (300 K) with a FAST (ConTec) Mossbauer system spectrometer
using the transmission geometry. A 57Co 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 (5) relative to a-Fe were found at room
temperature.

Vibrating sample magnetometer (VSM) measurements at 300 K were
recorded on 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. Zero-field-cooling (ZFC) and field-
cooling (FC) curves were obtained also in dried samples using the
Vibrating Sample Magnetometer Mini 5T from Cryogenic Ltd. In order to
obtain additional information concerning the blocking temperature (Tg)
distribution of the NPs, it was applied the methodology of Bruvera et al.
[47] on our ZFC-FC data.

The presence of DTPMP molecules on the surface of the NPs was
studied by Fourier transform infrared spectroscopy (FTIR). The spectra
were recorded using a Shimadzu model 8300 spectrophotometer. The
samples were grounded in an agate mortar and pressed into KBr discs.
The range used was 4000-400 cm ™!, with a resolution of 2 cm™ and 128
scans.

Chemical surface analyses of the nanoparticles were carried out in a
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K-Alpha X-ray photoelectron spectrometer (XPS) (Thermo Fisher Sci-
entific, United Kingdom) equipped with a hemispherical electron
analyzer and an aluminum anode (Ka = 1486.6 eV) as X-ray source.
Measurements of the DTPMP-coated NPs were carried out by using
charge compensation during the analyses, and the pressure of the
chamber was kept below 2 x 1078 mbar. Survey (i.e., full-range) and
high-resolution spectra were recorded using pass energies of 1 and 0.1
eV, respectively. The spectrum fitting was performed by assuming a
mixed Gaussian/Lorentzian peak shape (the ratio of the Gaussian to
Lorentzian form was 0.4). For the fitting of the samples U0.5, U1.0, HO.5
and H1.0 the same FWHM values as the values obtained for the samples
Fe304-U and DTPMP-Fe?*-Fe3* were used. The X-ray photoelectron
spectra presented here are the result of the average of three spectra
collected at three different regions for each sample.

The hydrodynamic size of the NPs in colloidal dispersion was
measured in dynamic light scattering (DLS) experiments using a Mal-
vern Zetasizer NS 3601 at 25 °C. The DLS measurements were performed
on a diluted dispersion 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). The size estimated by
DLS was expressed as Z-average values, and the polydispersity index
(PDIp.s) values were calculated using the cumulate method. Five mea-
surements were performed for each sample. The zeta potential ({) of
each sample was measured using the same instrument at 25 °C.
Furthermore, measurements of hydrodynamic size and ¢ at different pH
values were performed using the MPT-2 Titrator device (Malvern In-
struments). For the adjustment of the pH during the experiments the
following solutions were used: NaOH 0.25, 0.01 mol L™! and HCI 0.25
mol L1,

2.4. Toxic evaluation of the DTPMP-functionalized NPs on human
neutrophils

2.4.1. Isolation of human neutrophils

Human leucocyte-rich blood from healthy adults was obtained from
HEMOCE (blood bank), Fortaleza, Brazil. Polymorphonuclear cells were
isolated by the Lucisano and Mantovani’s method [48] with slight
modifications [49], and the obtained cells suspension (80-90% neu-
trophils) showed 90 + 2.0% of viability, stablished by the exclusion with
Trypan blue method. The methods were carried out in accordance with
the approved guidelines and Ethics Committee on Human Research
(CAAE no. 18398819.2.0000.5054).

2.4.2. LDH activity test

The neutrophils suspension was incubated at 37 °C for 15 min with
Hanks’ solution (the medium, non-treated group), water (vehicle, con-
trol group), Triton X-100 (0.2%, cytotoxic standard) and samples UO0.5;
U1.0; HO.5 and H1.0 (100, 50 and 10 pg/mL). After incubation, the
tubes were placed in a centrifuge at 4 °C for 10 min. Then, the super-
natant of each sample was collected and maintained at low temperature
to perform the absorbance measurement. The LDH activity was deter-
mined according to the LDH Liquiform kit Labtest (LDH Liquiform of
Labtest Diagnostica, Lagoa Santa, MG, Brazil), where it was calculated
using the following equation:

A=[(A —A)/2] x 1746.03 )

where: A = LDH enzymatic activity (U/L); A; = absorbance at 1 min; A,
= absorbance at 3 min and 1746.03 is the current factor calculated by
the manufacturer.

2.4.3. MTT test

Human neutrophils were exposed to the sample U1.0 (10, 50 and
100 pg/mL), water (vehicle, control), Hanks’ balanced salt solution
(HBSS) (culture medium, negative control) or Triton X-100 (0.2%,

Applied Surface Science 543 (2021) 148824

cytotoxic standard) for 15 min at 37 °C, followed by addition of 200 pL
of 3-(-4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT). After 3 h of incubation with MTT, the cells were washed with
phosphate buffer solution, and the Dimethyl sulfoxide (DMSO) (100 pL)
was added for the solubilization of the formazan products. The absor-
bance was measured at 540 nm [50].

For both tests, the results are expressed as mean + standard error of
the mean (S.E.M.). The statistical significance of differences between
groups was determined by One-Way anova, followed by Tukey for
multiple comparisons as a post hoc test. The significance level was set at
p < 0.05.

2.5. Relaxivity measurements and MRI-weighted images

Five aqueous dilutions with different nanoparticle concentrations
(between 0 and 0.16 mM Fe) were prepared for each sample, using an
aqueous solution of agar 0.5% (w/v) as solvent aiming to simulate MRI
signals from human tissues. 200 pL aliquots of each dilution were
measured in a mini spec mq60 contrast agent analyzer from Bruker at
37 °C and under 1.41 T magnetic field, using Carr Purcell Meiboom Gill
(CPMG) sequence for transverse relaxation time (T3) calculations. The
transverse relaxivity constant (ry) were calculated as the slope of the
curve obtained by fitting the T3' 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, U.K.) equipped with 48 G cm actively
shielded gradients. For imaging the samples, a 56 mm diameter quad-
rature bird-cage coil was used in transmit/receive mode. For the phan-
tom measurements, the samples at different concentrations (between 25
and 150 pM in Fe) were dissolved in 200 pL of Milli-Q water a placed in
custom-printed PLA holders. All MR images of the phantoms were ac-
quired 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
To-weighted imaging, a fast spin echo (FSE) sequence with the following
parameters was used: Tg = 14 ms, Tg = 3000 ms, Ny = 15, Ar =47 m 25
s. T2 maps were acquired using multi-echo multi-slice (MEMS) se-
quences with the following parameters: Tg = 15 ms, T = 1400 ms, Ny =
10, A7 = 44 m 55 s. Post-processing was performed using ImageJ soft-
ware. Tz maps were reconstructed using following the standard equa-
tion: S, = Sp [1 - exp (TE x n/T2)1S, = So(1 —e™/12), where S is the
signal intensity, TE is the echo time and T3 is relaxation time.

3. Results

After DTPMP-coated MNPs synthesis, a full characterization analysis
was performed in order to evaluate the success of the DTPMP func-
tionalization and its impact on the structural (XRD and MS), magnetic
(VSM and ZFC-FC) and colloidal (DLS) properties of the MNPs.
Furthermore, FT-IR and XPS chemically showed how DTPMP molecules
are binding on MNPs surface. In addition, we evaluated its potential to
be applied as contrast agent in MRI through cytotoxicity experiments,
relaxivity measurements and weighted MR images.

3.1. Structure and magnetic properties

3.1.1. XRD

XRD patterns for the synthesized MNPs are shown in Fig. 1A. Data
from the Rietvield structural refinement are shown 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 (data not
shown) [51]. The analysis of the position and intensity of the diffraction
peaks confirmed that all synthesized MNPs samples are composed of a
single crystalline phase with a spinel structure Fd3m (ICSD code: 84611)
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Fig. 1. (A) XRD patterns of the as-synthesized NPs.
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Table 1

Structural and magnetic parameters from XRD Patterns (through Rietveld Refinement), TEM, VSM (300 K) and ZFC-FC analysis.
Sample XRD TEM VSM (300 K) ZFC/FC

a@®) Dxgp (nm) Dy (nm) PDIrgm M; (emu/g) Hc (Oe) M, (emu/g) Tmax (K) <Tg> (K) % Area
P1? p2° P1 P2

Ul.0 8.357 10.9 £ 0.2 10.4 £ 3.1 0.30 60.8 10.7 -0.16 196.7 30.5 63.3 47.6 52.4
U0.5 8.357 10.7 £ 0.2 10.2 £ 3.9 0.38 65.0 11.0 -0.17 - 71.1 106.9 49.5 50.4
Fe304-U 8.359 12.0 £ 0.2 - - - - - - - - - -
H1.0 8.369 7.2+0.1 87 +23 0.26 64.3 10.5 0.025 131.5 12.1 59.8 19.0 81.0
HO0.5 8.358 7.8+ 0.1 82+26 0.31 64.2 10.6 —-0.050 171.6 62.2 89.5 71.2 24.9
Fe304-H 8.369 14.8 £ 0.3 - - - — - - - - — -

2 and ®: particles populationl and 2, respectively.

[52], which is characteristic of Fe304 and y-Fe;O3 oxidative like-form,
being classified as isostructural phases.

Cubic cell lattice parameter (a) of the samples were 8.357, 8.357,
8.359, 8.369, 8.358 and 8.369 A for U1.0, U0.5, Fe304-U, H1.0, HO.5,
and Fe304-H, respectively, as shown in Table 1. Regarding the profile of
the XRD peaks, all samples exhibited narrow and well-defined peaks,
evidencing high crystallinity, unless for samples H1.0 and HO.5, which
presented broader FWHM values (data not shown). Furthermore, crys-
tallite size of the samples was calculated by Scherrer equation (see
Table 1) using the data extracted from Rietveld refinement. The corre-
sponding values for the samples U1.0, U0.5, Fe304-U, H1.0, HO.5, and
Fe304-H were 10.9 £+ 0.2, 10.7 + 0.2, 12.0 £ 0.2, 7.2 £ 0.1, 7.8 £ 0.1

and 14.8 + 0.3 nm, respectively.

3.1.2. Mossbauer spectroscopy

Mossbauer spectroscopy (MS) is a key technique in the study of
magnetic materials, once MS spectrum shows information regarding
their structure, electronic and magnetic properties [53]. MS spectra for
all samples synthesized by sonochemistry approach (Fig. 1B) showed
broadened ferrimagnetic sextets. Herein, a magnetic hyperfine field
distribution was used to fit measured spectra. In the spectra profile of the
samples U0.5 and U1.0 were observed a significant change in compar-
ison to Fe304-U sample, where the sextets were broader for functional-
ized samples (See Fig. 1B). Indeed, a considerable change was also
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evidenced in the magnetic hyperfine field (Bps) distribution as a conse-
quence of the functionalization with DTPMP (Figure S1A). For Fe304-U
sample, the peak with highest intensity is centered at 47 T, whereas it
appears at 45 and 44 T for U1.0 and UO.5, respectively. Moreover, the
samples U1.0 and UO.5 exhibited peaks centered in 3 and 14 T, which
may be observed in low intensity or absent in the distribution of the
uncoated Fe3O4 NP sample. Additionally, the average isomeric shift ()
was calculated for samples prepared by sonochemistry, showing values
around 0.34 & 0.02, 0.33 & 0.02 and 0.33 & 0.02 mm s~ ! for U1.0, U0.5
and Fe304-U, respectively.

Interestingly, for samples prepared via hydrothermal method, it was
observed a completely different MS spectra profile, as seen in Fig. 1C, in
comparison to those synthesized by sonochemistry. A broader adsorp-
tion line composed by a quadrupole doublet was evidenced for the
samples HO.5 and H1.0. In this sense, a hyperfine quadrupole splitting
(QS) distribution was used to fit measured spectra (Figure S1B). For the
samples H1.0 and HO.5, the peaks of the QS distribution are centered in
0.6 and 0.5 mm/s, respectively.

In contrast, the uncoated Fe304-H sample exhibits two ferrimagnetic
sextets, which are assigned to the Fe atoms at the octahedral (green sub-
spectrum) and tetrahedral (blue sub-spectrum) environments of Fe3O4
(Fig. 1C - bottom spectrum). The hyperfine parameters calculated from
the site distribution fit are shown in Figure S1C, and the obtained values
are in agreement to other Fe3O4 NPs synthesized by hydrothermal
method [54].

3.1.3. TEM
We performed a TEM analysis aiming to acquire information
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concerning morphology, size and structure of the DTPMP-coated NPs.
TEM micrographs are shown in Fig. 2A-D. The average particle diameter
(D1Epp) and the calculated polydispersity index (PDIrgy) values obtained
by TEM images are listed in Table 1. Size distribution curves are pre-
sented as insets in Fig. 2. The Dygy values of all samples were similar to
those found through XRD data analysis (Dxgp). For the samples U1.0,
U0.5, H1.0 and HO.5 the average diameter values were 10.4 + 3.1, 10.2
+ 3.9, 8.7 + 2.3 and 8.2 + 2.6 nm, respectively, whereas, the PDIrgy
values were 0.30, 0.38, 0.26 and 0.31, respectively.

In general, for all synthesized NPs, TEM micrographs showed a core-
type structure of a pseudo spherical morphology, which is expected
when the synthesis of Fe304 NPs is performed through coprecipitation
reaction of Fe** and Fe3" ions using ammonium hydroxide [43,55].

For the samples U1.0 and H1.0, a core-shell like structure was
observed, as signed by the red arrows in Fig. 2B and D, which can be
attributed to the DTPMP coating. The average thickness values of the
coating were 3.3 + 1.7 and 14.9 + 5.1 nm for samples U1.0 and H1.0,
respectively. In Figure S2 is shown the thickness distribution curves for
samples U1.0 and H1.0. In contrast, none core-shell structure was found
for samples prepared with 0.5 g of DTPMP. The representative image
with higher magnification of the sample U0.5 confirmed an absence of a
core-shell structure, i.e. a DTPMP coating was not observed. However,
magnetite crystalline planes were well-defined, indicating a good crys-
tallinity (See Figure S3).

3.1.4. Magnetic measurements
The hysteresis loops of DTPMP-coated NPs at 300 K are shown in
Figure S4, where low field curves are exhibited inset, evidencing small

Fig. 2. TEM micrographs of the samples (A) U0.5, (B) U1.0, (C) HO.5, and (D) H1.0. Red arrows indicate the presence of a shell-like structure. Inset: Size distribution
curve obtained from TEM analysis for each sample. The average diameter value for each sample is shown in Table 1. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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hysteresis loop for all analyzed samples. From these measurements,
magnetization saturation (Mg) values were calculated, as well as
remnant magnetization (Mg) and coercivity (Hc). All values are sum-
marized in Table 1.

It was observed small numerical variation for Mg and H¢ parameters,
comparing NPs synthesized by sonochemistry and hydrothermal
methods. For example, the samples H1.0, HO.5, U1.0 and U0.5 showed
Mg around 64.3, 64.2, 60.8 and 65.0 emu/g, respectively.

Magnetization curves as a function of temperature were measured
under ZFC-FC conditions (Fig. 3A). All samples showed FC curve with a
flat profile at low temperatures, as a consequence of the presence of
dipolar interactions [43]. The blocking temperature (Tg) of magnetic
NPs is defined as the crossover between superparamagnetic and ferri-
magnetic states. Therefore, at Tp, sufficient energy is provided to the
system and the spin is found to surpass the barrier energy, in order to
perform the relaxation process towards another equilibrium position
[56]. In this sense, Tg may be estimated by the maximum of the ZFC
curve (Tyax) [57]. Except for UO.5 sample, all other samples exhibited a
maximum in ZFC, as can be seen in Table 1 for obtained Tg values.

However, it is worth to mention that this method is not completely
suitable for estimate Tp, since Tyay is affected by experimental param-
eters and size dispersion [47]. Indeed, as T is proportional to volume of
the NPs, and, in real systems, this parameter is reasonably described by a
log-normal distribution. Therefore, a more appropriate methodology
would be considered Ty as a distribution in order to calculate the values
closer to the real ones [47]. Thus, firstly we used the temperature de-
rivative of the ZFC-FC difference to extract a distribution of Ty values.
Then, the data could be described using a log-normal distribution. The
maximum of the simulated curve was assumed to be a Tg mean (< Tg>),
and area of a log-normal distribution was also investigated (Fig. 3B and
Table 1). Furthermore, Tp distributions of synthesized DTPMP-coated
NPs were better fit to two log-normal distributions, which physically
means two populations of particles, as shown in the Table 1 (P1 and P2).
Efforts to fit those using just one distribution were unsuccessful. As a
consequence, the coefficients of determination (RZ) were not suitable.
Table S1 shows the mean < Tg>, standard deviation of <Tg>, area for
each distribution and R? for each fit.
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3.2. DTPMP-coating properties

FT-IR and XPS analyses were performed in order to confirm the
functionalization of DTPMP with magnetite NPs, and also evaluate
coating properties regarding final material applications.

For XPS and FTIR measurements, a complex of DTPMP and Fe?* and
Fe3* was prepared in order to observe the peak and bands relative to the
chemical interaction between Fe and DTPMP molecules, labeled as
DTPMP-Fe?"-Fe3™. Indeed, the regions of the spectrum of DTPMP-Fe?*-
Fe3" were then compared to DTPMP-coated MNPs spectra. In this re-
gard, we assumed that the Fe ions complex was coordinated to phos-
phonate and/or amine groups.

3.2.1. XPS

The functionalized NPs were investigated regarding Fe, O and P
atoms by XPS, since it is well-known as a suitable and sensitive surface
technique. The survey spectra for all samples are presented in the
Figure S5A-F. In Fig. 4A and B is shown the deconvoluted high-
resolution XPS spectra for (A) O 1s and (B) N1s. The high-resolution
spectra for Fe 2p3/» and P2p are shown in Figure S6 A-C. Moreover,
the atomic concentration at the surface (AC %), data extracted by the
deconvolution, and the attributions to each sub-spectrum are shown in
Table S2.

The O1ls absorption showed valuable information concerning to
DTPMP and Fe3O4 NPs interactions (Fig. 4A). For non-functionalized
Fe304 NPs, three peaks were observed, 529.98, 531.42 and 533.40 eV,
which are related to Fe-O from Fe304(Fe-Oge304), Fe~OH (Fe—~OHge304)
and absorbed H,0, respectively [58]. In contrast, the DTPMP-Fe?*-Fe>*
complex exhibited two peaks centered in 531.28 and 532.84 eV, where
the first one can be assigned to P-O-Fe, P = O and/or P = O---Fe (labeled
P-Oprpmp-re) [59,60]. Moreover, it was not attempt to differentiate the
peak of Fe-OH of Fe3O4 from the P-Oprppp.re, for the samples func-
tionalized with DTPMP (Fig. 4A). Thus, the spectra of the DTPMP-coated
NPs were assigned with three peaks centered in 530.08, 531.39 and
533.94 eV. The peak of highest intensity shifted to values slightly
smaller than those of the DTPMP complex. Additionally, the ratio be-
tween the area of the peaks P-Oprpmp.re (Fe—~OHpe304 for uncoated
Fe304) and Fe-Oge304 Were 0.34, 0.49, 0.47, 0.66 and 0.76 for the

d(ZFC — FC)/dT

uo.5
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Temperature (K)

50 100 150 200
Temperature (K)

Fig. 3. (A). ZFC and FC magnetization curves Solid dots represent FC curves and open dots represent ZFC curves. (B) Log-normal fit of the d(ZFC-FC)/dT derivative
for the DTPMP coated NPs. Population 1: green distribution; Population 2: blue distribution. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 4. Deconvoluted high-resolution XPS spectra for (A) Ols and (B) N1s of all synthesized samples. The most important attributions for each sub-spectrum are
shown in this Figure. The attributions for all sub-spectra are shown in Table S2.

samples Fe304-U, U0.5, U1.0, HO.5 and H1.0, respectively (Table S2).

Relevant information concerning to DTPMP and Fe3O4 surface in-
teractions can also be extracted from the high-resolution N1s spectra
(Fig. 4B). A broad peak was detected for all samples, fitted into two
components, 399.7 and 401.7 eV, where the first peak is attributed to
amine groups from DTPMP bonded to Fe atoms from Fez04 (RsN'—Fe),
and the second was assigned to protonated amine groups from DTPMP
(RsNT-H) (Fig. 4B and Table S2) [61-63]. The peak at 399.7 eV is
mainly attributed to the amine groups bonded to Fe atoms due to the
presence of this peak in the complex sample DTPMP-Fe?*-Fe3*, and
according to the literature, nitrogen atoms from DTPMP participate in
the coordination to iron atoms in DTPMP-Fe complex [64]. Interest-
ingly, the R3N'-Fe peak was more intense for functionalized NPs in
comparison to RsN"—Fe for DTPMP-Fe?-Fe3* complex (Fig. 4B).

Information concerning the number of amine groups bonded to the
surface can be extracted from the ratio between the area of RsN"—Fe
(ARrsN--re) and RgN"-H (Agsn.—n). The ratio (Arsn-—re/Arsn-n) values
were 0.55, 1.80, 1.59, 2.10 and 2.14 for the samples DTPMP-Fe?*-Fe3™,
U0.5, U1.0, HO.5 and H1.0, respectively. In regard to the absorption of
P2p, the spectra were adjusted with two peaks, P2p3,5 (lowest binding
energy) and P2p, 5 (highest binding energy). Additional peaks were not
evidenced for DTPMP-coated NPs, in comparison to DTPMP-Fe?*-Fe3™"
complex (Figure S6C). However, spectra of functionalized NPs presented
a shift towards small binding energies (Figure S6C). The AC values of P
on the surface of the NPs were 3.57, 3.86, 4.41 and 4.79% for the
samples U0.5, U1.0, HO.5 and H1.0, respectively (Table S2).

3.2.2. FT-IR

Regarding FT-IR vibrational modes relative to the core material, all
samples presented two bands between 400 and 800 cm ™! (Figure S7)
[52], attributed to stretching vibrations of Fe-O bond (vge_o) in tetra-
hedral and octahedral sites. The samples Fe304-U, U0.5, U1.0, HO.5 and
H1.0 presented vge o bands centered in 561, 584, 588, 588 and 584
cm ™}, respectively.

Concerning the bonding mechanism between Fe304 NP surface and
DTPMP, FT-IR has been shown to be a suitable technique, specifically for
phosphonate groups, through the analysis of a set of vibrational modes
located between 850 and 1210 cm ™! [26,59,65-68], as shown in
Fig. 5A. Regarding the binding of phosphate groups and iron oxides,
Barja et al. reported three possibilities through the systematic study of
the complexation of methylphosphonic acid with goethite particles,
such as protonated monodentate complex [R-PO(OH)(O-Fe)], bridging
bidentate complex [R-PO(O-Fe);] and deprotonated monodentate
complex [R-P(PO3)(O-Fe)] [65]. Additionally, Demin et al also
considered a tridentate complex form [R-P(O-Fe)s] [66].

In this work, the bonded mechanism is proposed considering all
above complex-form possibilities, in which we performed a spectral
deconvolution of FT-IR spectra for the region of interest, as shown in
Fig. 5A. The attribution to each sub-spectrum is in Table S3. It was
considered, in the spectral deconvolution, vibrational modes relative to
four chemical groups, as shown in Fig. 5B. The main chemical groups
considered into discussion were: phosphoric acid groups anchored to the
Fe atoms as protonated monodentate complex (a’), presenting stretching
of the groups P-OH, P-OFe and P=0 (vp_og, Vp_o_re and vp_o — Fig. 5B
a’); phosphoric acid groups anchored to the Fe atoms as bridging
bidentate complex (a”), presenting symmetrical and asymmetrical
stretching of the groups P-OFe (15 p_o_pe and Vg p_o_re) and P=0 (vp_o),
as shown in Fig. 5B a”; tertiary amine groups bonded to Fe atoms (b)
with stretching of C-N (v¢_n) (Fig. 5B b); free phosphoric acid groups (c)
presenting vp_oy as well as symmetrical and asymmetrical stretching of
P-O (vs p_o and v, p_g). All above mentioned groups are inserted in the
spectral deconvolution vibrational modes in Fig. 5A.

For DTPMP-Fe?"-Fe3" sample, the bond between phosphoric acid
groups and Fe atom are characterized by the presence of the following
stretching vibrational modes: vp_og (936 em ™), vp_o_pe (1004 cm ™) and
vp—o (1183 cm ) (Fig. 5A '), which can be related to a protonated
monodentate complex [65]. It was also evidenced in 1079 em !
stretching vibrations for C-N-Fe groups, which is supported by XPS
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Fig. 5. (A) Deconvoluted FTIR spectra of the region of interest for the elucidation of the mechanism of bonding between Fe304 NPs and DTPMP. (B) Schematic
illustration for main vibrational modes, considering deconvolution spectral. (C) The proposal of bonding between Fe304 NPs and DTPMP molecule. Attributions of
each sub-spectrum are shown in Table S3. Small letters (a’, a”, b and c) represent the sub-spectrum relative to each chemical group presents in DTPMP-coated MNPs.

results (Fig. 5A b) [69]. Regarding free phosphoric acid groups, which
were in the form of R-POsH™, we detected three vibrational modes:
Vp_on (883 and 936 cm™Y), vg poz and vs poz (1052 and 1135 cm ™Y,
respectively) (Fig. 5A c) [65].

For DTPMP-functionalized MNPs, we evidenced the same bands
observed in the complex for the bonding between nitrogen and iron as
well as free phosphoric acid groups (Fig. 5A-B b and c). However,
phosphoric acid groups were anchored onto the surface through
bridging bidentate form, due to the presence of the following vibrational
modes: Vs p_o_re, Va p_0-re (989 and 1100 cmY, respectively) and vp_go
(1161 cm™H (Fig. 5A-B ") [65,70,71]. Based on these results, we pro-
posed the model of interaction between DTPMP and Fe304 NPs as shown
in Fig. 5C.

3.3. Colloidal properties

The nanoparticles exhibited a magneto-fluid response in water after
DTPMP functionalization, i.e. if a magnet bar is placed close to the
colloidal dispersion, the fluid is attracted to the magnet as whole, and no
separation between dispersed nanoparticles and liquid phase is observed
(See Supported Video). Actually, this behavior is an additional evidence
of the success of the functionalization step, as well as the good colloidal
stability.

In-depth, the hydrodynamic properties of the aqueous dispersions of
the coated-MNPs were evaluated by DLS in three different solvents:
deionized water, phosphate buffer 7.4 (PB 7.4) and phosphate buffer
saline 7.4 (PBS 7.4). They were selected due to their biological rele-
vance. All samples were measured in terms of hydrodynamic size,
polydispersity index (PDIp;s) and zeta potential (), as shown in Table 2.
In both buffer dispersions, the hydrodynamic size for all samples did not
increase in comparison to deionized water NPs dispersion. All size dis-
tributions curves exhibited unimodal behavior (Figure S8-11). Inter-
estingly, for the NPs synthesized by sonochemistry, the PDIps values
increased when the samples were dispersed in physiological solutions,
whereas the opposite behavior occurred for samples obtained by

Table 2
Hydrodynamic particle size, surface charge and PDI obtained by DLS in different
aqueous solvents.

Sample  Solvent  Hydrodynamic diameter PDIp;s ¢ (mV)?
(nm)
U1.0 H,0 149.1 £ 0.7 0.101 + -31.3 +
0.020 0.51
PB 7.4 124.1 £ 0.7 0.140 +
0.012
PBS7.4 1335+24 0.310 +
0.031
Uo0.5 H,0 151.4 +1.3 0.086 + -36.0 +
0.026 1.10
PB 7.4 1273 +1.3 0.149 +
0.007
PBS 7.4 123.1+1.0 0.201 +
0.020
H1.0 H,0 1429 £ 0.8 0.247 + -28.0 +
0.006 1.99
PB 7.4 131.0 +£ 0.9 0.205 +
0.009
PBS7.4 125.5+0.5 0.199 +
0.010
HO.5 H,0 125.3 + 1.0 0.212 + -33.2+
0.007 0.88
PB7.4 135.7 £ 1.2 0.275 +
0.006
PBS 7.4 117.0 £ 1.0 0.214 +
0.006

@ pH around 6.5.

hydrothermal route. It is worth mentioning that the Z-average size
values were around 15 times bigger than the average particles diameter
calculated by XRD and TEM, potentially indicating cluster formation in
aqueous environment.

The { is an important parameter to be analyzed regarding colloidal
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suspensions, once it gives a clear magnitude and nature of the surface
electric charge. All evaluated samples showed surface charge values
between —28.0 + 1.99 and —-36.0 + 1.10 mV (Table 2), mainly related to
the de protonation of the phosphonic acid groups from DTPMP.

In order to have a deeper understanding of the surface properties of
DTPMP-coated NPs, ¢ and Z-average size were measured as a function of
pH (Fig. 6A and B). The sample U1.0 was selected as a model once this
sample exhibited a greater performance as MRI contrast agent. In acid
medium (pH in the range of 3-4), the { showed positive values due to the
protonation of the tertiary amine groups from DTPMP on particles sur-
face. At pH values higher than 4.08, which is the isoelectric point (IEP)
of DTPMP, it was observed negative values of surface charge. At pH 10,
the ¢ reached a minimum of -32.5 mV.

Hydrodynamic size followed similar profile, where values close to
IEP, the samples exhibited highest size values. It is known that the
absence of electric charge on the surface causes the attractive forces of
Wander-Walls, in order to overcome the repulsive electrostatic force,
leading to aggregation of the particles and higher hydrodynamic size
values. This behavior is confirmed through the macroscopic colloidal
stability, as shown in Fig. 6B. For instance, in Fig. 6B — point II, when the
colloidal suspension of DTPMP-coated MNPs reaches pH 4, the NPs
precipitate, and as the pH increases, the NPs become dispersed (Fig. 6B —
Point IIT and IV).

3.4. Cytotoxicity evaluation

For MRI contrast agent application, a preliminary evaluation of the
DTPMP-coated NPs on human neutrophils viability must be performed.
In this work, two cytotoxicity tests were used, LDH activity and MTT
assay.

In LDH assay, none of coated samples showed significant increase in
the enzymatic activity in comparison to control group (Fig. 7A). How-
ever, the addition of Triton X-100 0.2% (w/v) (positive control) signif-
icantly increased the LDH activity in the extracellular medium. Within
this context, and considering greater relaxivity properties, cell viability
by MTT test was performed for the sample U1.0, in order to evaluate
other cell function effects (Fig. 7B). The addition of U1.0 sample at 10,
50 and 100 pg/mL on human neutrophils suspension did not present a
significant reduction in cellular viability (97-116% of viable cells) when
compared to vehicle group/control group (100% of viable cells). Indeed,
the percentage of viable cells in the HBSS group (medium cell culture)
was similar to vehicle group (data not shown).
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3.5. Magnetic resonance imaging properties

MNPs with average diameter around 7-20 nm are traditionally
considered as Tz contrast agents in MRI, as can provide a dark contrast
when MR images are acquired under To-weighted sequences [5]. For
magnetic nanoparticles, the dark (hypointense) contrast generated by
Ty-contrast agents is a result of the interaction between microscopic
magnetic field inhomogeneities caused by the NPs and hydrogen atoms.
This interaction shortens the T, of the protons in their vicinities [72].
Agar 0.5% (w/v) was selected as solvent for the phantom imaging ex-
periments instead of deionized water [73], in order to better simulate
the T3 signal of living tissues, since relaxivity properties of this gel are
well-described and frequently used as MRI phantoms reference [74].

The efficiency of a nanomaterial dispersion as a T2-contrast agent for
MRI is evaluated in terms of transverse relaxivity (r2) and the ration
between ry and longitudinal relaxivity (r;) — r2/r;. These parameters can
be evaluated by preparing MNPs dispersions at different dilutions, and
further measuring the relaxation time (T, and T;) for each dispersion.
Finally, the slope of the plot between relaxation rate (T3 or Ry; T7' or
R;) versus concentration of Fe (mmol LY can be calculated [75]. The ra,
r; and ry/r; values for the samples U0.5, U1.0, HO.5 and H1.0 are pre-
sented in the Table 3. Linear fitting between the inverse of T; and T»
versus Fe concentration, are shown in Figure S12 (A-D) and Fig. 8 (A
and B), respectively.

Fig. 8C and D show a To-weighted MR image of the phantom and a T»
map for all prepared dispersions containing functionalized NPs. In both
images, as the Fe concentration increases in the dispersion, a greater
contrast is observed, e.g. as dark the contrast in T2-weighted image as
short the relaxation time in T, map. Additionally, in T2-weighted image,
no apparent difference was evidenced among analyzed samples. How-
ever, samples U1.0 and UO.5 induced a slightly greater shortening in Tz
in comparison to HO.5 and H1.0, as shown in T2 map (Fig. 8D).

4. Discussion

4.1. Effect of DTPMP in the structural and magnetic properties of MNPs
In this work, the commercial DTPMP was presented as a new func-

tionalizing agent for Fe3O4 NPs. For this purpose, DTPMP-coated NPs

were synthesized using two different stoichiometries of capping agent

(0.5 and 1.0 g), as well as two different well-established methodologies:
sonochemistry and hydrothermal synthesis [42,43]. Therefore, in order
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Fig. 6. (A) Influence of the pH medium in zeta potential and hydrodynamic size of the sample U1.0. (B) Images of the U1.0 suspension at different pH levels. All

image samples are in equal dilution factor.
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Fig. 7. Toxic evaluation of the as-synthesized NPs measured by (A) lactate dehydrogenase (LDH) activity and (B) MTT test on human neutrophils. No significant
difference was found when related to the control group. (p < 0.05; ANOVA and Tukey’s post hoc test). The results represent mean + SEM of three separate

experiments.

Table 3
Longitudinal (r;), transversal (r2) relaxivities and ratio r,/r; for DTPMP-coated
MNPs prepared in this work.

Sample r;(mMs 1) r, (mMs™ 1) ra/r1

Uo.5 7.39 +0.01 375.0 + 0,24 50.78 + 0.01
U1.0 8.65 + 0.01 417.4 £ 0.3 48.25 £ 0.05
HO.5 7.98 + 0.04 357.6 £ 0.4 44.83 + 0.02
H1.0 9.51 + 0.05 416.7 +£ 0.2 43.81 £+ 0.01

to evaluate the changes induced by DTPMP functionalization itself, a
complete structural and magnetic characterization of synthesized NPs
was performed aiming to understand both the effect of the amount of
DTPMP on particles surface and the adopted methodologies.

XRD results indicate that NPs are composed of a single structural
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phase, which is related to an inverse spinal structure. This phase is
characteristic of Fe3O4 and y-FeO3. Additionally, cubic cell lattice pa-
rameters for our samples present values characteristic of NPs, and also
intermediate values between obtained iron oxide phases (8.396 A for
Fe304 and 8.346 A for y-Fex03) [54,76]. Besides these values have been
related to partial oxidation of Fe>", this behavior is not so far discussed
herein, in-depth it is already reported in our previous work [42].
Samples U0.5 and U1.0 exhibited narrow and well-defined peaks in
XRD patterns, which evidence a high crystallinity and small crystallite
size for these samples. In comparison, hydrothermally coated NPs
showed significant lower average crystallite size. This behavior can be
related to time-addition of DTPMP, which in hydrothermal method the
functionalizing agent is added in the reaction medium just after NH;OH
addition. The presence of DTPMP molecules, may hinder the growth of
the MNPs and lead to smaller and poorly crystallized nanoparticles [77]
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Fig. 8. Linear fittings of the inverse transversal relaxation time versus Fe concentration and r, relaxivity values of the samples: (A) U0.5 and U1.0 and (B) H0.5 and
H1.0. (C) To-weighted images (fast spin echo sequence) for the DTPMP-coated magnetic nanoparticles. (D) T, map (multi-echo multi-slice, MEMS) sequence for the

DTPMP-coated magnetic nanoparticles.
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(Fig. 1A), as shown through crystallite size values obtained by Scherrer’s
equation and average particle diameter by TEM (Table 1).

TEM micrographs showed a core-shell structure for samples U1.0
and H1.0 (Fig. 2B and D), where the core is composed by iron oxide, as
already described, and the shell mainly by organic matter. This
structure-type was also evidenced for phosphonated polyethylenimine-
coated magnetic nanoparticles [24]. For samples U0.5 and HO0.5, the
images did not show similar structure profile. Interesting, these samples
also presented a thin shell since smaller quantity of DTPMP was used. In
this case, during analysis, the high energy of the electron beam of TEM
may have degraded the shell of these coated NPs, herein a core-shell
structure was not evidencing. Additionally, for U1.0 and H1.0 sam-
ples, the organic matter-formed shell may be composed of a complex of
DTPMP and Fe ions, which this hypothesis is based on the significant
changes observed in the structural and magnetic properties caused by
DTPMP functionalization, especially in the interparticle dipolar
interactions.

MS spectra profiles and Ty values for the samples could also give a
support about shell composition (Fig. 1B and C; Figure S1A and B;
Fig. 3B and Table 1). Regarding to MS analysis, it is important to
remember that MS spectrum of bulk Fe3O4 is composed by two well-
defined ferri- or ferromagnetic sextets, related to Fe>' in tetrahedral
sites and Fe3" and Fe?" in octahedral sites. As the size of particles de-
creases, the sextets exhibit broadened lines as a result of the presence of
superparamagnetic fluctuations [78]. When size decrease over the
superparamagnetic critical size (25-30 nm for Fe304) leads to a broad-
ened ferrimagnetic sextet, becoming a paramagnetic doublet [43].
However, in real systems, as MNPs interact among themselves mainly
through coupling of magnetic dipole, these interactions can affect
relaxation processes of the spins in MNPs. Therefore, dipole interactions
can actually change the profile of MS spectra of FesO4 NPs [79].

Thus, for samples U0.5, U1.0 and uncoated-Fe3Oy4, the expected MS
spectra would exhibit a paramagnetic doublet due to MNPs average size
values below superparamagnetic critical size. However, when the par-
ticles exhibit dipolar interactions, broadened sextets are evidenced even
for MNPs below superparamagnetic critical size [79,80]. Interestingly,
for the samples U0.5 and U1.0, the spectra showed broader sextets with
respect to uncoated-FesO4 (Fig. 1B), clearly indicating a decrease of
dipolar interactions induced by DTPMP functionalization. Additionally,
the DTPMP coating provided a significant down shift of Bysof the peak of
higher intensity in the By distribution, and also induced the appearance
of peaks with lower Bps values (Figure S1 A). This behavior can be
attributed to the increase of NPs population with smaller average
diameter, where according to Witte et al.,, the decrease in By value can
be induced by a reduction of particles size [53]. On the other hand, the
presence of paramagnetic quadrupole doublet in MS spectra of the
samples HO.5 and H1.0 clearly indicates a lower magnitude of dipolar
interactions when compared to samples U0.5 and U1.0 (Fig. 1B and C),
also supported by the decrease of particle size [53].

Concerning VSM measurements, both applied methodology of syn-
thesis and amount of DTPMP addition did not significantly affect mag-
netic parameters of the MNPs (Figure S4 and Table 1). Moreover, Mg
values for all samples are similar or slightly higher than those reported
for functionalized Fe3O4 NPs synthesized by hydrothermal, sonochem-
istry or co-precipitation reaction route [55,81-83]. The Hc values for all
samples were very similar, even for the samples HO.5 and H1.0, which
showed a duplet in the MS spectra and smaller mean particle diameter
when compared to the other samples. Nevertheless, small values of H¢
can be related 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 samples (inset in Figure S4).

The amount of DTPMP effect in the dipolar interactions of DTPMP-
coated Fe3O4 NPs was also investigated through Tp distributions
(Fig. 3 B). As MNPs have great potential to be applied in vivo, a deeply
evaluation of magnetic dipolar interactions must be performed. In
general, cellular uptake assays have shown aggregates formation of
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MNPs in cell medium [84,85], consequently influencing their magnetic
properties governed by interparticle interactions [86], as well as their
signal generation [87] and heating efficiency [88]. In this regard, it is
possible to correlate Tg with dipolar interactions of MNPs, considering
that the increase of the strength of the dipole interaction would lead to
higher Tg values [79]. This relation can be performed since the dipole
interactions arise from the spin-spin coupling of different nanoparticles,
and that the higher this interaction, the greater the barrier energy to
occur spin relaxation. In this sense, Tp values by the maximum of ZFC
curve (Tpax) and temperature derivative method of the ZFC-FC differ-
ence have been measured (Fig. 3B and Table 1). These two methods
generated different values of T, but the trend observed was the same for
both. Once temperature derivative method considers aspects present in
real systems, it will be consider just their values for now on.

Since the Tp distributions were adjusted by bimodal log-normal
distribution, two distributions in the size distribution curves obtained
by TEM would also be expected (Fig. 2A-D). However, TEM size dis-
tributions were not well adjusted with two log-normal distributions. The
non-agreement in this respect between TEM size and the T distributions
occurs because, in TEM, just a fraction of particles have their size
measured (150 particles) in contrast to ZFC-FC measurements that
consider a bigger population of particles. However, TEM results and Tp
distributions converged for the width of the distributions. Samples U1.0
and H1.0 showed narrower Tp distributions and smaller PDIrgy, values,
in comparison to samples U0.5 and HO.5 (Table 1 and Fig. 3B).

In Fig. 3B, it is possible to notice that the Tp distributions were
significantly affected by the amount of DTPMP added during syntheses,
although they exhibited the same average particle diameter, profile of
MS spectra, hyperfine parameter distribution, and Mg values, as shown
in Fig. 1A-C, Table 1, Figure S4). As whole, we also evidenced that the
increasing of the amount of DTPMP leads to a narrower Tg distribution
and smaller < Tp> values, indicating that increasing the amount DTPMP
a decrease of dipolar interactions is achieved. These results can be
supported by TEM micrographs that indicate the presence of core shell-
like structure only for U1.0 and H1.0 samples, as shown the red arrows
in Fig. 2B and D. The shell of DTPMP increases the interparticle distance,
which decreases spin—spin coupling and, consenquently, diminishes the
dipolar interactions [89,90]. This explanation also covers the fact that
H1.0 showed lower <Tg> values than U1.0, once H1.0 exhibited a
thicker shell-like structure (Fig. 2B and D).

4.2. Mechanism of DTPMP bonding

FTIR and XPS analyses were performed in order to confirm the
functionalization, evaluating the nature of interaction between DTPMP
and Fe304 surface and assigning the mechanism of bonding.

XPS spectra for all DTPMP-coated MNPs showed peaks relative to
electrons of 2p orbitals of P and 1s orbital of N. In this case, the results
evidence the presence of atoms only from DTPMP molecules on the
surface of Fe3O4 (Table S2), confirming the success of the functionali-
zation of the particles. Additionally, it is also important to notice that as
the amount of added DTPMP increases, higher concentration of P and N
are evidenced on the surface of Fe30Oy, as seen in Table S2. This fact is
also supported by TEM results, which showed a core-shell structure only
for samples U1.0 and H1.0. Indeed, it confirms the proposed hypothesis
that samples with larger amount of DTPMP have less interparticle in-
teractions (Table 1, Fig. 3 and Table S2).

In high-resolution XPS, the spectra for N1s and O1s showed peaks
with similar binding energies for complex DTPMP-Fe sample (Fig. 4 AB
and B). Concerning to O1s peak, we evidenced that the samples coated
with DTPMP exhibited an increase in the ratio between the area of the
peaks centered in 531.30 and 530.08 eV, as a result of the contribution
of the O atom in the bonds P-O-Fe, P=0 and P = O---Fe [59,60,66], as
seen in Fig. 4A. It is also important to notice that the peak in 531.3 eV
was also evidenced in the spectrum of DTPMP-Fe complex. For N1s
analysis, the spectra indicate that amine groups from DTPMP molecules
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have considerable contributions to surface functionalization of Fe3Oy,
once the N1s peak centered in 399.7 eV can be attributed to amine
groups anchored to iron oxide surface [61-63]. Additionally, the same
peak is also observed in the spectrum of DTPMP-Fe complex. Further-
more, our results indicate that a higher number of nitrogen atoms from
DTPMP molecules interacts with Fe304 NP surface in comparison to
complex sample. This behavior can be evidenced regarding to the higher
relative intensity of the peak in 399.7 eV (RsN'—Fe) in comparison to
401.7 eV (R3NT-H), for all coated samples (Fig. 4B). Herein, we could
relate the interaction through two nitrogen atoms from DTPMP mole-
cule bonded to Fe atoms on Fe304 NP surface. Indeed, it also supported
by the ratio, approximately ~2, of relative areas of R3N'-Fe and
R3NT-H peaks (Arsn;_re/Arsni-n), indicating that the double of
R3N'—Fe-form nitrogen are bonded to Fe atoms when compared to ni-
trogen atoms in their protonated form (RsN"-H) (Table S2).

To strongly validate our model of interaction between DTPMP and
Fe304, we performed a FTIR spectral deconvolution in the region be-
tween 850 and 1220 cm ™! for DTPMP-functionalized MNPs. The pro-
posed model was well-fitted to experimental data, giving R? values for
all deconvolution spectra around 0.9999 (Table S3).

For the DTPMP functionalized MNPs, we inserted bands relative to
three chemical groups presented in our model (Fig. 5A-C): phosphoric
acid groups anchored to Fe atoms (a”), amine groups coordinated to Fe
(b) atoms and free phosphoric acid groups (c). Concerning a” group, the
band ~1166 cm™! can be attributed to P=0, which it is not evidenced
for tridentate and monodentate complex forms. Additionally, according
to previous works, bands at ~1060 and 990 cm™! are attributed to
P-O-Fe groups [26,66-68,71], which can be assigned to asymmetrical
and symmetrical vibrational modes for bidentate form, respectively.
These facts indicate a bridging bidentate bonding between phosphoric
acid groups from DTPMP molecules and Fe atoms from FesO4 NPs (Fig. 5
C a”.

Still considering the interaction between amine groups and Fe atoms
(Fig. 5A-C b), we detected a vibrational mode centered at ~1100 cm !
that was assigned to stretching of C-N-Fe. This attribution is considered
based on the study of Lanigan et al., which performed FTIR measure-
ments of EDTA-transition metals complexes and observed a vibrational
mode, vy, at ~1100 cm ™! for the coordination of tertiary amine groups
to these metals [69]. Furthermore, we already evidenced v¢_y at ~1100
em™! for polyethylenimine-functionalized MNPs in a previous work
[42].

Vibrational modes relative to free phosphoric acid groups were also
evidenced in the proposed bonding model. Indeed, after purification
procedure, the pH level is around 6-7, then the phosphoric acid groups
are in the form of R-POsH™ (Fig. 5C c). Thereby, three vibrational modes
were detected: symmetrical-asymmetrical PO, stretching and P-OH
stretching. It is also important to mention that PO, stretching for free
phosphoric acid must appear in higher wavenumber values in compar-
ison to P-O-Fe stretching, according to Hook’s law for vibration springs
applied to vibrational spectroscopy [65]. Therefore, the proposal of
mechanism of bonding was well-adjusted considering Hook’s law (see
Table S3).

After this whole discussion regarding mechanism of DTPMP
bonding, it is also relevant to consider other variations of those bonding
possibilities, since the exactly structure of DTPMP-functionalized Fe3O4
NPs could be just evaluated by aid of quantum theoretical calculations,
which are beyond the scope of this work. However, it has been proved by
FT-IR and XPS that the interaction between DTPMP and Fe304 NP sur-
face occurs through both phosphate and amine groups from DTPMP
molecule, providing an activated surface profile with surface-linked
phosphate groups through bidentate bridges and outer free-phosphoric
acid groups onto the surface of MNPs, as shown in Fig. 5C.

4.3. Surface properties of DTPMP-functionalized MNPs

As the main proposal application of MNPs is to be used in
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biomedicine, i.e. the site of action is inside human body, the colloidal
stability in biological environment is a crucial requirement. Herein, the
functionalization agent must be covalently bonding on the surface of the
MNPs, and also through specific mechanisms in order to prevent particle
aggregation [7]. Therefore, light-scattering measurements are a key
technique in the development of this novel functionalized MNPs, since
can better evaluate the behavior MNPs in aqueous suspensions.

Considering DLS results, there is a significant difference among all
prepared samples for PDIp;s values. Samples H0O.5 and H1.0 present
higher PDI values than U0.5 and U1.0, which indicates that hydrother-
mal methodology produced more polydisperse MNPs, in agreement with
results reported by our group and Cai et al. [93] (see Table 2).

Furthermore, the synthesized samples exhibited good colloidal sta-
bility in physiological solvents, once hydrodynamic size value did not
increase upon solvents dispersion. However, a significant increase in
PDIp;s values were observed when the samples U0.5 and Ul1.0 were
suspended in PB 7.4 and PBS7.4, although no signal of macroscopic
aggregation or precipitation of the particles was evidenced during ex-
periments performance. Moreover, diluted samples of DTPMP-coated
MNPs have shown good colloidal stability in water for more than six
months.

As DTPMP molecule have both phosphoric acid and tertiary amines,
it is expected that the DTPMP-coated FesO4 NPs exhibit positive and
negative ¢ values, depending on pH of the medium. Then, sample U1.0
was selected as a representative sample and its hydrodynamic size and ¢
values were evaluated as a function of pH (see Fig. 6). At low pH values,
positive ¢ values were found, due to protonation of amine groups. Above
pH of 4.08 (DTPMP IEP), deprotonation of phosphoric acid groups
induced negative ¢ values. Interestingly, the greater value of hydrody-
namic size of the curve was evidenced at pH near IEP, as expected from
the electrostatic stabilization mechanism of colloidal NPs. This
amphoteric behavior promotes good colloidal stability at different pH,
providing a versatility profile of DTPMP- covered MNPs application,
principally in biosensing, catalysis, and separation media and
biochemistry [37].

Interesting, considering aqueous dispersion, it is also important to
observe a lower magnitude of ¢ values for samples U1.0 and H1.0 in
comparison to U0.5 and HO0.5, as shown in Table 2. Indeed, for func-
tionalized NPs, this behavior is expected since the ¢ is the electrostatic
potential at the shear plane that separates stationary layer and a mobile
layer of charges in a surface charged nanoparticle, which can be affected
by the NPs coating thickness [91]. For instance, according to Lowry
et al., for nanoparticles with larger coating thickness the imaginary shear
plane is pushed outward, decreasing the overall { magnitude, even if the
NPs have greater amount of charged molecules [92]. Herein, a similar
profile was evidenced, which could be supported by TEM images of the
samples U1.0 and H1.0, showing a larger coating thickness around 3.3
+ 1.7 and 14.9 + 5.1, respectively (Fig. 2 A-D) [92].

4.4. Influence of structural, magnetic and colloidal properties on the
performance of the DTPMP-functionalized MNPs as MRI contrast agent

According to the ry/r; ratio value, MNCs can be classified as T;-, To-
and dual-type MRI contrast agent. T;-type contrast agent has a ry/r;
value lower than 5, whereas ry/r; values higher than 10 are classified as
To-type, and values between 5 and 10 can be considered as dual-type
contrast agent [11]. Herein, we can consider the MNCs synthesized in
this work as T2 MRI contrast agent, once we determined ry/r; values of
50.78, 48.25, 44.83 and 43.81 mM ! s~! for the samples U0.5, U1.0,
HO.5 and H1.0, respectively (Table 3).

Regarding the transverse relaxivity, our results highlighted the best
performance in T, weighted MRI for the samples synthesized with 1.0 g
of DTPMP as seen in Fig. 8A-B and Table 3. After extensive structural,
magnetic and colloidal characterizations, we could certainly support
this behavior.

MRI contrast agents produce contrast in the MRI exams through a
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shortening (T2 or T7) of the relaxation time of protons from water
molecules in the surroundings of the contrast agent. The interaction
between the contrast agent and water molecules can happen in three
different levels, with respect to the contrast agent-water molecule
interface: a) inner sphere — portion, where hydrogen atoms from water
(or another molecule) bind directly to the paramagnetic metal center; b)
second sphere - intermediate sphere of contrast, where the contrast
agent interacts with boundary hydrogen nuclei, i.e. not directly to metal
center (e.g. diffusing water molecules, exchangeable protons from water
molecules in the nearby environment affect the outer sphere relaxation);
c) outer sphere — surrounding bulk water molecules. These portions
contribute to the final relaxivity value (r; or r3) [3,11]. For T contrast
agents, second and outer sphere are regions that promote more signifi-
cantly to relaxivity values [3,11]. As a consequence, and well-reported,
the T relaxivity is principally affected by the size of the magnetic core
and the hydrodynamic diameter and surface coating of MNPs [3,11,94].
The size of the magnetic core influences the relaxivity mainly through
Mg value, since higher is the Mg more efficiently MNPs can induce field
inhomogeneity and can influence a greater volume of surrounding
hydrogen atoms [11].

On the other hand, when functionalized MNPs are dispersed in
water, they can interact with themselves to form clusters which may
have different hydrodynamic size. This parameter affects ry values
regarding three distinctive regimes, motional average regime (MAR),
static dephasing regime (SDR) and echo-limited regime (ELR). In MAR,
ry increases with the increasing of the hydrodynamic size value, then
reaches a plateau in SDR, which in this stage r; is independent of the
hydrodynamic size. Furthermore, an increase in the hydrodynamic size
leads to a decrease in r5 (ELR) [11,95].

Regarding to the boundary hydrodynamic size for each regime,
Poselt et al. evidence these three regimes for polyethylenglycol-coated
MNPs, and according to reported results, DTPMP-coating MNPs can be
fitted between SDR and ELR regimes, core and hydrodynamic size values
around 8.2-10.4 and 125-151 nm, respectively, where r, is maximized
[95]. However, the exactly dependency of rz to hydrodynamic size is
characteristic of each sample, and it can be mainly affected by core-size
distribution and dipolar interactions.

Actually, the surface functionalization of MNPs can in-depth affects
ro. For the best of our knowledge, there is no publication reporting a
systematic evaluation of the influence of the surface coating properties
of MNPs considering these three cited regimes. In general, surface
properties of MNPs can affect ry through following four manners: a)
arrangement of the surface atoms — the capping agent can induce a
reduction of surface spin canting, which increases Mg and consequently
rzvalues [11]; b) magnetic field inhomogeneity — capping ligands rich in
n-electrons can generate small local magnetic fields to an opposite di-
rection, contributing to enhance field inhomogeneity [3]; c) interactions
with water molecules — the capping agent plays an important role
making water molecules diffuse closer to the magnetic core, which they
can be more efficiently influenced by induced magnetic field of magnetic
nanoparticles. Thus, it is desirable that the coating layer interacts with
water molecules in order to increase their residence time around the
magnetic core [11,94]. Therefore, It is expected that the hydrophilicity
of the capping agent attached to the nanoparticles’ surface plays a key
role in their relaxivity properties, where more hydrophilic is the coating
higher is r; value [96]; d) thickness — an increase in the thickness of the
coating layer leads to a longer distance between hydrogen atoms and
magnetic core, which decreases ry [11]. However, Tong et al. suggests
that there is an optimal core-to-coating ratio which a higher content of
hydrophilic coating compensates the larger distance between protons
and core of the MNPs. After synthesizing PEG-coated MNPs, the authors
observed that different molecular weights of PEG produced MNPs with
different coating thickness, and highest value of rywas achieved for —
MNPs coated with intermediate value of PEG molecular weight [97].

Considering our results, as well as discussed hypothesis, samples
U1.0 and H1.0 have a higher relaxivity rate due to their higher
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hydrophilicity surface in comparison to U0.5 and HO.5 samples. The
higher hydrophilic profile of U1.0 and H1.0 are evidenced due to higher
content of DTPMP on MNPs surface, which was observed by XPS and
TEM analysis as seen in Fig. 2 and Table S2. Indeed, these results are in
agreement with our previously work that evidenced a higher relaxivity
for sodium polyacrylate-coated MNPs in comparison to branched poly-
ethylenimine [42], once carboxylate groups promoted a higher hydro-
philicity surface when compared to amine groups [98].

4.5. DTPMP-coated NPs are non-toxic for human neutrophils

Though development of new materials for medical applications the
non-toxicity profile against human cells must be a crucial requirement.
Within this context, cytotoxicity model tests are an important tool to
select these materials with acceptable toxic effects. Herein, in this work,
freshly isolated cells were used to easier evaluate the biochemical dy-
namics of the in vivo cells in the presence of DTPMP-coated MNPs [99].

Neutrophils are the most abundant leukocytes in human blood and
constitute the first line of innate host defense against pathogens and
associated acute inflammations [100]. Therefore, these cells are highly
adequate to evaluate the safety of certain under-evaluated materials to
be used through intravenous administration. According to our LDH ac-
tivity assay results, DTPMP-coated NPs obtained by both sonochemistry
and hydrothermal route presented as non-toxic for neutrophil plasma
membrane. Additionally, since U1.0 sample showed greater medical-
applied characteristics, it was investigated regarding to mitochondrial
metabolic activity of human neutrophils by MTT assay [101]. As ex-
pected, no difference was observed between control group and cells
treated with U1.0 at all tested concentrations, proving in-depth that
magnetic nanoparticles are non-toxic for plasma membrane and/or
metabolism of human neutrophils.

4.6. DTPMP-coated NPs as an alternative MRI contrast agent

As already herein reported, this work successfully shows the usage of
commercial and costless compound DTPMP as a capping agent of Fe3Oy4
NPs, evaluating the potential application of this novel MNP as MRI
contrast agent. Our results greatly support this intended application
based on following reasons: a) high colloidal stability in physiological
buffers, evidenced by dynamic light scattering experiments; b) good
biocompatibility highlighted by the cytotoxicity tests, where none of the
samples presented any harmful effect against neutrophils membrane or
metabolic activity; ¢) High r, values confirm the potential of DTPMP-
MNPs as MRI contrast agents. Indeed, ry values of all synthesized sam-
ples are 4 to 6 times higher than those of commercial T, contrast agents
(References: Resovist, Feridex, and Combidex) [102,103]. Additionally,
our nanoparticles have shown a better performance than other MNPs
reported with similar physical-chemical properties and conventional
coating agents [18,93,104,105].

Nevertheless, it is important to mention that the sample U1.0 was
synthesized in just 12 min, following the sonochemistry methodology
developed by our group [42], and using only water as solvent. Actually,
the ultrasound technique has been shown as a versatile synthetic route
methodology which was already suitable for synthesis of amine- and
carboxylic acids/carboxylate-functionalized NPs, and now for amino-
phosphonate MNPs.

4.7. Sonochemistry vs. hydrothermal

Sonochemistry has become a remarkable synthetic route for a wide
range of advanced nanomaterials, representing an ecofriendly alterna-
tive for time and energy-consuming techniques [39,106]. In this study,
we used the chemical power of ultrasound irradiation itself though the
well-known cavitation phenomenon, where the high energy induced by
implosive collapse of cavitation bubbles could generate localized hot-
spots in the liquid. Considering co-precipitation reaction under
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acoustic cavitation, energy enough is released in a short reaction-time,
providing ultrafast synthesis and also increasing crystallinity of nano-
particles [39]. For instance, ultrasound-assisted surface-functionalized
MNPs have been reported with higher Mg values, consequently, leading
to a better performance in MRI and hyperthermia applications [3,107].
In our previous work, we synthesized MNPs functionalized with
carboxylate and amine groups using sonochemistry approach, which
exhibited enhanced magnetic and relaxivity properties in comparison to
other conventional methodologies [42]. As expected, in this currently
work, we successfully obtained a novel amino-phosphonate MNP under
US irradiation in just 12 min, providing a high-quality material with a
potential to be applied as MRI contrast.

For comparison, we also used hydrothermal approach to prepare
DTPMP-coated MNPs, which is a conventional synthetic methodology,
taking the advantage of performing the synthesis of nanomaterials at
temperatures well above the boiling point of the solvent (150-220 °C). It
is possible to achieve these temperatures once the reaction is performed
under high pressurized environment, by using a sealed high-pressure
reaction vessel. The relatively high temperature should provide nano-
materials with higher crystalline [107], in comparison to those synthetic
methodologies performed at smaller temperatures (25-100 °C). In this
sense, it is expected that hydrothermally obtained MNPs would have
higher Mg values and consequently better performance as T, MRI
contrast agent [3]. However, we did not evidence that profile in MNPs
synthesized by hydrothermal approach. Indeed, considering MRI per-
formance, all tested samples presented similar behavior. Additionally,
the samples U1.0 and H1.0 also showed other similar properties, which
exhibited good colloidal stability in physiological fluids (Table 2), non-
cytotoxicity to human neutrophilis (Fig. 7) and the difference in their
transversal relaxivity was just 1 mM ! s~! (Fig. 8). The main difference
was the layer thickness of the DTPMP coating (Figure S2), where U1.0
exhibited smaller and more homogeneous thickness of DTPMP coating.

Herein, by using sonochemistry approach, we could achieve a great
performance as T2 MRI contrast agent in a shorter reaction-time, around
17x faster than hydrothermal methodology. Therefore, we truly believe
that the sonochemistry is a powerful synthetic approach to obtain
amino-phosphonate-functionalized MNPs for MRI contrast agent, prin-
cipally due to be an easy, fast and low energy cost strategy. Moreover,
the novelty of this study may overcome some challenges regarding
magnetic nanoparticles in clinical usage.

5. Conclusion

In summary, we successfully developed a novel phosphonate-coated
material, with outstanding properties, using a commercial capping agent
with affordable cost that has been underutilized in the literature. The
DTPMP-coated Fe3O4 material was prepared through two synthetic
methodologies, sonochemistry and hydrothermal approaches. Further-
more, we performed a full characterization of structural, magnetic and
colloidal properties of the DTPMP-coated MNPs, which allowed us to
conclude: a) increasing of the amount of functionalized DTPMP de-
creases the dipolar magnetic interactions in FesO4 NPs, regarding to a
formation of shell-like structure for samples with more DTPMP; b) XPS
and FTIR analysis confirmed that DTPMP molecule and Fe3O4 NPs have
a chemical interaction through both amino and phosphate groups from
DTPMP; c) DTPMP-coated MNPs have a magneto-fluid response char-
acteristic of a ferrofluid; d) dynamic light scattering experiments
confirmed that the surface of synthesized MNPs presents amphoteric
properties. Moreover, our results also supported that this novel material
has a great potential to be applied as MRI contrast agent, once exhibited
colloidal stability in physiological fluids, non-cytotoxicity to human
neutrophils and high value of transverse relaxivity.

It is also important to highlight that sonochemistry proved to be a
more effective synthetic methodology, considering 17x faster reaction-
time. Actually, ultrasound-assisted samples showed greater perfor-
mance once exhibited similar or even better transversal relaxivity values
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in comparison to hydrothermal samples. Although we have only tested
DTPMP-coated MNPs as MRI contrast agent, and considering their
outstanding reported properties, we believe that these versatile nano-
particles could be applied in other technological applications, such as
magnetic hyperthermia, separation science, catalysis and sensing.
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